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The weakly bound HOONO product of the OH1NO21M reaction is studied using the vibrational
predissociation that follows excitation of the first OH overtone (2n1). We observe formation of both
cis-cisandtrans-perpconformers of HOONO. Thetrans-perpHOONO 2n1 band is observed under
thermal ~223–238 K! conditions at 6971 cm21. We assign the previously published~warmer
temperature! HOONO spectrum to the 2n1 band at 6365 cm21 and 2n1-containing combination
bands of thecis-cisconformer of HOONO. The band shape of thetrans-perpHOONO spectrum is
in excellent agreement with the predicted rotational contour based on previous experimental and
theoretical results, but the apparent origin of thecis-cis HOONO spectrum at 6365 cm21 is
featureless and significantly broader, suggesting more rapid intramolecular vibrational redistribution
or predissociation in the latter isomer. The thermally less stabletrans-perpHOONO isomerizes
rapidly tocis-cisHOONO with an experimentally determined lifetime of 39 ms at 233 K at 13 hPa
~in a buffer gas of predominantly Ar!. The temperature dependence of thetrans-perpHOONO
lifetime in the range 223–238 K yields an isomerization barrier of 33612 kJ/mol. Newab initio
calculations of the structure and vibrational mode frequencies of the transition stateperp-perp
HOONO are performed using the coupled cluster singles and doubles with perturbative triples
@CCSD~T!# model, using a correlation consistent polarized triplez basis set~cc-pVTZ!. The
energetics ofcis-cis, trans-perp, andperp-perpHOONO are also calculated at this level@CCSD~T!/
cc-pVTZ# and with a quadruplez basis set using the structure determined at the triplez basis set
@CCSD~T!/cc-pVQZ//CCSD~T!/cc-pVTZ#. These calculations predict that theanti form of
perp-perpHOONO has an energy ofDE0542.4 kJ/mol abovetrans-perpHOONO, corresponding
to an activation enthalpy ofDH298

‡0 541.1 kJ/mol. These results are in good agreement with
statistical simulations based on a model developed by Golden, Barker, and Lohr. The simulated
isomerization rates match the observed decay rates when modeled with atrans-perp to cis-cis
HOONO isomerization barrier of 40.8 kJ/mol and a strong collision model. The quantum yield of
cis-cisHOONO dissociation to OH and NO2 is also calculated as a function of photon excitation
energy in the range 3500–7500 cm21, assumingD0583 kJ/mol. The quantum yield is predicted to
vary from 0.15 to 1 over the observed spectrum at 298 K, leading to band intensities in the action
spectrum that are highly temperature dependent; however, the observed relative band strengths in
thecis-cisHOONO spectrum do not change substantially with temperature over the range 193–273
K. Semiempirical calculations of the oscillator strengths for 2n1(cis-cisHOONO) and
2n1(trans-perpHOONO) are performed using~1! a one-dimensional anharmonic model and~2!
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a Morse oscillator model for the OH stretch, andab initio dipole moment functions calculated using
Becke, Lee, Yang, and Parr density functional theory~B3LYP!, Møller-Plesset pertubation theory
truncated at the second and third order~MP2 and MP3!, and quadratic configuration interaction
theory using single and double excitations~QCISD!. The QCISD level calculated ratio of 2n1

oscillator strengths oftrans-perpto cis-cisHOONO is 3.7:1. The observed intensities indicate that
the concentration oftrans-perpHOONO early in the OH1NO2 reaction is significantly greater than
predicted by a Boltzmann distribution, consistent with statistical predictions of high initial yields of
trans-perpHOONO from the OH1NO21M reaction. In the atmosphere,trans-perpHOONO will
isomerize nearly instantaneously tocis-cisHOONO. Loss of HOONO via photodissociation in the
near-IR limits the lifetime ofcis-cis HOONO during daylight to less than 45 h, other loss
mechanisms will reduce the lifetime further. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1760714#

I. INTRODUCTION

Knowledge of the concentrations and chemistry of the
HOx (OH1HO2) and NOx (NO1NO2) families of radicals
is central to understanding global atmospheric chemistry.
Both families are involved in tropospheric ozone production
and stratospheric ozone loss. Hydroxyl radical~OH! has ex-
tremely high reactivity with many atmospheric trace gases,
and is referred to as an atmospheric detergent because it
cleanses the atmosphere of pollutants. NOx is a major com-
ponent of photochemical smog.

As the major sink of both HOx and NOx , the radical
termination reaction

OH1NO21M→HONO21M ~1!

is of critical importance in atmospheric chemistry. The rate
constant of this reaction has been the topic of some
controversy1–7 because the high and low pressure rate con-
stants could not be reconciled with a single termolecular rate
expression. This discrepancy can be resolved by the inclu-
sion of a second minor channel forming a more weakly
bound isomer of nitric acid, peroxynitrous acid, or HOONO,
as first predicted by Robertshaw and Smith:8

OH1NO21M→HONO21M ~1a!

→HOONO1M . ~1b!

The energetics of OH1NO→HOONO and HONO2 are
shown in Fig. 1, with relativecis-cis, trans-perp, andperp-
perp HOONO energies from CCSD~T!/cc-pVQZ/CCSD~T!/
cc-pVTZ @where CCSD~T!—coupled cluster singles and
doubles with perturbative triples, cc-pVTZ—correlation con-
sistent polarized triplez basis set, and cc-pVQZ—correlation
consistent quadruplez basis set# level calculations reported
in this paper. The energies of OH1NO2 and HONO2 relative
to cis-cisHOONO are taken from Beanet al.9 The formation
of HOONO instead of HONO2 has very different implica-
tions for the atmospheric concentrations of OH and NO2.
Since HOONO is more weakly bound than HONO2 ~Fig. 1!,
it will have a short lifetime~on the order of seconds at 300
K! in the lower atmosphere due to efficient thermal dissocia-
tion back to OH and NO2. No evidence has yet been found
for direct isomerization of HOONO into HONO2,7 and it is
likely to be prevented by a high reaction barrier.10 A majority
of previous kinetics studies of reaction~1! were done via
observation of OH decay in the presence of excess NO2

without taking the HOONO channel into consideration. At
some conditions, these experiments measured the total reac-
tion rate coefficient,k15k1a1k1b , while assuming the ob-
served decay was due only tok1a . Recent measurements3,9,11

have found that HOONO is indeed formed in reaction~1!
with a measurable yield ofk1b /(k1a1k1b)'5 – 10% at low
pressures~27 hPa! and room temperature. Thus, to the extent
that HOONO is formed, the total rate of reaction~1! overes-
timates the net loss of HOx and NOx to HNO3.

The OH1NO2 system is complicated by the existence of
several distinct conformers of HOONO.1,12–14The predicted
lowest-energy conformers arecis-cis and trans-perp
HOONO ~Fig. 1!, wherein the first and second prefixes refer
to the conformations of the ONOO and NOOH dihedral
angles, respectively. The planarcis-cisconformer has a weak
internal hydrogen bond and is computed to be stabilized rela-
tive to the opentrans-perpconformer by 15.3 kJ/mol. A third
conformer,cis-perpHOONO, was identified in earlyab ini-
tio calculations of McGrath and Rowland12 and calculated to
be 1.7–2.5 kJ/mol abovecis-cis HOONO. Tsaiet al.14 and
Jin et al.13 have calculatedcis-perpHOONO energies~rela-
tive to cis-cis HOONO! of 3.8–5.4 kJ/mol and25.1–5.9
kJ/mol, respectively. Recent higher-level calculations indi-
cate that thecis-perp conformer may not be a stationary
point on the HOONO potential energy surface.2,10

Isomerization between thetrans-perp and cis-cis con-
formers of HOONO occurs by rotation about the N-O bond.

FIG. 1. Energy level diagram for the OH1NO2 reaction, with structures of
trans-perpand cis-cis HOONO shown. HOONO energy levels are from
present work; HONO2 energy relative tocis-cis HOONO are from Bean
et al.9 and OH1NO2 energy relative tocis-cis HOONO is from Hippler,
Nasterlack, and Striebel3 and Dixonet al.10 Pathways for direct isomeriza-
tion from HOONO into HONO2 are not shown because they have substan-
tially higher barriers compared to dissociation into OH and NO2 .
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This transition state was first termedperp-perpHOONO by
McGrath and Rowland,12 because the OH and NO bonds are
nearly perpendicular to the O-O-N plane. They calculated a
transition state energy of 52.3 kJ/mol above thecis-ciscon-
former of HOONO. There are predicted to be twoperp-perp
conformers, encompassing two transition states of nearly
identical energies and similar structures and frequencies. In
theanti configuration, the OH and NO bonds lie on opposite
sides of the NOO plane, in thesynconformation, they are on
the same side. Golden, Barker, and Lohr,2 Jin et al.,13 and
Tsaiet al.14 have found that the twoperp-perpHOONO con-
formers have nearly identical energetics. This has led
Golden, Barker, and Lohr2 to treat the isomerization from
trans-perpto cis-cisHOONO as occurring by a single path-
way with a degeneracy of two in statistical calculations.

Vibrational frequencies of various conformers of
HOONO have been predicted at several levels of theory.
MP2/6-31G(d) calculations ~where MP2—Møller-Plesset
theory truncated at the second order! of the harmonic vibra-
tional frequencies and infrared intensities of eight conforma-
tional structures of HOONO were carried out by McGrath
and Rowland.12 Li and Francisco15 later calculated vibra-
tional frequencies forcis-cis HOONO at the QCISD~T!/cc-
pVTZ level ~where QCISD—quadratic configuration interac-
tion theory using single and double excitations!, and Jin
et al.13 reported vibrational frequencies for nine structures of
HOONO ~including the twoperp-perpconformers! at the
B3LYP/6-3111G(d,p) and MP2/6-3111G(d,p) levels
~where B3LYP—Becke, Lee, Yang, and Parr density func-
tional theory!. Beanet al.9 reported vibrational frequencies
for both cis-cisand trans-perpHOONO at the CCSD~T!/cc-
pVTZ level.

Estimates of the dissociation energy ofcis-cisHOONO
are converging on a value between 76 and 84 kJ/mol. Among
the most recentab initio calculations of the dissociation en-
ergy, Li and Francisco calculateD0(cis-cisHOONO)
578.7 kJ/mol at the QCISD~T!/cc-pVQZ level, and Dixon
et al. calculate two values forD0(cis-cisHOONO): first,
82.9 kJ/mol, a strictlyab initio number calculated at the
CCSD~T!/CBS ~where CBS—complete basis set! level with
core/valence corrections to the dissociation energy and mo-
lecular scalar relativistic corrections accounting for the
change in relativistic contributions to the total energy of the
molecular or radical species versus the constituent atoms;
second, 76.6 kJ/mol, using an experimental value for
DH f(NO2). These calculations give a 6 kJ/mol wide bracket
for the value ofD0(cis-cisHOONO), the width of which
demonstrates the uncertainty of theab initio calculations.
Hippler, Nasterlack, and Striebel report the only experimen-
tal value,D0(cis-cisHOONO)583 kJ/mol, from a third-law
analysis of the equilibrium constants over 430–490 K.3 A
refinement of the evaluation of this data is underway, and
reanalysis of the high temperature data now gives
D0(cis-cis HOONO)580.5 kJ/mol.16 Pollack et al.17 have
set an experimental upper limit on thetrans-perpHOONO
binding energy of 70.3 kJ/mol from the product internal en-
ergy distribution of the vibrational predissociation of jet-
cooledtrans-perpHOONO. From this limit and theab initio
energy difference betweencis-cis and trans-perpHOONO,

they find an upper limit for thecis-cisHOONO dissociation
energy,D0(cis-cisHOONO)<84.6 kJ/mol.

There have been several statistical calculations modeling
the pressure and temperature dependence and HOONO/
HONO2 branching ratio of this reaction.4,5,18 In the most
recent study, Golden, Barker, and Lohr2 have published a
thorough multiwell, multichannel master equation model of
the OH1NO2 system. Their modeling is consistent with pre-
vious experimental results, but all such calculations still rely
on experimental constraints and cannot predict the behavior
of this reaction from first principles.

The first spectroscopic observation of HOONO was a
matrix study by Cheng, Lee, and Lee19 identifying several
fundamental bands~700–3600 cm21! of both cis-cis and
trans-perp HOONO after photolysis of HONO2 in an Ar
matrix. The first observation of HOONO in the gas phase
was the action spectroscopy experiment reported by Nizko-
rodov and Wennberg11 in 2002. In this method, HOONO is
excited in the first overtone region by near-IR photons to
predissociating states; absorption is monitored by laser-
induced fluorescence~LIF! detection of OH products formed
upon dissociation to OH and NO2. They observed a series of
vibrational bands in the first OH overtone spectral range
from products of reaction~1! occurring in a flowing dis-
charge cell, and provided tentative assignments of the bands
in terms of the three conformers of HOONO.

The work of Nizkorodov and Wennberg was followed by
observation of the OH stretching fundamental ofcis-cis
HOONO at 3306 cm21 in direct absorption by cavity ring
down spectroscopy.9 Bean et al. determined the yield of
HOONO in reaction~1! by directly measuring the integrated
vibrational bands ofcis-cisHOONO and HONO2; however,
they were unable to detecttrans-perp isomer because its
spectrum is obscured by the strong nitric acid band. They
assumed, with support from statistical calculations, that any
trans-perpHOONO formed in reaction~1! had isomerized to
cis-cis HOONO in their experiment. Subsequently, Pollack
et al. definitively identified the first OH stretching overtone
of supersonically cooledtrans-perpHOONO from the rota-
tional band contours detected with photodissociation action
spectroscopy.17 Though the band origin at 6971.4 cm21 lies
close to the strongest band seen by Nizkorodov and Wenn-
berg, the band is expected to be substantially narrower even
at room temperature.

Several key issues remain unresolved, chief among them
the question of whethertrans-perpHOONO is produced in
reaction~1! under thermal conditions. Statistical calculations
indicate that this isomer will be formed in a high, nonthermal
yield from this reaction; if so, then what is its spectroscopic
signature, and how rapidly does it isomerize tocis-cis
HOONO? The assignment of the bands seen in the HOONO
overtone action spectrum reported by Nizkorodov and
Wennberg remains unclear, especially given the new spectro-
scopic studies and recentab initio studies suggesting that
cis-perpHOONO structure is not stable.2,10 If the spectrum
is assigned to thecis-cisHOONO conformer, then the disso-
ciation energyD0 of this conformer is critical for interpreting
the action spectrum, since the action spectrum requires that
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the molecule undergo vibrational predissociation to OH
1NO2 after absorption of a near-IR photon. Current esti-
mates of the dissociation energy are greater than the photon
energy for most of the observed bands, implying that the
quantum yield is less than unity for much of the spectrum.

In this paper, we reexamine the spectroscopy and
isomerization kinetics of HOONO conformers in a discharge
flow cell using the predissociation action spectroscopy ap-
proach of Nizkorodov and Wennberg. The goal of this study
is to reconcile all of the spectroscopic measurements and to
provide experimental and theoretical results on the relative
energies and reaction barriers on the HOONO potential en-
ergy surface. Specifically, we seek to detect the conformers
of HOONO by action spectroscopy, and to measure directly
the rate and activation energy for isomerization oftrans-perp
HOONO to cis-cis HOONO. We apply statistical RRKM
~Rice-Ramsperger-Kassel-Marcus! theory to calculate the
isomerization rates, for comparison to the experimental data,
and to predict photodissociation quantum yield ofcis-cis
HOONO to OH1NO2. We perform CCSD~T! calculations
to improve on predictions of the structure, energy, and fre-
quencies of the isomerization transition state~anti configu-
ration of theperp-perpHOONO structure!, and refine the
relative energetics of thecis-cis, trans-perp, and~anti-!perp-
perp HOONO conformers. Finally, we calculate the oscilla-
tor strengths of both stable conformers,cis-cis and trans-
perpHOONO. The calculated intensities allow us to estimate
thecis-cisandtrans-perpHOONO yields in our experiment,
and to predict the lifetime of HOONO in the atmosphere due
to predissociation by near-IR radiation.

II. EXPERIMENTAL DETAILS

A. Action spectroscopy

We investigate the spectroscopy and isomerization kinet-
ics of HOONO conformers using photodissociation action
spectroscopy. In this method, HOONO undergoes vibrational
predissociation upon absorption of a near-IR photon. The
excitation is to the first overtone of the OH stretch vibration
(2n1), and the resulting OH fragment is detected via LIF.
This technique combines molecular selectivity with very
high sensitivity: The more stable isomer of nitric acid,
HONO2, will not dissociate at this energy, and the LIF
method is sensitive to as few as 104 OH molecules/cm3.20

The experimental apparatus consists of two synchronized la-
sers to produce the pump~IR! and probe~UV! pulses, a flow
cell and reaction chamber, and a photon-counting photomul-
tiplier tube~PMT! detector mounted above the gas flow and
lasers. A schematic overview is shown in Fig. 2.

B. Flow cell and generation of OH radicals
and HOONO

Gases are mixed in a 50 cm temperature controlled jack-
eted glass flow cell of 25 mm internal diameter. The flow cell
has a movable injector, and the interior is coated with Teflon
to minimize the occurrence of heterogeneous chemistry on
the walls.

In a 2450 MHz McCarroll cavity microwave discharge,
H2 gas is converted to H atoms in the presence of buffer Ar.
The H atoms react to form OH radicals rapidly upon mixing
with flow containing NO2:

H1NO2→OH1NO ~2!

The OH quickly reacts with another NO2 molecule,
forming nitric acid and HOONO conformers@reactions~1a!
and~1b!#. Under optimized conditions, the flow cell pressure
is 13 hPa and the flow consists of 300 SCCM~SCCM de-
notes cubic centimeter per minute at STP! Ar and 60 SCCM
1% H2 in He through the discharge mixed with 50 SCCM
4% NO2 in N2 . This corresponds to 1.5% H2, 0.5% NO2,
72% Ar, 14% He, and 12% N2.

The reaction OH1NO21M→HNO31M occurs on a
microsecond time scale in the temperature range 200–280 K
of the flow cell. At the injector port, however, the local tem-
perature of the mixing gases is higher than the controlled
flow cell wall temperature due to the highly exothermic re-
actions~2! and~1!. We cannot, therefore, quantitatively treat
the formation kinetics of HOONO. This is not a concern in
the experiments reported here, since the isomerization kinet-
ics take place on a longer time scale~60–90 ms!.

C. Lasers and detection

Reaction products are probed in a laser interaction re-
gion downstream from the injector at a distance which varies
from 20 to 40 cm. The flowing gas is crossed by two lasers,
an infrared laser for vibrational overtone excitation followed
by a UV laser to probe OH products by laser induced fluo-
rescence.

The tunable near IR is generated in a type-II
beta-BaB2O4 ~BBO! optical parametric oscillator~OPO!
pumped by the 355 nm third harmonic of a pulsed Nd:YAG
~yttrium aluminum garnet! laser ~3 cm21 bandwidth!. This

FIG. 2. Schematic of the experimental apparatus. The pulsed~100 Hz! tun-
able infrared~1.3–1.6mm! for photolysis of HOONO and pulsed tunable
ultraviolet ~280–285 nm! for OH LIF enter the detection chamber perpen-
dicular to the gas flow. A PMT detector, behind a 311 nm bandpass filter, at
90° to the flows and the lasers, detects the OH LIF. HOONO is produced in
a temperature controlled~200–280 K! flow cell via gas-phase chemistry.
The time delay between the formation of HOONO and its detection can be
varied by adjusting the flow rate and position of the H-atom injector.
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OPO ~Ref. 21! outputs 2–3 mJ/pulse in the idler beam, tun-
able in the range 800–2500 nm~4000–12 500 cm21! by ro-
tation of the BBO crystals. The frequency of the signal beam
is continuously monitored by a pulsed wavemeter. The
wavemeter calibration is verified using photoacoustic spec-
troscopy of the well-known water transitions in the 7000–
7200 cm21 region.22

The IR pump beam passes through the detection cham-
ber via Brewster-angle CaF2 windows, perpendicular to the
gas flow, and is measured by a thermal power meter after
exiting the chamber for calibration of laser power fluctua-
tions. It is overlapped spatially with the UV output of a sec-
ond laser system, the second harmonic of a Rhodamine 6G
dye laser pumped by a frequency doubled Nd:YAG laser
~;0.2 cm21 bandwidth!.

The UV beam~,1 mJ, tunable 280–282 nm! excites OH
in the A 2S(v51)←X 2P(v50) band. TheA 2S(v51)
OH relaxes via collisions to thev50 state and fluorescence
is observed at 309 nm@A 2S(v50)→X 2P(v50)#. The
LIF signal is focused onto a bialkali photomultiplier tube
mounted above the detection region, at right angles to both
the laser beams and the gas flow. A narrow band filter with 6
nm transmission bandwidth centered at 310 nm is employed
to reject scattered UV and visible laser light.

For the data reported here, several modes of data acqui-
sition are used. In the pump scanning mode, the IR pump
beam is scanned over the 2n1 region of the HOONO spec-
trum, while the UV probe beam is maintained tuned on the
strongest OH LIF feature@Q21(1)1Q11(1)1R22(3) unre-
solved triplet of lines#. This yields action spectra, such as
Figs. 3–5, in which the signal at each wavelength is propor-
tional to the product of the absorption cross section and the
quantum yield for photodissociation. In this mode, the pump-
probe delay is set to 1ms. This ensures a thermalized OH
distribution, so that relative quantum yields from different
bands are unaffected by differences in initially formed OH
rotational state distribution. In the probe scanning mode,
used to measure OH product state distribution shown in Fig.
6, the IR pump beam is tuned to a wavelength corresponding

to a particular overtone band of the molecule of interest, and
the UV LIF probe beam is scanned over several OH features
corresponding to differentN states of the photolysis product
OH. In this mode, the pump-probe timing is set to the mini-
mum possible delay, 50 ns, to capture the nascent OH rota-
tional state distribution. Because of the 50 ns delay between
pump and probe beams and the relatively high flow cell pres-
sure, 13 hPa, the measured OH product state distribution is
some what relaxed by rotational energy transfer from the
nascent OH distribution produced in photodissociation.
However, qualitative differentiation between chemical spe-
cies is still possible. In the flow kinetics mode, used to gen-
erate Fig. 7, the IR pump beam is toggled between three
wavelengths of interest corresponding to various combina-
tions of the two conformers. The subsequent data analysis to
obtain isomerization lifetimes is described below in Sec.
III C. Again, the UV probe beam is tuned on the strongest
OH LIF feature. Results of all three modes of operation de-
scribed above will be reported below.

III. EXPERIMENTAL RESULTS

A. New transient trans-perp HOONO spectrum

At room temperature, we observe the same spectrum
previously reported by Nizkorodov and Wennberg.11 How-
ever, upon cooling the flow cell to below 243 K, a new
spectral feature emerges on top of the earlier spectrum~Fig.
3!. The feature is centered at 6971 cm21 with a width of;30
cm21, substantially narrower than the bands seen in the room

FIG. 3. Averaged HOONO action spectrum obtained atT5213 K, P
513 hPa. Previously unobserved features at 6250, 6971, and 7700 cm21 are
seen in the spectrum.

FIG. 4. HOONO action spectra at various flow cell residence times obtained
at T5233 K, P513 hPa. Three spectra have been averaged at each resi-
dence time, and all spectra are scaled to the same 6365 cm21 peak intensity.
The prominent band at 6971 cm21 is assigned totrans-perpHOONO. The
trans-perpHOONO band decays relative to thecis-cisHOONO band on the
;100 ms time scale. Inset: 283 K spectrum of the same region contains
cis-cis HOONO bands only. This spectrum was obtained with flow condi-
tions and averaging identical to theT5233 K spectra.
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temperature spectrum. Figure 3 shows an averaged spectrum
of HOONO at 213 K. With decreasing temperature, this band
rapidly grows in intensity relative to the other observed
bands. The relative intensity of this feature also depends on
the time delay between mixing H and NO2 inside the flow
cell and detection of HOONO in the main chamber. The
apparent lifetime of the narrow band at this temperature is in
the 100 ms range~Fig. 4!. The transient nature of this feature
is consistent with a less stable conformer of HOONO, which
isomerizes to a more stable conformer or undergoes some
other reaction on a millisecond time scale. The peak position
is consistent with the overtone frequency predicted for the
free OH bond intrans-perpconformer of HOONO and the
overtone band recently fit astrans-perpHOONO in a pulsed
supersonic expansion~5 K! by Pollacket al.17 We therefore
assign this new spectrum to thetrans-perp conformer of
HOONO.

This assignment can be confirmed by examination of the
observed band shape. Figure 5~a! shows a 3 cm21 resolution
action spectrum of the 6971 cm21 peak at 213 K along with
rotational band contour simulations performed with theASY-

ROTWIN program.23 We used the calculated rotational con-
stants shown in Table I and assumed the same constants for

upper and lower states, in a mixeda-type andc-type hybrid
band. The first simulation@dark line, Fig. 5~a!#, which used
the a-type to c-type ratio of 1.8 derived fromab initio cal-
culations of thetrans-perpHOONO overtone transition mo-
ments discussed in Sec. IV D, matches our 213 K flow cell
spectrum very well. Also shown for comparison is a simula-
tion with an a-type to c-type band ratio of 1, a ratio which
Pollacket al.17 found to give the best representation of their
5 K spectrum oftrans-perpHOONO @gray line, Fig. 5~a!#.

In the room temperature spectrum, all of the subbands
behave similarly with respect to changes in chemistry and
temperature. This multiple-band spectrum is present without

FIG. 5. ~a! Action spectrum oftrans-perpHOONO at 213 K. A slow scan
~0.05 cm21 step size; 3 cm21 resolution! over the narrow peak in Fig. 3
reveals band structure. Smooth lines are simulations from the programASY-

ROTWIN ~Ref. 23! using molecular parameters from Table I. Black and gray
solid lines are band simulations for ana-type to c-type ratio of 1.8 and 1,
respectively. Thea-type/c-type ratio of 1.8 is the hybrid band type calcu-
lated in this paper; while thea-type/c-type ratio of 1 is the approximate band
type for trans-perpHOONO found by Pollacket al. to best represent their
experimental spectrum in a supersonic expansion.~b! Action spectrum of
2n1 band of cis-cis HOONO at 273 K. A slow scan~points! reveals no
resolvable structure. Line is a simulation of a pureb-type transition, using
the programASYROTWIN ~Ref. 23! with cis-cis HOONO molecular param-
eters from Table I.

FIG. 6. Relative populations of the first few OH2P3/2
2 (N) rotational states,

N51 – 4. Black bars represent normalized population of the lowest quantum
states after IR photodissociation on acis-cisHOONO band at 6365 cm21 at
283 K; gray bars, after photodissociation on atrans-perpHOONO band at
6970 cm21 at 233 K. Bothcis-cis and trans-perpHOONO measurements
were conducted at 13 hPa, 50 ns pump-probe delay. Symbols indicate ther-
mal OH distribution at the two temperatures. Large difference in the OH
fragment internal energy reflects the difference in the photon energy avail-
able for dissociation.

FIG. 7. Measurement of lifetimes oftrans-perpHOONO in the flow cell at
various temperatures. The measurement is done by monitoring the ratio of
the relative intensities of thetrans-perpHOONO tocis-cisHOONO over-
tone bands as a function of the flow cell residence time. The slope of each
line is the decay rate in per second.
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the 6971 cm21 trans-perpHOONO feature at room tempera-
ture, and decays much more slowly thantrans-perpHOONO
does at colder temperatures. We therefore assign all of the
bands in the room temperature spectrum to the lowest-energy
conformer,cis-cisHOONO.

A 3 cm21 resolution action spectrum of the 6365 cm21

cis-cis HOONO band is shown in Fig. 5~b! along with a
rotational band shape simulation from theASYROTWIN

program.23 The upper and lower state rotational constants are
taken from Table I, and ab-type band is assumed, based on
calculations in Sec. IV D. The simulatedcis-cis HOONO
band has the pronouncedP andR bands of ab-type transi-
tion, and is slightly broader than thetrans-perp HOONO
band, but the experimentally measuredcis-cisHOONO band
is significantly broader than predicted and has no resolvable
structure. We conclude that some dynamical process, either
IVR ~intramolecular vibrational redistribution! or dissocia-
tion, is leading to the broadening and absence of rotational
structure.

The cis-cis HOONO spectrum becomes progressively

weaker at lower temperatures, most likely due to rapid wall
loss. To observe the temperature dependence of thecis-cis
HOONO spectrum over a larger temperature range, we em-
ploy an alternate synthesis of HOONO which does not re-
quire discharge chemistry~eliminating the need for long re-
action times in the flow cell! and produces no detectable
amount oftrans-perpHOONO. HOONO is prepared by re-
acting H2O2 vapor with solid NOBF4 in situ, analogous to
the production of HO2NO2 from NO2BF4 described in Ref.
24. Using this preparation method, we observe no tempera-
ture dependence of the relative peak intensities in thecis-cis
HOONO spectrum in the range 193–273 K~Fig. 9!.

Weaker new bands are observed in the discharge
HOONO synthesis at 6250 and 7700 cm21 ~Fig. 3!. The peak
at 6250 cm21 is only observed at cold temperatures, coinci-
dent with thetrans-perpHOONO peak at 6971 cm21, and is
hence assigned totrans-perpHOONO. The temperature de-
pendence of the 7700 cm21 band was not studied systemati-
cally, therefore, this band cannot be assigned to eithertrans-
perp or cis-cisHOONO.

TABLE I. Molecular constants for thecis-cis, trans-perp, andperp-perpconformers of HOONO computed at
the CCSD~T!/cc-pVTZ level, except for energies, which are reported at both the CCSD~T!/cc-pVTZ and
CCSD~T!/cc-pVQZ//CCSD~T!/cc-pVTZ levels, relative to thecis-cisHOONO energy at each level of theory.

Geometriesa
Cis-cis

HOONO
Trans-perp
HOONO

Anti-perp-
perp HOONO

R(HO1) (Å) 0.9823 0.9663 0.9662
R(O1O2) 1.4332 1.4314 1.4384
R(O2N) 1.3845 1.4681 1.6070
R(NO3) 1.1917 1.1692 1.1512
u~HO1O2! 99.80° 100.75° 100.57°
u~O1O2N! 112.98° 105.50° 100.33°
u~O2NO3! 114.39° 108.75° 109.74°
f~HO1O2N! 0° 176.83° 82.65°
f~O1O2NO3! 0° 97.59° 97.00°
A (MHz) 213 10 541 27 247 82
B 8081 4977 5896
C 5859 4627 5326

Energeticsb

CCSD~T!/cc-pVTZ
Eel (hartrees) 2280.473 651 5 2280.467 470 7 2280.450 380 6
DEel (kJ/mol) 0 16.2 61.1
DE0 (kJ/mol) 0 14.6 56.9
DH298

+ (kJ/mol) 0 15.9 57.0
CCSD~T!/cc-pVQZ//CCSD~T!/cc-pVTZ
Eel (hartrees) 2280.560 370 6 2280.554 419 3 2280.537 308 1
DEel (kJ/mol) 0 15.6 60.5
DE0 (kJ/mol) 0 13.7 56.1
DH298

+ (kJ/mol) 0 15.3 56.4

Harmonic frequenciesc ~cm21!
n1 3521 (a8) 3780 3774
n2 1630 (a8) 1736 1794
n3 1458 (a8) 1412 1374
n4 969 (a8) 992 906
n5 838 (a8) 816 702
n6 723 (a8) 497 468
n7 419 (a8) 366 384
n8 523 (a9) 302 288
n9 383 (a9) 211 233i

aAtom labels are assigned as HO1O2NO3.
bZero point and enthalpy corrections toEel are determined from CCSD~T!/cc-pVTZ frequencies.
cVibrational frequencies ofcis-cisand trans-perpHOONO from Beanet al., Ref. 9.
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B. OH product state distributions

The large differences in the structure and binding energy
of cis-cis and trans-perp HOONO suggest that these two
conformers should have distinct vibrational predissociation
dynamics. The dynamical differences in the quantum state
distribution of OH photofragments can be used to assist in
spectroscopic assignment of various HOONO bands and pro-
vide other useful information. Pollacket al.analyzed the OH
state distribution from the photolysis of supersonically
cooled HOONO in the 6971 cm21 band to constrain its bind-
ing energy toD0,70.3 kJ/mol, consistent with an assign-
ment of the band to thetrans-perp, but notcis-cis, conformer
of HOONO.17

In our experiment, the nascent energy distribution of the
product OH fragments can be estimated by scanning over
various OH lines with the LIF probe laser while the pump
laser is fixed on a chosen OH overtone resonance of one of
the HOONO conformers. To minimize thermalization of the
OH prior to detection, the cell pressure and the pump-probe
delay must be kept at their lowest possible values. The mini-
mal pump-probe delay in this experiment is 50 ns, limited
primarily by jitter in the pump-probe separation~10 ns! and
by temporal width of the UV probe laser pulse~20 ns!. In Ar
bath gas, the average rotational energy transfer rate
constant for OH2P3/2(v950), in N951 – 5, is 2.3
310211cm3 molecule21 sec21.25 At a pressure of 13 hPa,
this corresponds to;0.5 effective collisions between pump
and probe pulses.

Despite this partial thermalization, a significantly differ-
ent energy distribution in the OH photofragments is observed
for thecis-cisandtrans-perpconformers of HOONO. Figure
6 shows the observed distributions within the corresponding
2P3/2

2 (N) rotational manifolds obtained from analysis of
Q11(N) branch of theA 2S(v51)←X 2P(v50) band. The
OH fragments from the photodissociation oftrans-perp
HOONO are rotationally excited, while the OH fragments
from cis-cis HOONO are concentrated more heavily in the
lowestN states, even though thecis-cisHOONO spectrum is
recorded at a higher temperature. This distribution is consis-
tent with the larger energy release (hn2D0) expected for
trans-perpthan forcis-cisHOONO based on the laser exci-
tation energy and the empirically determined dissociation en-
ergies, providing further evidence that the transient feature
observed istrans-perpHOONO.

C. Trans-perp to cis-cis HOONO isomerization rate

Flow cell kinetics experiments have been employed to
measure the lifetime oftrans-perpHOONO. At low tempera-
tures, the signal from both conformers decays with residence
time ~distance from injector!, but the trans-perpHOONO
signal at 6971 cm21 decays faster. The loss ofcis-cis
HOONO only occurs at temperatures below about 270 K,
and the loss rate increases with decreasing temperature. We
therefore conclude that thecis-cis HOONO decay is due to
diffusion to the walls and subsequent uptake or reaction,
while the faster decay of thetrans-perpHOONO signal is
due to isomerization. If we assume that both conformers of
HOONO have the same wall loss rates in the flow cell, then

the ratio of thetrans-perpto cis-cis HOONO signals gives
the trans-perpHOONO decay due to isomerization alone.

The relative ratio of intensitiesI tp /I cc of trans-perpto
cis-cis HOONO signal is monitored at a series of injector
positions~residence times! in the flow cell at several tem-
peratures by measurement of signal intensityI at three wave-
lengths: one where bothtrans-perpandcis-cisHOONO ab-
sorb ~6971 cm21!, one which determines the baseline
absorption bycis-cis HOONO underneath the 6971 cm21

signal ~6950 cm21!, and one where onlycis-cis HOONO
signal is present~6365 cm21!:

I tp

I cc
5

I ~6971 cm21!2I ~6950 cm21!

I ~6935 cm21!
. ~3!

In addition, we assume that the increase incis-cis
HOONO signal due to the isomerization is negligible, since
the number density oftrans-perpHOONO is significantly
lower than that ofcis-cisHOONO, and since the spectrum is
spread over a broad 1000 cm21 wavelength range compared
to the spectrally narrow 30 cm21 trans-perppeak. A plot of
ln(Itp /I cc) versus residence time has a slope that is the uni-
molecular rate of trans-perp to cis-cis isomerization.
Temperature-dependent isomerization rates are shown in Fig.
7, in the range 223,T,238 K.

The lifetimes of trans-perpHOONO at 238, 233, and
228 K are estimated to be 2764, 3963, and 5666 ms, re-
spectively, at 13 hPa of predominantly Ar. Unfortunately, we
cannot probe the isomerization over a broader temperature
range, because only one conformer can be detected with suf-
ficient precision at colder and warmer temperatures. The data
at 223 K show a very small slope and significant error; no
accurate lifetime can be determined. The Arrhenius ln(k) ver-
sus 1/T relationship~Fig. 8! gives an activation energy for
isomerization ofEact;33612(1s) kJ/mol. The large uncer-
tainty stems from the narrow temperature range used to de-
termineEact.

FIG. 8. Trans-perpto cis-cis HOONO isomerization rate as a function of
temperature. Gray diamonds represent the results of aMULTIWELL simulation
with an isomerization barrier of 40.8 kJ/mol at 8.7 hPa. Black circles are
experimental data. Fit to the experimental data gives an isomerization acti-
vation barrier ofEact ~230 K!533612 kJ/mol.
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IV. COMPUTATIONAL RESULTS

A. Ab initio calculations of cis-cis, trans-perp ,
and perp-perp HOONO structures, energetics,
and frequencies

The structures, energies, and vibrational frequencies of
the cis-cis, trans-perp, and ~anti-!perp-perpHOONO con-
formers have been calculated by electronic structure theory
using the programGAUSSIAN 98.26 For these calculations we
use coupled cluster theory27 with single and double excita-
tions, with perturbative estimates of connected triples
CCSD~T!. The calculations employ the Dunning correlation
consistent polarized valence basis sets. The two basis sets
used in this study are the cc-pVTZ basis set (4s3p2d1 f for
C, N, and O; 3s2p1d for H! and the cc-pVQZ basis set
(5s4p3d2 f 1g for C, N, and O; 4s3p2d1 f for H!.28,29

Optimized structures and vibrational frequencies of the
three isomers are computed at the CCSD~T!/cc-pVTZ level.
The perp-perp isomer possesses one imaginary frequency,
corresponding to torsion of the heavy atoms~OONO!. Ener-
gies at these geometries are computed at the CCSD~T!/cc-
pVTZ and CCSD~T!/cc-pVQZ levels. Table I lists the struc-
tures, energies, rotational constants, and vibrational
frequencies of the three conformers, withperp-perpHOONO
computed in theanti configuration. The normal modes of the
trans-perpand theperp-perpisomer are ordered in descend-
ing frequency, while the modes of thecis-cis isomer, which
hasCs symmetry, are first ordered based on the symmetry,a8
and thena9. The CCSD~T!/cc-pVQZ//CCSD~T!/cc-pVTZ
energies are consistent with QCISD and CCSD~T!/cc-pVTZ
results reported previously.9

B. Statistical „RRKM… calculations
of isomerization rate

To better understand the observed temperature depen-
dence of the HOONO action spectrum, we model the isomer-
ization rates of HOONO conformers using the programMUL-

TIWELL ~version 1.3.3!,30 which uses a stochastic approach to
solve RRKM master equations. The main goal of these simu-
lations is to confirm that the experimentally determined rates
of isomerization from thetrans-perpconformer to the lower-
energy cis-cis conformer are consistent with theab initio
energetics of HOONO. We adopt the required RRKM param-
eters from the model developed by Golden, Barker and
Lohr,2 which successfully reproduced the extensive kinetic
data on the OH1NO2 reaction ~Hippler, Nasterlack and
Striebel,3 and others!. The dissociation energy ofcis-cis
HOONO is fixed at 83 kJ/mol and the energy separation
betweentrans-perpand cis-cis conformers is set to 15 kJ/
mol. The average internal energy transferred per collision is
chosen to bea5500 cm21. The height of the trans-
perp→cis-cis HOONO isomerization barrier~treated as a
single transition state energy for bothperp-perpstates! is
varied to reproduce the experimentally observedtrans-perp
isomerization rates. Because the reaction is in the low pres-
sure limit, isomerization rates and collision parametera are
linearly related, and thetrans-perp→cis-cis HOONO
isomerization barrier determined is inversely correlated to
the choice ofa5500 cm21. The simulation starts with the

trans-perpconformer in an internally thermalized state, from
which it can either reversibly isomerize into thecis-ciswell
or irreversibly dissociate into OH and NO2. For the range of
probed barrier heights~15–55 kJ/mol!, the rate of dissocia-
tion into OH and NO2 is negligibly small compared to the
rate of equilibration betweencis-cisandtrans-perpconform-
ers of HOONO. Therefore, the simulated time dependence
for the trans-perpconcentration can be directly fitted to an
exponential decay to extract the effective equilibration rate
(5ktp→cc1kcc→tp'ktp→cc).

The RRKM simulations oftrans-perpto cis-cisHOONO
isomerization presented here were performed assuming a
bath gas of N2 . Our experimental gas mixture, however, con-
sists of small amounts of H2 and NO2, 72% Ar, 14% He, and
12% N2. Donahueet al.31 have shown that relative to a col-
lisional efficiency ofb51 for nitrogen,b~Ar!50.6160.03
andb~He!50.4860.03, in the OH1NO2 system. For the gas
mixture used in these experiments, then, the collisional effi-
ciency isb'0.65. In the low pressure limit, which is appli-
cable to these experiments at 13 hPa, this lower collision
efficiency is equivalent to a lower pressure. Our gas mixture
at 13 hPa behaves equivalently to pure N2 at 8.7 hPa.

Figure 8 displays the calculatedktp→cc isomerization
rates at 8.7 hPa of N2 as a function of temperature. The
calculation uses thetrans-perp→cis-cis HOONO isomer-
ization barrier ofDE0540.8 kJ/mol~corresponding to an en-
ergy of DE0555.8 kJ/mol for theperp-perpisomer relative
to the cis-cis HOONO energy!. The modeledtrans-perpto
cis-cisHOONO barrier height is in excellent agreement with
the energy computed here at the CCSD~T!/cc-pVQZ//
CCSD~T!/cc-pVTZ level, DE0542.4 kJ/mol, and is also
consistent with the energy computed by Golden, Barker, and
Lohr2 at the QCISD~T!/cc-pVDZ level ~doublez!, 45.3 kJ/
mol, for perp-perpHOONO relative totrans-perpHOONO.

The predicted temperature dependence of the isomeriza-
tion rates compares favorably with the experimental results
~black points in Fig. 8, derived from Fig. 7!. The value sug-
gested by ourMULTIWELL simulations~40.8 kJ/mol! is within
the error limits of the experimentally determined activation
energy (Eact533612 kJ/mol).

C. Calculated photodissocation quantum yields
and temperature dependence of relative
band intensities in cis-cis HOONO

We also useMULTIWELL to predict the effective photo-
dissociation quantum yields for the overtone transitions of
cis-cisHOONO. The results of these simulations are shown
in Figs. 9~a! and 9~b!. In these simulations, the internal en-
ergy distribution for thermalizedcis-cisHOONO is abruptly
shifted upward by the photon energy. The fraction of
HOONO conformers and OH1NO2 products formed after
100 collisions following the excitation is taken as the yield.
We use D0(cis-cis HO-ONO)583 kJ/mol ~6940 cm21!,
which represents the bestab initio estimate from Dixon
et al.10 as well as the empirical value determined by extrapo-
lation to 0 K from high-temperature data from Hippler, Nas-
terlack, and Striebel.3

Figure 9~a! depicts the fraction ofcis-cisand trans-perp
HOONO as well as OH1NO2 produced as a function of
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energy added to the system at 298 K. When the system is
excited above the isomerization barrier between 4500 and
6000 cm21, a significant amount of the originalcis-cis
HOONO isomerizes, forming a sizable fraction oftrans-perp
HOONO products as determined by the density of states at
the isomerization barrier energy. Photodissociation products
begin to appear at 5500 cm21, with the yield slowly rising to
;50% at 6600 cm21 ~still well below D0). The quantum
yield is predicted to approach unity at 6700 cm21.

Figure 9~b! compares the OH1NO2 yield for two tem-
peratures representative of our experimental conditions. Over
the frequency range of the observedcis-cis HOONO spec-
trum, we find that the quantum yield for photodissociation
increases from 30% to 100% at 298 K and from 15% to
100% at 233 K. At the 6365 cm21 peak, the quantum yield is

predicted to double from 233 to 298 K. Thus, the simulations
predict that the relative intensities of the bands should
change markedly as a function of temperature.

Figure 9~c! shows the positions of thecis-cis HOONO
bands on the scale of the quantum yield predictions, and also
illustrates the insensitivity of the spectrum to temperature
change. We observe no discernable change in relative inte-
grated peak intensities in thecis-cisHOONO spectrum over
the range 193–273 K.

D. Calculated transition strengths of cis-cis
and trans-perp HOONO

To estimate the relative concentrations of thecis-cisand
trans-perpHOONO from the observed band intensities, we
perform semiempirical calculations to compute transition
strengths for the observed overtone bands of both isomers.
We test the validity of our normal mode anharmonic oscilla-
tor and Morse oscillator approaches by calculating band in-
tensities of then1 and 2n1 transition of nitric acid, for which
experimentally determined oscillator strengths and further
predictions are available.

The method of usingab initio dipole moment functions
in calculating vibrational band intensities has been
demonstrated.32,33 Vibrational band intensity calculations
similar to those reported here have been performed by Kjaer-
gaard, Henry, and others on several molecules using a local
mode harmonically coupled anharmonic oscillator
model34–36 and coupled Morse oscillators.37 For calculation
of the OH fundamental and overtone in HOONO described
here, we consider only the OH normal mode.

The oscillator strength for a given vibrational transition
is given by

f f i5
4pme

3e2\
n f i (

i 5a,b,c
uMi u2, ~4!

wheren f i is the frequency of the transition andMi are the
matrix elements of the transition dipole moment between the
ground and excited vibrational states:

Mi5^ f um i u i &. ~5!

The values of the matrix elementsMi for thev50→2 over-
tone transitions are obtained by first computingab initio di-
pole moment functions along one dimension, the normal
modeq1 ~essentially the OH stretch!. The vibrational matrix
elements are then calculated using two different one-
dimensional models, an anharmonic oscillator model with a
single cubic perturbation, and the Morse oscillator model,
where the parameters for both models are fit using observed
vibrational energies.

Dipole moment functions are calculated for bothcis-cis
and trans-perp HOONO structures using theGAUSSIAN98

program.26 Optimized structures for each isomer are first de-
termined at the B3LYP/AUG-cc-pVTZ, MP2/AUG-cc-
pVTZ, MP3/AUG-cc-pVDZ, and QCISD/AUG-cc-pVDZ
levels of theory~where AUG denotes diffuse function aug-
mented basis sets!. The atoms are then displaced in 0.1
amu1/2Å increments~Note: GAUSSIAN 98 normal mode out-
puts are in Cartesian coordinates. Conversion to amu1/2 Å

FIG. 9. Simulation of the quantum yield ofcis-cis HOONO, trans-perp
HOONO, and OH1NO2 products, following vibrational excitation ofcis-cis
HOONO at 298 K as a function of excitation energy. Calculations assume a
dissociation energy ofD0(cis-cis HOONO)583 kJ/mol ~6940 cm21,
shown with arrow!. A significant yield oftrans-perpHOONO is predicted
after excitation above the isomerization barrier. The onset of dissociation
occurs at 5500 cm21, well below the dissociation threshold. Calculations are
run at 8.7 hPa N2 ~equivalent to 13 hPa of the gas mixture used in the above
experiments, see text!. ~b! Photodissociation quantum yield as a function of
excitation energy, calculated at 233 and 298 K, with
D0(cis-cis HOONO)583 kJ/mol. The quantum yield at the 6365 cm21

peak is predicted to double when the temperature is changed from 233 to
298 K. ~c! Experimentally measuredcis-cisHOONO spectrum at three tem-
peratures. The relative strengths of the bands in thecis-cis HOONO spec-
trum do not change appreciably over the temperature range 193–273 K.
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units, and conversion of dipole derivatives toD amun/2 Å 2n

units, was done after calculation.! from the optimized geom-
etries along theq1 normal mode to generate nine structures
along the vibrational mode (10.4 amu1/2Å.Dq1.20.4
amu1/2Å). This normal mode displacement involves prima-
rily motion of the H atom along the OH bond, with small
concomitant motion of the adjacent O atom. The dipole mo-
ments are computed for each of these nine structures, for
each principal axis component~i!, at each level of theory.
These points are then fit to a Taylor series expansion, trun-
cated after the fifth derivative, to extract the derivatives of
the dipole moment function used in the transition moment
calculation:

m i5m0,i1 (
n51

5
1

n!

]nm i

]qn
qn5m0,i1 (

n51

n

ci ,nqn. ~6!

Table II lists m0,i and coefficientsci ,n at all levels of
theory used. Also listed ism1 , the effective reduced mass of
the modeq1 , computed in theGAUSSIAN 98program at each
level of the theory.38,39

We have found that the dipole moment function pre-
dicted by the hybrid density functional theory~DFT! B3LYP
method does not vary smoothly withq1 . Thus, DFT does not
seem to be adequate for calculating the dipole moments of
HOONO. The erratic variations in electric moment is evi-

TABLE II. Computed dipole moment functions in Debye fortrans-perpandcis-cisconformers of HOONO as
a function of normal mode displacementq1 . Taylor series coefficients were derived from the fitting of a
fifth-order polynomial~see text! to ab initio dipole moments at nine points along theq1 normal mode, computed
in 0.1 amu1/2 Å increments in the range20.4 amu1/2 Å,Dq1,10.4 amu1/2 Å. Coefficients are defined as
ci ,n5(1/n!)( ]nm i /]q1

n), wherei 5A, B, C, the principal axes. Units areD amu2n/2 Å2n.

B3LYP
AUG-cc-pVTZ

MP2
AUG-cc-pVTZ

MP3
AUG-cc-pVDZ

QCISD
AUG-cc-pVDZ

Trans-perp HOONO
Reduced mass~amu! 1.0686 1.0686 1.0684 1.0685
um totu ~equil! 1.7330 1.8758 2.0498 1.9724
m0,A 0.7470 0.6909 1.0488 0.8562
cA,1 0.8067 0.9256 0.8837 0.9043
cA,2 20.6961 20.8855 20.8046 20.8230
cA,3 22.6773 20.3270 20.2301 20.2139
cA,4 25.5369 0.0499 20.0640 20.0526
cA,5 14.9472 0.5069 0.7197 0.6901
m0,B 20.3478 20.6010 20.5989 20.6306
cB,1 20.0320 20.0569 20.1604 20.1009
cB,2 0.4737 0.2048 0.1460 0.1860
cB,3 20.1344 20.0882 20.1097 20.1006
cB,4 21.9665 20.0123 20.0001 0.0150
cB,5 0.5710 20.0568 20.2200 20.1946
m0,C 1.5310 1.6370 1.6557 1.6609
cC,1 0.8302 1.1023 1.1150 1.1205
cC,2 20.5782 20.2726 20.2353 20.2249
cC,3 21.1973 20.7564 20.7030 20.6433
cC,4 20.6951 0.1149 0.2032 0.2490
cC,5 0.6047 0.5634 0.4862 0.2819

Cis-cisHOONO
Reduced mass~amu! 1.0643 1.0640 1.0642 1.0641
um totu ~equil! 0.9618 1.1744 1.1987 1.2276
m0,A 20.4042 20.7435 20.7513 20.8604
cA,1 20.5378 20.7808 20.7929 20.8628
cA,2 23.4439 21.1959 21.2353 21.3039
cA,3 3.4255 20.2171 20.1870 20.2322
cA,4 14.5912 0.0450 20.1166 20.0649
cA,5 228.5687 0.2815 0.3832 0.4338
m0,B 20.9096 20.9090 20.9337 20.8753
cB,1 20.4418 21.1157 21.0871 21.0676
cB,2 21.3162 20.0838 20.0801 20.0926
cB,3 22.9383 20.3229 20.3965 20.4281
cB,4 12.6755 20.2311 20.1332 20.1372
cB,5 22.8530 20.2012 20.3487 20.3588
m0,C 0 0 0 0
cC,1 0 0 0 0
cC,2 0 0 0 0
cC,3 0 0 0 0
cC,4 0 0 0 0
cC,5 0 0 0 0
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dence of orbital switching and/or configuration mixing in
HOONO, which suggests that a single configuration method
is inadequate to describe the wave functions of either con-
former of HOONO. While the DFT method has been re-
ported to predict dipole moment functions for molecules
such as H2O that can be accurately described by a single
configuration,40 it does not seem to predict accurate dipole
moments functions for HOONO, particularly in the
hydrogen-bondedcis-cis conformer. Kjaergaardet al. have
observed the same inadequacy of DFT in determination of
electrostatic moments in systems with hydrogen bonding in
the case of the water dimer.41

Our ab initio calculations predict thattrans-perp
HOONO has a larger permanent dipole moment thancis-cis
HOONO, and one that points predominantly along thec axis
of the molecule. The permanent dipole moment incis-cis
HOONO roughly bisects thea andb axes in the plane of the
molecule and points towards the terminal O with a slightly
larger component along theb axis than thea axis. These
principal axes are shown in Fig. 1. The first derivatives of the
dipole moment can be used to estimate the transition strength
of the n1 fundamental band in the harmonic limit, and com-
pared to transition strengths determined from analytical gra-
dients computed at the equilibrium geometry. For bothtrans-
perpandcis-cisHOONO, at the MP2/AUG-cc-pVTZ, MP3/
AUG-cc-pVDZ, and QCISD/AUG-cc-pVDZ levels of
theory, our numerical derivatives give transition strengths
that are roughly a factor of 2 larger than those calculated
from single-point analytic derivatives. This discrepancy sug-
gests the degree to which the single-point methods diverge
from an explicit calculation of the dipole moment function
over a larger geometry change.

In the first approach to calculate transition strengths, we
treat the OH normal mode as an anharmonic oscillator with a
single cubic perturbation term, and obtain anharmonic wave
functions by fitting the predicted energy levels~diagonaliz-
ing the Hamiltonian tov512) to observedn1 and 2n1 band
positions ~Table III!. The fundamental of trans-perp
HOONO has not yet been observed in the gas phase, so we
estimate it to be 3574 cm21 from prior ab initio
predictions,15 which are consistent with the observed Ar ma-
trix frequency.19 The 2n1 transition moments are then ob-
tained by numerical integration over the fitted dipole mo-
ment function and anharmonic initial and final state wave
functions.

In the second approach, we calculate the overtone tran-
sition moments assuming the OH stretch could be modeled

as a Morse oscillator fit tovexe andve parameters derived
from observed n1 and 2n1 band positions forcis-cis
HOONO, and predictedn1 and observed 2n1 band positions
for trans-perpHOONO. We use expressions for the Morse
oscillator transition matrix elements of first, second, and
third order given by Gallas.42

To examine the validity of these two methods, we com-
pute the oscillator strengths for both the fundamental and
first overtone of nitric acid, for which extensive experimental
and computational results are available. We compute the di-
pole moment function for nitric acid at the MP2/AUG-cc-
pVTZ level of theory over the same10.4 amu1/2Å.Dq1

.20.4 amu1/2Å range.
For the fundamentaln1 OH transition in nitric acid,

Lange et al.43 find an oscillator strength off 1051.07
31025 (s̃1059.46310218cm2/molecule cm), while Chack-
erian, Sharpe, and Blake44 obtain f 1051.4031025 (s̃10

51.24310217cm2/molecule cm). Our anharmonic oscilla-
tor method givesf 1052.6031025, while the Morse oscilla-
tor method givesf 1055.0631025. A recent single-pointab
initio prediction9 of the OH fundamental intensity in the
double harmonic approximation yieldedf 1051.6931025

~90 km/mol!.
The oscillator strength of the first overtone band of nitric

acid is also known experimentally and has been calculated
previously. The experimental oscillator strength isf 20

53.7531027 (s̃2053.32310219cm2/molecule cm), as de-
termined by Langeet al.43 The oscillator strength calculated
by the anharmonic oscillator method presented here isf 20

52.2631027, while the prediction from the Morse oscilla-
tor method isf 2054.4931027. Other ab initio techniques
predicted yet higher oscillator strengths for the first overtone
of nitric acid. Donaldsonet al.45 computef 2055.9631027

at the QCISD/6-311G(d,p) level ~unscaled!. Rong et al.
calculate f 2057.1131027 at the QCISD/6-3111
1G(2d,2p) level using an empirical Deng-Fan potential,
and f 2056.0531027 using a Morse oscillator approach.46

The results of both the anharmonic and Morse oscillator
approaches for HOONO are given in Table IV. The differ-
ence in the anharmonic and Morse oscillator results indicate
the accuracy of modeling transitions in the lowest vibrational
levels. We note that this simple treatment does well at these
low vibrational levels. The relative transition strengths of
cis-cis to trans-perpHOONO 2n1 bands for both methods
and all four levels of theory used are listed in Table V. In all
cases, the B3LYP method does not give reliable single-point
dipole moments for HOONO, and the resulting transition
dipole matrix elements and oscillator strengths deviate sig-
nificantly from the MP2 and higher level results. We there-
fore do not use the B3LYP results to compute transition
strengths. Both the anharmonic oscillator and the Morse os-
cillator method predict a stronger 2n1 transition for trans-
perp than forcis-cisHOONO, by a factor of 3.7:1 and 3.2:1,
respectively, at the QCISD/AUG-cc-pVDZ level. The meth-
ods agree reasonably well, with the Morse oscillator method
predicting consistently higher transition dipole moments and
oscillator strengths.

The QCISD level anharmonic oscillator calculation pre-
dicts that the 2n1 spectrum oftrans-perpHOONO should be

TABLE III. Observed vibrational bands, and fitted harmonic frequencies
and anharmonicities~cm21! for the stable conformers of HOONO.

n1 2n1 ve vexe

Cis-cisHOONO 3306a 6365b 3548 121
Trans-perpHOONO 3574c 6971d 3751 88.5

aReference 9.
bReference 11 and this work.
cBased onab initio frequency, Ref. 9, and matrix isolation spectrum,
Ref. 19.

dReference 17 and this work.
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a hybrid band with a ratio 1.8:1a-type toc-type. Figure 5~a!
shows that a band contour simulation agrees very well with
the experimental spectrum. This ratio also agrees with the
approximate experimental ratio of 1:1 adopted by Pollack
et al.17 for the same transition. In the case ofcis-cis
HOONO, no structure is observed on the 2n1 band in this

experiment, hence, there is no experimental test for the
QCISD/AUG-cc-pVDZ calculated hybrid bandb-type to
a-type ratio of 4.5 to 1. Beanet al.9 find that a range of ratios
of b-type toa-type from 1 to 4 provide an acceptable fit to
their cavity ring down spectrum ofn1 (cis-cisHOONO). Our
anharmonic method predicts ab-type toa-type ratio of 2 for

TABLE IV. Calculated values of the transition dipole moment matrix elementsMi , oscillator strengthsf, and
rovibrational hybrid band types for the 2n1 overtone transitions oftrans-perpand cis-cis HOONO. Matrix
elements were computed by integratingab initio dipole moment functions using both anharmonic oscillator and
Morse oscillator methods. Units ofMA , MB , andMC are Debye; units ofuM totu2 are Debye2.

B3LYP
AUG-cc-pVTZ

MP2
AUG-cc-pVTZ

MP3
AUG-cc-pVDZ

QCISD
AUG-cc-pVDZ

Trans-perpHOONO
Anharmonic oscillator
MA 21.0731022 21.0831022 21.0031022 21.0231022

MB 2.7231023 1.5731023 1.7531023 1.6831023

MC 28.8431023 28.0131023 27.8031023 27.7731023

uM totu2 2.0131024 1.8231024 1.6431024 1.6731024

f 6.5931027 5.9831027 5.3731027 5.4831027

Hybrid band
a-type toc-type
ratio

1.5:1 1.8:1 1.7:1 1.8:1

Morse oscillator method
MA 21.1931022 21.2531022 21.1631022 21.1931022

MB 3.0131023 1.6131023 2.0231023 1.8231023

MC 21.0431022 21.0431022 21.0231022 21.0231022

uM totu2 2.5831024 2.6631024 2.4431024 2.4831024

f 8.4631027 8.7331027 8.0031027 8.1431027

Hybrid band
a-type toc-type
ratio

1.3:1 1.4:1 1.3:1 1.4:1

Cis-cisHOONO
Anharmonic oscillator
MA 21.4831022 22.7931023 23.0431023 22.9931023

MB 24.2631023 6.7831023 6.5731023 6.3631023

MC 0 0 0 0
uM totu2 2.3631024 5.3831025 5.2431025 4.9331025

f 7.0731027 1.6131027 1.5731027 1.4831027

Hybrid band
b-type toa-type
ratio

0.1:1 5.9:1 4.7:1 4.5:1

Morse oscillator method
MA 21.3431022 21.5231024 23.1831024 25.5031025

MB 26.2431023 9.7831023 9.4731023 9.1931023

MC 0 0 0 0
uM totu2 2.1931024 9.5631025 8.9831025 8.4431025

f 6.5731027 2.8631027 2.6931027 2.5331027

Hybrid band
b-type toa-type
ratio

0.2:1 b-type only b-type only b-type only

TABLE V. Ratio of 2n1 overtone oscillator strength fortrans-perpvs cis-cisHOONO at each level of theory.

Oscillator strength ratio~tp:cc ratio!

B3LYP/
AUG-cc-pVTZ

MP2/
AUG-cc-pVTZ

MP3/
AUG-cc-pVDZ

QCISD/
AUG-cc-pVDZ

Anharmonic
oscillator method

0.9:1 3.7:1 3.4:1 3.7:1

Morse oscillator
method

1.3:1 3.0:1 3.0:1 3.2:1

1444 J. Chem. Phys., Vol. 121, No. 3, 15 July 2004 Fry et al.

Downloaded 26 Jul 2004 to 128.200.198.26. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



the fundamental OH stretch ofcis-cis HOONO, consistent
with the experimental bounds.

E. Relative populations of cis-cis and trans-perp
HOONO

In principle, the initial populations of the two conform-
ers of HOONO can be estimated using the computed oscil-
lator strengths, if we assume that all long-lived peaks in the
HOONO spectrum belong tocis-cis HOONO and derive
their intensity from the 2n1 transition. At the earliest time in
the flow cell at which HOONO can be observed, the ratio of
the integrated area of thecis-cisconformer bands to that of
the trans-perpbands is about 5:1 at 233 K. With the relative
transition strength oftrans-perpto cis-cisHOONO of 3.7:1
and assuming unit photodissociation quantum yield for both
species, this leads to an approximate upper bound on the
initial cis-cis to trans-perpHOONO concentration ratio of
19:1. This supports the assumption that no rise incis-cis
HOONO signal should be detectable due to isomerization,
sincentp!ncc.

This estimate is only an upper bound on the true initial
cis-cis to trans-perpHOONO concentration ratio, because
there is a sizable delay between when reaction occurs and
when HOONO concentrations are probed. As seen in Fig. 7,
the shortest residence time is 80 ms, based on the estimated
flow velocity and injector/laser-interaction region distance.
This residence time is on the same order of magnitude as the
observed isomerization lifetimes; thus, a significant fraction
of trans-perpHOONO will have isomerized prior to the laser
measurement. However, our estimate of residence time is
qualitative. The injector flow velocity is significantly greater
than the velocity of background NO2 /N2 gas mixture enter-
ing the flow cell. Thus, it is possible that the formation of
OH and subsequent reaction with NO2 occurs over a range of
distances from the injector inlet. This does not adversely
impact our measured isomerization rates, since thetrans-
perp HOONO lifetime data show completely single expo-
nential behavior.

V. DISCUSSION

A. Kinetics scheme for HOONO formation
and isomerization

The experimental results and RRKM simulations re-
ported here confirm the kinetics scheme for formation of
HOONO shown in Fig. 10, developed by Golden, Barker,
and Lohr.2

Collisional stabilization forms an initially energy-rich
HOONO far above thecis-cis↔trans-perpHOONO isomer-
ization barrier~but below the barrier for dissociation back
into OH and NO2). The isomerization rates between the two
isomers are substantially faster than the collision rate at 13
hPa; thus the isomers are in microcanonical equilibrium with
relative populations determined by the specific density of
states. The two isomers remain in microcanonical equilib-
rium as they are collisionally relaxed, until the internal en-
ergy approaches the barrier height~the two nearly isoener-
getic perp-perp isomers!. Further collisions then relax
HOONO below the isomerization barrier, and rapidly form

thermalizedcis-cis and trans-perp isomers. This picture is
illustrated by our RRKM simulation~Fig. 9!, where we find
that if HOONO is placed in eithercis-cis or trans-perp
HOONO well at any energy between isomerization and dis-
sociation barriers, the system promptly relaxes below the
isomerization barrier into both wells after just a few colli-
sions~at T5230 K andP513 hPa in N2 buffer!.

The initial ratio of the thermalized conformers formed is
thus determined by the relative density of states of the two
isomers at theperp-perpisomer barrier energy, which statis-
tical modeling of the experimentally measured rates predicts
to be 40.8 kJ/mol above thetrans-perpenergy. This ratio is
predicted to be 2:1cis-cis HOONO to trans-perpHOONO
using the densities of states from Golden, Barker, and Lohr.2

Thus, the initial population oftrans-perpHOONO is sub-
stantially higher than expected from a Boltzmann distribu-
tion ~,1%!. The high relative abundance of the less stable
trans-perp isomer arises because thetrans-perp HOONO
density of states rises more rapidly with energy than that of
cis-cis HOONO. Our own 233 K estimate of thiscis-cis to
trans-perp HOONO ratio is 19:1, measured at a distance
;80 ms downstream from the discharge inlet in the flow
cell. This result confirms that substantial population oftrans-
perp HOONO is formed at temperatures below 233 K.

This nonthermal population oftrans-perpHOONO sub-
sequently relaxes tocis-cis HOONO by isomerization. Our
experiment shows that the HOONO population shifts to the
cis-cisHOONO well ~thermal equilibrium! within ;100 ms
~at 13 hPa!, consistent with RRKM modeling.

B. Spectral assignment of the cis-cis HOONO
action spectrum

The room temperature HOONO action spectrum com-
prises several bands with no resolvable structure. The inten-
sity pattern is also unusual, with the strongest band at 6935
cm21. Nizkorodov and Wennberg11 tentatively assigned these
bands to three conformers of HOONO:cis-cis, cis-perp, and
trans-perpHOONO. We have found thatall features in the
spectrum observed above 240 K arise from the same con-
former. We have also observed thattrans-perpHOONO can-

FIG. 10. Proposed kinetic scheme for OH1NO2→HOONO formation. The
initially produced HOONO has enough internal energy for a facile isomer-
ization between thecis-cisHOONO andtrans-perpHOONO wells. After a
few collisions, the system relaxes into the wells with a comparable yield of
both conformers. Slow isomerization from thetrans-perpHOONO into the
cis-cisHOONO well then occurs on the millisecond time scale.
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not give rise to any of these features, since this conformer is
observed only transiently at lower temperatures. Finally, re-
cent calculations2,10 indicate thatcis-perpHOONO is not a
stable isomer.

We therefore propose that these bands be assigned to the
2n1 overtone and 2n1-containing combination bands and/or
sequence bands ofcis-cis HOONO. Based on our observa-
tions and calculations, we suggest possible new assignments
for the cis-cisHOONO action spectrum. It must be empha-
sized that these are tentative assignments.

We assign the first strong peak, at 6365 cm21, to the
origin of thecis-cisHOONO overtone (2n1). The position,
580 cm21 lower in energy than the 2n1 origin of nitric acid,
is in accord with our expectations for the overtone of the
hydrogen-bonded OH stretch incis-cisHOONO. Beanet al.9

have observed that the band origin of the fundamental 1n1

band is redshifted by;250 cm21 from the free OH stretch of
nitric acid. The somewhat larger anharmonic correction,
vexe5121 cm21 ~Table III!, is expected with internal hydro-
gen bonding.

This 6365 cm21 band is featureless and appears to be
broadened significantly compared to the expected width of
the rotational band contour@Fig. 5~b!#; the other bands in the
room temperature spectrum have similar widths. In contrast,
the observed band of thetrans-perpisomer is well fit by the
predicted rotational band contour. These observations indi-
cate that thecis-cis conformer of HOONO must undergo
relatively rapid IVR, leading to intrinsic line broadening be-
yond the width predicted on the basis of the predicted rota-
tional band contour. The rapid IVR may be due to the pres-
ence of the intramolecular hydrogen bond in thecis-cis
conformer, since hydrogen bonds greatly enhance coupling
of the OH stretching vibration to the lower-frequency modes.

Computed frequencies provide some guidance in assign-
ing the remaining bands. The highest level theoretical fre-
quencies computed to date are shown in Table I. The four
lowest-frequency modes forcis-cisHOONO are the two in-
plane a8 modes, the NO stretch (n6) and the NOO bend/
intermolecular OH̄ O stretch (n7), and the two out-of-
plane a9 modes, the ONOO torsion (n8) and the HOON
torsion (n9). Examination of the normal mode displacements
indicates that the two torsional modes are thoroughly mixed.
However, these are harmonic predictions of modes with large
amplitude displacements and may have significant uncer-
tainty.

One possible assignment relies on matching the ob-
served band positions to the aboveab initio frequencies. We
then assign 2n11n9 to the 6730 cm21 band, 2n11n8 to the
broad 6935 cm21 band, and 2n11n6 to the 7045 cm21 band.
Bands at 6180, 6505, and 6630 cm21, close to the pure 2n1

band, would then be assigned as torsional sequence bands of
2n1 .

The difficulty with this assignment is the anomalous in-
tensity pattern of the room temperaturecis-cis HOONO
spectrum. One normally expects the 2n1 origin to be the
strongest band, since the OH stretch is the only expected
bright state at this energy. However, the band at 6935 cm21

is ;three times stronger.
The most plausible explanation is that the action spec-

trum does not reproduce the absorption strengths, because
the quantum yield for dissociation is not unity across this
wavelength range. Our statistical calculations~Fig. 9! show
that, if the dissociation energy ofcis-cis HOONO is 83 kJ/
mol ~6940 cm21!,3 then the lower-frequency bands are sup-
pressed due to nonunity quantum yield. At our assigned ori-
gin of the 2n1 transition frequency, 6365 cm21, only ;30%
of thecis-cisHOONO molecules will dissociate upon photon
excitation at room temperature.

However, these calculations also predict that the quan-
tum yield of the origin band will increase significantly~a
factor of two! from 233 to 298 K, while we observe that all
bands in this spectrum scale together over the temperature
range 193–273 K.

It is possible that a coincidence of two effects leads to
this observation. If the higher-energy band~s! around 6935
cm21 are hot bands (v.0) which only have sufficient ther-
mal population of the excited initial state to be observed at
higher temperatures, then the intensity of these bands will
decrease as the temperature is lowered. The lower-energy
bands will decrease with lowering temperature due to the
temperature dependence of the quantum yield, and if these
two temperature effects coincide, no apparent change in rela-
tive band intensity would be observed.

It is also possible that the assumed 83 kJ/mol dissocia-
tion energy is too high. Lowering the dissociation energy in
the model would simply shift the OH1NO2 photodissocia-
tion yield curve down the frequency axis, and a shift of 5
kJ/mol @indicated by an arrow in Fig. 9~b!# would lead to
near-unity quantum yield over all bands in thecis-cis
HOONO spectrum and no temperature dependence of the
relative peak intensities. This would give an experimental
upper limit on thecis-cisHOONO bond dissociation energy
of D0(cis-cisHO-ONO)<78 kJ/mol~6520 cm21!.

If D0(cis-cisHO-ONO)<78 kJ/mol, the anomalously
high intensity of the 6935 cm21 band requires explanation.
The intensity of this band may result from strong coupling of
the OH stretch with other degrees of freedom, especially the
OH torsional mode. The strength of this 6935 cm21 band
might be reasonable if it is a superposition of several com-
bination bands of the form 2n11nn9 , and the OH—torsion
coupling is strong. Multidimensional potential and dipole
surfaces, as demonstrated successfully for CH-stretching
overtone spectra of methyl rotors,47 would be required to
fully analyze this coupling.

Our experimental evidence is not sufficient to determine
the dissociation energy forcis-cis HOONO. Direct absorp-
tion measurements ofcis-cisHOONO in the overtone energy
regime are currently underway; these measurements would
not be subject to quantum yield considerations, and would
assist in assigning this spectrum.

C. Atmospheric implications

Isomerization oftrans-perpto cis-cisHOONO occurs in
milliseconds, even at low pressure. As a result, only thecis-
cis conformer of HOONO will have appreciable concentra-
tion in Earth’s atmosphere. In addition, the collisional
isomerization rate is sufficiently fast thattrans-perp
HOONO will not be present at significant concentrations in
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gas cell studies near room temperature. For example, Bean
et al.9 have reported cavity ring down spectroscopy~CRDS!
of cis-cisHOONO, and determined a branching ratio of re-
action ~1a! and ~1b!. This branching ratio assumes that all
HOONO is present in thecis-cis form on the 50–200 ms
time scale of the CRDS experiment, since the HOONO yield
is determined from the integratedcis-cis HOONO band. In
CRDS, trans-perpHOONO signal would be buried in the
extremely strong HONO2 band, and hence difficult to dis-
cern. The fasttrans-perpto cis-cis isomerization rates deter-
mined here support the assumption made by Beanet al. to
derive the HOONO to HONO2 branching ratio.

Our study allows estimation of thecis-cisHOONO life-
time in Earth’s atmosphere. This lifetime is derived from a
calculation similar to that used to predict the HO2NO2

near-IR photolysis lifetime.48 Excitation of 2n1 and compan-
ion bands will be an efficient loss mechanism for HOONO.
The average solar radiance at 1.4mm is 4.90
31013photons cm22 s21/cm21.49 The predicted oscillator
strength of 1.531027 gives an integrated band intensity for
cis-cis HOONO of 1.3310219cm2 molecule cm21. Assum-
ing unit quantum yield for photodissociation, the resulting
photolysis rate of HOONO in the atmosphere due only to IR
excitation will be;631026 s21, leading to an upper limit
estimate for thecis-cisHOONO lifetime of 1.63105 s ~less
than 45 daylight hours!. Other losses~e.g., thermal decom-
position, UV photolysis, and reaction with OH! will shorten
this lifetime further. For example, using the kinetic param-
eters from Golden, Barker and Lohr,2 we predict that
HOONO thermal decomposition lifetimes range from a few
seconds at the surface to 3.33106 s ~38 days! at the tropo-
pause. Thermal decomposition is the dominant removal
mechanism in the lower troposphere.

The short lifetime of HOONO suggests that its photo-
chemistry will not be of major importance in Earth’s atmo-
sphere. Consider the polar lower stratosphere in summer—a
region and time characterized by both fast gas-phase forma-
tion of HNO3 and temperatures that are cold enough to yield
a long HOONO thermal lifetime. At 20 km altitude, where
@OH# concentrations are;23106 molecules cm23 ~1 pptv!,
the reaction of OH with NO2 proceeds at a rate of;1
3104 molecules cm23 s21.50 Assuming a 10% yield of
HOONO in this reaction and the maximum HOONO lifetime
(1.63105 s), the upper limit for the concentration of
HOONO is 1.63108 molecules cm23, or 80 pptv. This con-
centration of HOONO may be detectable via remote mea-
surement in the IR or far-IR but we stress this is an upper
limit and UV photolysis and reaction with OH will certainly
lead to lower abundances. In the troposphere, thermal de-
composition will reduce its concentration further and there-
fore HOONO is unlikely to influence tropospheric chemistry
appreciably. Thus, unless other major sources of HOONO
exist, it is unlikely to play a major role in the atmospheric
photochemistry.

VI. CONCLUSIONS

We have observed both stable conformers of HOONO,
cis-cis and trans-perp, formed as products in the reaction
OH1NO21M in a low pressure discharge flow cell. The

two isomers are distinguished by their 2n1 overtone spectra
recorded by action spectroscopy, leading to a new under-
standing of earlier tentative spectral assignments. Thetrans-
perp HOONO 2n1 band is a sharp feature at 6971 cm21,
observed only at temperatures below 240 K and at a fre-
quency consistent with the spectrum reported by Pollack
et al.17 We have reassigned all of the bands observed in the
room temperature overtone spectrum tocis-cisHOONO. We
find that under thermal reaction conditions, thetrans-perp
isomer is initially formed at high, non-Boltzmann popula-
tions relative tocis-cis HOONO; the trans-perp HOONO
then quickly isomerizes to the more stablecis-cisconformer.

We have studied the isomerization oftrans-perpto cis-
cis HOONO both experimentally and computationally. From
our experimental measurements of thetrans-perpHOONO
decay, we find an isomerization lifetime of 39 ms at 233 K.
From the isomerization data over the temperature range
223–238 K, we estimate the activation energy fortrans-perp
to cis-cis HOONO isomerization to be Eact;33
612 kJ/mol, consistent with a strong collision model as
shown by statistical modeling. We have performed master
equation modeling of the isomerization; we find a barrier
height of 40.8 kJ/mol, consistent with experimental data. Fi-
nally, we have performed CCSD~T!/cc-pVQZ//CCSD~T!/cc-
pVTZ ab initio calculations of theperp-perpHOONO iso-
mer, the transition state for isomerization. We obtain an
activation enthalpy ofDH298

‡0 541.1 kJ/mol, in good agree-
ment with both experiment and statistical modeling.

We have calculated the OH1NO2 photodissociation
quantum yield as a function of excitation energy in the
near-IR based on the best publishedab initio and kinetics
estimate ofD0(cis-cisHOONO)583 kJ/mol, and find non-
unity quantum yield predicted for some of the observed
lower-frequency bands ofcis-cis HOONO. We predict that
the quantum yields should be sensitive to temperature, and
that the apparent band strengths should change over the tem-
perature range measured; however, we have not observed
significant changes in thecis-cis HOONO spectrum from
193 to 273 K, suggesting that quantum yield is in fact unity
for all bands. It is possible that relative intensity changes
cannot be unambiguously observed with our present signal-
to-noise ratios.

We have computed the relative transition strengths of the
two conformers, and estimated the abundance oftrans-perp
HOONO relative tocis-cis HOONO. Semiempirical transi-
tion strength calculations using QCISD/AUG-cc-pVDZ level
ab initio dipole moment functions predict that the 2n1 band
of trans-perpHOONO absorbs more strongly than the 2n1

band ofcis-cisHOONO, with a relative strength of 3.7 cal-
culated using an anharmonic oscillator model and a relative
strength of 3.2 calculated using a Morse oscillator model.
B3LYP level calculations fail to produce reliable single-point
calculations of dipole moment functions, while MP2, MP3,
and QCISD level calculations predict consistent dipole mo-
ment functions. Using the calculated relative transition
strength oftrans-perp to cis-cis HOONO of 3.7:1 and as-
suming unit photodissociation quantum yield for both spe-
cies, we determine an approximate upper bound on the initial
cis-cis to trans-perpHOONO concentration ratio of 19:1.
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The 213 K spectrum oftrans-perpHOONO can be fit
well to the predicted rotational constants, with a hybrid band
ratio of 1.8:1a-type toc-type, consistent with the simulation
parameters that fit the Pollacket al.17 jet-cooled spectrum.
We support the assignment by Nizkorodov and Wennberg11

of the 6365 cm21 band to the origin of thecis-cis2n1 over-
tone band. However, this band is broad and featureless, sug-
gesting thatcis-cis HOONO undergoes much more rapid
IVR upon overtone excitation. We cannot make a definitive
assignment of the remaining bands observed in thecis-cis
spectrum.

Based on its calculated 2n1 transition strength, the more
stablecis-cisHOONO is predicted to exist in the atmosphere
at maximum concentrations of only 1.63108 molecules
cm23 ~80 pptv!, and therefore, will be of limited importance
in photochemical processes. For atmospheric chemistry, the
most important impact of the formation of the short-lived
HOONO reservoir is that the yield for radical loss via OH
1NO2 is not unity.
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