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The dissociation of nitric acid uponpnb,O→p* NO2
excitation at 193 nm has been studied in a

crossed laser-molecular beam apparatus. The primary reaction channels are OH1NO2 and
O1HONO. We measure the branching ratio between these two competing processes and determine
~OH1NO2!/~O1HONO!50.5060.05. Our experiments provide evidence of a minor O1HONO
pathway, which we assign to O(3P) and HONO in its lowest triplet state. The dominant pathway
correlates to O(1D)1HONO(X 1A8). The translational energy distributions reveal two distinct
pathways for the OH1NO2 channel. One pathway produces stable NO2 fragments in the 12B2

electronic state. The second pathway produces unstable NO2 fragments which undergo secondary
dissociation to NO1O. We examine the influence of nonadiabaticity along the OH1NO2 reaction
coordinate in order to explain the significant branching to this other channel. Finally, we introduce
a new method for generating correlation diagrams for systems with electronic transitions localized
on one moiety, in which we restrict the changes allowed in remote molecular orbitals along the
reaction coordinate. Analysis of previously measuredX1NO2 photofragment pathways in
nitromethane and methyl nitrate provides further support for using a restricted correlation diagram
to predict the adiabatic and nonadiabatic product channels. ©1997 American Institute of Physics.
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I. INTRODUCTION

While the bulk of this paper seeks to investigate t
specific competing adiabatic and nonadiabatic dissocia
channels of nitric acid at 193 nm, two results in the pa
address broader issues. First, the adiabatic OH1NO2(1

2B2)
reaction pathway, which is one of the two OH1NO2 chan-
nels experimentally observed, belongs to a general clas
reactions where the individual orbital symmetry is not co
served along the reaction coordinate. Thus, this system
vides the opportunity to test whether such reactions are
ticularly susceptible to electronically nonadiabatic effec
Second, the analysis of our results on nitric acid suggest
approach to determine what product channels are inac
sible when nonadiabatic effects play an important role.
find in nitric acid that product channels which require t
OH radical orbital to change symmetry froma8 in the reac-
tant region toa9 in the product region, with a complemen
tary change in the occupied NO2 orbitals necessary to main
tain the overall state symmetry, simply are not observ
experimentally. Such a change in the electronic wave fu
tion during reaction is evidently even more difficult for
molecule to accomplish than a switch in the individual o
bital symmetry when both sets of orbitals are localized
the same moiety. Thus, we introduce a ‘‘restricted adiabat
correlation diagram that disallows correlations to prod
channels when such drastic changes in the electronic w
function are required. In the specific, but not narrow, class
systems in which the relevant molecular orbitals are eff
tively localized in both the reactants and products, such
stricted correlation diagrams should prove useful in ident
J. Chem. Phys. 107 (14), 8 October 1997 0021-9606/97/107(14)/5
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ing which reaction channels are viable ones. The poten
significance to any reactive system with electronically loc
ized functional groups is clear.

Many research groups have investigated the photodi
ciation of nitric acid in the ultraviolet region due to its im
portance in atmospheric chemistry. Although these stud
indicate the major primary products from the photodissoc
tion of nitric acid at 193 nm are OH1NO2 and
O1HONO,1–3 the quantum yields of these products rema
disputed. Furthermore, the role of electronic nonadiabati
in the dissociation dynamics of the competing channels
the identity of the NO2 products have not been elucidate
We begin with a brief review of the relevant experimen
and theoretical work on nitric acid before presenting o
goals for this paper.

The broad and structureless ultraviolet absorpt
spectrum4 for nitric acid results from three transitions involv
ing orbitals localized on the NO2 moiety. The intense absorp
tion band with a maximum at 190 nm (s510217 cm2) in-
volves a pnb,O→p* NO2

transition to the 21A8 electronic

state. At wavelengths longer than 200 nm in the absorp
spectrum, the major primary process is production
OH1NO2 ~Ref. 5!, and there have been several recent
tailed studies of the OH photofragment angular distributio
lambda doublet ratios, andv –J correlations,6–9 as well as
analysis of the fluorescence from the NO2 product.10,11Exci-
tation to the 21A8 excited state for nitric acid leads to bot
OH1NO2 and O1HONO products. Although the quantum
yields for these products have been investigated, conflic
measurements have been reported. Ravishankara
co-workers1 detect OH products via pulsed laser-induc
5361361/13/$10.00 © 1997 American Institute of Physics
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5362 Myers et al.: Photodissociation of nitric acid
fluorescence and reportF(OH)50.3360.06. They also use
atomic resonance fluorescence detection to determine
quantum yields for O@O(3P)1O(1D)#50.8160.13 and
O(3P)50.5360.13, which differ to give O(1D)50.28
60.07, and they report a minor primary dissociation chan
producing H1NO3 with a quantum yield of<0.012. Schiff-
man and Nesbitt,2 on the other hand, detect the OH fragme
with high resolution infrared absorption spectroscopy a
report a higher OH quantum yield,F(OH)50.4760.06. A
third group, Huber and co-workers,3 use photofragmen
translational spectroscopy to determine the yield
OH1NO2 to beF(OH)50.660.1 and for O1HONO to be
F(HONO)50.460.1.

More important than the conflicting branching ratios
that the electronic states of the products have not been
rectly assigned. One difficulty is that prior experimentali
have interpreted their data usingab initio electronic structure
calculations by Bai and Segal, the onlyab initio calculations
for nitric acid along the OH1NO2 reaction coordinate.12

Their results show the 11A9 state correlating to
OH1NO2(1

2A1) and the 21A9 and 21A8 states correlating
to OH1NO2(1

2B1) at bent NO2 geometries. The assign
ment for the NO2(1

2B1) state, however, is incorrect. The
claimed the 12B2 state is linear and therefore energetica
inaccessible at the highly bent geometry of NO2 in nitric
acid. In fact, it is the 12B1 state which is linear.13 Thus, the
2 1A9 and 21A8 states should correlate to OH1NO2(1

2B2)
at bent geometries. Many authors have quoted Bai and S
al’s work to interpret their experimental results; therefo
we correct the correlation diagrams in this paper before
troducing a new method for generating a restricted corr
tion diagram to predict the observed nonadiabatic prod
channels.

Prior photofragment translational energy measureme
by Huber and co-workers3 revealed a bimodal translationa
energy distribution for the OH1NO2 channel. They claimed
correctly that one channel produces NO2 fragments with
enough internal energy to undergo secondary decay
NO1O(3P). They proposed, however, that the unstable N2

fragments may be either formed as electronically exci
NO2(1

2B1) or ground state NO2(1
2A1). They also showed

that the other channel produces stable NO2 product since
more of the available energy goes into translation. Due to
small fluorescence quantum yield of electronically exci
NO2 upon photodissociation of nitric acid at 193 nm,14 they
concluded that this second channel produces NO2 in its
ground electronic state (2A1) via internal conversion to a
lower electronic state. We will show in this paper that th
assignment of the NO2 product electronic states is incorrec

Some disagreement concerning the electronic state
the O1HONO products also exists. Stuhl and co-worker15

used pump–probe experiments to record OH(A–X) emis-
sion from a two-photon process involving HONO, the inte
mediate produced from the photolysis of nitric acid at 1
nm. They observed rotational levels for OH up toN8531
with ArF as the probe laser and up toN8519 with KrF as the
probe laser. Based on energetics and spin conservation,
proposed that HONO is formed in its lowest triplet state w
J. Chem. Phys., Vol. 107,
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O(3P) as its coproduct. Ravishankara and co-workers1 de-
tected the formation of both O(3P) and O(1D), which sug-
gests that both singlet and triplet HONO could be produc
Although some of the O(3P) resulted from secondary disso
ciation of NO2, the high quantum yield for O(3P) indicates
another source is also present. On the other hand, Huber
co-workers3 propose that only singlet HONO and O(1D) are
produced at 193 nm. Our experiments presented here s
that both channels occur.

In this paper, we measure the photofragment veloc
and angular distributions in a crossed laser-molecular be
apparatus to investigate the primary reaction pathways
nitric acid excited at 193 nm. We measure the branch
ratio between the OH1NO2 and the O1HONO channels.
Using our translational energy distributions, we identify t
electronic states of the photofragments. To provide furt
support for our assignments, we present adiabatic correla
diagrams along the OH1NO2 and the O1HONO reaction
coordinates. We also examine the influence of nonadiab
effects along the OH1NO2 reaction coordinate and develo
a restricted correlation diagram which we use to predict
major product channels that occur in nitric acid as well
similar systems such as methyl nitrate and nitromethane

II. EXPERIMENT

A. Molecular beam experiments

We use a crossed laser-molecular beam apparatus w
rotatable molecular beam source16,17 to measure the photo
fragment time-of-flight~TOF! distributions from the disso-
ciation of nitric acid. After thoroughly degassing the nitr
acid, we bubbled helium through the liquid sample of 90
nitric acid maintained at 10 °C. This 4% gaseous mixture
nitric acid ~96% He!18 was expanded through a 0.10 m
diameter nozzle at a total stagnation pressure of 300 T
generating the molecular beam. To reduce the formation
clusters during the supersonic expansion, we heated
nozzle to 104 °C.~We took a helium beam TOF to determin
the nozzle temperature.! The velocity distribution of the par-
ent molecular beam is measured by rotating the source
that it points directly into the detector and raising a chop
wheel into the beam.

We use a Lumonics PM-848 pulsed excimer laser
produce the 193 nm light. The unpolarized laser light w
focused to a 6 mm2 spot size in the interaction region. Th
power, measured with a Scientech 362 power energy me
was approximately 7 mJ/pulse in the interaction region. T
neutral dissociation products formed at the crossing poin
the laser and molecular beams travel 44.13 cm to an elec
bombardment ionizer where ionization is induced by 200
electrons. The resulting ions are then mass-selected wi
quadrupole mass filter and counted with a Daly detector. T
signal intensity of the mass-selected fragment with respec
its time-of-arrival is recorded with a multichannel scaler.

The angular distributions of the photofragments are
tained by polarizing the laser beam and measuring
change in signal intensity with the laser polarization ang
The laser beam is polarized by a single crystal quartz Pe
No. 14, 8 October 1997
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5363Myers et al.: Photodissociation of nitric acid
Broca, which disperses the unpolarized light into two l
early polarized components. The horizontal componen
utilized, and the polarization is rotated with a half-wave
tarder. We calibrate the half-wave retarder by placing
other Pellin-Broca after the half-wave plate and rotating
half-wave plate until the vertical component disappears, c
responding to a laboratory polarization angle of 90°. T
polarized laser light was focused to a 3 mm2 spot size, and
the measured power was approximately 3 mJ/pulse in
interaction region. Laser polarization angles and molecu
beam source angles are defined with respect to the det
axis as positive with counterclockwise rotation, and posit
with clockwise rotation, respectively.

We observed signal for m/e1546, NO2
1, at source

angles of 10 and 15°, for m/e1517, OH1, at 6, 8, 10, 30,
and 35°, for m/e1530, NO1, at 6, 10, and 20°, and fo
m/e1516, O1, at 10°. We definitively identify any signa
resulting from clusters in the supersonic expansion by tak
data at the parent mass, HNO3

1, at 6°. We observed a ver
small peak at HNO3

1 after 1 million shots due to clusters i
the beam. We fit this signal with a velocity distributio
which we use to identify contributions from clusters for t
other masses at small angles. We did not observe any
dence for O–H bond fission since no signal was seen
m/e1562, NO3

1, at 10° after 1 million shots. We did no
look for signal at the momentum-matched fragment, H1,
since H has a poor ionization cross section, and the amb
background at this mass is high, making the detection o
atoms with a mass spectrometer difficult.

B. Branching ratios

Prior molecular beam experiments by Huber and
workers used their integrated signal intensities at OH1 to
determine the branching ratio between OH1NO2 and
O1HONO. Thus, they had to correct their branching ra
for the fraction of HONO radicals which ionize to give OH1.
In their calculation of the HONO fragmentation pattern, th
only considered OH1, NO1, and NO2

1 as significant daugh
ter ions; however, contributions from other fragments, es
cially O1, may not be minimal. To avoid using the daughte
ion cracking pattern of HONO in our branching rat
calculation, we integrate the signal for the O1HONO chan-
nel at O1 corresponding to the signal from the O atom fra
ment, the momentum-matched partner to HONO, and for
OH1NO2 channels at OH1.

For the branching ratio data, the source angle was m
tained at 10° with respect to the detector axis. In order
average out systematic errors, including fluctuations in
parent molecular beam, we alternated between OH1 and O1.
Each scan for m/e1517, OH1, was collected for 10 000
shots, whereas each scan for m/e1516, O1, was collected
for 50 000 shots. The laser beam was stabilized to 7 mJ/p
in the interaction region and operated at 150 Hz. To test
validity of our branching ratio, we repeated these expe
ments three times. The first set of data was collected ove
scans for each mass, the second set was collected ove
scans each, and the last set was collected over 42 scans
J. Chem. Phys., Vol. 107,
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Quadrupole resolution was maintained at 1.0 amu full wid
at half maximum~FWHM! for all three sets. The beam ha
an average peak velocity of 1.363103 m/s and a FWHM of
11.5%. Although we only present the data for the branch
ratio from the final set, we calculate the branching ratio fro
the average of all three sets, and our reported error repres
a 95% confidence limit in the mean.

III. RESULTS AND ANALYSIS

A. Identification of primary product channels

The TOF spectrum shown in the top frame of Fig. 1 f
OH1 at 30° is evidence for three of the competing channe
two pathways for OH1NO2 formation and one for
O1HONO formation~HONO cracks in the ionizer to give
OH1!. The bottom frame of Fig. 1 shows the TOF spectru
of OH1 at 10°. This spectrum includes a second O1HONO
channel, which we identify in the following manner. In ord
to determine if clusters contributed to this signal, we fit t
HNO3

1 TOF in the top frame of Fig. 2. The correspondin
velocity distribution in the bottom frame of Fig. 2, howeve
shows the clusters are recoiling too slowly to appear sign

FIG. 1. The top frame shows the laboratory TOF spectrum of the ph
fragments detected at OH1 with a source angle of 30° after 750 000 las
shots. The fast peak results from two OH1NO2 channels and is fit with the
P(ET)s presented in Fig. 7. We represent the NO2 electronic state that we
are unable to identify by NO2* , which represents a higher electronic sta
than NO2(1

2B2). The slow signal results from O1HONO and is fit with the
fasterP(ET) in Fig. 6. The bottom frame shows the laboratory TOF spe
trum of the photofragments detected at OH1 with a source angle of 10°.
This TOF reveals another O1HONO channel at low kinetic energies. Thi
signal is fit with the slowerP(ET) in Fig. 6. This TOF is also used in the
branching ratio calculation in which the signal for the OH1NO2 channels is
integrated from 94–190ms.
No. 14, 8 October 1997
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5364 Myers et al.: Photodissociation of nitric acid
cantly at 10°. Thus, another channel must be contributing
the OH1 signal. This slow signal also appears in the TO
spectrum for NO2

1 at 15°, Fig. 3, and NO1 at 10°, Fig. 4. By
attributing this signal at OH1 and NO2

1 to daughter ions of
HONO from a second O1HONO channel, we can also fit it
momentum-matched partner, O, in the O1 TOF spectrum,
Fig. 5. In the O1 TOF, we also see signal resulting from th
parent HONO cracking in the ionizer to O1. The HONO
fragments from the two pathways, however, possess v
different cracking patterns, which can be easily seen by c
paring the OH1 and NO2

1 TOFs. The vastly different crack
ing patterns suggest the HONO fragments are in differ
electronic states.19 We can adequately fit all our data fo
OH1, O1, and NO2

1 from these four primary reaction path
ways. The signal in the NO1 TOF spectrum that is not fi
results from the secondary dissociation of NO2.

The translational energy distributions,P(ET)s, used to
fit the two O1HONO channels, are shown in Fig. 6. W
estimate the competition between the two O1HONO path-
ways from the relative probabilities of the O atom fragmen
the momentum-matched partners to HONO, used to fit

FIG. 2. The top frame shows the laboratory TOF spectrum of the ph
fragments detected at HNO3

1 with a source angle of 6° after 1 million lase
shots. Since the signal occurs at the parent mass, it must result from clu
present in the supersonic expansion. The bottom frame shows the cent
mass velocity distribution of the photofragments from cluster dissociatio
is derived from forward convolution fitting the HNO3

1 signal above. The
maximum angle of detection for clusters traveling at a velocity of 200
with a parent beam velocity of 1260 m/s is 9°; therefore, this signal is
slow to show up at 15°.
J. Chem. Phys., Vol. 107,

Downloaded 18 Mar 2002 to 128.135.85.148. Redistribution subject to A
to

ry
-

t

,
e

O1 TOF in Fig. 5. The branching ratio between the fast a
slow O1HONO channels is 4:1; therefore, the slow
O1HONO channel is only a minor process. The kinetic e
ergy distributions used to fit the two OH1NO2 channels
shown in Fig. 7 are in agreement with those reported
Huber and co-workers.3 One channel produces stable fra
ments with an average translational energy of 39 kcal/m
The other channel produces fragments with an average tr
lational energy of 16 kcal/mol, so that the NO2 fragments
have enough internal energy to undergo secondary disso
tion to NO1O(3P), as previously proposed by both Hub
and co-workers and Chen and co-workers.20 This is also re-
flected in our NO2

1 TOF, where this second OH1NO2 chan-
nel does not appear. We determine the branching ratio
tween the fast and slow OH1NO2 channels of 1.0:2.2 from

-

ers
-of-
It

s
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FIG. 3. Laboratory TOF spectrum of the photofragments detected at N2
1

with a source angle of 15° after 1 million laser shots. This spectrum cle
shows the second O1HONO pathway since the slow, broad signal in th
TOF cannot be fit by any of the three channels evidenced at OH1 at 30° in
the top frame of Fig. 1. The signal is also too fast to result from cluster
indicated in Fig. 2, since the measured parent beam velocity was 1260
Note the very different cracking patterns of3HONO and 1HONO; the
former favors NO2

1 while the latter is more easily detected at OH1.

FIG. 4. Laboratory TOF spectrum of the photofragments detected at N1

with a source angle of 10° after 200 000 laser shots. The signal that is n
is due to NO from the secondary dissociation of NO2.
No. 14, 8 October 1997
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5365Myers et al.: Photodissociation of nitric acid
the relative probabilities used to fit the OH1 TOF. In the
discussion, we assign the faster OH1NO2 channel to
OH1NO2(1

2B2), which differs from that proposed by Hu
ber.

B. Angular distributions

We fit our angular distribution measurements by vary
the anisotropy parameterb in this expression for the inten
sity of the angular distribution of the fragments21

FIG. 5. Laboratory TOF spectrum of the photofragments detected at1.
This signal shows the momentum-matched O atom fragments from
O1HONO channels. It also is fit with contributions from HONO crackin
in the ionizer to give O1 for both channels. This TOF is used for th
branching ratio calculation in which the signal for the fast O1HONO chan-
nel is integrated over 130–150ms to avoid any overlapping signal from
other channels.

FIG. 6. Center-of-mass product translational energy distributions,P(ET)s,
for the HONO2→O1HONO channels. The fast component is derived fro
forward convolution fitting the OH1 signal which peaks around 325ms in
the top frame of Fig. 1. ThisP(ET) is assigned to the formation of O(1D)
1HONO(X 1A8). The slow component is derived from forward convol
tion fitting the slow NO2

1 signal, Fig. 3, which could not be fit from the othe
three channels. We assign this channel to O(3P)1HONO(a 3A9). The
branching ratio between the fast and slow O1HONO channels is 4:1; there
fore, the slow channel is only a minor pathway. The normalizedP(ET)s are
scaled according to the relative probabilities used to fit the O1 data in Fig.
5.
J. Chem. Phys., Vol. 107,
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I ~uc.m.!5
1

4p
@11bP2~cosuc.m.!#, ~1!

in which uc.m. is the angle between the electric vector and
recoiling fragment in the center-of-mass reference frame
the limit of prompt and axial recoil, the anisotropy parame
b can be expressed as21

b52P2~cosa!, ~2!

in which a is the angle between the transition dipole mome
and the recoiling fragment. Since the photofragment ang
distribution is measured in the laboratory frame, fitting t
data involves converting between the center-of-mass
laboratory frames using the measured molecular beam ve
ity and theP(ET) determined from the unpolarized data.

Figure 8 shows the integrated HONO fragment sig
from the O1HONO channel at OH1 versusQLAB , the angle
between the electric vector of the polarized laser and
detector axis. The data are fit best with an anisotropy par
eter,b511.4, which is more anisotropic than the value
10.6 reported by Huber and co-workers. Their data m
have included contributions from clusters which smear
the angular distribution. Our measured value is plausible,
if we assume that distortion of the molecule upon photo
citation does not alter the recoiling bond direction befo
dissociation, and that the transition dipole moment is para
to the terminal O atoms, the predictedb52P2(cos 23.93°)
5 1.5~Ref. 22!.

Our angular distributions for the OH1NO2 channels
agree with Huber and co-workers. Figure 9 shows the in
grated OH fragment signal from the OH1NO2 channels at
OH1 versusQLAB . The data for the slow OH1NO2 frag-
ment channel are fit best withb520.6, and the data for the
fast OH1NO2 fragment channel are fit best withb520.5.

th
FIG. 7. Center-of-mass product translational energy distribution,P(ET), for
HONO2→OH1NO2. The two distributions are derived from forward con
volution fitting the first peak in the OH1 TOF in Fig. 1. The branching ratio
between the slow and fast OH1NO2 channels is 2.2:1.0. The fasterP(ET),
which peaks at 35 kcal/mol, is assigned to OH1NO2(1

2B2). The slower
translational energy distribution, which peaks at 15 kcal/mol, correspond
NO2 fragments with enough internal energy to undergo secondary disso
tion. The normalizedP(ET)s are scaled according to the relative probab
ties used to fit the OH1 data in Fig. 1.
No. 14, 8 October 1997
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5366 Myers et al.: Photodissociation of nitric acid
C. Branching ratio measurements

We calculated the branching ratio from the observed s
nals at O1 ~Fig. 5! and OH1 ~bottom frame of Fig. 1! and
corrected for the ionization cross sections and kinematic
tors. We integrated the signal for OH1 over channels 47–95
~94–190 ms!, subtracting the background from channe
8–40 ~16–80 ms!. For O1, we integrated the signal from
channels 65–75~130–150ms!, which avoids any overlap
ping signal from other processes, and subtracted the b
ground from channels 8–40. We did not include the min
O1HONO channel in our first branching ratio calculatio
because this signal is completely overlapped by other p
cesses. We estimate the ionization cross sections of OH
O from their polarizabilities23 to be 25.6 and 14.2 Å2, re-
spectively. Our reported branching ratio is the average fr
three separate measurements,

NS OH

Omajor
D50.6260.06. ~3!

We can estimate the contribution from the minor O1HONO
channel from the relative probabilities used to fit the O pro
uct for both channels from the O1 TOF. The branching ratio
between these two processes is 4:1, which already inclu
corrections for the kinematic factors. Thus, we calculate
total branching ratio as

NS OH

Ototal
D50.5060.05. ~4!

FIG. 8. Laboratory angular distributions of the HONO product measure
OH1, which results from HONO cracking in the ionizer, with a linear
polarized laser and a source angle of 15°. The data points represen
integrated experimental TOF signal between 230–400ms measured at four
different laser polarization angles. Line fits show the predicted chang
integrated signal with polarization angle using the same anisotropy pa
eter,b, for both channels and theP(ET)s in Fig. 6, which are scaled ac
cording to the relative probabilities used to fit the two O1HONO channels
in the OH1 TOF in Fig. 1. The best fit is obtained with the solid line, whic
corresponds tob51.4.
J. Chem. Phys., Vol. 107,
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IV. DISCUSSION

A. OH1NO2 channels

As presented in Sec. III A, the data show two differe
kinetic energy distributions for the OH1NO2 pathway in
agreement with Huber and co-workers.3 In this section, we
attempt to definitively determine the NO2 electronic states
for both channels, beginning with the pathway which pr
duces the stable NO2 fragments. Huber assigned this chann
to NO2 in its electronic ground state (X 2A1); we, however,
propose a different assignment for this channel. We ass
the NO2 electronic states by comparing our measured tra
lational energy distributions for the OH1NO2 channels, Fig.
7, with the predicted maximum and most probable kine
energies for the NO2 fragments. Obvious candidates are t
low-lying excited states of NO2. We obtain the maximum
available translational energy from the minimum energies
the excited electronic states of NO2 ~Ref. 24! and the 47.6

at

the

in
m-

FIG. 9. The top frame shows the laboratory angular distributions of
faster OH product measured at OH1 with a linearly polarized laser and a
source angle of 30°. The data points represent the integrated experim
TOF signal between 102 and 114ms measured at four different laser pola
ization angles. Line fits show the predicted change in integrated signal
polarization angle given an anisotropyb and the fasterP(ET) in Fig. 7. The
best fit is obtained with the solid line, which corresponds tob520.5. The
bottom frame shows the laboratory angular distributions of the slow
product measured at OH1 with a linearly polarized laser and a source ang
of 30°. The data points represent the integrated experimental TOF s
between 150 and 200ms measured at four different laser polarization angl
Line fits show the predicted change in integrated signal with polariza
angle given an anisotropyb and the slowerP(ET) in Fig. 7. The best fit is
obtained with the solid line, which corresponds tob520.6.
No. 14, 8 October 1997
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5367Myers et al.: Photodissociation of nitric acid
kcal/mol bond dissociation energy. Since little energy is p
titioned into internal energy of the OH fragment,25,26 the ex-
cess energy after dissociation must go into internal energ
NO2 and relative translational energy, allowing us to calc
late not only the maximum available kinetic energy but a
the most probable kinetic energy for the NO2 fragments. We
thus predict the peak kinetic energy in our measuredP(ET)s
by estimating the most probable internal energy of the N2

fragments from a Franck–Condon projection of the init
NO2 geometry in nitric acid onto the NO2 product states,
noting the geometry changes are primarily in the angle be
We also simply subtract the average internal energy of
OH fragment, 2.7 kcal/mol, as reported by Chen a
co-workers.20 Using the equilibrium ONO angle in nitric
acid ~130°!22 and potential energy curves of NO2 along the
ONO bending coordinate from multireference single a
double configuration interaction calculations,27 we determine
the most probable internal energy of the NO2 products for
the three lowest-lying doublet states of NO2. The most prob-
able and the maximum available kinetic energies predic
for the OH1NO2 fragments in each of the three low-lyin
excited NO2 electronic states are listed in Table I. For e
ample, the most probable kinetic energy predicted for a
OH1NO2(1

2B2) fragments is 34 kcal/mol, and the max
mum available energy is 73 kcal/mol. These predicted res
for NO2(1

2B2) closely match the measured kinetic ener
distribution for the stable NO2 fragments, which peaks at 3
and extends to 73 kcal/mol. Similar results for the most pr
able kinetic energy are also obtained using MRD-CI cal
lations by Hirsch and Buenker28 with an ONO angle of 130°
and N–O bond lengths of 1.23 Å. These calculations pre
the most probable internal energy for the NO2 fragments to
be 62 kcal/mol, which results in a most probable kine
energy of 36 kcal/mol, after subtracting the average inter
energy of the OH fragment. Thus, we assign the stable N2

fragments to the 12B2 state. Our assignment does not co
flict with the fluorescence measurements since the 12B2

state undergoes rapid internal conversion to high vibratio
levels in the ground state.29

If we use the same argument as above to assign
electronic state of the slower NO2 product that undergoe
secondary dissociation, we do not find a match from any
the three low-lying doublet states in Table I with the tran
lational energy distribution in Fig. 7 used to fit this reacti
channel. The most probable translational energies predi
for the 12B1 and the 12A2 electronic states of NO2 are 25
and 30 kcal/mol, respectively. Our measuredP(ET), on the
other hand, peaks at 15 and extends to 34 kcal/mol, indi

TABLE I. Predicted most probable and maximum allowed kinetic energ
for OH1NO2(Y).

State (Y)
DEvert

~eV!
Emp

trans

~kcal/mol!
DEmin

~eV!
Emax

~kcal/mol!

1 2B2 2.78 34 1.18 73
1 2A2 2.96 30 1.84 58
1 2B1 3.15 25 1.66 62
J. Chem. Phys., Vol. 107,
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ing the NO2 product is formed with more internal energ
than is predicted for any of the three low-lying excited sta
of NO2.

To help us determine the electronic state of this unsta
NO2 product and to further analyze our assignments, we g
erate a state correlation diagram along the OH1NO2 reaction
coordinate at bent NO2 geometry. We first present a molecu
lar orbital correlation diagram30–33 in Fig. 10 for the frag-
mentation of nitric acid into OH1NO2 products to illustrate
the diabatic character of the reactant and product molec
orbitals. The usual adiabatic state correlation diagram sho
in Fig. 11 assumes that every crossing between configura
states of the same symmetry is avoided and draws the co
lation lines between the individual states of the reactants
products of equal symmetry. The barriers resulting fro
avoided crossings between states of similar symmetry
thus not shown, although you can easily determine th
from the molecular orbital diagram in Fig. 10. The state c
relation diagram illustrates that the 21A8 excited state sur-
face that is accessed at 193 nm correlates adiabaticall
NO2(1

2B2), which agrees with our assignment for the stab
NO2 product. This correlation diagram corrects the error
Bai and Segal,12 which showed the 21A8 state correlates

FIG. 10. Molecular orbital correlation diagram for the dissociation of nit
acid to OH1NO2. The orbital energies for nitric acid are taken from Re
30. As noted in Ref. 30, the 2b1 orbital for nitric acid lies predominantly on
the donor O fragment so that it correlates to the out-of-planep orbital for the
OH fragment. The sigma bonding and sigma antibonding orbitals of
N–OH bond in nitric acid 8a8(5a1) and 10a8(6a1), respectively, are taken
as arising from the bonding and antibonding linear combinations of the
np and the NO2 6a1 orbitals of the separated fragments. The orbital energ
for the OH fragment are taken from Ref. 31. The orbital energies for N2

are taken from Refs. 32 and 33, and are calculated with a NO2 bend angle of
134°, while that of nitric acid is 130°. The solid lines correspond to orbit
with a8 symmetry whereas the dashed lines represent orbitals witha9 sym-
metry.

s
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5368 Myers et al.: Photodissociation of nitric acid
adiabatically to NO2(
2B1). In order to understand why

second channel can compete with the adiabatic pathway
OH1NO2, we consider the symmetries of the occupied N2

orbitals along the reaction coordinate. Since the individ
orbital symmetry for NO2 must change froma9a9(a2→3b1)
in the reactant toa8a8(4b2→6a1) in the NO2(1

2B2) prod-
uct, this pathway is Woodward–Hoffman forbidden. Pre
ous experiments34 in our lab have illustrated tha
Woodward–Hoffmann forbidden reactions are particula
subject to a failure in the Born–Oppenheimer approximati
Thus, we expect the reaction dynamics to have difficu
traversing the adiabatic reaction coordinate. Since the r
tion rate is reduced, other pathways can compete. In fact
branching ratio between this second pathway and the a
batic pathway which yields NO2(1

2B2) is 2.2:1.0. This sec-
ond pathway could result from a nonadiabatic hop to
nearbyA8 excited state in nitric acid. The correlation di
gram in Fig. 11 gives two possible candidates, the 31A8 and
4 1A8 states, which correlate to NO2(1

2A2) and
NO2(1

2B1), respectively. As we already stated, howev
these two states are not responsible for this channel. In
IV B, we propose a restricted correlation diagram to und
stand why neither the NO2(1

2B1) or NO2(1
2A2) products

are formed.

FIG. 11. Fully adiabatic state correlation diagram for the singlet state
nitric acid and the OH1NO2 asymptotic products at bent NO2 geometry.
The vertical excitation energies for the excited states of nitric acid and
the NO2 electronic states are taken from Ref. 22 and Ref. 37, respectiv
and are calculated with a NO2 bend angle of 130°. The 21A8 state, which is
accessed at 193 nm, correlates adiabatically to OH1NO2(1

2B2). The A8
states are indicated by the solid lines whereas theA9 states are indicated by
the dashed lines. Each of the products correlates to both anA8 and anA9
state because the OH radicalp electron can be eithera8 or a9, as illustrated
in Fig. 11. The unconnected line for the NO2(1

2B1)1OH products corre-
lates to the higher-lying 41A9 excited state of nitric acid, which is no
shown.
J. Chem. Phys., Vol. 107,
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We have considered other mechanisms for this chan
If we attempt to assign this channel to O(3P)
1HONO(X 1A8) and assume almost all of the 76.6 kcal/m
of available energy goes into internal energy of the HON
fragment, then HONO can undergo secondary dissociatio
OH1NO, leaving 28.6 kcal/mol of available energy. If w
assume all of the available energy goes into relative tran
tion of the OH and NO products, we can fit the slow OH1

signal peaking at 140ms in the top frame of Fig. 1. Its
momentum-matched signal at NO1, however, overlaps the
signal already attributed to the fast OH1NO2(1

2B2) chan-
nel. It would not explain the signal that is not fit in the NO1

TOF, Fig. 4. This signal is due to NO from the seconda
dissociation of NO2. @Although the NO2 fragments from the
fast OH1NO2(1

2B2) channel with kinetic energies less tha
28.7 kcal/mol have enough internal energy to undergo s
ondary dissociation, the contribution from these fragment
minimal and would not fit the NO1 signal completely.# In
addition, partitioning all 76.6 kcal/mol of the available e
ergy into the HONO fragment, to produce such fast OH
this second channel, implies a negligible exit barrier for t
O1HONO products; therefore, we do not believe this is
likely mechanism. If we instead assume all of the 76.6 kc
mol of available energy goes into relative translation of t
O1HONO fragments, then HONO does not have enou
energy to undergo secondary dissociation, but would s
crack in the ionizer to give the OH and NO fragments. Th
mechanism, however, is too slow to fit the OH1 signal peak-
ing at 140ms in the top frame of Fig. 1. A third possibility
that we have considered is a multiphoton process such
secondary photodissociation of HONO to OH1NO. Huber
and co-workers3 investigated the laser fluence dependence
the OH1 signal. They observed at a high laser fluence
500 mJ/cm2, a decrease in the relative intensity of the pe
for the HONO component with respect to the two peaks
the OH components. This decrease results from secon
photodissociation of HONO. The relative intensities betwe
the two peaks for the OH1NO2 channels, however, did no
vary with laser power, suggesting that the slower of the t
fast OH1 peaks does not result from a secondary photod
sociation process.

B. Restricted correlation diagram for the OH 1NO2
reaction coordinate

When both adiabatic and nonadiabatic product chann
compete, as in nitric acid, the usual way of constructing
adiabatic correlation diagram can be useless in predic
what nonadiabatic channels might occur with high proba
ity. For instance, the adiabatic correlation diagram in Fig.
would suggest that theA8 states in proximity to the photo
excited 21A8 state are the 31A8 and 41A8 states, so that a
nonadiabatic hop to one of these states could occur, resu
in either OH1NO2(1

2A2) or OH1NO2(1
2B1) products.

Yet, these experiments show that neither of the OH1NO2

product channels resulting from these states are fou
Clearly, assuming the molecule nonadiabatically hops fr
the 21A8 state to a nearbyA8 state of nitric acid as depicte

of

r
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5369Myers et al.: Photodissociation of nitric acid
in the full correlation diagram is not correct. In order
determine the identity of the observed nonadiabatic produ
we need a better method for generating correlation diagra

To conceive of such a new correlation diagram, we c
sidered the following. Because the electronic excitation
localized on the NO2 moiety, and none of the energetical
available NO2 product states have thepnb,O→pNO2

* charac-

ter associated with the initial transition, a dissociatio
whether adiabatic or nonadiabatic, must involve considera
electronic rearrangement. What if we generate a new ‘
stricted adiabatic’’ correlation diagram which disallows a
large changes in the electronic wave function on portions
the molecule remote from the NO2 moiety? This is clearly
not the usual way of constructing adiabatic correlation d
grams, yet it may provide us with a better picture of t
reaction dynamics.

Since the OH fragment is remote from the NO2 moiety,
we propose that no large electronic changes in the OH f
ment can occur during the dissociation. The full correlat
diagram in Fig. 11 shows the asymptotic products correla
to both anA9 and anA8 singlet state, which results becau
the OH fragment is doubly degenerate (2P): the lonep elec-
tron can either be in the plane of symmetry (a8) defined by
the plane of symmetry of the parent nitric acid molecule
perpendicular (a9) to it ~Fig. 12!. We propose that the radi
cal p electron in the OH fragment remains in the plane
symmetry (a8) as it is for the low-lying excited states o
nitric acid. Our revised correlation diagram, presented in F
13, restricts the radicalp electron on OH to be in ana8
orbital with respect to the parent plane of symmetry for
asymptotic products of all the low-lying excited states
nitric acid. All the correlations resulting from the radicalp
electron on the OH fragment being antisymmetric with
spect to the molecular plane (a9) can, in our restricted dia
gram, only result from high-lying excited states of nitric ac
@states where thes* (N–OH) orbital is occupied#. These are
represented by light dotted lines in our figure. This corre
tion diagram still shows the restricted adiabatic pathway
the 21A8 excited state leading to OH1NO2(1

2B2); there-
fore, it does not conflict with our previous assignment.

This restricted adiabatic correlation diagram clea
demonstrates why the NO2(1

2A2) and NO2(1
2B1)

asymptotic products of the 31A8 and 41A8 excited states of
nitric acid in the fully adiabatic correlation diagram are n
seen experimentally. These two product channels require
radicalp electron on the OH moiety to change from being
the plane of the molecular system in the Franck–Con

FIG. 12. Schematic which shows the radicalp electron in OH can be eithe
symmetric with respect to the molecular plane (a8) or antisymmetric with
respect to the molecular plane (a9).
J. Chem. Phys., Vol. 107,
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region to perpendicular to that plane in the asymptotic pr
ucts. The physical basis for introducing a restricted corre
tion diagram, one that does not allow such a change, is
follows. For a1A8 state of nitric acid to correlate to anA9
NO2 product state, the OH fragment must developA9 sym-
metry along the reaction coordinate. We propose that i
diabatic representation of the states of nitric acid, the o
diagonal configuration interaction matrix elements that
cilitate such a change in the electronic wave function~a
change that would allow the molecule to access the li
dotted line states in the figure from excitation to the lo
lying states of nitric acid! are exceedingly small, eve
smaller than Woodward–Hoffmann forbidden couplings
electronic changes localized on the NO2 moiety. For ex-
ample, the NO2(1

2A1)1OH(A9) products correlate diabati
cally to a high-lying excited state of nitric acid correspon
ing to excitation from the out-of-plane nonbonding orbital
the OH moiety to thes* orbital along the N–OH bond

FIG. 13. ‘‘Restricted adiabatic’’ state correlation diagram for the sing
states of nitric acid and the OH1NO2 asymptotic products with a NO2 bend
angle of 130°. The vertical excitation energies for the excited states of n
acid and for the NO2 electronic states are taken from Ref. 22 and Ref.
respectively. The bold dashed and solid lines correlate to products in w
the OH radicalp electron is restricted to remain symmetric with respect
the parent molecular plane of nitric acid, i.e.,a8. TheA8 states are indicated
by the solid lines whereas theA9 states are indicated by the dashed line
The 21A8 state, which is accessed at 193 nm, still correlates adiabatical
OH1NO2(1

2B2). The light dotted lines represent states with electro
configurations in which the radical electron on the OH fragment occup
the p orbital perpendicular to the molecular plane (a9) in the asymptotic
products and where as* (N–OH) orbital is populated in the reactant regio
These states are shown as basically decoupled from the states drawn
bold dashed and solid lines because the experimental results sugge
configuration interaction between them is negligible. Thus, dynamics be
ning on the bold solid or dashed surfaces cannot cross to the dotted
surfaces. Therefore, the avoided crossings resulting from these config
tions are not drawn, and the dotted lines are shown correlating to high-l
excited states of nitric acid.
No. 14, 8 October 1997
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5370 Myers et al.: Photodissociation of nitric acid
Thus, in the full correlation diagram of nitric acid, the 11A9
excited state correlates adiabatically with ground st
NO21OH via an avoided crossing where the electronic c
figuration changes from$...(4b2)1(3b1)1% in the Franck–
Condon region to$...(2b1)1(6a1)1% after the avoided cross
ing en route to products. Due to the considerable electro
rearrangement on the OH fragment required for the molec
to produce NO2(1

2A1)1OH fragments upon excitation t
the 1A9 excited state, the configuration interaction mat
elements are extremely small and this pathway is disallow
in our restricted adiabatic correlation diagram, just as
correlations of the 31A8 and 41A8 states to NO2(1

2A2) and
NO2(1

2B1) products are disallowed.
Both the restricted correlation diagram and the mole

lar orbital correlation diagram reveal a possible electro
state for the nonadiabatic NO2 product. Since the electroni
configuration for the NO2(1

2B2) fragment is
$...(4b2)1(6a1)2%, the OH1NO2(1

2B2) products correlate
diabatically to a higher lying1A8 excited state of nitric acid
4b2(9a8)→6a1(10a8), as shown by the orbital correlatio
diagram. Since this state is the same symmetry as the 21A8
excited state,a2(3a9)→3b1(4a9), they mix and split to
form an avoided crossing along the OH1NO2(1

2B2) reac-
tion coordinate. As already stated, this reaction
Woodward–Hoffmann forbidden, so that instead of trave
ing the barrier to products, the electronic wave function m
retain the localpnb,O→pNO2

* (a2→3b1) character and un

dergo a diabatic dissociation. This pathway produces NO2 in
its 2 2B2 electronic state, not the 12B2 electronic state, since
the electronic excitation for the NO2(2

2B2) product is
1a2→2b1 . This nonadiabatic pathway is illustrated in o
restricted correlation diagram, Fig. 13, for if the molecu
does not follow the adiabatic pathway along the 21A8 poten-
tial energy surface, but instead undergoes a nonadiab
transition to the upper 31A8 surface, OH1NO2(2

2B2) prod-
ucts result. Spectral interpretation by Warsop a
co-workers,35 however, determines the electronic energy
this upper2B2 state as 4.98 eV, which is energetically ina
cessible by 14 kcal/mol. Although earlier SCF-CI calcu
tions by Jackels and Davidson36 calculate the minimum elec
tronic energy as 3.73 eV, two groups have obtained m
accurate results to aid in our assignments. Maurice
Head-Gordon37 use XCIS calculations to determine a vertic
excitation energy of 5.03 eV for the NO2(2

2B2) state. Re-
cent MRCISD calculations by Kedzioraet al.38 determine
the minimum electronic energy for this state as 5.20 wit
DZP basis and 5.48 eV with a TZP basis. Thus, this el
tronic state is clearly energetically inaccessible and can
account for the second pathway.

We also present a restricted correlation diagram for
triplet states of nitric acid, Fig. 14. This figure reveals a
other possible mechanism, rapid spin-orbit coupling to
triplet manifold to produce a low-lying quartet state of NO2.
Two possible candidates are the 14B2 and 14A2 electronic
states. Calculations by Jackels and Davidson36 show mini-
mum energies for the two quartet states as 2.38 and 2.58
respectively. Calculations from quartet XCIS using the N2
J. Chem. Phys., Vol. 107,
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geometry in ground state nitric acid give a vertical excitati
energy of 3.59 for the 14B2 state and 3.72 eV for the 14A2

state.37 These values predict peak kinetic energies of 18 a
15 kcal/mol, respectively. On the other hand, higher le
calculations using third-order perturbation theory and a C
PVTZ basis38 with the NO2 geometry in ground state nitric
acid predict a vertical excitation energy of 4.38 eV for t
lower-lying 14B2 state. Since this estimate predicts the m
probable internal energy for the NO2 fragments as 101 kcal
mol, the most probable translational energy would oc
around zero; therefore, these calculations indicate a qua
state is unlikely. Thus, further calculations, such as the m
mum energies for the quartet states, are needed to de
tively assign this second electronic state.

To provide further support for our proposal that the O
radical electron in nitric acid does not reorient to an orbi
perpendicular to the molecular plane, we can examine o
systems which undergo R1NO2 dissociation. Both methyl
nitrate, CH3ONO2, and nitromethane, CH3NO2, have low-
lying excited states involving transitions localized on t
NO2 moiety analogous to nitric acid.30 Similarly, two distinct
kinetic energy distributions for the R1NO2 channels are
measured for CH3NO2

39 and CH3ONO2
40 upon photodisso-

FIG. 14. ‘‘Restricted adiabatic’’ state correlation diagram for the trip
states of nitric acid and the OH1NO2 asymptotic products with a NO2 bend
angle of 130°. The vertical excitation energies for the excited states of n
acid and for the NO2 electronic states are taken from Ref. 22 and Ref.
respectively. The bold dashed and solid lines correlate to products in w
the OH radicalp electron is restricted to remain symmetric with respect
the parent molecular plane of nitric acid, i.e.,a8. TheA8 states are indicated
by the solid lines, whereas theA9 states are indicated by the dashed line
The avoided crossings that result from the light dotted lines are not dr
because these lines correlate to high-lying excited states of nitric acid
an electron in as* (N–OH) orbital~see Fig. 13 caption!. This figure reveals
that intersystem crossing to the triplet manifold could result in NO2 in one of
the low-lying quartet states, 14B2 or 1 4A2 .
No. 14, 8 October 1997
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5371Myers et al.: Photodissociation of nitric acid
ciation at 193 nm. Table II compares the most probable
ternal energies of all three molecules for both R1NO2 chan-
nels determined from the kinetic energy distributions. Sin
the internal energies of the NO2 fragments from the photo
dissociation of nitromethane are similar to nitric acid, th
system provides compelling evidence for our restricted c
relation diagram. Unlike OH, the CH3 radical is not doubly
degenerate; only ana8 orbital is available for the lone elec
tron. Thus, the correlation diagram for the low-lying states
CH3NO2 is very different from the correlation diagram fo
HONO2. Our proposed restricted correlation diagram for t
low-lying excited states of HONO2, however, is similar to
the correlation diagram for CH3NO2. In agreement with our
assignment of the faster NO2 fragments, Butler and co
workers39~a! assigned the predominant and faster channe
nitromethane to CH31NO2(1

2B2) based on the measure
fluorescence excitation spectrum and energetic consi
ations. They attributed the minor channel, which produ
very slow fragments, to CH31NO2(2

2B2) products based
on the calculations by Jackels and Davidson.36 Although we
agree with their assignment for the fast CH31NO2 products,
calculations by Kedzioraet al.38 show the NO2(2

2B2) is en-
ergetically inaccessible. Similar to the OH fragment in nit
acid, the CH3O fragment produced from the photodissoc
tion of methyl nitrate is doubly degenerate. We propose t
the radicalp electron for CH3O also remains in the plane o
the parent molecule. Although Huber and co-workers40 do
not definitively assign the CH3O1NO2 channels in methyl
nitrate, we assign the predominant and faster channe
CH3O1NO2(1

2B2).

C. O1HONO channels

We also measured two different kinetic energy distrib
tions for the O1HONO pathway, although only mino
branching to the channel at low kinetic energies is observ
This channel was not reported by Huber and co-worke3

since they attributed the slow signal at NO2
1 to clusters. As

we suggested earlier, these two channels most likely re
from different electronic states of HONO since they poss
very different daughter-ion cracking patterns. In order to
termine the electronic states for these two channels, we b
by considering two spin-conserving pathways,

HNO3→O~3P!1HONO~a 3A9!, ~5!

HNO3→O~1D !1HONO~X 1A8!. ~6!

The translational energy distributions for these channels,
6, show that the minor O1HONO channel peaks at 1 kca

TABLE II. Observed internal energies of the NO2 products in R1NO2

dissociation assuming negligible partitioning of internal energy to R.

System
Emp

int ~fast!
~kcal/mol!

Emp
int ~slow!

~kcal/mol!

HONO2 65 86
CH3ONO2 67 88
CH3NO2 80 86
J. Chem. Phys., Vol. 107,
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mol and extends to approximately 10 kcal/mol, whereas
dominant O1HONO channel peaks around 8 kcal/mol a
extends to 25 kcal/mol. To aid in our assignments,
present an adiabatic correlation diagram along
O1HONO reaction coordinate for the singlet excited sta
for nitric acid.41 The correlation diagram for the single
states, Fig. 15, shows that the photoprepared 21A8 state cor-
relates adiabatically to O(1D)1HONO(X 1A8), not to the
somewhat higher energy channel~0.63 eV higher vertical
energy! of triplet HONO1O(3P).42 We assign the major
channel to O(1D)1HONO(X 1A8) and the minor channel to
O(3P)1HONO(a 3A9).

To understand why we observe a minor O1HONO path-
way, we examine cuts along the O1HONO reaction coordi-
nate from theab initio configuration interaction with single
excitations only calculations.43 The output from the CIS cal-
culations shows the 21A8 state correlates to O(3P)
1HONO(a 3A9), in disagreement with the fully adiabati
correlation diagram in Fig. 15. This is expected since the
expansion must include excited electronic configuratio
with double excitations in order for the 21A8 excited state to
correlate to O(1D)1HONO(X 1A8). Thus, the CIS calcula-
tions will not give the fully adiabatic correlations, they wi
only give the adiabatic channel in the restricted case wh
only single excitations are allowed. Since the electro
change required for the formation of O(1D)1HONO~X 1A8!

FIG. 15. Fully adiabatic state correlation diagram for the singlet state
nitric acid and the O1HONO asymptotic products. The vertical excitatio
energies shown for the excited states of nitric acid are taken from Ref.
The vertical excitation energies shown for the HONO electronic sta
which are calculated using the trans conformer, are taken from Ref. 42.
A8 states are indicated by the solid lines, whereas theA9 states are indicated
by the dashed lines. The 21A8 state, which is accessed at 193 nm, correla
adiabatically to HONO(X 1A8)1O(1D). The unconnected line for the
HONO(a 3A9)1O(3P) products correlates to the higher lying 51A8 ex-
cited state of nitric acid, which is not shown.
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5372 Myers et al.: Photodissociation of nitric acid
is centered on orbitals that are not remote from the electro
transition in nitric acid, this pathway is experimentally o
served. The other observed pathway to O(3P)
1HONO(a 3A9) is predicted in the CIS calculation, th
equivalent of a restricted adiabatic correlation if one o
allows single electronic changes in orbital occupancies al
the reaction coordinate. This observed pathway would t
compare to a nonadiabatic hop to an upper adiabat, suc
the 41A8 excited state in nitric acid in the full adiabat
correlation diagram.

D. Quantum yield measurements

The final goal in this paper is to resolve the discrep
cies of the quantum yield measurements from the photo
sociation of nitric acid at 193 nm. Our branching ratio, whi
includes the minor O1HONO pathway, is
~OH1NO2!/~O1HONO!50.5060.05. In order to compare
our branching ratios with the quantum yield measureme
we convert our ratio into product yields. Since the photod
sociation occurs on a time scale faster than fluorescenc
illustrated by the anisotropic angular distributions, t
branching ratio can be directly converted into quant
yields since fluorescence is a negligible competing proc
We obtainF(OH)50.3360.04 andF~Ototal!50.6760.04.
In the introduction, we reviewed two conflicting spectr
scopic measurements of the OH quantum yield. Our
quantum yield agrees with the quantum yield reported
Ravishankara and co-workers1 @F(OH)50.3360.06# and is
smaller than the OH quantum yield reported by Schiffm
and Nesbitt2 @F(OH)50.4760.06#. Our OH quantum yield
is also out of range of the value reported by prior photofr
ment velocity analysis molecular beam studies by Huber
co-workers3 @F(OH)50.660.1#, who relied on a daughter
ion cracking pattern of HONO, which did not include fra
mentation to O1 in the ionizer. Ravishankara and co-worke
also measuredF~Ototal!50.8160.13, which is higher than
our measurement because it includes contributions from
secondary dissociation of NO2. Our primary O(1D) quantum
yield of F(O1D)50.5460.04 differs from the value of
FO(1D)50.2860.07 reported by Ravishankara and c
workers.

V. SUMMARY

In this paper, we introduce a new method for generat
a restricted adiabatic correlation diagram to identify wh
adiabatic and nonadiabatic product channels are likely to
cur upon photoexcitation. The restricted correlation diagra
which does not allow large changes in the electronic cha
ter on remote portions of the molecule along the react
coordinate, can be applied to other systems as long as
transition is localized on a functional group in the molecu
We plan to investigate a variety of systems in order to furt
develop this concept.
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