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HIGHLIGHT

e absolute line intensities for the v4 bands of Trans-HONO and Cis-HONO measured
e improved line positions using infrared FTS spectra on SOLEIL

e Line list for HONO in the 11 pum infrared region

e For cis-HONO, the {4, 5%, 61} energy levels are coupled together.
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Abstract

The goal of this work was to update and significantly improve the line lists that have been
generated recently for 11 pum bands of the trans- and cis- conformer forms of nitrous acid
(HONO) [Armante R, Perrin A, Kwabia Tchana F, Manceron L. The v, bands at 11 um: linelists
for the trans- and cis- conformer forms of nitrous acid (HONO) in the 2019 version of the
GEISA database. Molecular Physics 2021;120:e1951860]. That 2019 version of the 11 um line
list was generated using the spectroscopic parameters that were available, at that time, in the
literature. During the present study, we used high-resolution Fourier transform spectra recorded
at 11 pm to perform a large investigation of line positions and intensities for the v4 bands of the
trans- and cis-conformer of HONO. The resulting set of experimental v4 (absolute) intensities
and of 4! energy levels were used to determine, by least squares fit computations, improved
position and intensity parameters for the v4 bands of the trans- and cis-conformer of HONO.
For trans-HONO, the v4 band appeared not to be perturbed, while for cis-HONO a weak high
order B-type Coriolis, coupling together the 4! and 6 energy levels was evidenced for the first
time. This new list is of potential interest for the IASI-NG (Infrared Atmospheric Sounding
Interferometer - New Generation) instrument which will be launched on board the METOP-SG
satellite in 2025.



1. Introduction

The important role played by nitrous acid (HONO) in the chemistry of the troposphere
was already mentioned in detail in numerous recent publications [1-3]. Among other infrared
absorption bands of this molecule, the 11 pum region is of special atmospheric importance. Its
relatively strong signature, with two narrow Q-branches located at 790.117 and 851.943 cm'?
for the trans- and cis-conformer, respectively, corresponds to a rather clear window of
transparency in the Earth atmosphere. Therefore, the 11 um bands can be used for detection of
HONO in the atmosphere by the Infrared Atmospheric Sounding Interferometer (IASI)
instrument [4] during exceptional conditions of the large wildfires. This was the case during the
large Australian bush fires of February 2009 [5, 6] or in 2019/2020 [7, 8] and more recently,
for the detection of HONO enhancements within concentrated fire plumes worldwide [9]. The
three 1ASI instruments are thermal infrared nadir® Fourier Transform Spectrometers (operating
in the 3.5 - 15.5 pum spectral range), which are implemented on the series of METOP satellites.
Very soon, the IASI instruments will be followed by the Infrared Atmospheric Sounding
Interferometer New Generation (IASI-NG; https://iasi-ng.cnes.fr/fr). IASI-NG is a key payload
element of the second generation of European meteorological polar-orbit satellites (METOP-
SG) dedicated to operational atmospheric nadir soundings. For IASI-NG, the performance
objective is mainly a spectral resolution and a radiometric error improved by a factor of two
compared to the IASI first generation ones. One can presume that the possible quantification of
trace species from space like HONO will be easier with IASI-NG than with IASI. It is important
to prepare and optimize such detection in order to take full advantage of the future capacities
of IASI-NG.

Until recently, no line-by-line spectroscopic parameters were available for HONO in
the common access databases [10, 11]. Such a situation mainly resulted from the difficulty of
measuring line intensities for HONO as it required knowledge of the partial pressures of trans-
HONO and cis-HONO in the cell during the recording of the laboratory spectra. These partial
pressures are not easily available because HONO only exists in equilibrium mixtures involving

several species and it involves two conformers (trans- and cis-HONO).

! Nadir is the downward-facing viewing geometry of an orbiting satellite during remote sensing
of the atmosphere.



5

Accordingly, for their first HONO detection in IASI spectra, Clarisse et al. [5], De
Longueville et al. [7], and Franco et al. [9] relied on the HONO infrared absorption cross
sections available in the Pacific Northwest National Laboratory (PNNL) database [12]. As they
were only available at 296 K, the temperature dependence of the 11 um signatures was however
not accounted for. Indeed, at low temperatures, the cis-HONO signature at 851.943 cm™ tends
to decrease notably in favor of that of trans-HONO located at 790.117 cm™. This behavior
results from the fact that the ground state energy levels of the cis conformer are located about
AEcis-rans ~ 100 cm™ above those of the trans conformer.

To try and compensate for such a dearth of line-by-line spectroscopic information, we
generated in 2019 [6] a line list (individual line positions and intensities) for the v4 bands of
HONO. This line list [6], hereafter identified as the “Ol1d” line list, has also been used during
the recent analysis of the 2019/2020 wildfires in Australia by IASI instruments [8]. For the
generation of this line list, we used the line positions and intensities available at that time in the
literature. The positions were generated using the vibrational energies and rotational constants
for the ground states [13] and the 4! excited states [14] of trans-HONO et cis-HONO. More
explicitly, for the upper 4! state, the rotational constants were marginally readjusted from those

of Kleiner et al. [14] using the following expression:

News(, — (Kleinerx4 _ Kleinerxo)+ Dehayem ¢, Eqg. (1)

In this expression, <", and ¥'é"erX, are the rotational or centrifugal constants for the ground
and 4! excited stated quoted in Ref. [14], while P#"¥emX s the corresponding ground state value
in Ref. [13]. For the computation of lower state energies of cis-HONO, and for the intensities
of both conformers, it was necessary to choose a value for the energy difference AEcis-trans
between the cis and trans J = 0 energy levels. As explained in Ref. [15], several values for this
energy difference exist in the literature
For the line list generated in 2019, we used the (rather arbitrary) value "MAEcis-trans =~ 143 cm™
which is the one adopted by Kagann and Maki [16]. This is because our 2019 line intensities
were scaled in absolute relative to the cross sections quoted in the PNNL database. In fact, these
PNNL cross sections are also calibrated in absolute, relative to the band intensity measurements
performed by Kagann and Maki [16].

The trans-HONO and cis-HONO conformers are Cs-type molecules. For symmetry

reasons, both A-type and B-type transitions are presumed to be observable for both v4 bands of
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the two conformers. In fact, because the orientations of the molecular dipole moments notably
differ, the v4 band of cis-HONO is hybrid (both A and B type components), while only A-type
transitions are observed for trans-HONO. For the 2019 list, we used the information provided
in Ref. [14] to estimate the relative contributions of the A-type to B-type character of the v4
band of cis-HONO. In addition, we used the PNNL cross sections to determine the absolute
intensities of the v4 bands of the trans- and cis-HONO. This was an uneasy and inaccurate
estimation, considering that both conformers contribute to the intensities in the overall
frequency range of the 11 um region. This is particularly the case for the 790.117 to 851.943
cm™ region, located between the positions of the trans- and cis- Q branch structures.

For the generation of the presented improved line list, we could benefit from several

new experimental data:
a A careful investigation of the far-infrared spectral region of HONO was performed relying
on Fourier transform spectra recorded at three temperatures on the AILES beamline of the
synchrotron SOLEIL. Comparisons of relative line intensities for a large set of B-type
transitions for trans- and cis-HONO led to the significant improvement of the accuracy of the
cis-trans energy difference AEgis-rans = 95.8 9.2 cm™ as compared to the previous infrared
determination achieved by Sirroneau et al. S™"MUAE s yans = 99 + 25 cm™* for HONO [17].
Finally, one has also to mention that our value is very close with the recent ab initio predictions
of Richter et al. [18], that stated “*"MAE i trans = 93 cm™ .

In addition, absolute line intensities were generated for the pure rotational bands of
trans-HONO and cis-HONO in the THz to far-infrared region, relying on the well-known trans-
HONO and cis-HONO permanent dipole moments, thanks to Stark measurements [19].

a A novel, dual-beam THz/mid-IR experimental setup was developed at the LISA
facility in Créteil, France designated as the QUASARS (QUAntitative Spectroscopy for
Atmospheric Remote Sensing) set-up [20]. This set-up enables the absolute calibration of the
line intensities in the 11 um region relative to the THz region: the partial pressure of HONO in
the sample mixture is determined from the ratio of measured intensities of pure rotation lines
to their available absolute line intensities [15], and then used to determine absolute line
intensities at 11 pm.

a A large set of Fourier transform spectra were recorded at 11 um using the dual-beam
THz/mid-IR QUASARS experimental setup. A large number of absolute line intensities were

measured for the v4 bands of trans-HONO and cis-HONO. These experimental data were also
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used to determine the parameters involved in the expansion of the v4 transition operators of the
trans-HONO and cis-HONO and to improve the quality of the existing line positions for these
two bands [14].

The present paper is organised in the following way. First, details are provided on the
experimental spectra recorded during the present study. Then, the line position investigation for
the v4 bands of trans-HONO and cis-HONO is described, followed by the absolute line intensity
measurements that led to the generation of transition moment operators for the v4 bands of both
conformers. The last part of the article describes the generation of the final line list, followed
by comparisons of computed absorption cross sections with those available in the PNNL
database [12]. Spectra calculated using the line list generated in the present work and the “Old”

one are compared with some of the high-resolution spectra recorded.

2. Experimental details

Absorption spectra of nitrous acid have been recorded using the Fourier transform
spectrometer (FTS) and a scanning THz spectrometer, coupled and operating simultaneously
on the same sample in the same absorption cross cell made of inert materials, in the QUASARS
project located at the LISA facility in Créteil (France). As this setup is fully described elsewhere
[20], only a few relevant details are given here. The setup involves a newly constructed
temperature-controlled (200-350 K) cross-shaped absorption cell made of inert materials. The
cell is traversed by the mid-iR beam from a high-resolution Fourier transform spectrometer
along a White-type optics providing absorption path lengths from 2.8 to 42 m and by a single
pass (40 cm) of a THz radiation beam (82.5 GHz to 1.1 THz range). The two absorption
channels therefore probe simultaneously the same gaseous sample at the same temperature and
total pressure. The THz channel can record pure rotational lines of the chemically unstable
HONO molecule, for which the (absolute) line intensities were previously determined [15].
This allows a precise determination of the partial pressure in the gaseous mixture, and therefore
an absolute calibration for the line intensities at 11 pm.

The IR measurement channel was used to record spectra of HONO in the 11 um region.
The FTS was equipped with a silicon carbide Globar source, a KBr/Ge beamsplitter and an
optimized home-made MCT detector [21], using cold aperture, focusing optics and bandpass
optical filter of 650-960 cm™ to improve the signal-to-noise ratio (S/N). The FTS was
continuously evacuated below 7 Pa by a dry pump to minimize absorption by atmospheric

gases. The diameter of the entrance aperture of the spectrometer was set to 1.7 mm, to maximize
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the intensity of IR radiation falling onto the detector without saturation or loss of spectral
resolution. Interferograms were recorded with a 80 kHz scanner frequency and a maximum
optical path difference (MOPD) of 428.57 cm. According to the Bruker definition (resolution
= 0.9 / MOPD), this corresponds to a resolution of 0.0021 cm™. The spectra were obtained by
Fourier transformation of the interferograms using a Mertz-phase correction, 1 cm™ phase
resolution, a zero-filling factor of 2 and no apodization (boxcar option).

As HONO is adsorbed and reacts on metal or oxidizable surfaces [22], the cell body and
all surfaces in contact with the gas to be measured are constructed of glass,
polytetrafluoroethylene (PTFE) or PTFE-coated metal parts. The optical windows are made of
silica for the viewports, diamond for the IR windows and PTFE for the THz windows. For the
present work, the IR optical path length was set to 5.52 (2) m and all the spectra were recorded
at room temperature (294 + 1 K). The inner cell and gas manifold are evacuated with a turbo
pump down to 3x10 hPa and the cell pressure is measured either with a 1.1 or 11 hPa range
capacitive gauge with ceramic membrane (Pfeiffer, Asslar, Germany), with a reading accuracy
of 0.15% according to the manufacturer’s specification.

The following procedure was used for the measurements. A background spectrum was
first recorded at a resolution of 0.02 cm™ while the cell was being continuously evacuated. Then,
HONO was directly synthesized in the absorption cross cell by mixing measured amounts of
NO, NO3, and gaseous H>0, thus following the procedure of Ref. [16]. NO2, H.O and NO were
successively introduced into the cell with a mixture composition involving on average 23.76%
NO2, 31.56% H20 and 44.68% NO. The reaction evolved spontaneously towards the formation
of HONO and, after about 1h, the equilibrium was reached and the reaction stopped evolving,
reaching proportions of 0.3-0.7% of HONO. Spectra were recorded for six different HONO
equilibrium mixtures. The six pressures chosen and the number of interferograms recorded and
averaged to yield the corresponding spectra are listed in Table 1. All the sample spectra were
ratioed against the empty cell background spectrum. The root mean square (RMS) S/N in the
ratioed spectra ranged between 250 and 500.

The spectra were calibrated by matching the measured positions of 30 lines of residual
CO2 and HNOgz observed therein to reference wavenumbers available in HITRAN [10] with a
root mean square (RMS) deviation of 0.00011 cm™. The absolute accuracy of the measured
HONO line positions was estimated as the square root of the sum of squares of the accuracy of
the reference CO2 and HNOjs line positions in HITRAN (better than 0.0001 cm™) plus twice the
RMS deviation between the observed frequencies and values listed in HITRAN for CO; and
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HNOj3, yielding in total 0.00024 cm™. Figure 1 provides an overview of the HONO spectra
recorded in this work. The distinctive shape of the A-type v4 bands of trans-HONO and cis-
HONO with their narrow Q-branches are clearly visible.

Simultaneously, on the same samples, we recorded the THz spectra of a few pure
rotational lines of nitrous acid to determine the partial pressure of HONO in the mixture. The
THz measurement channel uses a monochromatic THz source coupled to the measurement
cross cell, presently in a single pass configuration, orientated orthogonally to the IR
measurement beam. The source is an amplified multiplier chain (Virginia Diodes, SGX) that
can operate at frequencies from 82.5 to 1100 GHz, and is able to produce power levels from 0.1
W to 25 uW depending on the installed multiplier stages. For the present work, the stage
covering 250-375 GHz was selected as a good compromise between the available source power
and HONO molecular line strength. The divergent beam is collimated by a 50 mm focal length
TPX lens and propagated through the measurement celi. A second identical TPX lens is used
to focus the beam onto a Quasi-Optical Detector (QOD). The QOD is sensitive to frequencies
from 100 GHz to 1 THz, and has a responsivity of 200 V/W in the band used in this study. In
order to isolate the molecular signal, the source is modulated directly by the microwave
synthesizer. Two different modulation schemes [amplitude modulation (AM) and frequency
modulation (FM)] can be employed, both of which use a lock-in amplifier to extract the
measurement from the detected signal. In the present work, we have used frequency modulation
and as a result the signal measured by the lock-in at the frequency of the applied modulation is
close to the first derivative of the absorption profile [23]. The signal is obtained at twice the
modulation frequency (2F) giving a profile close to the second derivative. Greater sensitivity is
achieved because baseline effects are strongly suppressed. The instrument is controlled by a
dedicated computer program to instruct the synthesizer frequency, and record the detected
signal. A small frequency step is applied to build a complete spectrum point by point. In total,
we recorded the THz spectra of 6 pure rotational lines of nitrous acid centred at 297.061,
310.010, 329.926, 340.447, 342.202 and 361.821 GHz. As an example, Figure 2 presents a pure
rotational line of cis-HONO recorded at different total pressures of the mixtures with a
modulation depth of 1080 kHz and a 2F modulation frequency with F = 17.013 kHz. A

broadening of the lines is observed, limiting the measurements to a total pressure of 2 hPa.

3. Line positions
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We used the Fourier transform spectra recorded during this work to perform a new
extended investigation of the v4 bands of trans-HONO and cis-HONO.

During this analysis, the energy levels of the ground states of trans-HONO and cis-
HONO were computed using a Watson’s A-type Hamiltonian written in the I" representation.
For the energy levels of the 4'excited states, this was also the case for trans-HONO as well as

during the preliminary step of the computation for cis-HONO.

As far as the ground states of these species are concerned, we used, without
modification, the rotational and centrifugal distortion constants? reported by Dehayem et al.
[13] for the ground vibrational states of trans-HONO and cis-HONO. The first line positions
assignments for the v4 bands were performed using the predictions provided in our “Ol1d” line
list, that is based, for the upper states rotational parameters, on the results achieved in Ref. [14]
for the v4 bands. Let us remind that this “O1d” line list involves both A- and B-type transitions
for cis-HONO and only A-type transitions for trans-HONO. Indeed, as in Ref. [14], searching
for B-type transitions for the v4 band of trans-HONO proved to be unsuccessful.

It appeared quickly that the observed line positions differ from the 2019’s prediction.
Therefore, it was clear that the vibrational and rotational parameters of the 4! states needed to
be updated, and this was done iteratively through series of least squares computation performed
on the experimental energy levels.

For both conformers, the set of 4! observed upper state energy levels were obtained by
adding the first observed line positions to the calculated ground state levels and introduced in a
least squares fit calculation in order to get an improved set of 4! rotational parameters, and
therefore an improved prediction for the v4 line positions, and therefore new assignments. By
successive iterations, the analysis could be pursued to its end without difficulties for trans-
HONO, but was slightly more complicated for cis-HONO. Indeed, to correctly predict the line
positions for the transitions involving high Ka values of cis-HONO, we had to account for an
unexpected B- type Coriolis resonance that couples together the 4' and 6! rotational energy

levels.

2 As mentioned in Ref. [16], we noted a typing error in Table 2 of Ref. [12] for cis-HONO,
and we used Hk;=-0.678 x10° cm™, instead of Hx;=-0.0678 x10° cm™.
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The global results of this analysis, in term of upper J and Ka values in the 4 upper states
of trans-HONO and cis-HONO are described shortly in Table 2. One can note an improvement
in term of the J and K, rotational quantum numbers coverage, as compared to the previous
investigation performed in Ref. [14], since at that time the analysis was performed up to J= 50
and K = 16.

For trans-HONO, the 4! energy levels were computed using a simple Watson type
rotational Hamiltonian. However, for the cis-HONO conformer, we noticed that the energy
levels computation was not fully satisfactory. More explicitly, significant discrepancies, up to
0.009 cm™, were observed for the series of energy levels of the 4! state that involve, as rotational
quantum numbers, Ka= 14 and rather high J values (31 <J < 36). It appeared that this is due to
a local (AKa = 3) B type Coriolis resonance that couples together the Ka= 14 energy levels of
the 4! state together with those in Ka= 17 of the 6! state. In Ref. [24], we investigated the v
band of cis-HONO, and at this occasion, the strong A--and B-type Coriolis interactions linking
together the energy levels from the 6! vibrational state with those from the 5! one were
accounted for. For these reasons, the present final 4* energy levels computation involves three
interacting states {5¢, 61, 4'}, and the form of the Hamiltonian matrix is given in Table 3. In the
least squares fit computation we introduced the 4! energy levels together with those belonging
to the 6 state that were observed during our previous investigation of the ve band of cis-HONO
[24]. Let us remind that at this occasion the identification of the very weak vs band was
impossible for cis-HONO.

The set of position parameters (vibrational energy, rotational constants, centrifugal
distortion constants) that were obtained during this least squared fit for the 4! vibrational states
of trans-HONO and cis-HONO are gathered, together with their associated uncertainties, in
Tables 4 and 5, respectively. These Tables provide also the comparison with the values
obtained previously for the same constants in Ref. [14].

The results of our energy level computation are quite satisfactory for trans-HONO since
96.3% of the 785 levels were reproduced within 1x10 cm™ and also satisfactory for cis-
HONO. Indeed, 99.2 % of the (825) levels of the 4! levels and 86.4 % of the (661) of the 61
energy levels were reproduced with the 1x10° cm limit. The root mean square is of 0.288 x10°

3 em™ and 0.235x102 cm for the trans-HONO and cis-HONO computation, respectively.
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Accounting for this additional 4! < 6! (AKa = 3) B-type Coriolis resonance does not
change significantly the quality of the computation for the 6 energy levels, nor the values of
the parameters describing the 5! <> 6! interacting states, as compared to the results of Ref. [24].

On the contrary, considering this resonance increases the quality of the computation for
the 4 levels. Indeed, for the series of levels involving Ka = 14 the differences between observed
and computed energy levels goes down to less that less than 0.5 x 10 cm™, to be compared to
the large Obs-Calc up to -0.009 cm™ for J = 36 achieved when this resonance is ignored. In
parallel, the percentage of mixing of the 4! wavefunctions of levels involving Ka= 14 with those
from 6 involving Ka= 17 increases with J, from 0% for J = 30 up to 2.05 % for J = 36.

It is necessary to compare, relative to Ref. [14], the quality of the prediction provided
by the constants obtained in this work for the 4! state of transs-HONO and for the {5,6,4'}
interacting states for cis-HONO.

For this, we made a direct energy level computation using the v = 4! vibrational energies
and rotational constants that are collected in Table | of Ref. [14] for trans-HONO and cis-
HONO. As expected, the computed line positions for v = 4! differ from the observed ones for
the high Ka values. Indeed, our analysis of the v4 bands was pursued up to higher Ka values for
both conformers than in the previous investigation.

However, for both trans-HONO and cis-HONO we also noticed significant
discrepancies between the observed and computed values for energy levels involving very low
Ka values (Ka < 1) starting from the medium J values (J > 25). To illustrate this point, Fig. 3
presents, for trans-HONO and cis-HONO, the plotted differences between the computed and
observed v = 4! energy levels that involve Ka = 0. When inspecting Tables 4 and 5 it is clear
that several centrifugal distortion parameters achieved in this work differ, within their estimated
uncertainty, from the values achieved in Ref. [14]. According to several test calculations, we
identified the &; centrifugal distortion parameters for the v = 4! states of trans-HONO and cis-
HONO [14] as the responsible for the largest discrepancies.

As a conclusion it is clear that making a new high resolution detailed analysis of these

va bands was quite useful for getting more accurate line positions.

4. Retrieval of line intensities and uncertainty analysis
4.1. Determination of HONO partial pressure for quantification of the 11 um region
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The THz spectra of the 6 pure rotational lines of nitrous acid were analyzed using a
program developed for this purpose. As this software will be described in a separate publication,
only a very brief description is provided here. The program can calculate or fit amplitude or
frequency modulated (2F) THz absorption spectra, dealing with any number of spectral ranges
belonging to the same or different spectra. Observed spectra are modeled as the convolution of
the molecular transmission spectrum with an instrument line shape (ILS). The ILS is a Gaussian
of adjustable width for the amplitude modulated spectra and is modeled according to Dore [25]
for the 2F frequency modulated spectra. Figure 4 displays an example of the result of fitting the
second harmonic profile of the pure rotational transition of cis-HONO shown in Fig. 2. In the
adjustment, the line intensity was held fixed to the value calculated using the expansion of the
permanent dipole moment [15], while the mixing ratio of the HONO molecule was fitted, as
well as the effective broadening coefficient by the buffer gas in the mixture (mainly NO2, H.O
and NO). For a line belonging to the active molecule (HONO), the pressure induced broadening
is calculated according to

v = [bY(self) x + bO(buffer) (1 — x)]Pror Eq. (2)
where x is the mixing ratio of the active molecule, P,,, is the total pressure, b?(self) is the self-
broadening coefficient and b?(buffer) the effective buffer-gas broadening coefficient. Given
the small HONO partial pressure, the self-broadening contribution is very weak in comparison
to buffer-broadening contribution, so it was fixed to 3 MHz/hPa. The absence of signatures out
of the spectral noise in the residuals presented in Fig. 4 indicates that the Voigt profile is
adequate to fit the observed line. The partial pressure of HONO in the gas mixture is determined
from the mixing ratio:

Prono = X X Prot Eq. (3)
From Eq. (3), we deduce the absolute uncertainty on the partial pressure of HONO, according
to the formula:

APtot
Ptot

APyono = (Ayx + ) X Pyono Eq. (4)
Ax is given by the standard deviation of the fit and AP, is obtained from the accuracy on the
total pressure reading. For this experiment series, total nitrous acid partial pressures ranging
from 0.00131 to 0.01431 hPa were determined and given with their uncertainty in the third
column of Table 1. On average, the relative uncertainty on the partial pressure of HONO is
equal to 2.3%. These partial pressures are used for absolute IR line intensity determinations, as

explained below.
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4.2. Retrieval of line intensities in the 11 um region

The IR line intensities were measured using a multi-spectrum fitting program developed
previously in Brussels [26, 27]. This program adjusts spectroscopic (e.g. line positions,
intensities and widths) and spectrum-specific (e.g. baseline) parameters to best-fit synthetic
spectra to the observed spectra using a Levenberg-Marquardt non-linear least squares fitting
procedure. Each synthetic spectrum is calculated as the convolution of the molecular
transmission spectrum with an instrument line shape function, which includes the effects of the
finite maximum optical path difference and of the finite source aperture diameter of the
interferometer. In the present work, no deviation from this model instrument line shape was
observed using the nominal aperture diameter of 1.7 mm. The molecular transmission spectrum
was generated on a wavenumber grid characterized by a point spacing 4 times smaller than in
the corresponding observed spectrum. After convolution with the instrument line shape
function, only the calculated spectral points corresponding to observed spectral points were
retained. The background in each spectrum was represented by a polynomial expansion up to
the second order (a constant or an affine function was however found sufficient in most cases),
and the profile of the lines was modeled using a VVoigt function [28] with Gaussian width always
held fixed to the value calculated for the Doppler broadening. The measurements were carried
out on spectrally restricted intervals, ranging from 0.07 to 0.3 cm~tand containing either a single
or several lines. The fitted line parameters were the positions, intensities, and buffer-broadening
coefficients. The pressure induced broadening is calculated according to Eq. (2). The self-
broadening and self-shift coefficients of all the lines were set to 0.1 and 0.0 cmatm™,
respectively. The buffer-broadening coefficient of all the lines was initially set to 0.2 cmatm~
! aslightly higher starting value was chosen after some trial and error cycles, which is justified
by the greater dipole moment of the main mixture components. The required initial values of
the positions and intensities of trans- and cis-HONO lines considered in the present work were
generated during the present study for the positions, and from our previous investigation [6] for
the intensities. The HONO partial pressures were those determined from our THz analysis, and
their values were kept constant to fit the line intensities. Intensity measurements were made for
six spectra at different HONO equilibrium mixtures (see Table 1). Figure 5 presents an
example of the results of a fit for the spectrum S2 recorded at 294 K. It contains three lines
observed in the spectral range 803.69 to 803.81 cm™ and a total of ten fitted parameters. The

absence of the molecular signatures in the residuals suggests that the Voigt profile is adequate
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to fit the observed lines at this level. Finally, in this work, 452 individual lines for trans-HONO

and 568 for cis-HONO were carefully measured.

4.3. Uncertainty analysis

Examination of the fit residuals shows that they are generally less than 2%. However,
to estimate the accuracy of the measured intensities also requires considering the uncertainties
on the physical parameters, contributions from possible systematic errors [29] as well as the
uncertainties derived from the fits, taken as the standard deviation. The various sources of error
considered in the present work and their associated uncertainties expressed relative to the line
intensities are given in Fig. 6 for three strong, medium and weak selected lines, representative
of the 1020 measured lines, i.e. °R (17,1), °R (14,10) and 9P (16,12). Figure 6 shows that
pressure, systematic errors and the standard deviations of the fits are the main sources of error.
The dominant contributions to the systematic errors arise from shifts in the location of the full-
scale (100%) photometric level or measurement noise. The effect of noise and small baseline
offsets in these were also considered. The 0% level could be checked readily and the 100%
level fitted on the spectra in regions without absorptions. In the end, for systematic errors, an
arbitrary, but conservative estimate of 2% of the line intensities has been retained here. For each
transition, we then calculated an upper limit for the overall uncertainty based on the maximum
uncertainty of the individual experimental parameters, i.e. &si (sample purity), & (temperature),
ep (pressure), ep (pathlength), et (standard deviation from fit) and esys (Systematic errors),

assuming that these uncertainties are uncorrelated:

= \/8521- +ef +ed+ ey +efy +Ed Eq. (5)

Using Eg. (5) and the experimental relative uncertainties involved, the estimated overall
uncertainty (estimated accuracy) for each of the 1020 line intensities measured was calculated.

On average, the estimated accuracy for line intensities is equal to 5 %.

5. Line intensity calculations

The method used to compute line intensities for HONO was already described in detail

in Ref. [15]. However, the equation used to describe the line intensity of a given line of
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H®OMN¥Q in a “natural sample” of nitrous acid (in cm™/(molecule. cm2)) differs slightly, for

trans-HONO and cis-HONO. For the trans-HONO conformer form, this intensity is given as:

transy, N _ 87V _ __hcy __hcEp) B
kg (T) = aiso 4mey3hcTotzZ(T) Gnuct (1 exp( kT)) exp( kT )RA Eq. (6)

while, for the cis-conformer form, we used a slightly different expression:

Cispd (T) = exp (_ M) v

kT
8n3v hcy hcE
iso groneTotzer) Inucl (1 —exp (— E)) exp (— kTA) R} Eq.(7)
_ . hcAE,,
Indeed, for the cis-conformer, Eq. (7) includes the “ exp (— kfl'f‘”ans J ” term to account for

the definition of the J = O level of the cis-conformier relative to the trans-one. In these
expressions, the letters “A” and “B” and ""Ea(J, Ka, Kc) and ""Eg(J, Ka, Kc) (respectively,
“SEA(J, Ka, Ko) and “*Eg(J, Ka, Kc)) are the upper and lower computed wavefunctions and
energies of the levels relatively to the J = 0 energy level for trans-HONO (respectively, for cis-
HONO) using the parameters quoted in Tables 1 and 2 of Ref. [13] for trans-HONO and cis-
HONO, respectively. Indeed, accordingly, the definition of the lower level and upper level of

the transition, EL and Ey respectively, differ for trans-HONO and cis-HONO, since one has:

transg, —transg (3, K, Ke) and MSEy = YSER(J, Ka, Ko) Eq. (8)
and
CSEL = SSEA(J, Ka, Kc) + AEcis-trans and ©SEy = ““Eg(J, Ka, Kc) + AEcis-trans Eq. (9)
In addition,
o ¥ is the wavenumber in cm, and one has:
vV = (Es-Ea) = (EL-Ev) Eqg. (10)
. a;s, = 0.9937 is the isotopic abundance of H®ON®0 in a “natural sample” of nitrous
acid.
o gnuel IS the nuclear spin factor, which is set to a constant value (gnue = 1) for all rotational

levels of the cis- and trans-HONO, will be omitted in the rest of the discussion. This is because
we do not consider here the hyperfine structure due to the non-zero nuclear spin for hydrogen

and nitrogen.
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o T0t7(T) is the “total” partition function of HONO at the temperature T, which includes

a contribution from the trans- and cis-conformers, ""Z(T) and ©$Z(T), respectively.
TotZ(T) = tra\nsZ(T)_,_cisz(-l-)>< cis-transZ(T) Eq. (11)
In this latter expression, the term

cis-transz(T) = exp(_ %) Eq. (12)

accounts for the population ratio of the rotational levels of cis-HONO relative to those of trans-
HONO, because of the convention adopted for the J = 0 level of cis-HONO. This term was
computed using the value AEcis-trans = 95.8 £ 9.2 cm™ [15].

In addition, ""Z(T) and ®Z(T) in Eq. (11) are the “classical” vibration-rotation
contributions of trans-HONO and cis-HONO that are computed as usual [30] in the Harmonic
Oscillator Approximation (HOA) as the product of its vibrational and rotational contributions,

i.e. for the trans-form and cis-form, as:

tl’anSZ(T) = tl’:’:\I‘lSZVi b(T) X transZRot(T)
and S5Z(T)= Zyin(T)x “*Zrot(T) Egs. (13)

More details on the computation of the ™Z(T) are provided in Ref. [15]. In the present work,
we used the numerical values T™Z(296K) = 14302.75 and ™Z(294K) = 14098.99 quoted as
Supplementary data of that paper.

o In Eq. (6) (resp. Eq. (7)), the trans- (resp. cis-) Ri factors, are the square of the matrix

element of the v4 transformed transition moment operator ,u'z for the trans-conformer (resp.
cis-conformer). For the trans-conformer form, one can write:
— , w2
R = [(4,J KaKel ™" u' 10,]" KoKc)|™ Eq. (14)

where 4> and |0> are the upper and lower vibrational states of the transition, and %™y, is
the Z-component of the transformed transition moment operator for the trans-conformer form

[31]. A similar expression can be written for cis-HONO.
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Both the trans-HONO and cis-HONO are planar Cs-type molecules, and following
symmetry considerations, both A- and B-type rotational transitions are to be observed for the
far infrared bands with (AKa = 0, AK¢ = £1) and (AKa: = +1, AK: = £1) selection rules,
respectively, on the K, and K¢ rotational quantum numbers. In fact, the search of B-type
transitions for the v4 band of trans-HONO proved to be unsuccessful. The method used to
expand the v4 transformed transition moment operators is described in detail in Ref. [31]. The
terms that proved to be of significant contribution to the observed intensities are given in the

next two equations:

transy " = transyd x @, + g x 1/2({@y, iy} — {ioy. Jx})  Ea. (15)
“Su' =Suf X @, + Buft x g, + Sug x 1/2({ew iy} - liey.Jx})  Eq. (16)

The experimental line intensities measured during this work for the v4 bands of trans-HONO
and cis-HONO were introduced in two least squares calculations. The values obtained for the
parameters appearing in the Egs. (15) and (16) are quoted in Table 6. The statistical analysis of

the results of these computations is provided in Table 7.

6. The new line list for the v4 bands of trans-HONO and cis-HONO conformers
(a) Generation of the list of line positions, line intensities, and line shape parameters for

the v4 bands of trans-HONO and cis-HONO conformers

The method used to generate the complete line list of the v4 bands of HONO was already
described in Ref. [6, 14]. The upper and lower state energy levels were computed using the
constants that are collected in Tables 4 and 5 for trans-HONO and cis-HONO, respectively.
The line intensities were computed at 296 K for a minimum limit of 5x10% cm™*/(molecule.cm”
2), and we used the dipole moment operators that are described in Table 6. It is important to
remind at that point that we used the more recent and precise AEcis-trans = 95.8 + 9.2 cm™ value
[15], instead of AEcis-trans = 147 cm™ in Ref. [6].

This line list, generated in the HITRAN format [10], also includes line shape parameters. There
exists, to our knowledge, no experimental or theoretical estimation of these data in the literature.
It appears that the permanent dipole moments of trans-HONO and cis-HONO have values,
Trans; ), = 1.930 D and o = 1.428 D, respectively [19], that are close to the water permanent
dipole value (po = 1.855 D [32]). Therefore, as it was done in Ref. [6], the “a priori” values:
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yair = 0.1 cm™Y/atm, yseir = 0.4 cm /atm, and nair = 0.7 Eq. (17)

that are similar to those of water, were implemented for the air-broadened half-width, self-
broadened half-width and the temperature dependence exponent of the air broadening,

respectively.

Table 8 provides a brief description of the line list, in terms of number of lines, frequency
range, band intensities and maximum intensities, discriminating for cis-HONO the contribution
of the A-type and B-type components. Please note that, because of the existence of vibrational
rotational resonances coupling together the {41,5!,6'} vibrational states for cis-HONO, several
(very weak) AKa= 2 or AK4= 3 forbidden transitions of the vs and ve bands are predicted by our
calculation in the 11 pum region for cis-HONO. Note that cis-HONO possess at 15.6 pum an
infrared signature that is similar in strength to the 11 um one, and corresponds to the ve band
centered at 639.7432 cm™* [24]. Future studies should focus in more details than in Ref. [24] the
line intensities 15.6 um region.

b) Estimation of the uncertainties on the computed line positions and intensities

Considering that the energy level computation was quite satisfactory, we estimate that
the line positions for both conformers are predicted within an accuracy that is better than ~
0.001 cm™ for lines involving J <45, Ka < 15. Indeed, these lines correspond, more or less, to
the range of energy levels that were covered by our analysis. As usual, the accuracy is only

about ~0.003 cm™?, for transitions involving higher rotational quantum numbers.

For the line list, that is generated at 296 K, we estimate the relative uncertainties on the
line intensities at 7 % (resp. 9 %) for va4 transitions of trans-HONO (resp. cis-HONO) conformer
involving low to medium J and Ka values (J < 30, Ka < 10), and at 9 % (resp. 15 %) for
transitions involving higher values of the rotational quantum numbers. These estimations are
based on the estimated accuracy associated with the experimental line intensities and on the
quality of the model. Indeed, for cis-HONO, the intensity calculation is more complicated than
for trans-HONO, considering the existence of A-type and both B- type component for cis-
HONO.

c¢) Impact of the uncertainty associated to AEgis-trans fOr the computed line intensities
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One has also to evaluate the impact, for the intensities, that is linked to the uncertainty
associated to the cis- to trans-HONO energy difference (AEcis-rans = 95.8 + 9.2 cm™ [15]). A
modification of the AEcis-trans Value induces a change for the lower state energies for the cis-
HONO lines (see Eq.(9)) and of the computed total partition function ™Z(T) values at a given
T temperature. These entities contribute to the intensity calculations, the least squares fit
performed, in such conditions, on the experimental line intensities (see paragraph 5) leads to

numeral values, for the ,uf intensity parameters, that differ from those presented in Table 6.
These ,uf values are adjusted to compensate, for the recalculated intensities, the changes

induced by AEcistans. In our case, the experimental intensities used for our fit were established
at a temperature value (T=294 K), and the impact on the final intensities, established at T=296
K is of course marginal.

On the contrary, the uncertainty affecting AEcis-trans affects somehow the temperature
dependence of the line intensities. This is illustrated in Table 9 where we compute the v4 band
of trans-HONO and cis-HONO for a test temperature of T=230 K and for different values of
AEdcis-trans.

At 230K, using AEgis-trans= 86.6 cm™ (resp. AEcis-rans=105 cm™?) instead of AEcis-trans=95.8 cm™
affects mainly the cis-HONO line intensities that increased for about +1% (resp. decrease for

about -1%).

Int(cis—HONO,T)
Int(trans—HONO,T)

Also, we note, also that, for AEcis4ans=95.8 cm™, the intensity ratio R(T)=

between the cis-HONO and trans-HONO va4 band intensities at a given T temperature goes
down from R(296K)= 1.1295 to R(230K)= 0.9855, proving that the temperature dependence of
the intensities is not negligible.

7. Comparison with the line list generated in Ref. [6]:

(a) Band intensities and the PNNL cross sections:

The previous line intensity calculation [6], hereafter defined as the “Old” line list, was
performed by scaling in absolute the line intensities relative to the PNNL cross sections [12,

16], which corresponds to the integrated band intensity "NNES (11 um, 296 K)=2.862 x101" cm
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YY(molecule.cm? at 296 K in the 720-920 cm™ spectral region. This value includes
contributions from the cold v4 bands of trans-HONO and cis-HONO, together with those from
their associated hot bands. In Ref. [6], we could numerically estimate the relative intensity
contribution to PNNLS (11 um, 296 K) that is due to the cold v4 bands of trans-HONO and cis-
HONO using the vibration partition functions, ""Zyix(T) and “Zvix(T), of trans-HONO and
cis-HONO respectively. These values differ marginally in values at 296 K, and for the whole
11 pm region one can use the value:

Zvib (296 K) ~ 1.16738, Eqg. (18)

that is the mean value of ""Zyi,(T=296 K) and “*Zvin(T=296 K).
Accordingly, one has:
(O1tEs|nt (vy, 296 K) + 91481t (v, 296 K)) ~ PNNES(11 um, 296 K) / Zvin (296 K) Eq. (19)

In Eqg. (19), the CldtaS|nt (v4, 296 K) and ©'4-C8Int (va, 296 K) band intensities are computed, as
usual, by summing the individual line intensities of the v4 cold bands. The relative trans to cis
contribution to the intensities at 11 um was determinated by using the PNNL cross sections.
Also, we used the information provided in Ref. [14] to estimate the relative contributions
of the A-type to B-type character of the v4 bands. Indeed, the v4 band of trans-HONO is an A-
type band, while for cis-HONO both A- and B-type contributions are to be considered. In this
way the following values for the band intensities (in cm™/(molecule.cm™)) at 296 K were

achieved for the hybrid v4 bands of trans- and cis-HONO:

Old-trans| g a e (va, 296 K) = 1.211 x10°Y7,
OId'CiS'ntA-type (v4, 296 K) = 1.108 Xlo-ﬂ’
Old-Cis| 1t ype (va, 296 K) = 0.133 x10 Egs. (20)

And therefore
OMInt (v4,296 K) = Oldtans|nt (v4,296 K) + O1-C8Int (v, 296 K) = 2.452 x10"Y  Eq.(21)

When comparing these “Old” values [6] with those of Table 8, it is clear that, the present
calculation leads to intensities that are larger than those estimated in Ref. [6]. More precisely,

one has:
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NeWInt (v4,296 K) /°MInt (v4,296 K) ~1.23 Eq. (22)

Therefore, when accounting for the contribution of the hot bands we obtain a computed
total integrated band intensity at 11 pm NWS(11 um, 296 K) (see Egs. 18 and 19, and Table
8) that is also ~23 % larger that the PNNL value [12]. Actually, this 23% increase of the band
intensities is due to differences between the outputs of our “New” measurements and those of
Kagann and Maki [16]. This is because the PNNL absorption cross sections [12] were
calibrated in absolute relative to the band intensities obtained by Kagann and Maki [16].
Considering the difficulty to estimate the partial pressure of the various impurities (water, NO,
N20, NO: etc..) present in the cell together with HONO during laboratory measurements, one
may consider this 23 % disagreement as reasonable.

Fig. 7 provides an overview of the comparison of the PNNL absorption cross sections
[12] with those computed using the line lists generated in Ref. [6] and in the present work. For
an easier comparison, the “old” and “new”” individual line intensities were multiplied by a Zvib
(296 K) constant factor (see Eq.(18)), to account, in absolute, for the hot bands contribution. In
addition, in the ”"New” line list, the intensities were also divided by a constant factor of 1.23,
and this is because the new intensities are, on the average, about 23 % stronger than those
computed previously [6]. One can see that at the resolution of the PNNL cross sections (about
0.1 cm™) the two computations differ in a rather soft behavior. Clearly, the W-type signatures
that are observed in the “Obs-Calc” differences are due to, presumably, the presence of hot
bands and/or to the existence in the Q branches of line mixing effects which are not accounted

for by either the “Old” [6] or “New” computations.

(b) Comparison with the high-resolution spectrum recorded during this work.

Figure 8 provides an overview of the high-resolution Fourier transform spectrum in the
740-900 cm™ region, together with the line by line models performed using the “Old” [6] and
new line lists. The bottom trace in the same figure gives the difference between the two
computations, and the largest differences in positions correspond mostly to lines that involve
low Ka (Ka= 0, 1 and 2) for both conformers. This is because, for the line positions, our “Old”

computation was based on the rotational constants of Ref. [14]. Figs. 9 to 13 provide detailed
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views in different spectral regions. It is clear that the new computation is of better quality than

the previous one.

8. Conclusion

In the present work, we performed a new high-resolution investigation of the v4 bands
of trans-HONO and cis-HONO. The line position analyses enabled us to improve the quality
of the vibrational energies and rotational constants that exist for the 4* states of both conformers.
Individual line intensities were measured for the v4 bands. These experimental intensities were
calibrated in absolute using the method described in Ref. [20] and, then introduced in a least
squares fit computation to get the expansion of the transition moment operators of the v4 bands
of trans-HONO and cis-HONO. These improved line positiorn and line intensity parameters
were used to generate an improved line list for the v4 bands of trans-HONO and cis-HONO. In
this new line list, the intensities are on the average about 24 % stronger than in our previous
version of the same list that was scaled in absolute relative to the PNNL cross sections. This
new list is available upon request. Indeed, before diffusing this updated version of 11 um list
for HONO to the whole community, we project to test its quality as compared to its preliminary

version [6] through identification of HONO signatures in atmospheric spectra.

Supplementary data

List of assignments for the v4 bands of trans-HONO and cis-HONO.

Energy calculation for the 4! vibrational energy levels of trans-HONO and cis-HONO.

List of experimental line intensities and computation for the v4 bands of trans-HONO and cis-
HONO.
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List of Tables

Table 1.

Total pressures in the equilibrium mixtures, derived partial pressures of HONO (in hPa) and
number of interferograms averaged to yield the corresponding spectrum (# scans). All the IR
spectra were recorded at a resolution of 0.0021 cm=! (equal to 0.9 divided by the maximum
optical path difference), at 294 + 1 K, an optical path length of 5.52 (2) m and an entrance
aperture diameter of the interferometer equal to 1.7 mm. The uncertainty on the partial pressure
of HONO takes into account the standard deviation from fitand the reading accuracy of 0.15%
on the total pressure, according to the manufacturer’s specification.

# | Total pressure in | Prono (hPa) | # Scans
the mixture (hPa)

S10.4105 () 0.00131(2) | 1840
S2 [ 0.7155 (11) 0.00272 (5) | 1910
S3 | 1.0151 (15) 0.00466 (10) | 1230
S4 | 1.3126 (20) 0.00677 (17) | 1830
S5 | 1.6052 (24) 0.00967 (26) | 1870

S6 | 2.0525 (31) 0.01431 (47) | 1870
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Table 2.
Results of the present assignment for the v4 bands of trans-HONO and cis-HONO
trans-HONO cis-HONO

Number of (non- 1401 1863

degenerate lines)

Number of levels 785 825
Kamax 19 18

Jmax 55 61
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Table 3.

Hamiltonian matrix

The {5%, 6%, 4!} resonating states for cis-HONO

51 61 41
5! Hw Herm. conj
6! CA+CB Hw Herm. conj
4t ce Hw

Hy = E, +[A" = 1/, BV + C)JZ + 1/, (B” + C¥)J* + 1/, (BY = C¥)J3,
—ARJF — ARJZ)R = A7) — Sp{I2 )%} — 281 1%)°

+HJS + HYJ2? + Hig22)? + HP )

+h {25} + higUZ Ja P + 2012, %)% +...

Clo=Cy, + CAII )} + C3T ..

€8 o = Y, + CRALil, ).} + CRi ) ) -
C84=Cop- U —T3).

with {A Bj=AB+BA and j2, =2 —J2 and J7 = J,£i/,



Table 4.

Vibrational band center, rotational and centrifugal distortion constants for the ground state

[12] and for the 4! state of trans-HONO during this work and in Ref. [13].

Ground state 4t 4t
Dehayem et al. [13] This work * Kleiner et al. [14]

Ev 790.117130(18) 790.117045(32)
A 3.09854472 3.118844849(900) 3.1188516(13)

B 0.417788103 0.415681332(590) 0.41568013(21)

3.67476366x10* 0.364982889(540) 0.36498572(18)

Ak 9.99541x10°° 1.0491138(730)x10* 1.04933(14)x10*
Ax 1.72610x10°° 1.03277(130)x10°¢ 1.0470(23)x10°
A 5.10440%10 5.007413(170)x10~7 5.0192(16)x10~7
8k 3.1076x10°¢ 3.45816(250)x10°° 3.514(10)x10°¢
& 6.8795%10°8 6.70838(110)x10° 6.5841(54)x10°®

Hx 1.0200x10°8 1.09882(150)x 10 1.0158(43)x10°®
Hk; -0.755x10°° -1.18782(460)x10° -0.7662x10°°
Hak -6.29x101 -7.2120(440)x101* -1.551(37)x10%°
H; -0.941x1012 -1.22611(540)x10 2 -1.081(46)x10%2
h -0.109x10°8 $ -7.78(26)x10°°
hks -0.89x10* $ -0.1464x101°
Lk -0.1144x10 $ 0.

#The results are in cm™ and the quoted uncertainties are one standard deviation.
$The higher order centrifugal constants are fixed to those of the ground state values [13].
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Part A: Vibrational band center, rotational and centrifugal distortion constants for the ground
state [13] and for the 4! state of cis-HONO in Ref [14].

Ground state 4t

Dehayem et al. [13] Kleiner et al. [14]

Ev 851.943054(32)
A 2.80533545 2.8250575(13)
B 0.439273052 0.43649429(22)

C 0.379067714 0.37562912(19)

A 6.53248x10° 6.9756(16)x10°
Ax -2.8796x10°7 -9.359(21)x107
A 5.68799x10~' 5.5755(17)x10~7
Ok 2.82768x10° 3.3894(85)x10°°
3 9.36594x10-% 9.5281(55)x10°®

Hk 5.397x10°° 5.388(62)x10°°
Hi -6.78x1010 -7.340(96)x10 10
H; -1.078x1071° 0.
hk 1.262x10°° 1.174(52)x10°°
hi -0.841x101 -0.6738x10°°
Lk -0.428x10712 0.

Note. The results are in.cm and the quoted uncertainties are one standard deviation.
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Part B: Vibrational band center, rotational and centrifugal distortion constants for the {5%, 6%,
4%} interacting states of cis-HONO (this work).

5t 6l 41
Ev 609.2262(17) 639.743309(94) 851.943054(32)
2.8031321(290) 2.79387439(310) 2.8250575(13)
B 0.43502101(860) 0.43479162(810) 0.43649429(22)
C 0.37486703(230) 0.377535790(680) 0.37562912(19)
Ax $ 6.03252(130)x10°  6.983936(840)x10°5
Ax $ +1.31661(440)x10° 9.5577(280)x107
Ay $ 5.91839(330)x107  5.593386(710)x10°7
8k $ 2.0356(300)x10°¢  3.57720(480)x10°®
8 $ 9.8508(240)x10°® 9.39308(55)x10°®
Hk $ $ 6.3202(230)x10°°
Hks $ $ 8.338(110)x1010
H, $ $ $
hk $ $ 1.0742(550)x10°°
hk $ $ $
Lk $ $ $
Coupling constants
5! & 6t
Jx 5.948(210)x10°2
{idy, 3:} 9.2287(300)x10*
{iJy, 3.} 3.219(170)x10°3
{idy, 1} I -4.376(130)x10°8
{idy, 3} &2 -5.0015(330)x 107
5t < 6!
gz -J3). 1.7601(720) )x10-¢

Note. The results are in cm~ and the quoted errors are one standard deviation. Constants marked

with $ were held fixed to the ground state values [13] during the least-squares fit.
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Table 6.

Transition dipole moment constants for the v4 transition moment operators for trans-HONO
and cis-HONO

This work Armante et al. [6]
trans-HONO ® | ¢cis-HONO ® trans- cis-
HONO @ | HONO
@
O 12 - 0.107291(970) 0.115
pf 0.287663(240) 0.353804(240) 0.256 0.332
1 14 | 0.1805(120)x10° -
/2({ox iy} 3 0.23025(960)x10
—{ioy.Jx}) 3
AEcis-trans ® 95.8+9.2 cm*! 143 cm’?
[15] [16]

@\alues in Debye (1 D = 3.33564 x 10-* C.m) and the quoted uncertainties are one standard deviation.

®)/alues of AEcis.ans that were used for the vy line intensity computations.



Table 7.

Statistical analysis for the line intensity computation.

Source trans-HONO | cis-HONO
Number of lines: | 452 568
0<6<8% 81.9 % 76.6 %
8% <06<10% 3.8% 55%
10%<8<20% |11.3% 10.7 %
20%<86<40% |3.0 % 7.2%

o= (|nt0bs-|nt(:a|c)/|nt0bs in %
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Table 8.
Results of the present line intensity and position computation at 296 K.
Conformer Type Nb of Band omin® | omax®
lines intensity®
va band | A-type 10027 | 1411 691.12 | 903.46
vsband | trans B-type n.n.
total 10027 | 1.411
v4 band | A-type 10911 | 1.459
cis B-type 12776 | 0.135
total 23731 | 1.594 723.60 | 1004.78
Ve C-type @ | 253 2.3 x10™ 744.84 | 951.24
lines®
Vs A-type® | 14 4.0 x10° 764.75 | 930.52
lines®
B-type® |12 3.5x10°
Total 33993 | 3.006

(1) Line intensities are given in 10"*"xcm?/(molecule.cm™) @ 296 K

(2) Wavenumber range in cm™

(3) The intensity threshold limit is 0.5x 102*xcm2/(molecule.cm™)

(4) For Cis-HONO these forbidden AKa = 2 or AK, = 3 transitions from the vs and ve
bands appear in the line list in the 11 um region just because of the existence of local
resonances coupling the 4* energy levels with those of the strongly resonating {52,
61} energy levels.
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Test computations of the v4 band intensities for trans-HONO and cis-HONO at T=296 K and
T=230 K, for different values of AEgis-trans.

AEcis- T'Z(T) | Band Band Band Ratio
ransH) intensity® | intensity® | intensity® cis/trans
Trans- Cis-HONO | Total
HONO HONG
958 | T=296K |14305.2 |1.411 1.594 3.006 1.1295
958 | T=230K |[8588.4 |1.633 1.609 3.243 0.9855
86. T=296K |14553.1 |1.411® 1.594) 3.006® | 1.1295®)
T=230K |87675 |1.627 1.625 3.252 0.9982
105. | T=296K | 14068.2 | 1.411® 1.594¢) 3.006® | 1.1295¢)
T=230K |[8419.3 [1.638316 |1.5939669 | 3.232 0.9729

D Value of AEcis-trans (in cm™) used for the different test calculations performed at T=296K

and T=230K (AEcis-trans =05.8+9.2 Cm-l).

@y, band intensities for trans-HONO and cis-HONO in 10*"xcm?/(molecule.cm™) @ T=296
Kor T=230 K.

® at 296 K our computed intensities differ marginally with AEcis-trans (S€€ text).
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List of figures

Figure 1.

Overview spectra of the entire v4 bands of trans- and cis-HONO recorded using high-resolution
Fourier-transform spectroscopy (resolution = 0.0021 cm, optical pathlength = 5.52 m, 294 K)
at different total pressures of the mixtures. The distinctive shape of the A-type v4 bands of trans-
HONO and cis-HONO with their narrow Q-branches are clearly recognizable.
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Figure 2.

Pure rotational transition ([16,0,16]-[15,1,15]) of cis-HONO at 361.821 GHz recorded at
different total pressures of the mixtures, a 2F modulation frequency of 17.013 kHz and a
modulation depth of 1080 kHz. The second harmonic signal is read in volts from the lock-in
detection. Its value not only depends on the line profile and the modulation depth, but also the
source power, detector responsivity, and amplifier settings. The response of a given
experimental configuration can be easily calibrated by measuring the reponse of a stable gas
with a well-known line strength.
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Observed-Calculated energies for the Ka = 0 levels of the 4! states of trans-HONO and cis-

Figure 3.
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Figure 4.

Upper panel: pure rotation transition ([16,0,16]-[15,1,15]) of cis-HONO at 361821 MHz
recorded at total pressure of 1.0151 hPa (S3), a modulation frequency of 17.013 kHz and a
modulation depth of 1080 kHz (open circles) overlaid with the corresponding best-fit calculated
spectrum (solid line) obtained using a VVoigt profile as model line function; lower panel: percent
differences between the observed and calculated spectra. The upper panel show the recorded
THz signal, again this is the second harmonic signal but here it has been multiplied by 107 to
aide its display.
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Figure 5.

Upper panel: small part of the spectrum of HONO lines (S2 in Table 1; open circles) overlaid
by the corresponding best-fit calculated spectrum (solid line) obtained with a source aperture
diameter of 1.7 mm, a maximum optical path difference of 428.57 cm and a Voigt profile; lower
panel: percent differences between the observed and calculated spectra.
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Comparison between various sources of relative uncertainty on the measured intensities of 3

selected lines of high, medium and low intensity: °R (17,1), °R (14,10) and °P (16,12).
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Figure 7.

Comparison between the PNNL absorption cross sections and the results of the present and
“Old” [6] computations at T = 296 K (upper panel). These computations are performed for
HONO diluted in an atmosphere of nitrogen and for yair = 0.1 cm~Y/atm. For an easier relative
comparison, both “New” and “Old” computed absorption cross sections are scaled artificially
in intensity as (Calc_New_abs PNNL) and (Calc_OIld_abs PNNL), relative to the PNNL
values.

In the bottom panel, the difference (blue trace for “Old-New (abs PNNL)”) between these two
computations, has a rather soft behavior at the resolution of the figure.

On the other hand, the (green) bottom trace that gives the difference between the PNNL
(observed) and the “Calc New abs PNNL” calculated cross sections exhibits rather sharp
signatures. Clearly neither computations account correctly for the probable line mixing effects
in Q branch structures, or for the presence of hot bands in the PNNL cross sections.
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Figure 8.

Overview of the high resolution Fourier transform spectrum (S4) recorded during this work and
comparison with the line by line spectra generated using the “New” line list and the “Old” one
[6]. In this observed spectrum, the contributions due to CO2 and NOz impurities are obvious.
The intensities in the “Old” line list are, on the average, 24% weaker than the new ones. The
bottom trace shows the difference, in positions, between the two line lists: $ the overall
intensities of the “Old” list are increased by 24%.
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Figure 9.

Detailed view of the observed Fourier transform spectrum at 755 cm™. The assignments are
given for the [J, Ka, Kc] upper levels for P lines of trans-HONO. For very high K¢ values (K¢ ~
J), Ka are degenerated (Ka=d), and in this case the disagreement between the old computation
and the observed lines is striking. The presence as impurity of NO, impurity present in the cell
during the spectra recording is evidenced by the lower trace.
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Figure 10.

Detailed view of the observed Fourier transform spectrum at 795.5 cm™. The assignments are
given for the [J, Ka, Kc] upper levels, for Q lines or R lines of trans-HONO in the new and old
calculation. Clearly, for Ka= 17 (with K= d for degenerated), the positions of the “Old” line
list differ from the observation.
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Figure 11.

Detailed view of the observed Fourier transform spectrum at 816.2 cm™. The assignments are
given for the [J, Ka, Kc] upper levels, for R lines of trans-HONO (with T letters) and P line of
cis-HONO (with C letter). For very high K¢ values (K¢ ~ J), Ka are degenerated (Ka=d) and
for these lines the positions of the “Old” line list differ from the observation.
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Detailed view of the observed Fourier transform spectrum at 877.5 cm™. The assignments are
given for the [J, Ka, Kc] upper levels, for A-type (AKa=0) R lines of cis-HONO (with C letter).
The Ka=d quoted for Ka = J-K¢ and Ka = J-Kc+1 (resp. K¢ = d quoted for K¢ = J-Ka and K¢ = J-
Kat+1) are degenerated values. The largest differences between the observed and the “old”
calculated positions are for the series involving very high K¢ (Ka = d) values. One individual B-
type transition for cis-HONO is also observable (see $).
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Figure 13.

Detailed view of the observed Fourier transform spectrum at 883.5 cm™. The assignments are
given for the [J, Ka, Kc] upper levels, for R lines of cis-HONO (with C letter). The Ka= d quoted
for Ka = J-K¢ and Ka = J-K¢+1 (resp. K¢ = d quoted for Kc = J-Ka and K¢ = J-Ka+1) are
degenerated values. For several lines the positions of the “Old” linelist differ from the
observation.
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