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The experimentally measured high-resolution rovibrational spectra of H!®033Cl, collated from 16 sources,
have been analyzed using the MarveL (Measured Active Rotational-Vibrational Energy Levels) procedure. The
compilation presented, the most extensive up to now, considers a total of 21464 transitions, allowing the
derivation of 6277 empirical energy levels, extending up to 17161 c¢cm™!, corresponding to 15 vibrational
parent states. Experimental transitions data from three older sources, not published explicitly in the original

papers, are presented for the first time; they represent about one half of all the transitions investigated.

1. Introduction

There are a number of reasons why high-resolution, usually rota-
tionally-resolved spectra and the related nuclear dynamics of H'603°(l,
the parent isotopologue of hypochlorous acid, HOCI, have been studied
in detail via experimental [1-35] as well as theoretical [29,36-50]
means. Interest in the spectroscopy of HOCI stems from the facts that
HOCI is (a) considered to be an important temporary reservoir of
chlorine atoms, as well as of the OH radical, in the earth’s atmosphere;
(b) an important member of a catalytic cycle providing a mechanism for
mid-latitude stratospheric depletion of ozone by ClO, radicals (HOCI is
believed to convert relatively stable chlorine reservoir compounds, like
CIONO,, into more reactive ClO, radicals via heterogeneous chemistry
on polar stratospheric clouds) [51-53]; (c¢) prone to destruction in the
atmosphere by ultraviolet (UV) irradiation, necessitating the detailed
understanding of its UV absorption spectra and the related cross sec-
tions [17]; (d) ideal to study rovibrational resonance (quasibound) [54]
states in the continuum [46,47]; and (e) one of the favorite molecules
for the study of unimolecular dissociation reactions [24,25,27,32] and
intramolecular vibrational redistribution (IVR) [22], as its simple struc-
ture and relatively well separated fundamentals, apart from a 2:1
resonance between the HOCI bend (v,) and the OCI stretch (v3) at
higher energies, make the dynamical treatment at high energies less
complicated. The v, band of HOCI happens to lie in an atmospheric
window; thus, it provides a good opportunity to detect and measure
HOCI in the stratosphere. In fact, spectroscopic information related to
the v, band is used to determine the column abundance of HOCI over
the Antarctic [55], as well as to estimate the mixing ratio of HOCI in
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the Arctic stratosphere [56]. Nevertheless, detailed knowledge of other
spectral regions may provide opportunities for other applications.

The significance of HOCI for atmospheric modeling is highlighted by
the fact that it is molecule #21 in the canonical spectroscopic database
HITRAN [57,58]. It is important to note that there were no changes
introduced in HITRAN 2020 [58] compared to HITRAN 2016 [57] for
HOCI, neither in the spectral range, 1-3800 cm™!, nor in the num-
ber of lines, 8877 and 7399 for H1®033Cl and H'®0%Cl (in natural
abundance the ratio of the two chlorine isotopes is approximately
3:1). High-resolution spectroscopic data about HOCI are also accessible
in the GEISA database [59]. Remote sensing [15,55,56] of HOCI in
the upper atmosphere requires the availability of a large amount of
spectroscopic parameters, including positions, intensities, and shapes
of the observable lines. The principal aim of the present study is
to validate the available measured rovibrational transitions and to
provide empirical energy levels for H'®035Cl, both through the use
of the MarveL (Measured Active Rotational-Vibrational Energy Levels)
technique [60-63].

The dissociation energy of HOCI, through the reaction HOCl —
OH + Cl and involving ground-state species, is D, = 19290 cm™;
thus, the corresponding potential energy hypersurface (PES) [40,44,46]
supports only a limited number of pure vibrational states. In fact,
the number of bound vibrational states of H'®03°Cl is estimated to
be around 800 [22,29,41,45]. According to the usual convention, the
vibrational fundamentals of HOCI, v, (at about 3609 cm™~1), v, (at about
1239 ecm™1), and v; (at about 724 ¢cm™1), correspond to OH stretch,
HOCI bend, and OCI stretch, respectively. HOCI is only a very slightly
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asymmetric rotor, with a Ray-asymmetry parameter [64] of ¥ = —0.998.
Thus, its spectra have the appearance of those of prolate symmetric-top
molecules characterized by a-type transitions.

The first study of the infrared (IR) spectrum of HOCI was performed
by Hedberg and Badger [1]. A number of studies followed on v,
[2,5,9,10,12,20], v, [8-10,12,14,20], and v; [9,10,12,14,20]. The 2v,
band was first observed by Deeley and Mills [12], while 2v; and 3v,,
as well as the combination bands v, + v3, v; + v, v; + 2v, were all
assigned by Fusina and co-workers [18,19]. In addition, 49 highly
rotationally excited transitions were measured for the 2v; band [33].
No experimental data have been reported for the v, + v; combination
band. As to the higher end of the spectrum, Charvat et al. [65] inves-
tigated the 3v; + v, combination band, while Troe et al. [22] made
measurements on the 3v; + 2v, band. Even closer to the dissociation
limit, the nv; bands, with n = 4 — 7, and the 4v, + v, band have been
studied [24-27,30,32,34]. Unfortunately, these papers do not report
assigned rovibrational transitions; thus, they could not be considered
for the present MarveL analysis of the experimental rovibrational data
of H1035Cl. Overall, even after these considerable number of studies,
only few of the about 800 possible bound vibrational states of H'®03>Cl
have been probed experimentally.

The considerable number of theoretical studies [29,36-46,48-50]
performed on HOCI yielded a detailed understanding of its rovibra-
tional spectra. Since we do not use this information in a direct way,
only a few highlights are given here. In 1979, Murrell et al. [38]
obtained a PES of HOCI from spectroscopic data. There are more recent
PESs generated for HOCI in the literature [43,44,46,48]. Also in 1979,
Botschwina [36] made a good estimation of the vibrational spectrum.
By now, “nearly-exact” variational nuclear-motion computations pro-
vided information about a large number of rovibrational bound and
resonance states of HOCI [29,46,47,49]. Nevertheless, further compu-
tations would be needed to produce dependable theoretical line lists
for at least the two main HOCI isotopologues, H103>Cl and H'°0%7Cl.
These studies would be helped significantly by the availability of
accurate empirical rovibrational energies of H'°03%°Cl, obtained during
this study, allowing an advantageous mixing of the experimental and
theoretical information, as done, for example, in Ref. [66].

2. Data sources

We made a concerted effort to collate all measured and assigned
rovibrational transitions of H!®035Cl from the literature. As a result,
the number of transitions included in the present study is 21464, of
which 21 317 have been validated via a detailed MarveL-based analysis.
The analysis is based on 16 sources. The tags of the literature sources,
see Table 1, are given according to the convention established in
Ref. [67].

The microwave (MW) spectrum of HOCI was first reported in 69LiL-
iMi [4]. They measured the hyperfine structure of the 1,5, — 0y, tran-
sitions for altogether four isotopologues and subsequently derived a
very approximate molecular structure for HOCI. Even after a lot more
measurements and improved rotational constants, the approximate
molecular structure for HOCI was determined, in 67Ashby [2], as roy =
0.97(2) A, roe = 1.689(6) A, and Zyoe = 104(5)°, suffering from quite
significant uncertainties. Later, 71MiScCa [7] reported millimeter-wave
a-type transitions for five isotopologues, the 17 transitions measured
for H1®035Cl have been used in the present MarveL analysis. In 1975,
75SuGu [68] studied the MW Zeeman spectrum of HOCI, but they did
not report pure rotational transitions; therefore, this source could not
be used in our analysis. In 1984, Gillis Singbeil and co-workers [11]
reported the largest set of MW transitions. This source contains both
hyperfine and pure rotational transitions. All 73 measured rotational
transitions have been used in the present MarveL study (note that in
this study we are not treating hyperfine-resolved lines). Interestingly,
after 1984, no MW spectra were published for H'®035Cl. In 1995, a

Table 1
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Sources of experimental rovibrational transitions utilized during the MarveL analysis of
the present study on H'¢03>Cl°.

Source tag Range/cm™! AV Avg. unc.

84GiAnDaGe [11] 0.27-20.65 73/73 3.734e-06
98FIBiWaOr [28] 1.08-392.12 4094/4094 2.002e-04
71MiScCa [7] 1.98-6.01 17/17 1.395e-06
90CaLoFuTr [16] 30.47-207.52 1262/1262 1.329e-03
95BeNaFuMo [21] 30.47-178.11 41/41 2.925e-06
86La0l [14] 679.02-1295.12 627/627 4.169e-04
00AuKIFIPa [33] 1178.67-1314.49 2108/2108 1.001e-03
80Sa0l [10] 1203.02-1276.98 240/240 2.384e-03
97ShNeZa [69] 1247.32-1252.84 2/2 6.258e—04
96CaLoFu [23] 2337.12-2608.99 1010/1010 6.020e—04
96CaLoFu_S2 [23] 2260.99-2757.07 1032/1032 1.239e-03
79WeSaLa [9] 3252.51-3875.88 651/651 2.605e-03
94AzCaCrLo [19] 4201.15-10428.49 2022/2022 2.223e-03
94AzCaCrLo_S2 [19] 4112.95-10466.65 3237/3237 4.338e-03
93CaLoEsFu [18] 6906.60-7167.06 800/800 9.674e—04
93CaLoEsFu_S2 [18] 6718.51-7232.29 1254/1254 1.709e-03
97ChDeHaAb [65] 11410.76-11511.11 424/424 4.402e—-03
96AbHaKaTr [22] 12551.29-12644.37 629/629 5.502e-03
97HaChAbKo [26] 13227.10-16 321.16 1941/1794 4.513e-03

aWithin a given source, transitions with significantly different uncertainties are grouped
into segments [63] and treated separately during the MarveL analysis. The first segment,
with the lowest uncertainty, does not have a special source tag, while the tag of the
second segment of a given source is concatenated with the string “ S2”. A and V denote
the number of lines available and those validated in a given source, respectively. Avg.
unc. = average uncertainty, in cm™!.

pure rotational spectrum was published in the submillimeter-wave re-
gion; Bellini and co-workers [21] reported several high-lying rotational
energy levels of the vibrational ground state.

The first report about the IR spectrum of H®035Cl is due to Hedberg
and Badger [1], employing a small-prism instrument. The accuracy of
this study is not sufficient for our present purposes. Later, Ashby [2,5]
provided results of a study with much higher resolution; in fact, he
obtained the earliest value of the A, rotational constant of H'®035Cl.
The accuracy of this study is still not sufficient for our present purposes;
therefore, we were forced to skip these results from the present analysis,
as well. A high-resolution infrared spectrum of the HOCI molecule was
reported in 79WeSalLa [9], containing more than 650 transitions of the
v; band. Somewhat later, 80Sa0Ol [10], 85DeMi [12], and 86LaOl [14]
analyzed the v, and v; bands of the HOCI molecule, with a spectral reso-
lution of a few 0.01 cm~!. More than 2000 transitions were assigned on
the 2v, band by 93CaLoEsFu [18]. Two different measurement accura-
cies characterize the lines reported in Refs. [18,19,23]; these transitions
are included in the MarveL analysis as two separate segments. The tag of
the second segment contains the string “_S2” at the end of the tag. More
than 4000 lines were published by 98FIBiWaOr [28] in the far-infrared
(FIR) region. 90CaLoFuTr [16] also measured the FIR spectrum of
HOCI, reporting very high-lying (up to J = 54) ground-state rotational
energy levels.

Due to interest in IVR dynamics, using HOCI as a suitable test
molecule, near-infrared spectra of H'®03>Cl have been recorded around
12000-13000 cm~! [22]. The 3v;, + 2v, and 3v, + v, bands were
analyzed by 96AbHaKaTr [22] and 97ChDeHaAb [65], respectively.
97HaChAbKo [26] published almost 2000 measured transitions for
the 4v, and 5v; OH-stretch overtones as well as the weak 4v, + v,
combination band.

The full list of data sources used in the MarveL analysis, along
with some of their characteristics, is given in Table 1. As can be seen
there, we found only one serious problem: the rovibrational lines of the
4v, +v, band, from 97HaChAbKo [26], were in conflict with themselves;
therefore, we had to skip this band from our analysis.

The uncertainties of the lines, employed during the MarveL analysis,
corresponding to each source were taken preferably from the original
papers. Nevertheless, occasionally they had to be increased, first for
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internal self-consistency of the data within a single data source and then
for self-consistency within the complete MarveL compilation of data.

Several older literature sources of transitions data do not contain
the measured transitions in an explicit form. This means that these
data are basically lost to the community [70]. It is in relation to this
statement that we note that the present analysis makes data reported
first in Refs. [18,19,23] available to the general public for the first time;
these data form part of the MarveL input file and they are reported in
the Supplementary Information. Our MarveL analysis validated all of
the measured transitions of these sources. These three sources contain
about half of all the transitions of H®03%>Cl treated during the present
study.

3. MarveL analysis
3.1. MARVEL

The MarveL procedure [60-63] utilizes the theory of spectroscopic
networks (SN) [71,72]. Recently, the algorithms employed by MarveL
have been systematically improved, the relationship of SNs to formal
network theory considered [61,62,71,73], and the underlying method-
ology reviewed [63,72,74,75]. Therefore, it is sufficient to provide only
a brief discussion about the most important features of MarveL here.

The MarveL protocol [60,61,63] yields what are called empirical en-
ergies, all with well-defined provenance and uncertainties, based on the
available experimental transitions information. Thus, a MarveL analysis
starts with the construction of a SN, using the dataset of measured
and assigned transitions collated from the literature. Using MARVEL
requires that each transition treated has a unique (though not necessar-
ily physically relevant) assignment, determining the transition’s place
within the SN, and an uncertainty. MarveL then inverts the transitions
information (wavenumbers, assignments, and uncertainties), yielding
empirical energy levels with well-defined uncertainties, depending on
the uncertainties of the transitions, within each component of the SN.
Validation of the experimental information utilizes several elements of
network theory.

MarveL compilations of experimental high-resolution rovibronic
transitions data currently exist for a considerable number of diatomic
molecules (AlH [76], BeH [771, 12C, [66,78], 14NH [79], 160, [80],
48Ti160 [81], and 2°Zrl®0 [82]), while rovibrational transitions data
have been collated for triatomic molecules (H2328 [83] and isotopo-
logues of H,0 [67,84-89], H;* [90,91], and SO, [92]), and for larger
species (12C,H, [93], 1*NH; [94,95], H,'>C1®0 [96], and H,'>C12C!®0
[97]), as well. Thus, there are ample studies demonstrating the utility
of the MarveL approach for the spectroscopic community and beyond.

3.2. Quantum numbers

In its ground electronic state, HOC] has an equilibrium structure
with C, point-group symmetry. H1°03%Cl is a very slightly asymmetric
rotor, with k = —0.998.

To label the vibrational part of the rovibrational states of H!®03>Cl
we employ three quantum numbers, v, v,, and vs, referring to the
O-H stretch, HOCI bend, and O-Cl stretch modes, respectively [98].
For labeling the rotational states we use the standard asymmetric-top
quantum numbers J, K,, and K, [99]. Thus, the rotation-vibration
levels of H1®035C] are identified in this study by six quantum numbers:
(v vy v3) [J K, K_]. In the literature, some states of H'®035Cl have
been labeled simply by J and K(= K,); these are cases when the value
of K, is unimportant or has not been resolved.

3.3. Spectroscopic network of H1®03°Cl

Due to the fact that HOCI contains three different nuclei, the ex-
perimental spectroscopic network of H'®035Cl built from the assigned
transitions has a single principal component with 6277 energy levels,
incorporating 21 464 transitions. There are only two other components,
both of them contain only two energy levels; these minor components
are not considered further in this paper.
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Table 2

Marver-based vibrational band origins (VBO) of H'°0%Cl and their literature coun-
terparts, the latter obtained from Ref. [26], except for 2v,, for which Ref. [23] is
used®.

Band VBO(MARVEL) Previous estimates”  Np Joae  Komax
Vo 0.0(0) 0.0 987 61 10
2 724.35815(57) 724.358 07(4) 587 44 8
vy 1238.62473(40)  1238.624 60(4) 808 55 9
2v, 2461.22399(51)  2461.222468(50) 454 44 6
vi 3609.4797(30) 3609.48248(4) 334 44 8
VitV 4331.90898(79)  4331.908 531(88) 346 35 5
vi+v, - 4820.432330(110) 358 38 5
vy +2v, 6013.8361(34) 6013.83078(51) 304 38 4
2v, - 7049.813190(69) 451 45 6
3y, 10322.2895(30)  10322.29329(25) 454 41 7
v+ v, 11478.0014(20) - 337 40 6
3vi+2v,  12612.5164(50) 12612.5519(6) 344 40 5
4v, 13427.3974(20) 13427.3936(4) 418 40 6
5v; - 16374(2) 73 28 5

2All VBO values are given in cm~'. The uncertainties of the last VBO digits are given in
parentheses. The number of rotational levels, Ny, and the maximum J and K, values
within a given vibrational band are given in the last three columns of this table.
YThe previous (best) estimates are based on effective Hamiltonian calculation.

4. Results and discussion
4.1. MARVEL energy levels

In total, we obtained 6277 empirical rovibrational energies for
H6035C], they are provided in the Supplementary Material. The energy
levels span up to J = 61 and energies up to 17160.81 cm™'. It is
interesting that the maximum value of K, is 10, ie., there are no
measured transitions in the literature which involve a state with a K,
value larger than 10 (see Table 2).

The uncertainties of the empirical rovibrational energy levels de-
rived clearly show the lack of a large number of MW measurements.
There are only seven energy levels whose uncertainties are less than
1073 cm™1; these energy levels are members of the [J 0 J] series up
to J = 6. The uncertainties of all the other empirical energy levels are
larger than 10~* cm™L.

Table 2 presents the vibrational band origins (VBO) and a summary
of the number of empirical rovibrational energy levels determined for
each vibrational parent state. Table 2 also gives term values of previous
studies, all of which are based on effective Hamiltonian calculations.

The vibrational fundamentals of H!6033Cl have already been esti-
mated in 1951 in Ref. [1]. These estimates, 3626, 1242, and 739 cm™!
for v;, v,, and v;, respectively, are off by 5 — 20 cm~!, and have been
evolving over time. In 2003, Jacox presented the values of 3609.48,
1238.62, and 724.36 cm™!, respectively [100], all correct within the
number of digits given. The evolution of these values can be traced in
the Marver input file. The present best estimates of the v;,v,, and v;
fundamentals of H'6035Cl are 3609.4797(30), 1238.624 73(40), and
724.35815(57) cm™!, respectively.

We are not aware of any high-accuracy first-principles rovibrational
energies of the empirical energy levels derived during this study.
Therefore, we had to rely on spectroscopic constants available in the
literature to confirm the correctness of the empirical (MARvVEL) rovi-
brational energy levels. We compared our empirical energy levels to
the effective Hamiltonian results of 98FIBiWaOr [28]. Fig. 1 shows the
differences between the MarveL levels and the energy values calculated
by the parameters of Ref. [28] up to J = 20 and K, = 7. As shown in
Fig. 1, for the energy levels of the v, v,, and v; bands the agreement
is nearly perfect, but for the v, band the average difference is slightly
larger (about 0.001 cm™!). These comparisons support the correctness
of the related empirical energies derived during this study.
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Fig. 1. Differences between the empirical (MARVEL) energy levels of this study and the
earlier literature results of 98FIBiWaOr [28], up to J =20 and K, = 7, on the vibrational
ground state (v,) and the vibrational fundamentals (v,, v,, and v;) of H'®03>Cl.

4.2. Comparison to the HITRAN and GEISA databases

The canonical spectroscopic databases HITRAN [57,58] and GEISA
[59] contain a considerable number of rovibrational transitions for the
H!03%5Cl molecule. Therefore, it is worth comparing the three datasets
and check the completeness of the MarveL dataset.

For H16035Cl, HITRAN 2016 [57] contains 8877 rovibrational tran-
sitions, going up to 3799.25 cm~!. The HITRAN2016 database was
constructed using the transitions and spectroscopic parameters reported
in 84GiAnDaGe [11], 98FIBiWaOr [28], and 00AuKIFIPa [33]. Our
collection of experimental data has 21464 validated transitions, a
considerably larger number. Our treatment also goes to much higher
wavenumber values, up to 17161 cm~!. Furthermore, a lot of the
HITRAN 2016 line positions are based on effective Hamiltonian calcula-
tions, while the present dataset contains measured data. After checking
the correctness of the HITRAN 2016 energy-level entries, it was found
that altogether 611 lines contain invalid rotational labels. In each case
the value of K, is set to zero. The problematic lines are provided in the
Supplementary Material.

Since HITRAN 2016 utilizes effective Hamiltonian results, it is not
surprising that there are about 2300 lines in the 3400—3800 cm~! region
that are not available in our experimental database. Nevertheless, our
MarveL database contains 227 extra lines which are not part of the
HITRAN 2016 dataset. There are only 524 lines which contain rovibra-
tional energy levels that cannot be found in our MarveL energy set. All
of these lines belong to the v, band. It is important to emphasize that
all other HITRAN 2016 lines can be reproduced by the empirical energy
levels of this study within 0.01 cm™!.

For H16035C], the GEISA database contains 9293 rovibrational tran-
sitions, extending up to 3799.25 cm~!. These lines were seemingly
constructed using the spectroscopic parameters of 98FIBiWaOr [28]
and 00AuKIFIPa [33] and with the help of a private communication
with J.-M. Flaud. Unfortunately, there are 1182 lines in the GEISA-2020
database with invalid rovibrational labels. Similar to HITRAN, in most
of these cases the value of K, is set to zero, but in a few cases these
labels are simply incorrect. There are 408 lines where the discrepancy
between the GEISA and MARVEL lines are larger than 0.01 cm™!. In 49
cases the GEISA database uses the v, vibrational label instead of 2v;, as
mentioned in 00AuKIFIPa [33]. In the rest of the cases J is larger than
30; thus, in these cases the effective Hamiltonian used to construct the
GEISA database might have resulted in incorrect line positions.
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5. Conclusions

During this study, all available experimentally measured and as-
signed rovibrational transitions of the H®03>Cl molecule have been
collated into a single database. Using 21 464 experimental transitions
from 16 sources, of which 21 317 could be validated, and the MarveL
protocol, we determined 6277 empirical rovibrational energy levels on
the ground electronic state of H'®035Cl. Although the detailed knowl-
edge of the spectroscopic properties of HOCI is important for several
atmospheric reactions and processes, the present investigation revealed
a few deficiencies in the high-resolution spectroscopy of H!®03°Cl: (1)
There are only relatively few experimentally measured MW transitions
in which the value of K, changes; therefore, these highly accurate lines
do not create a connected component. This is why only seven MarveL
rovibrational energy levels have uncertainties less than 107> c¢m™!,
an accuracy typical of MW measurements. Several new measurements
would be needed to connect these subcomponents, these experiments
could be designed using the spectroscopic network of H'®035Cl estab-
lished in this study. (2) The maximum value of K, in the database
of experimentally measured transitions is 10. It would be desirable to
extend the experimental studies for a connected set of K, > 10 transi-
tions. (3) It would be useful to experimentally observe and analyze the
2v; and v, + v; bands, allowing the accurate estimation of the x3; and
X,3 anharmonic parameters (at present only known from theory [42]),
completing the set of experimental vibrational anharmonicity constants
of the molecule (see Table V of Ref. [19]).

We used the canonical spectroscopic databases and information
systems HITRAN [57,58] and GEISA [59] to check the completeness
of our experimental dataset. Detailed comparison of the three datasets
revealed a number of significant differences. Most importantly, the
present dataset is considerably more complete than the other two; for
example, our MarveL database contains 227 extra lines that are not
present in the HITRAN dataset in the region covered there.
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