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We show that a simple two-dimensional vibrational model can explain most of the features observed in the
first and second OH-stretching overtone region of the room temperaturecis,cis-HOONO spectrum. The model
uses ab initio calculated parameters and includes the OH-stretching mode coupled to the internal torsion of
the OH group.

Introduction

The three-body reaction

is important in atmospheric chemistry as it is a sink for the
reactive HOx and NOx families. The implications of nitric acid
deposition make this reaction important, particularly in polluted
atmospheres where the concentration of NO2 is high.1 It has
been suggested that under atmospheric conditions there may
be a secondary reaction in which OH and NO2 combine to form
a small amount of peroxynitrous acid (HOONO).2 Recently,
Golden and co-workers used a master equation approach to
predict an upper limit of around 20% formation of HOONO
due to the interaction of OH and NO2 near the tropopause.3

Spectroscopic verification of this secondary channel was first
provided by Nizkorodov and Wennberg, who recorded the
vibrational overtone photodissociation spectrum (so-called action
spectrum) of HOONO in the first OH-stretching overtone
region.4 The spectrum of HOONO has since been recorded in
the fundamental OH-stretching region using cavity ringdown
spectroscopy,5 and in the first6-8 and second7 OH-stretching
overtone regions using action spectroscopy.

Assignment of the rich vibrational structure present in the
action spectra of HOONO has proved difficult. It has been
proposed that the spectra are complicated by the presence of
structural conformers of HOONO.4,7,8The conformers are named
according to the conformation about the ONOO and NOOH
dihedral angles, respectively. The most stable conformer of
HOONO is the planarcis,cis conformer shown in Figure 1.5,9

The spectrum recorded by Nizkorodov and Wennberg in the
first OH-stretching overtone region consisted of at least seven
partially overlapping bands and most of these bands were
tentatively assigned to the different conformers of HOONO.4

The intensity distribution in the spectrum was at odds with the
estimated populations of each of the conformers as the strongest
peak was assigned to the energetically unfavoredtrans-perp
conformer.4 This conformer is calculated with the CCSD(T)/
cc-pVTZ method to be 3.4 kcal/mol higher in energy than the
cis,cis conformer5 and thus at room temperature should have a
minimal contribution to the vibrational spectrum. Based on their
experiments, Fry et al. have recently suggested that all peaks

observable in their room-temperature spectrum of HOONO are
due to thecis,cis conformer.8

The local mode theory of vibration10-12 has been used
extensively to model highly vibrationally excited XH-stretching
modes where X) C, N, or O.12 However, attempts to simulate
the OH-stretching peak positions in HOONO using a one-
dimensional OH-stretching anharmonic local mode model have
not been able to reproduce the rich vibrational structure that is
observed.7,8 In this work, we simulate the spectrum ofcis,cis-
HOONO in the OH-stretching regions using a local mode
Hamiltonian that includes the OH-stretching mode coupled to
the NOOH-torsional mode of vibration. The approach we use
is similar to that used successfully to describe CH-stretching
overtone spectra of methyl groups affected by internal
rotation.13-16

The main aim of this paper is to show that a simple two-
dimensional vibrational model, with no adjustable parameters,
can explain most of the complex structure observed in the OH-
stretching overtone spectrum of HOONO.

Theory and Computational Methods

The oscillator strength of a transition from a vibrational
ground stateg to a vibrationally excited statee is given by17

whereν̃eg is the transition frequency in wavenumbers, andµbeg

) <e|µb|g〉 is the transition dipole moment in Debye.
Vibrational Hamiltonian. Our vibrational Hamiltonian in-

cludes the OH-stretching mode coupled to the NOOH-torsional
mode. The torsional mode is expressed by the torsional angle
θ, and the OH-stretching mode by the internal displacement
coordinateq. The angular dependence of the torsional potential
Vtor, and of the OH-stretching frequencyω̃ and anharmonicity
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OH + NO2 + M f HONO2 + M (1)

Figure 1. The QCISD/6-311++G(2d,2p) optimized structure of
HOONO.

feg ) 4.702× 10-7[cm D-2]ν̃eg|µbeg|2 (2)
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ω̃x are fitted with Fourier series. We follow the notation of Rong
and Kjaergaard13 and write the approximate stretch-torsion
Hamiltonian as

whereB is the rotational constant,V andm are the number of
quanta in the stretching and torsional modes, respectively, and
the Fourier series terms are expressed by a column vectorF )
[1, cos(θ), ‚‚‚, cos(12θ), sin(θ), ‚‚‚, sin(12θ)]T. We assume that
B remains constant with vibrational excitation.Vtor, Ω, andX
are the vectors containing the respective Fourier series expansion
coefficients.

The expansion coefficient vectors are obtained from a series
of ab initio calculations. The molecule is optimized for different
values of the torsional angleθ from 0° (cis,cis conformer) to
180° (cis,transconformer) in 10° steps. The energies obtained
from these calculations provideVtor(θ) and are shown in Figure
2. The OH-stretching frequency and anharmonicity at each
torsional angle are obtained from the 2nd (fii ), 3rd (fiii ), and 4th
(fiv) order derivatives of the potential energy with respect to
the OH-stretching coordinate according to18,19

whereGii is the reciprocal of the OH reduced mass. Previously
we have obtainedω̃x by using the expression derived by Sowa
et al.,21 which depends only on the 2nd- and 3rd-order
derivatives of the energy.20 We have recently found that use of
eq 5 gives ω̃x values that are in better agreement with
experimental observations for H2O.18

We determine the force constants by fitting an 8th order
polynomial to an ab initio calculated nine point grid. The grid

is obtained by calculating the energy at values ofq ranging
from -0.2 to 0.2 Å in steps of 0.05 Å. We repeat the process
in 10° steps ofθ from 0° to 180°. In Figure 2 we show the
calculated variation inω̃ and ω̃x with torsional angle as well
as the Fourier series fit to these points. We fit the calculated
Vtor, ω̃, and ω̃x in a least-squares sense with a Fourier series
truncated at 12th order. The Fourier coefficients up to 6th order
are given in Table 1 with the full set of coefficients given in
the Supporting Information. The decreasing values of the
coefficients indicates that the series converge with increasing
order. There are no sin(mθ) terms in the expansions due to the
symmetry of the system.

We have used the product of a Morse oscillator function with
a real rigid rotor function as our vibrational basis functions.
The rigid rotor basis functions are cos(mθ) and sin(mθ), where
m is the torsional quantum number. We have limitedm to 12,
and therefore have 25 torsional states associated with each
vibrational level. We obtain our vibration-torsion eigenfunctions
and eigenenergies by diagonalizing our Hamiltonian in this basis.
We have found that a basis withme 12 was sufficient to ensure
a converged solution in agreement with previous work on methyl
torsion.13

Dipole Moment Function. The dipole moment function
necessary for the calculation of intensities is expressed in terms
of q and θ. The dipole moment is a vector and all three
components have to be considered. The expansion of the
x-component can be written in matrix form as13

whereQ ) [1, q, q2, ..., q6]. The matrixCx contains the dipole
moment expansion coefficients and is determined in a manner
similar to theVtor, Ω, andX vectors. For each of the torsional
angles from 0° to 180° a 15 point grid of dipole moments was
calculated at values of the OH-stretching coordinate ranging
from -0.3 to 0.4 Å in steps of 0.05 Å. The dipole moment
values of the 15 point grids are then fitted with 6th order
polynomials to obtain the coefficients with respect toq for the
different values ofθ. The angular dependence of these coef-
ficients was subsequently found by fitting them to a 12th order
Fourier series. We required a larger grid size for the calculation
of our dipole moment coefficient matrix than for theVtor, Ω,
and X vectors due to slower convergence of the higher order
dipole moment expansion terms inq. They- andz-components
of the dipole are determined in a similar manner. The dipole
moment expansion coefficient matrixesCx, Cy, andCz are given
as Supporting Information.

All grid points and geometry optimizations were calculated
with the QCISD level of theory and the 6-31+G(d,p) and
6-311++G(2d,2p) basis sets within the Gaussian03 program.22

It has been found that these methods give accurate OH-stretching
intensities.23

Figure 2. The torsional potential (Vtor), frequency (Ω), and anharmo-
nicity (X) as a function of the torsional angle. Both the QCISD/
6-311++G(2d,2p) calculated values (×) and the 12th order Fourier fit
(solid line) are shown.
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TABLE 1: The Coefficients (in cm-1) of the Fourier Series
Expansion of the Potential (Vtor), Frequency (Ω), and
Anharmonicity ( X)

QCISD/6-311++G(2d,2p) QCISD/6-31+G(d,p)

Vtor Ω X Vtor Ω X

1 321.6 3781.4 89.8 198.0 3764.8 89.6
cosθ -279.9 -83.5 3.7 -168.8 -86.2 3.6
cos(2θ) 118.3 -35.2 0.2 93.7 -32.7 0.4
cos(3θ) -99.4 -17.2 1.5 -88.0 -15.8 1.5
cos(4θ) -51.2 -11.1 1.0 -24.6 -10.9 1.2
cos(5θ) -7.3 -4.8 0.5 -5.3 -4.9 0.6
cos(6θ) -2.7 -2.3 0.3 -6.4 -2.1 0.3

µx ) QCxF (6)
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Spectral Simulation.We simulate the HOONO spectrum in
the regions corresponding to 1-4 quanta in the OH-stretching
vibration (∆VOH ) 1-4). The intensity and frequency of all
transitions between eigenstates of eq 3 have been calculated
with eq 2 and the dipole moment function described in eq 6.
Each OH-stretching region consists of transitions between the
various torsional eigenstates. Each torsional eigenstate has
significant contributions from several of the torsional basis states
and cannot be meaningfully labeled in terms of a single basis
state. The thermal populations of the torsional states in the
vibrational ground state are determined from a Boltzmann
distribution. Each transition is convoluted with a Lorentzian of
full-width at half-maximum of 50 cm-1, a typical width for an
OH-stretching overtone transition.

Results and Discussion

In Figures 3-6 we show our simulated HOONO spectra in
the∆VOH ) 1-4 regions. We have simulated these spectra with
use of parameters obtained with both the QCISD/6-31+G(d,p)
and the QCISD/6-311++G(2d,2p) ab initio methods and we
compare these spectra. We also compare with the previously
recorded spectra in the∆VOH ) 2 and 3 regions.4,7,8

The simulated spectrum of the fundamental OH-stretching
region (Figure 3) shows more structure than the one peak
expected from a simple one-dimensional OH-stretching model.
This additional structure in the OH-stretching region arises from
coupling to the torsional mode. We observe some differences
in the intensities of the two simulated spectra but the overall
profile is similar. The lowest energy peak in the profile is mainly
due to the transition between the respective ground torsional
eigenstates. Little intensity is present at lower energies than this
peak in the simulated profile.

Comparison of QCISD/6-311++G(2d,2p) calculated values
of ω̃ andω̃x to experimental values and higher level calculations
for H2O suggests that at each torsional angle, our QCISD/
6-311++G(2d,2p) calculatedω̃ is around 60-70 cm-1 too high,
and ω̃x is about 2-3 cm-1 too high.18 A correction for this
would shift the entire∆VOH ) 1 band about 60 cm-1 to the
red.18 So far only a single peak at 3306 cm1 has been assigned
by Bean et al.5 to the∆VOH ) 1 transition in HOONO. They
assigned the peak based on the successful modeling of the
absorption profile with a hybrid of a-type and b-type transitions.5

This peak could certainly be part of our calculated∆VOH ) 1
profile. The presence of strong bands due to HONO2 and HONO
in the experimental spectrum prevents a more detailed com-
parison of our simulated spectrum to experiment in this region.

We compare our two simulated spectra of the first OH-
stretching overtone region with the action spectrum of Matthews
et al.7 in Figure 4. The action spectrum is recorded by scanning
across a frequency range and if the incoming light source is
resonant with a vibrational frequency, HOONO will undergo
unimolecular dissociation. The OH fragments that are formed
from this dissociation are then detected by laser induced
fluorescence of theA r X transition at 308 nm.4,7,8 The three
published action spectra of the∆VOH ) 2 region all show a
similar band structure with a dominant broad band around 6930
cm-1 and four smaller bands at lower energy. However, the
intensities in the observed spectra are not quite the same.4,7,8 It
has been shown than the intensity of the peaks is dependent on
the quantum state of the OH photofragment detected, particularly

Figure 3. The simulated spectrum ofcis,cis-HOONO at 298 K in the
∆VOH ) 1 region. The bottom trace is calculated with the QCISD/
6-31+G(d,p) parameters and the top trace with the QCISD/
6-311++G(2d,2p) parameters.

Figure 4. The experimental (top) and QCISD/6-311++G(2d,2p)
(middle) and QCISD/6-31+G(d,p) (bottom) simulated spectra ofcis,cis-
HOONO at 298 K in the∆VOH ) 2 region.

Figure 5. The experimental (top) and QCISD/6-311++G(2d,2p)
(middle) and QCISD/6-31+G(d,p) (bottom) simulated spectra ofcis,cis-
HOONO at 298 K in the∆VOH ) 3 region.

Figure 6. The simulated spectrum ofcis,cis-HOONO at 298 K in the
∆VOH ) 4 region. The bottom trace is calculated with the QCISD/
6-31+G(d,p) parameters and the top trace with the QCISD/
6-311++G(2d,2p) parameters.
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in the∆VOH ) 2 region where the transition energies are close
to the dissociation threshold.7 The observed relative intensities
also depend on the quantum yield of dissociation across a
particular frequency region. This will be most important near
the dissociation threshold, and is difficult to quantify in the
experiments performed.

Our two simulated band profiles in the∆VOH ) 2 region show
small differences in intensities but the overall band profile is
similar. As in the∆VOH ) 1 region, the lowest energy peak in
the simulated profile is due to the transition between the ground
torsional eigenstates. Substantial intensity is present to the blue
of the lowest observed feature. This broad structure arises mainly
from transitions between excited torsional eigenstates of the
same torsional quantum number. The overall band structure is
similar to that observed experimentally; however, the features
in the simulated spectra are located at somewhat higher energy.
This is expected due to the aforementioned slightly higher local
mode parameters calculated with the two QCISD methods used
here. The observed dominant structure is centered about 100
cm-1 lower than in our simulated spectra, as expected. This
structure has contributions from several different transitions
similar to what has previously been observed for the CH-
stretching overtone spectra of methyl groups involved in internal
rotation.13

The agreement between experimental and calculated vibra-
tional band positions can be improved by scaling of the OH-
stretching local mode parameters,ω̃ andω̃x.20 To test this we
have simulated the spectrum of HOONO with scaled local mode
parameters. The scaling factors are obtained from the ratio of
observed to QCISD/6-311++G(2d,2p) calculated local mode
parameters in hydrogen peroxide (HOOH). The scaling factors
are given in the Supporting Information. In Figure 7 we compare
our spectrum simulated with scaled local mode parameters to
the experimental spectrum in the∆VOH ) 2 region. It can be
seen that the positions of the bands in the spectrum simulated
using scaled local mode parameters are in much better agreement
with the experimental band positions than the simulation shown
in Figure 4 using unscaled local mode parameters. Comparison
of the two spectra suggests that the two peaks at lowest energy
in the experimental spectrum are not reproduced in our
simulation. These low energy peaks in the observed spectrum
are probably transitions to combination states involving other
vibrations such as the OOH-bending mode and/or the OO-
stretching mode, which are not included in our model.

The action spectrum of the second OH-stretching overtone
region in HOONO has been recorded by Matthews et al.7 and
is compared with our simulated spectra in Figure 5. The

spectrum in this region is similar to that in the first overtone
region in that the dominant structure is blue-shifted from the
transition between the respective torsional ground states calcu-
lated to lie around 9790 cm-1. The observed spectrum shows
less structure than in the∆VOH ) 2 region. The dominant
structure in the observed spectrum at around 10 150 cm-1 is
about 125 cm-1 wide. We suggest that this width is evidence
that the structure is composed of several torsional transitions
in agreement with our simulations. The observed dominant
structure is about 200 cm-1 lower in energy than predicted, again
in agreement with our estimate of the error in our ab initio
calculated local mode parameters.

As in the∆VOH ) 2 spectrum there is a transition observed
at lower energy, in this case around 9050 cm-1, which is not in
our simulated spectra. This band is probably due to transitions
to a state that involve combinations of modes not included in
our two-dimensional model.

In Figure 6 we show our two simulated spectra in the∆VOH

) 4 region. The band shapes in the two simulated spectra are
again similar and also similar to those in the∆VOH ) 2 and 3
region. It is unfortunate that the spectrum of HOONO in the
∆VOH ) 4 region has not yet been recorded. The overall width
of the simulated profile increases from the∆VOH ) 1 to the
∆VOH ) 4 region. This is similar to what has been observed in
the simulation and CH-stretching overtone spectra of internally
rotating methyl groups in molecules such as toluene.24

We have also performed our simulation at a temperature of
5 K, and the spectrum in the∆VOH ) 2 region is shown in
Figure 8. As expected the band structure is much simpler than
that seen in the room temperature simulation as only the
torsional ground state has appreciable population. We clearly
see the dominant transition between torsional ground states
around 6700 cm-1 as in our room-temperature simulation.

Conclusions

We have used a simple two-dimensional vibrational Hamil-
tonian to simulate the OH-stretching fundamental and overtone
regions of thecis,cis-HOONO spectrum. The model includes
the OH-stretching vibration coupled to the internal torsion of
the OH group. With our simulated spectra of the first and second
OH-stretching overtone regions we are able to successfully
explain the main features in the recorded action spectra. The
richness in the OH-stretching band profile arises from a
multitude of transitions between different torsional states. The
dominant feature in the previously recorded spectra in the∆VOH

) 2 and 3 regions, as well as our simulated spectra in the∆VOH

Figure 7. The simulated spectrum ofcis,cis-HOONO at 298 K in the
∆VOH ) 2 region. The bottom trace is calculated with scaled QCISD/
6-311++G(2d,2p) parameters and the top trace is the experimental
spectrum from ref 7.

Figure 8. The simulated spectrum ofcis,cis-HOONO at 5 K in the
∆VOH ) 2 region. The bottom trace is calculated with the QCISD/
6-31+G(d,p) parameters and the top trace with the QCISD/
6-311++G(2d,2p) parameters.
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) 1-4 regions, lies to the blue of the transition between the
respective torsional ground states.
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