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Abstract:

This paper is the first of two back-to-back works, whose goal is to update the existing line
positions and intensities spectroscopic parameters for the 5.8 um region of nitric acid in the
HITRAN or GEISA spectroscopic databases. This first study is devoted to the generation of
first linelists for the vo+vo-Vg, Vo+Vv7-v7, and vo+Vve-vg hot bands in the 5.8 um region, while
the second study will concern the positions and intensities for the v, band centered at
1709.567 cm!. High resolution Fourier transform spectra were recorded in the 5.8 um and in
the 4.2 — 4.6 um spectral ranges. The identification of the v,+vg, vy+v7, and v,+vg bands of
HNO; at 2165.0036 cm!, 2285.9657 cm’! and 2351.216 cm™!, respectively, was performed,
and several assignments were confirmed by searching for v,+vg-vg and v,+v;-v; transitions
within those of v, at 5.8 um. Both v,+v¢ and v,+vg bands are highly perturbed. Surprisingly,
both vo+vg and vy+ve-ve bands exhibit large amplitude torsional splittings of ~0.043 cm!.
This is presumed to be due to the existence of an anharmonic resonance that couples together
the 2'9! energy levels with those of a dark state involving high excitation in the vo large

amplitude OH torsional mode.
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I Introduction

This paper is the first of two back-to-back works, whose goal is to update the existing line
positions and intensities spectroscopic parameters for the 5.8 um region of nitric acid in the
HITRAN [1] or GEISA [2] spectroscopic databases. This paper is devoted to the first
generation of linelists for the v,+vo-vy, Vo+Vv7-v7, and v+ve-vg hot bands, while the second
one [3] will concern the improvement of line positions and intensities for the v, cold band.
Indeed, contrary to the linelists for the other main infrared absorption band regions of nitric
acid (22 ym [4], 11 pm [5, 6, 7], and 7.5 um [8], the 5.8 um band is the only one for which
spectroscopic parameters for hot bands are missing in spectroscopic databases. Therefore, the
preliminary goal of this study was to get accurate linelists for the v,+vg-vy, Vy+v7-v7, and
Vo+Ve-Ve hot bands centered at 1706.775 cm’!, 1705.666 cm, and 1704.416 cm’,
respectively, which are associated to the v, cold band at 1709.567 cm! that will be considered
in the next paper [3]. Because the band centers of their lower associated states, the 9!, 7! and
6! vibrational states are located at 458.229 cm’!, 580.304 cm’!, and 646.826 cm’,
respectively, the vo+vo-Vg, Vo+V7-v7, and vo+Ve-ve hot bands are in the intensity ratio 0.108,
0.060 and 0.043, respectively, at 296 K. Therefore, among these hot bands, v,+ve-vy merits
special attention because it leads to the strongest signature at 5.8 pm.

In the 11 um and 7.5 pm regions, we are dealing with mainly A-type bands. In this case, most
of the infrared signature of the hot bands gather into sharp Q branches, and a rather broad
spectroscopic investigation can often provide a good description of these hot bands, even for a

rather high resolution purpose. This is the case for the vi+vy—vy hot band located in the 7.5 um
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[8], or, in the 11 m region, for the vs+vy-vg band [5, 6] and for the vs+v;-v; and vs+ve-ve hot
bands [7].

In the 5.8 um region, we are dealing with (mainly) B- type bands and, as can be seen
in Fig. 1, the contribution to the infrared absorption due to the hot bands spreads mostly over
the P and R branches of the v, cold band. Therefore, a high resolution analysis is required for
these hot bands in order to model their infrared signature. Thus, in order to get energy level
parameters (band centers and rotational constants) for the 2!9!, 217! and 2'6' vibrational
states, we performed, in a first step, the identification of the vy+vg, vo+v;, and vy+vg
combination bands of HNO; at 2165.0036 cm, 2285.9657 cm™ and 2351.216 cm’,
respectively. For these combination bands, our analyses use mainly a high-resolution Fourier
transform spectrum recorded for a large value of the (pressure x pathlength product) in the
2100 — 2450 cm™! spectral region. The assignments were rather easy for the v,+v; band but
very difficult for both the v,+v¢ and v,+vy bands, which are perturbed. To complete the
information on the 2'9! energy levels and confirm the existence of surprising large amplitude
torsional splittings, we combined the investigation of the v,+v9 band at 4.6 pm with the
analysis of the v,+Vo-vg hot band P- and R- lines in a second spectrum in the 1650 — 1750 cm™
! v, spectral region. Finally, let us mention that the present investigation was only partial for
the very weak v,+vg band which is severely blended by CO, lines. Furthermore, the v,+vg
assignments could not be confirmed by searching for lines belonging to the v,+ve-vg hot band

which is very weak at 5.8 um.

II Experimental details.
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High-resolution spectra of HNO; were recorded with the Bruker IFS125HR Fourier transform
spectrometer of the AILES Beamline at Synchrotron SOLEIL (Saint-Aubin, France). As
HNO; reacts and quickly decomposes in contact with metal or oxidizable surfaces, its
handling requires special precautions and the AILES special long path glass cell made for
highly corrosive or reactive species [9] was used. The cell was fitted here with wedged
diamond windows (Advanced Diamond Materials, USA) mounted with Teflon™-coated
silicone gaskets (Eriks, France). It includes a triple-envelope glass body (Verrerie Soufflée
Normalisée, France) with an inner volume of about 14 liters (15 cm ID x 80 cm length)
surrounded by an annular cylindrical space for circulating cold ethanol and a third envelope
for the insulating vacuum (5x10 hPa). The gas temperature was measured in four different
points of the cell by PTFE-coated Pt-100 sensors, corresponding to both ends and to middle
top and bottom. The pressure was measured using a Pfeiffer 10 hPa capacitive gauge. The
metal parts in contact with gas were coated with a thick PTFE layer (STIM, France) and the
mirrors were mounted on Teflon™ bellows (Elkinger, Germany) allowing for travel and tilt
adjustments. The cell uses a simple White-configuration with gold coated mirrors with a

special Al,O3 solid protective layer (Optimask, France). The optical path length was set to
2.72 m for the v, region around 5.8 um (FTS2 in Table 1) and set to 16.32 m for the 4.6 um

region (FTS 262729 in Table 1). These spectra were recorded at 296 K and 250K,
respectively.

For the 5.8 pm region (FTS2), the interferometer was used with a globar source and a 1.15
mm diameter aperture. It was equipped with a Ge/KBr beamsplitter and a homemade 4K-
cooled detector with cold 1160-1900 cm-!' bandpass filter (Spectrogon, UK) and devoted
electronics [10]. Interferograms were acquired without apodization at 80 kHz scanner fringe
frequency and a maximum optical path difference (MOPD) of 530 cm. According to the
Bruker definition (resolution = 0.9/MOPD), this corresponds to a resolution of 0.0017 c¢cm™!
and thus a full width at half maximum of the apparatus sinc function of about 0.0012 cm!,
thus always narrower than the Doppler width (ca. 0.0025 cm™). 368 interferograms were
averaged in 16 blocks (30 min) over 12 h (total duration). In this way, the small HNO;
pressure decrease could be assessed from the decrease of HNO; lines and translated in

pressure variation and, next, uncertainty. When the HNOj; lines showed a noticeable change
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(<10%) and the NO, lines grew in, the cell was evacuated and slowly refilled by keeping the

sample in a low temperature bath at —52°C until the initial pressure was reproduced.

For the 4.6 um region (FTS262729), the interferometer was used with a 1 mm diameter
aperture, an InSb detector at 77 K and a MOPD of 300 cm, giving a full width at half
maximum of the apparatus sinc function of about 0.0022 cm-!, thus narrower than the Doppler
width (ca. 0.003 cm™). 480 scans were averaged in 8 blocks for a 8 h measurement duration,
during which the HNO; sample was continuously maintained at -40°C in order to keep a
constant vapor pressure in the cell. To avoid build-up of NO, with time, the gas sample was

pumped and replenished each hour.

The spectra were calibrated by matching the measured positions of either residual H,O or
CO,, CO or N,O to reference wavenumbers available in HITRAN [1] with a root mean square
(RMS) deviation of 1.8x10* cm-!. Given the good precision of the reference lines, it is safe to
claim a 3 x10* cm! frequency accuracy for the strong lines which are used for the calibration,
or for the v, lines in the 5.8 pm region. However, for most of the weak or blended lines which

are considered during the present analyses, the frequency accuracy is only of ~1 x10- cm™!

High purity HNO; was synthesized in the laboratory and kept at low temperature.
Chemical syntheses were carried out under vacuum using a glass apparatus equipped with
PTFE-sealed stopcocks [11]. Glass tubes, also with PTFE-sealed stopcocks, were connected
to the apparatus via PTFE fittings and were used for trapping, evaporating, and storing
samples at liquid nitrogen temperature. In order to prevent any decomposition, the set-up was
passivated twice with a few mbar of N,Os before recording the spectrum. High purity nitric
acid (HNO;) was obtained following reaction of high purity concentrated sulfuric acid with
anhydrous potassium nitrate (KNOs) held in a 0°C bath (H,SO4, 99.99% purity, Sigma-
Aldrich, France) [12] :

KN03 + HzSO4 — HNO3 + KHSO4

Nitric acid, a colorless liquid when of high purity, was collected into a trap at -196°C. The
vapor pressure of HNO; was checked at 22°C (68 hPa [12]) and the sample purity was
assessed spectroscopically in the mid IR. Small traces of NO, could be estimated to less than
0.4% 1n VMR after each cell filling, but grew in with time at speed increasing with the cell
temperature. In the highest PxL product spectrum (1.1 hPa x 16.3 m) used to observe the
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combination transitions near 4.5 pum, interfering CO, N,O and CO, lines are conspicuously
standing out over the weak HNO; combination lines but an estimate, based on HITRAN [1]
parameters, indicates that their partial pressures are about 6x10-, 2x10~ and 3x10* hPa,

respectively.

The following procedure was used for measurements. A background spectrum was first
recorded at a resolution of 0.02 cm™!' while the cell was being continuously evacuated. The
infrared gas cell was then filled several times with HNO; vapor to make sure that the cell
walls were saturated and, for the final measurements, fresh sample gas pressures were
introduced slowly until the desired pressure was reached. The decrease in HNO; line

intensities was monitored with a time resolution of one measurement block and corrected for
the small amount of NO, appearing with time (typically up to 4x10*# mbar which is the NO,

partial pressure in the 3x10-2 mbar total pressure). At the end of each measurement block, the
gas sample was pumped and replenished to the initial pressure. The corrected pressure values
were next averaged over the whole duration. To check the consistency of our measurements,
the total integrated intensity over the whole v, band region was measured. The total band
intensity at 296 K is found to be 5.2(3) x10-'7 em/molec., to be compared to 5.71(19) x10-17

cm/molec. in reference [13].

Table 1 summarizes the experimental data for the spectra used in this work. Also, Fig. 1 and
Fig. 2 present an overview of the spectra recorded in the 1650-1750 cm™! and 2140-2400 cm-!
regions, respectively. Finally, Figs. 3 to 8, and Figs. 9 and 10, provide details of the
FTS262729 and FTS2 spectra, respectively.

III Method of analyses.

General considerations
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HNO;j i1s a planar Cg type molecule, with nine vibrational modes, which, except for vy (the
large amplitude OH torsion relative to its -NO, moiety at 458.229 cm!), can be considered as
“low amplitude” vibrational modes.

Due to the particular values of its rotational constants (A = B = 2C), two types of clustering of
the [J, K,, K ] energy levels, here identified as “K.=d” and “K,=d”, respectively are usually
observed 1n infrared spectra.

e The “K.=d” clustering occurs for energy levels involving very low K, values (K. <« K,
~]), and, in this case, the [J, K,, K.=J - K,] and [J, K,, K.=J — K,+1] levels are at the
same energy.

o “K,=d” clustering: For low or medium K, values (K, < K, = J), the [J, K, =] — K,
K] and [J, K, = J = K + 1, K] rotational levels are grouped together, and K, is
degenerated (K,=d).

As mentioned previously, the v¢ mode (OH torsion) is a large amplitude mode. When
this effect has to be considered, the “K, = d” clustering is lifted. This means that the (K, =1J —
K. & K,=J—- K, + 1) torsional subcomponents mentioned above are split, and this torsional
splitting grows, with increasing excitation in the vo large amplitude torsional mode, with
values going from ~ 0.0006 cm™', ~0.002 cm™! up to ~0.06 cm! in the 9!, 92 and 93 vibrational
states, respectively. In addition, for the [J, K,, K] energy levels involving very high K,
values (K, << K, = J), this large amplitude motion induces a staggering of the (even K,

versus odd K,) levels. These effects, splittings and staggerings, were easily observable during

the investigation of the 3vy-vg and 3vg-vs, 3vy-2vy hot bands [14]. These investigations also
led to the determination of the HNO; torsional potential V(y) as a function of the torsional

angle y [14,15].

In this work, we are dealing with combination or hot bands involving in their 2'6!,
2171 or 219! upper states, one quantum of excitation in the v, mode (NO, antisymmetric
stretch, at 1709.568 cm!') and one quantum in the v4 (O-NO; stretch, stretch at 646.826 cm!),
v7 (O-NO; bend, at 580.304 cm™) or vy (OH torsion) vibrational modes. Except for v, all

these vibrational modes are of low amplitude and, because in 9! the torsional splittings are of
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only ~0.0006 cm!, perturbations due to large amplitude effects, should not be observable
during this infrared study. No torsional splitting effect was indeed noticed during the

investigation of the vg+vy combination band [16], or during the observation of the Q branch of

the vst+vo-vg hot band [5].

According to symmetry considerations for the (usually) planar Cs- type HNO;

molecule, v,+vg is a C-type band, while both v,+v; and v,+vg are hybrid bands with both B-

type and A-type transitions. However, the v,+Vv; and v,+ve bands are probably mainly A-type
bands, while the v,+vo-vg, Vo+Vv7-v4, and vo+Ve-Ve hot bands, associated to the v, cold band,
are (mainly) B-type bands. Let us note that, among the latters, the weaker and highly
perturbed v,+ve-ve band could not be adequately identified in our spectrum at 5.8 um because
its lines are masked under stronger transitions from the v, cold band.

During this work, we had to deal with A-, B-, and C-type bands for nitric acid, whose
main characteristics have previously been summarized [15]. Also, it is necessary to specify
which types of transitions can really be assigned, since we are dealing with rather weak
combination bands (v,+Vvg, Vo+Vv7 and vo+vg) or with hot bands (vo+Vve-vg, Vot+v7-v7).

e The v,+v; and vy+vg A —type bands at 4.37 um and 4.25 um, respectively. The P and

R branches are structured in line packets involving rather low K, values (0 < K, < ~
J/2) (or rather high K, values). Each of these P(n) or R(n) clusters groups together
lines associated with the same value of n = (J-2xK,), where J and K, are the quantum
numbers of the upper vibrational state. The separation of clusters is ~(B+C)/2, where
B and C are the rotational constants. These bands have a rather sharp Q-branch
structure which groups together transitions involving very high K, (K, ~ J) values.
Detailed examples are given in Figs. 3 to 6.

e Figures 7 and 8 show portions of the C-type v,+vg band in the 4.62 um region. The
strongest transitions in the P and R branches involve rather high K, values (~ J/2 <K,

<J), and these lines are grouped in clusters involving the same J rotational quantum
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numbers, and the separation between two clusters is = (B+C). Among these clusters,
the transitions involving very high K, values (K, = J) are quite strong and can be well
identified. This C-type band possesses a very sharp and congested Q branch which

groups together transitions involving almost only very low K, (K, ~ 0 or 1) values.

e Figs. 9 and 10 present two detailed views of the v,+vo-vg and v,+v,-v; (B-type) hot
bands at 5.8 um. As for A-type bands, the P(n) or R(n) clusters of lines involving
rather high K, values are quite easily observable. In addition, the P and R branches
include series of (AJ = AK, = £1) transitions involving very high K, values (K, ~ J),
with a separation of ~(B+C) between two lines of the same series. For these hot bands,
the Q- type transitions (AJ = 0, AK, = +1), which are located within the strongest v,

lines, could not be unambiguously identified.

Therefore, it is easy to understand that for both C-type and A-type bands, the set of
rotational quantum numbers involved in the transitions observable in the P and R branches, on
one hand, and in the Q branches on the other hand, are very different. Therefore, when
necessary and when possible, we tried to obtain confirmations of the v,+vy and v,+v;
assignments by searching at 5.8 um for corresponding P or R lines of the v,+vo-vy and
v,+v,—v7 (B-type) hot bands. Unfortunately, this was not possible for the weak v,+vg-vg hot

band.

Line position and intensity computations.

The first identifications of the very weak v,+vg, vo+ve, and v,+v; combination bands

were initiated by using predicted line lists (positions and intensities) and generated as follows.

At least during the preliminary step of the calculations, we used an A-type Watson-
type rotational Hamiltonian written in I* representation (see Table 2) for the computation of
the upper and lower state energy levels. In all this work, the lower state rotational levels in the

ground state or in the v=9!, 6' or 7' excited states were computed using the rotational

constants of Ref. [17]. For the preliminary computation of the upper states energy levels, the
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values of the 29!, 216! and 2!7! rotational parameters were calculated from those existing in
the literature for the 2! [18], the ground, and the 9!, 6! and 7' [17] states, using the following

expression:

Xy, =X, + X, =X, Eq.(1)

Here X,, X, and X, with X = A, B or C, are the rotational constants and the

\%
centrifugal distortion constants for the 2!, and the v =9!, 6! or 7! excited states and for the v =

0 ground state. Also, we estimated the E,g, Ey; and E,q upper state vibrational band centers

from the observation of the FTS spectrum of the v,+vy, vo+v; and vy+ve bands. For the 2191
217" and 2'6', the energy level parameters were gradually improved, when possible, during
the assignment process. In addition, for the 2'9! state, a theoretical model, briefly described in
the subsection “v,+v¢” of section III and which accounts for the large amplitude torsional

effect had to be used at a given step of the assignment process.

The line intensities (in cm'!/(moleculexecm2)) at 296 K for the H'N'60; (main)

1sotopic species 1n a natural sample of nitric acid, were computed using the usual expression:

kYD) = 0y prgieenp( — ) (1 — exp())zim Y Ea2)

In this expression, L and U are respectively the lower and upper levels of the transition and
vV = (Ey-Ep)/he is the wavenumber of the transition in cm™'. Also, ai, = 0.989110 is the
isotopic concentration associated to the considered H'*N'®O; species during the computation

performed for a natural sample of nitric acid. In addition, Z(T) 1s the total partition function:
Z(T) = Zyin(T)xZ;o(T), Eq.(3)
which includes a vibrational Z,;,(T) and rotational part Z;(T).

During this work, we used the values
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Z,in(250 K) =1.11673, Z,;(250 K) =21258.47 and so Z(250 K) = 24815.80,
Zyin(296 K) =1.29952, Z,(296 K) =27390.91, and so Z(296 K) = 35595.09. Eq.(4)
at 250 K and 296 K, respectively.

Finally, RYis the square of the matrix element of the transformed dipole moment operator,

which, for the v,+vy bands, takes the following form:

2

RV = <VU,J'K;K'c

UV TR Eq. (5)

In this expression, YUVl is the transition moment operator associated to the considered “vU-

vL” band.

For the three combination bands under study, the expansion of the transition operators

was restricted to first order operators in i@y, — ¢, for vy+vy and in = @, _4 I for vo+vg and

vo+v;. For the present intensity calculation, we used the following values:

PO %29x103D, *ut =2.x103 D, and 7ut =22x10°D,  Eq. (6)

for the first order terms in these transition moment expansions for the v,+vg, vo+vg, and v,+v;
bands, respectively. These values are based on our (crude) estimation of the band intensities
of these very weak bands that we made according to the estimation of the HNO; partial

pressure and of the experimental conditions adopted during the recording of the FTS262729
spectrum (see Tablel). Indeed, no band intensity data exist for these three bands in the
literature and, as mentioned previously, these three bands are completely masked by the noise

or by CO or CO, lines in the PNNL cross sections [13].

Vigy — ¢, ¢x=p, and @, _ 4, are is the direction cosine between the Z- laboratory fixed and the
y =C, x =B, and z = A molecular fixed axes,
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For the v,+ve-ve, votvs-v; and vo+vg-vg hot bands which correspond to the vU-vL =
2161-6', 217171219191 vibrational transitions, we assumed that the harmonic approximation
holds. In such conditions, we can use for these hot bands the same expansion of the transition

moment operator than for the v, associated cold band:

26,6, — 277, 29,9

uz= 2"uz= uz = >Ouy Eq.(7)

As mentioned 1n the introduction, a line intensity study was performed in parallel for lines of
the v, band (Ref. [3], this issue). During that study, the following expansion of the v, band

transition operator was obtained:

20, =207 s, + 205 x @)% + 20l x @, + 2Ol x 1/2({pnify} + ioy)s})  Eq.(8)
with?
20,8 = 0.2548 D, 2% = 0.552(45)x10°5 D, 2% = 0.05739(66) D,

and 20y = -0.740(64)x10°3D Eq.(9)

Assignment process

At the starting point of this analysis, we adopted the same strategy for these three
combination bands. The predicted linelists helped us to perform the first assignments. The
calculated ground state energy levels [17] were added to the observed line positions assigned

during this work for the v,+vg, v,+v7 and v,+vg bands, to get a preliminary set of experimental

2 Values (in Debye, 1 D = 3.33564 x 1030 C m)
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upper state energy levels for the 219!, 216! and 2!7! excited vibrational states. These upper
state levels were then introduced in a least squares fit to get, when possible, refined values for
the upper states parameters and, thus, perform next new assignments, improve the accuracy of
the parameters, allowing then further new assignments. For the v,+v¢ and v,+v; bands, this
iterative process was pursued until it was not possible to perform further assignments. Indeed,
as will be clear later in the text, we had to adopt a different strategy for the v,+vg band. This

analysis was very easy for the v,+v; band, and quite complicated for the strongly perturbed

vo+ve and votvg bands.

IV Results

The v,+v; band:

The analysis of the very weak v,+v; band proved to be rather easy. Indeed, this band
appeared unperturbed and it absorbs in a rather clear region of our spectrum. For this band we
could perform reliable assignments for more than 600 lines in the P, Q and R branches. The
observed 2!7!' energy levels were introduced in a least squares computation to get rather
accurate upper state vibrational and rotational parameters for the 2!7' state, which are quoted
in Table 3, together with their associated uncertainties. In this way, 92.35% of the 379
observed 2!7! energy levels could be reproduced within 0.001 cm™!, which is satisfactory for a

very weak band.

The results of the calculation of the synthetic spectra (line positions and intensities) for

the v,+v; band are given in Table 4.

Figures 3 and 4 present respectively portions of the P and Q branches of the v,+v; band, and it

is clear that the agreement is excellent between the observed and calculated spectra.
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The vz+vﬁband:

In our spectrum, the v,+v¢ band of HNOj 1s severely overlapped by strong absorptions
due to the v; band of CO,. However, in the P and R branches, we could identify about 200
lines which, for this (mainly) A-type v,+v¢ band, correspond to transitions involving low K,
values. However, it is obvious that this band is clearly perturbed and a classical Watson-type
Hamiltonian cannot reproduce the observed energy levels. One consequence is that the
assignments could not be pursued until very high rotational quantum numbers (only 120

energy levels with J < 39 and K, < 6) and, in particular, that we could not perform faithful
assignments of the Q branch. Furthermore, at 5.8 um, lines from the v,+v4-v¢ hot band

associated to the 2'6' state are too weak to be clearly identified within those of the v, band.

We tried predicting the dark states which can be responsible for the resonances
perturbing the 2'6! energy levels, but without success. Therefore, during the final least
squares fit computation performed to get the 2'6! energy levels parameters, we removed the
most perturbed levels from the list of 216! observed energy levels, and only the E, band center
and the A, B and C rotational constants were determined. These parameters are quoted in
Table 5 together with their associated uncertainties.

The results of the calculation of the synthetic spectra (line positions and intensities) for
the v,+vg band are given in Table 4. Since the perturbations due to dark states are not
accounted for during our calculation, we used, whenever possible, the observed 2'6! energy
levels achieved in this study instead of the calculated ones during the line position
calculations for the v,+v4 band and the v,+vg-vg hot band.

For transitions of the P or R branches of the v,+v¢ band involving rather low
rotational quantum numbers, the agreement between the observed and calculated spectra is
nice, and this is evidenced in Figure 5 for the P branch in the 2345 cm'! spectral region. Also,
Fig. 6 gives an overview of the Q branch of the same band: it is clear that our calculation
reproduces the overall structure of the v,+v4 band, but we are still unable to give a detailed

general description of that band.
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The v,+vo band:

The v,+vy feature is partially overlapped by the v4+vs band of HNO; at 2140.17 cm!
and by the vs+vs (and/or) v3+2vg bands in the 2190-2230 ¢cm! spectral region. Furthermore, in
our spectrum, this band is also overlapped by the CO fundamental band.

During the first step of the assignments of the v,+vy band, we could identify the
(rather) strong and isolated lines in the P and R branches which correspond to transitions
involving very low K, values (K. < 1, with K, = J-K, and K, = J-K.+1), and examples are
given in Fig. 7. These assignments were confirmed, when possible, by the identification
within the v, lines at 5.8 um of the P or R transitions of the v,+v¢-vy hot band involving the
same 2'9! upper state energy levels, and an example of this type of transition is given in Fig.
10. As for the 2'6' state, the observed energy levels are quite perturbed. Clearly, a classical
Watson-type rotational operator fails to reproduce the observed 219! energy levels, and this
situation occurs even for very low J values. To illustrate this point, we plotted as a function of
K,=J in Fig. 11 the differences between the observed-calculated energy levels (Obs-Calc) for
the [J, K,=J, K.= 0] levels of 219! For K, = 4-16 the (Obs-Calc) data are positive for even K,
and negative for odd K,. It is clear that a classical Watson-type rotational Hamiltonian cannot
reproduce the observed energy levels because a staggering (even versus odd K, values) of the
[J, J, 0] energy levels is observed. This indicates that perturbations due to large amplitude
effects are responsible for, at least, part of the observed resonances.

Using an effective theoretical model that accounts for large amplitude OH-torsional
effects for HNOj; [8, 19], it was possible to improve the quality of the predictions for both the
lines of the (cold) v,+vg and (hot) v,+vy-vg bands and to perform new assignments. In this
way, we could identify torsional splittings for transitions involving low or medium K, values
both for the (cold) v,+vg and the (hot) v,+ve-vy bands. This is a second indication that the
large amplitude effects are to be considered for the 2'9! energy levels. This model helped us
also to identify transitions involving very low K, values within the very congested Q branch
of the v,+vg band, and this is because these assignments could be confirmed by corresponding
line assignments within the P(n) or R(n) clusters in the v,+vy-vy band. Examples of these
torsional splittings are given in Figs 7 to 10. However, it is clear that additional resonances

exist which affect the 219! energy levels, and this complicates the assignments. Altogether we
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assigned more than 884 lines (306 and 578 respectively for the v,+vg-vo and vy, +ve bands),

leading to the measurements of about 517 levels of the 219! state.

The theoretical model used to account for the classical rotation and the large amplitude

effects during the computation of the 2!9! energy levels was extensively described elsewhere
[8, 19]. This Hamiltonian matrix described in Table 2 includes a torsional operator written in
the IAM (Internal Axis Method) formalism [19, 20, 21, 22] together with a classical Watson-
type rotational operators written in the I" representation with an A-type reduction. This
torsional operator involves the 0 and ¢ torsional angles, which were maintained at their values

achieved during the study performed for the {5',9} interacting states of nitric acid [19]:

0y =0.97852°, 0,=0.002649° and ¢ =1.91197° Eq. (10)
Indeed, in Ref. [19], it proved necessary to use a J-description for 6(J):
0(1)=0, +0,J(J+1) Eq. (11)
Furthermore, it was also necessary to take into account, through a non-orthorhombic term in
h?, {J xrdz } , the C-type Coriolis resonance that couples together the two torsional
subcomponents.

As mentioned previously, numerous additional perturbations were observed during the
investigation of the (cold) v,+vg and (hot) v,+vg-vg bands, and we could not identify the dark
states responsible for these resonances. Therefore, only a part of the observed 2!9' energy
levels was introduced in a least squares fit calculation in order to obtain the parameters

involved in the Hamiltonian matrix. More explicitly, the energy levels which lead to
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(observed- calculated) differences larger (in absolute) than 0.008 cm™! were excluded from the
fit. The 2'9! parameters determined during such a computation are listed in Table 6, together
with their associated uncertainties. The statistical analysis of the calculations, given also in
Table 6, shows that the results are satisfactory, although not perfect of course because
additional vibrational resonances exist, which could not be accounted for.

Fig. 12 presents the plot of the (observed — calculated) energy levels for the 2!9! state as a
function of the energy level values. This figure compares the results of the energy levels
calculations when taking into account, or ignoring, the torsional splittings. It is clear that
better agreements between the observed and calculated energy levels are achieved when the
torsional splittings are accounted for. However for 2!9! levels with energies such that
E[J.K,,K.] > 2350 cm’, it is clear that other resonances exist which, unfortunately, could not
be accounted for by the present calculation. These resonances concern, first, series involving
K, =19 and J > 20, and K, =14 and J > 22 rotational quantum numbers, and as expected, the
density of perturbations increases with increasing energies. Unfortunatly we are still unable to

provide a more detailed description of the observed perturbations.

The results of the calculation of the synthetic spectra (line positions and intensities) for
the v,+vy band are described shortly in Table 4.

Fig. 7 presents a portion of the P branch of the v,+vy band near 2148.2 cm-!'. The
torsional splittings which concern transitions involving rather low K, (or rather high K,)
values are quite observable. In this figure, we identify also the strong [J, K,, K.=d]-[J” =J-1,
K; =K,-1, K: = d] transitions with K,=J and K,=J-1, and K, = J-2.

Fig. 8 gives an overview of the Q branch of the v,+vy band near 2164.8 cm™'. The
identified lines belong to the [J,0,J]-[J,1,J] and [J,1,J]-[J,0,J] series of transitions. The K, =0

& K, =1 torsional splittings are quite obvious.
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IV Computation of the v,+V9-Vg, V2+Ve -Vs, Vo+V7-v7 hot bands

The linelists of the vo+vo-vg, Vo+Vg -V, Vo+V7-v7 hot bands in the 5.8 pm region were
computed for line positions using the band centers and rotational constants listed in Tables 3,
4, and 5 for the 2'9!, 216!, and 2'7' upper states, respectively. However, during the line
position computation, the observed 2'9! or 2!6! upper state energy levels were used instead of

the calculated ones. In such situations, the accuracy of line positions for the v,+v;, v,+vg and

Vy+Vvg transitions ranges between ~0.002 to ~0.40 cm! depending if the corresponding upper

state was observed or not.

Table 4 provides a short description of the lists generated in this way (number of lines,

wavenumber and intensity range, total band intensities).

To check the quality of these linelists, we compared the observed and calculated spectra in
different regions of the FTS2 spectrum recorded in the 5.8 um region at 296 K. These hot
lines are observable within strong v, cold band lines and, for this latter, we used the line

prediction that we generated simultaneously for the v, band ([3], this issue).

Fig. 9 shows a portion of the P branch in the 1699 cm! spectral region. We note that the P
clusters are very different for the v,+v7-v; (P(n = 15) and P(14)), as well as, for the v,+vg-vy
(P(n = 17) and P(n = 16)) hot bands, because of the existence torsional splittings in the 219!

state.

Fig. 10 shows a portion of the R branch in the 1718.4 cm™! spectral region for the v,+vg-vo hot
band, where the structure of the R(n = 29) cluster is detailed. One transition involving very

high K, value (K,=J =14 in 219") is also observable.

V Discussion
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There are still remaining issues, especially concerning the origin of the resonances
observed during the investigation of the v,+vy and v,+vg bands. In fact, the number of dark
vibrational states that can possibly be responsible for the resonances affecting the 2'6! and
2191 energy levels is quite large. For nitric acid, seven of its nine vibrational modes
correspond to vibrational energies lower than v,. During the computation of energy levels of
the 4! and 3! bright vibrational states at 1303.072 at 1326.186 cm™' [8], four dark states (62,
93, 5191, and 7'8") were identified as responsible for strong perturbations observed during the
investigation of the v, and v; bands.

As can be seen in Fig. 2, our FTS spectrum is severely overlapped with lines from CO,
in the 4.25 pm region, preventing pursut at a very extended level of the analysis of the v,+vg
band. Because this analysis is not extended, identifying the dark states responsible for the
observed resonances is not possible.

On the other hand, during the investigation of the v,+vy and v,+vy-vg bands, we

could identify that large amplitude torsional splittings are responsible for part of the observed

resonances. In the 219! excited state, this splitting is quite large (A = 2x EJ® = 0.045 cm!),
compared to the corresponding values in the 9! and 92 excited state (°A =2 x E(()pe = 6x107
cm [17] and *A = 2x E®~ 0.0028 cm! [19], respectively). More explicitly, this splitting in

2191 is only slightly weaker than the splitting observed in the 93 excited state (*°A = 2 x Ege

~ 0.059 cm!) which is surprising.

One possible explanation is that the 2'9' energy levels are mixed through a vibration —
rotation resonance with those from a dark state located nearby. As this would affect globally
all the 219! levels, the resonance must be mainly of anharmonic type, and the dark state
responsible for the perturbations must be of A” symmetry and involve a high excitation in the

vg vibrational state.

We identify two possible candidates, the 5'9° and 9° dark states. It is difficult to foresee the
positions of these dark states since our predictions are based on (large) extrapolations from
experimental data. In addition, a strong Fermi resonance coupling together the 5' < 92 [19]

and 519! & 93 [8] energy levels exists.
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For the of 5'93 state, we propose a (very) crude estimate of its position at Esggg =
2179 cm™!, with an uncertaincy not better than ~40 cm-!. This value is based on the positions
of the 9!, 5! 5191 91 92 and 93 states [15]. For this dark state, the torsional splitting is
assumed to originate only from its large excitation in vg (9%) because vs is a low amplitude
mode of vibration. In such conditions, the %(2!9'/5'9%) percentage mixing ratio of the 2'9!
energy levels with those of the (dark) 5'9° state should be in the ratio of the observed

splittings in 219! and in 5'93, more explicitly:
%(2191/5193) = (0.045 cm-! /0.059 cm-!) = 76 % Eq. (12)

This 1s a problem because this mixing ratio (main & dark) should not exceed the 50%
boundary limit, and it proves that 5'9° cannot be the “only” dark state responsible for the
observed torsional splittings in 29!

The other candidate is the 9° state, for which we predicted the positions of the two
torsional subcomponents at 2018.8 and 2027.2 cm™!, respectively. This calculation, for which
the estimated accuracy is not better than ~200 cm!, is performed by solving the Mathieu’s
equation of the HNO; torsional potential [14, 15]. However, one can be reasonably more
confident in our assessment of the torsional splitting in the 95 state, which is estimated at ~8
cm! (£1 em™). It is thus presumed that the 9° state is involved, at least partially, in the
observed torsional splittings in 29!

Going further in the analysis is therefore difficult. We hope that future ab initio
calculations like those performed in Refs. [17, 23, 24, 25, 26, 27] will provide more precise

explanations.

V Conclusion

We have performed the first investigations of the v,+v; and v,+v¢ bands, and the first

identification of the v,+v¢ band of nitric acid. For the v,+v; band that seems unperturbed,
results are excellent. The investigation of the v,+vy band was combined with the analysis of

the v,+vy-vo hot band and, in this way, we observed an unexpected large torsional splitting in

the 219! energy levels. Our calculations reproduce satisfactorily these large amplitude effects

for the first rotational energy levels of 2'9!. However additional resonances due to dark states

URL: http://mc.manuscriptcentral.com/tandf/tmph Email: TMPH-peerreview@journals.tandf.co.uk

Page 30 of 72



Page 31 of 72

oONOYTULT DA WN =

Molecular Physics

20/09/2021

were observed which could not be accounted for. Finally, only a partial investigation was
done for the v,+vs band which is highly perturbed. We used the line position parameters
achieved in this work for the 2191 217! and 2'6! energy levels to generate the linelists for the
Vo+Vg-Vg, Vo+V7-v7, and v+Vve-ve hot bands that appear together with the v, cold band of
HNO;j in the 5.8 um spectral region.

The lists of the assigned lines for the vy+Vvg, Vo+V7, Va+Vg, Vo+Vy-Vo bands (archive_1),
the synthetic spectra (line positions and intensities) of the vy+vg, Vo+vs, Vvo+ve bands
(archive 2), and the results of the calculations (archive_3) are given in the Supplementary
data of this article. As far as the 5.8 um region is concerned, the linelists for the v,+vgy-vy,
Vo+V7-v7, and vo+ve-vg hot bands together with the updated v, linelist are also available in the

supplementary data of Ref. [3].
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Table 1

Experimental details of the spectra used in this study. The estimated uncertainties are given in
parenthesis in the units of the last significant digits.
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Spectrum

Spectral
range

(incm™)

Pathlength

(in m)

Pressure

(hPa)

Temp
(K)

Number of
averaged
interferograms

FTS262729

2010-2440

16.32 (5)

1.1 (1)

250 (1)

480

FTS2

1650-1750

2.72 (1)

0.027 (1)

296 (1)

368
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Table 2

Hamiltonian matrix for the 216!, 217! and 2!9! vibrational states of HNO;

Watson-type rotational Hamiltonian (A reduction in I* representation)

Hy =E, +[AV —%(BV +CV)JJ§ +%(BV +CV)J2 +%(BV —CV)J)%y

v 4 vV 1212 v v 2 vi2 12
—AKJZ—AJKJZJ —AJ(J)2 8 J } 28JJXyJ

+Hy IS +HIV<JJ‘Z‘J2 +H}KJ§(J2)Z JFH}(JZ)3

+hY {14,J2 }+hV {12, }l2+2hVJ2 ( )2+

Torsional operator for the 2!9! state

TORS :{ lAMWTORS’ IAMH£ORS }

IAMH£0RS‘J K Y> >

<JK'y"HTORS‘J K y>= Y { <JK'y'

K" "

1AM VY, TORS ‘J K" yll>’ <JK" 'Y"

(for K'#0 and K"+0): < IK' .‘IAMWTORS‘J K"y">=

(-1) (cos((KJrK")(p)dK. 1(0)+y"cos (K- K”)(p)d K..(e))

(for K'#O Kn_o) <JK. y‘ IAMWTORS‘JKHZO yn=+1> ( 1) \/_COS(K' )d 0(6)

(for K' =K"=0) <JK'=0 O A R T y“:+1> aho)

with: @ = 90 + 9]](] + 1)

IAMH'IEOIS — E(ge +E‘(I[)9J2 +EQZ[)9J%

C-type Coriolis resonance within the torsional subcomponents of the 219! state (v-v diagonal

Coriolis operator)

hg{JX’JZ}
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Part (1) Band centers, rotational and quartic centrifugal constants (in cm?) for the ground (v=0) and
the 7', 217! vibrational sates of HNOs.

Vibrational K 712 2171
state
Ey 580.303505 @
2285.96669(1)
A 0.434597733
0.43399982330
0.432323641(260)
B 0.403567271
0.40360999242
0.402801542(450)
C 0.206863390
0.20883238263
0.206112300(80)
A x 0.200265879
K 0.2464975 0.2789(140)
108
A x -0.0948235996
-0.15168080 -0.12217(190)
108
A x 0.294057431
I 0.29708186 0.298520(550)
108
5 x 0.263237443
K 0.2494516 0.266050(240)
108
X
8 0.12627092 0.138488674 | (.138656(280)
108
Higher order
a a b
constants

Part (2): High order centrifugal distortion constants 2
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5
Hx x10'2 4.11518 | |H; x10™ -1.935 | |h; =105 1.151  lg x10'7 2.118
Hy, x10'2 -3.68588 | |hg x10'2 1.7362| |Lx  x10'6 -1.476 1l x10'7 -1.9117

Hjk %1013 9.09863

hjx x10'% 6.8647

Lixs x10'6 1.1861

2 For the ground and the 7? states, the corresponding rotational constants and centrifugal constants
are from Petkie et al. [17]. The 7* band center is taken from Ref. [15].

b 2171 higher order centrifugal constants : fixed to the ground state values [17].
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Part (3): Results of the calculation

Page 42 of 72
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Number of identified v,+v5 lines

677

Number of 2'7%infrared levels

381

0.x103<8<1x103cm™?

92.39%

1x103<8<3.0x103cm?

7.61%
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Table 4

Parameters used in the simulation of the various hot bands. Vib’ and Vib" are the upper and lower
state vibrational state. Nb is the number of lines. Sigma min and max are the lower and upper
wavenumber range (in cm). Band int, Inty;,, Intya, are the band intensity, the minimum and

maximum value of the line strength (in cm™*/(molecule.cm2) at 296 K.

Vib’ Vib” Band Nb Sigma Sigma Int Int
intensity min Max Min Max

Vo+Vg Vg 0.413E-17 28680 1641.37 1767.50 0.10E-23 | 0.25E-20
Vy+Vg Vg 0.170E-17 17172 1638.16 1759.73 0.10E-23 0.16E-20
Vy+v5 Vg 0.237E-17 18705 1638.17 1766.27 0.10E-23 0.22E-20
VotV GROUND | 0.311E-20 7236 2248.57 2316.20 0.10E-24 | 0.22D-23
Vy+Vg GROUND | 0.514E-20 7458 2119.32 2203.32 0.10D-24 0.52D-23
V,o+Vg GROUND | 0.131E-20 4757 2321.59 2375.53 0.10D-24 0.10D-23
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Table 5. Part (1) : Band centers, rotational and quartic centrifugal constants (in cm?) for the 6! and
216! vibrational sates of HNOj.

613

26"

By

Ax

Ak

Ok

d;

Higher

order:

108

10©

10©

10©

10©

580.303505 @

0.433840163

0.40219502

0.2095563

0.3230785

-0.2644933

0.3280073

0.2602440

0.1266811

2351.21768(70)

0.43086434(780)

0.4009665(110)

0.2088691671(870)

0.34532°¢

-0.28511 ¢

0.33478 ¢

0.25920 ¢

0.12792 ¢

@ For the ground and the 6! states, all rotational constants and centrifugal constants are from Petkie
et al. [17]. The 6 band center is taken from Ref. [15].
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b 2161 higher order centrifugal constants : fixed to the ground state values [17].

¢All quartic centrifugal distortion constants are extrapolated from those of the ground , 6%, [17], and
21 [18] vibrational states.

oONOYULT DA WN =
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Part (2): Results of the calculation

Number of identified v,+vg lines 207

Number of 2'6linfrared levels 120
0.x103<8<2x103cm™ 31.7%
2x103<3<6x103cm™? 33.3%
8x103<3<85x%x103cm™ 35.0%

19 July 2021
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Table 6

19 July 2021

Vibrational Energy, Rotational and Torsional Constants for the 9* and 2'9* Vibrational States

of HNOs (in cm). Torsional angles in °.

91a

2191

Ey

A

A

Ok

Oy

Higher

order

x108

x108

x108

x108

x108

458.228664 2

0.433598006

0.400782749

0.2086520792

0.2183544

-0.1330057

0.2925377

0.2421222

0.1237489

2165.00411(80)

0.431555(100)

0.399374(180)

0.207894(170)

0.7065(530)

-0.5787(430)

0.321438(700)

-0.0957(260)

0.10878(210)
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Torsional parameters (for v = 2191 only)

(in ) (in cm)
0o 0.9736 Eg’e 2.258(110)x10°2
0, =0:0002600 EfY -5.10(280)x10°6
¢ 1.91129 E$Y -2.828(560)x10°
h,, -4.4920(470)x10°3
Part (3): Results of the calculation
Number of identified lines 887

306 (V,+Vg-Vg) and
578 (V2+V9)

Number of 219! infrared levels? 517
0.x103<8<2x 103 cm? 41.2 %
2x103<8<8%x103cm? 44.1 %

8x103<8<110x 103 cm 14.7 %

3 For the 9! states, all rotational constants and centrifugal constants are from Petkie et al. [17].

The 9! band center is taken from Ref. [15].

b 2191 higher order centrifugal constants : fixed to the ground state values [17]

¢The angles involved in the torsional operator are fixed to the values achieved in Ref. [19].

48 =|Egps-Ecarc] in cm™. The 291 levels for which & is larger than 8x 10-3 cm~ were not considered in

the least squares fit calculation.
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List of Figures

Fig 1: Overview of the FTS2 spectrum (see Table 1), and comparison with the calculated spectra
generated in this work for the v,+vg-vg, v,+Vv;-v5, and v,+ve-ve bands of HNOs. The stars (*) indicate
9 water lines impurities.
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Fig 2: Overview of the FTS262729 spectrum (see Table 1), and comparison with the calculated
spectra generated in this work for the v,+vg, v,+v5, and v,+vg, bands of HNOs.
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Fig 3: Portion of the P branch part of the v,+v; band in the 2273 cm™! spectral region of the
“FTS262729” spectrum recorded in this work and comparison with our calculation . An excellent
agreement is observed. Quoted assignments are the [J, K,, K.] values in the 217! upper states, and K, =
d stands for degenerated K, values.
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Fig 4: Central part of the A-type Q branch of the v,+v; band of HNO; ( “FTS262729” spectrum) and
comparison with our calculation.
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Fig 5: Portion of the P branch of the v,+v¢ band of HNO; in the 2345 cm™ region (“FTS262729”
spectrum) and comparison with our calculation. Quoted assignments are in the 216! excited states.
Lines belonging to CO, impurity are also clearly observable in this spectral region (see stars).
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Fig 6: Portion of the Q branch of the v,+vs band of HNO; in the 2350 cm™ region in the “FTS262729”
spectrum recorded in this work and comparison with our calculation. Strong lines from the CO, v;

band are quite observable in the observed spectrum (see stars).
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Fig 7: Portion of the P branch part of the v,+vy band in the 2148.2 cm spectral region of the
FTS262729 spectrum and comparison with our calculation. Strongest lines involve [J, K,, K.] values in
the 219! upper state for very high K, values (K. is degenerated) for J = 18 and J = 17. The identified
weaker lines involve low K, values and J = 18, and the torsional (K, = J-K. & K, = J-K+1) splitting
doublets are indicated by the K. values in 2191
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Fig 8: Portion of the Q branch part of the v,+vy band in the 2164.6 cm™ spectral region of the
FTS262729 spectrum and comparison with our calculation. Quoted assignments are the [J, K,, K. =J]
values in the 219! upper state for K,= 0 and K, = 1. The torsional splittings (K, = J-K; <> K, =J-K+1) are
clearly observable.
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Fig 9: Portion of the HNOj; spectrum in the 1699 cm™! spectral region. The “Obs” plot is
FTS2 spectrum described in Table 1. The calculated plots are the v, cold band [3], the v,+ve-
Vg and v,+v7-v; hot bands, and all bands (v, and hot bands). Within those of the P branch of
the v, cold band, transitions belonging to several hot bands are observable. Each P(n) cluster
groups together lines for which the upper state J and K, rotational quantum numbers
correspond to the same “n = (2x K.-J)” value (see text). These clusters have a different shape
for the v,+vg-vg and v,+v7-v; hot bands because of the existence of large amplitude torsional
splittings in the 219! excited state.

\r2'|~v7-v7 v2+v7-v7
P(n=15) P(n=14) Calc:
1.2 1 A e ey
v,V v, v,V v, z
P(n=17) Calc

(0]
e Obs
©
£0.9- |
cfu ‘ All
|_ \

Calc:

| il . v,
0.6 - “' | ,

T T T T J T T
1698.7 1698.8 1698.9 1699.0 1699.1 1699.2 1699.3

URL: http://mc.manuscriptcentral.com/tandf/tmph Email: TMPH-peerreview@journals.tandf.co.uk



oONOYTULT DA WN =

Ouuuuuuuuuubdbh DB, DDDEBDIDEDDEDWWWWWWWWWWNNNDNNNNNNN=S =22 =2 23 292 202020
oOwvwoOoNOCUDDWN=-_OLVONOOCOULDMMAWN=-_OVONOOCULLDDWN=-_ODVOVONOOCTULDWN=_OOVONOOUVUID,WN=O0O

Molecular Physics

10 20/09/2021

Page 58 of 72

Fig 10: Portion of the HNO; spectrum in the 1718.4 cm! spectral region. The “Obs” plot is
FTS2 spectrum described in Table 1, and the calculated plots are the v, cold band [3], the
V,+Vvy-vg hot band, and for all bands (v, and hot bands). A detailed view of the R(n = 29)
cluster v,+vo-vg hot band, with “n = (2x K¢-J)”, is presented. Quoted [J K, K.] assignments
are in the 2'9! excited state, and the torsional splittings are observable. In addition, the rather
strong [14,14,d]-[13,13,d] line of v,+vg-vg 1s 1dentified by a star.
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Fig 11: Plot of the (observed — calculated) energy levels for the [J,K, = J,K.= 0] of 2191 state for K, <
19. The calculations with and without taking into account the torsional splittings are compared.
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Fig. 12: Plots of the (observed — calculated) energy levels for the 2191 state as a function of the
energy level values The calculations with and without accounting for the torsional splittings are
compared. For 219! [evels with energies larger than 2350 cm?, other resonances exist which,

unfortunately, could not be taken into account by the current calculation.
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