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The study starts with a detailed analysis of all the high-resolution rovibrational transitions measured for
the minor hypochlorous acid isotopologue H!®0%Cl, employing the MarveL (Measured Active Rotational-
Vibrational Energy Levels) procedure. The survey considers 16 sources, the wavenumber coverage of the

16()35
:1 58373 transitions extends from the microwave to the visible region, corresponding to 13 vibrational parent states.
MARVEL Experimental transitions data from older (1994, 1996, and 2000) sources, not published explicitly in the

original papers, are presented in here for the first time; the newly reported transitions represent about one
third of all the transitions assigned for H'®*0%Cl. Then a minor update to the transitions and levels of H'®033Cl
published in J. Mol. Spectrosc. 384 (2022) 111561 is provided. Proper labelling and internal consistency of the
transitions and the empirical rovibrational energies of H'®0%°Cl and H'®0%Cl is enforced utilizing effective
Hamiltonian (EH) and first-principles variational nuclear-motion computation results. An iteratively updated
line list, based on empirical and EH rovibrational energy levels and first-principles intensities, is used to assign
a significant number of new transitions in the 2v, band (2300-2800 cm™!) for both isotopologues. At the
end, for H'®035Cl/H!°0%7Cl, from the total of 20349,/10 266 experimentally measured transitions considered,
20119/10124 could be validated, allowing the derivation of 5760/3933 empirical rovibrational energy levels
with well-defined uncertainties. Improved parameters for an effective Hamiltonian corresponding to the 2v,
state are given. A comparison with data in the canonical spectroscopic line-by-line database HITRAN is also
provided.

Empirical energy levels
Spectrum assignment

H!°0%7Cl isotopologue. Similar to Ref. [1], the MarveL (Measured
Active Rotational-Vibrational Energy Levels) technique [4-7], based
on the theory of spectroscopic networks [8-10], is employed to ob-
tain, following the validation of the available measured rovibrational

1. Introduction

In 2022 [1], some of the authors of this paper performed an analysis
of rotationally-resolved spectra measured for the main hypochlorous
acid isotopologue, H1®035Cl. Ref. [1] lists a number of reasons why it
is important to study spectra of hypochlorous acid at high resolution;
thus, they are not repeated here. It is only mentioned that HOCI is

transitions, empirical rovibrational energy levels with well-defined un-
certainties. The present investigation can be characterized by several

molecule #21 in the canonical line-by-line spectroscopic information
system HITRAN [2,3], exemplifying the significance of HOCI for the
modelling of planetary atmospheres.

Under natural abundance, the ratio of the 3°Cl and 37Cl isotopes
is approximately 3:1. Spectra of HOCI cannot be understood with-
out the consideration of H!®037Cl; thus, almost without exception,
papers dealing with the spectroscopy of H'®03>Cl contain measured
data on H!®037Cl, as well. As a natural continuation of Ref. [1],
this paper starts with our investigation of the high-resolution spec-
tra and the underlying rovibrational energy level structure of the

new features when compared to the MarveL survey of the rovibrational
spectra of H1®035Cl [1]. First, the rovibrational energies determined
are checked against effective Hamiltonian (EH) values, whenever both
sets are available. This comparison is carried out for both isotopo-
logues. Second, a detailed comparison of the empirical energy levels
with those of first-principles variational nuclear-motion calculations
is performed, helping to ensure the validity and the consistency of
the rovibrational energy levels and labels of the two main HOCI iso-
topologues. Third, based on wave functions computed for a very large
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Experimental sources used to construct the H'®0%Cl rovibrational spectroscopic network of this study. The data given include, for each source,
the wavenumber ranges of the validated transitions, the number of actual (A), validated (V), and deleted (D) transitions, and selected uncertainty
statistics, where AIU = average initial uncertainty and AM R = average MARVEL reproduction of the source’s lines.

Source tag Range/cm™! A/V /D AIU/cm™! AMR/cm™!
84SiAnDaGe [16] 0.349-19.656 49/49/0 2.70 x 107° 3.52x 1078
69LiLiMi [12] 0.978-0.978 1/1/0 1.67 x 1076 1.65x 1077
98FIBiWaOr [25] 1.433-377.742 3191/3186/0 2.00x 1074 2.59x 1073
71MiScCa [13] 1.943-1.969 2/2/0 1.60 x 107° 1.47 x 1077
90CaLoFuTr [18] 30.306-208.974 792/792/0 2.00 x 1074 1.20x 10~
95BeNaFuMo [21] 60.408-178.135 34/34/0 2.66 x 1076 4.14x 1078
86La0l [17] 685.058-1278.641 366/365/0 4.00x 10~ 6.26 x 1074
00AuKIFIPa [26] 1202.281-1270.757 181/101/0 1.30 x 10~ 5.64 x 107
80Sa0l [15] 1203.357-1271.955 88/88/0 2.00x 1073 1.64x 1073
23EcSiFuRa (this work) 2290.876-2699.068 1603/1603/0 1.03x 1073 7.83x 1074
79WeSala [14] 3261.617-3871.973 402/401/0 1.50 x 1073 9.60 x 10~
94AzCaCrLo [20] 4168.031-10438.322 1499/1499/0 5.22x 1073 1.40x 1073
93CaLoEsFu [19] 6770.942-7216.530 876/876/0 5.00x 1073 8.90 x 10~*
97ChDeHaAb [23] 11413.643-11510.052 352/352/0 5.00x 1073 3.32x 1073
96AbHaKaTr [22] 12566.470-12636.448 203/202/0 2.00x 1073 1.24x 1073
97HaChAbKo [24] 13239.419-13520.419 627/573/54 5.00%x 1073 2.81x 1073

number of rovibrational states, a detailed checking is conducted to
make sure that all the rovibrational labels are feasible and that they
are internally consistent between the two HOCI isotopologues. Fourth,
transitions based on empirical, EH, and variationally computed en-
ergy levels are supplemented with first-principles computed infrared
intensities, allowing the straightforward assignment of new lines in
the rovibrational spectrum of hypochlorous acid in the 2v, region,
where the experimental spectrum [11], measured in 1996, has re-
mained available in electronic form. This procedure results in a number
of newly assigned transitions and even new empirical energy levels,
complementing nicely the work reported in Ref. [11]. The input sets of
transitions for both isotopologues of HOCI are enlarged with the new
transitions before the final MarveL analysis. All the important results
of the present study, including transitions and energy levels, are made
available to the public in the extensive Supplementary Material (SM)
to this paper.

2. Data sources

During this study, a concerted effort was made to collate all mea-
sured and assigned rovibrational transitions of H®037Cl available in
the literature [11-26]. These experimental studies involve 13 bands.
There is only one source known to us, 97ShNeZa [27], which contains
transitions for H®035Cl but not for H®037Cl; thus, the list of data
sources treated is principally the same as that in Ref. [1]. The experi-
mental sources used to construct the H!®037Cl spectroscopic network
of this study are given in Table 1.

Similar to H'®033Cl [1], older literature sources may not contain
the measured line positions of H'®037Cl in an explicit form. As a result,
these data could be considered lost to the community [28]. It is then
important to note that (a) the line positions mentioned but not reported
in Ref. [20] for H'®0%7Cl are made available here to the public for the
first time, (b) the original file containing the set of transitions measured
and assigned for H1®037Cl [11] got lost, and (c) transitions data for
the 2v, band of H'®0%Cl included in the Supplementary Material with
the tag 23EcSiFuRa, referring to this paper, represent all the data of
Ref. [11] plus a significant number of newly assigned transitions (vide
infra).

This paper also reports a minor correction and extension of the data
reported in Ref. [1] for H®035Cl. In what follows, description of the
data sources of the two HOCI isotopologues are given separately.

2.1. Notation
According to the usual convention [29], the v;, v,, and v5 vibrational

fundamentals of HOCI correspond to the OH stretch, HOCI bend, and
OClI stretch motions, respectively. HOCI, with an equilibrium structure

of C, point-group symmetry, is only a very slightly asymmetric rotor,
with a Ray-asymmetry parameter [30] of k = 2B— A - C)/(A-C) =
—0.998, where A, B, and C are the rotational constants. Therefore,
the measured spectra have the appearance of a prolate symmetric-
top molecule with dominant a-type transitions. The rotational states of
HOCI are labelled using the standard asymmetric-top quantum numbers
J, K,, and K, [31]. As a result, the rovibrational labels of both HOCI
isotopologues contain three vibrational and three rotational quantum
numbers: (v; v, v3) [J K, K1 = (v vy v3) J k.-

2.2. HI%0%Cl

In 1969, 69LiLiMi [12] reported highly accurate measurements of
the 1, — 0, rotational transition for several isotopologues of HOCI.
This source was not included in the original MarveL analysis of the
H'6035C] isotopologue [11, but it is included in the present study.

The Marver analysis whose results are reported in Ref. [1] uti-
lized 2108 lines from the Supplementary Material of the data source
00AuKIFIPa [26]. As it turned out, the transitions forming the v, band,
contained in the Supplementary Material of Ref. [26], are not the
directly measured transitions but those based on EH energy values. An
effort was made during this study to constrain the MarveL analyses to
measured data, which were published explicitly in Ref. [26] neither for
H035Cl nor for H®0O37Cl. Prof. Vander Auwera, the first author of
Ref. [26], kindly supplied these data to us. The data are now contained
explicitly in the MarveL input files of the two isotopologues. Dependable
individual uncertainties were also provided by Vander Auwera for all
the measured and assigned transitions of Ref. [26]. As a result, the
number of transitions utilized in the MarveL analysis of H®03Cl from
the source 00AuKIFIPa [26] changed from 2108 to just 223; overall,
the spectroscopic network (SN) shortened this way provides access to
564 less empirical rovibrational energy levels.

2.3. H10%7Cl

The number of rovibrational transitions collected from the litera-
ture, based on 15 sources, plus the results of the present study included
in the MarveL analysis of H®037Cl spectra is 10266. We were able to
validate 10 124 of these transitions via a detailed MarveL-based analysis.
Note that if a transition is not part of the principal component of
the SN, we are not able to validate it. Table 1, displaying the full
list of data sources used during the MarveL analysis of this study,
along with some data characteristics, also contains the information
how many transitions we had to delete from each source (see the
available (A)/validated (V')/deleted (D) column). Table 1 also contains
AMR (average MarveL reproduction) values, showing how well, in an
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Harmonic vibrational fundamentals (w;, given in brackets) and selected anharmonic vibrations (v;, including fundamentals, overtones, and
combination bands) of H'®0%Cl and H'°0%Cl, all in cm™!, obtained at two levels of electronic-structure theory: MP2 = frozen-core aug-cc-
pVTZ MP2 and CC = frozen-core aug-cc-pV(Q+d)Z CCSD(T). There is no direct experimental information available for the fundamentals of
H'°0%7Cl, the only experimentally known combination or overtone vibrational band origin is v, + v, at 4325.74(1) cm™!, as revealed during
this study. For the experimental results, the uncertainties are given in parentheses.

v (@;) H!°035Cl H'%0%Cl
MP2 CcC Experiment [1] MP2 CcC
vi[o;] 3593.6[3771.2] 3610.2[3796.1] 3609.4797(30) 3593.7[3771.2] 3610.2[3796.1]
Vo, ] 1227.7[1260.6] 1238.3[1271.8] 1238.6247(4) 1227.2[1260.1] 1237.8[1271.3]
vsl;] 752.2[765.4] 726.3[741.4] 724.358 2(6) 745.8(758.8] 720.1[735.0]
2v; 1496.9 1442.8 1484.1 1430.6
Vo4 1971.7 1955.5 1964.9 1949.0
2v, 2440.1 2460.7 2439.0 2459.7
vi+vy 4342.9 4334.5 4331.9090(8) 4336.5 4328.3
ViV, 4794.7 4822.5 4794.1 4822.0
2y, 7024.5 7048.5 7024.5 7048.5

average sense, the MarveL energy levels are able to reproduce the exper-
imentally measured lines of the given source. It is not surprising that
for most sources the empirical (MarveL) energy levels can reproduce
the measured lines within the experimental uncertainties, indicating
that the cleansed MarveL database of H'®03%7Cl contains only a limited
number of even slightly conflicting transitions. Since MARrVEL performs a
weighted fit, preferring the best measurements, it is also not surprising
to see AMR values almost always significantly smaller than the AIU
(average initial uncertainty) values.

There is only one data source, 97HaChAbKo [24], where measured
transitions had to be deleted. Similar to the analysis of the spectra of
the H®035Cl isotopologue [1], we had to remove the complete set
of experimental information available on the 4v, + v, band in this
source, since these 54 transitions exhibit unresolvable conflicts among
themselves.

As seen in Table 1, apart from 80 transitions of 00AuKIFIPa [26],
almost all of the measured and assigned transitions found in the liter-
ature could be validated during this study. The further exceptions are
as follows: one transition in each of 79WeSaLa [14], 86LaOl [17], and
96AbHaKaTr [22], and five transitions of 98FIBiWaOr [25]. All these
transitions, which could not be validated as they are not part of the
principal component of the spectroscopic network, may be connected
to the principal component with a limited number of well-designed
experiments [32] in the future.

2.4. Experimental spectrum of the 2v, band of HOCL

The measured spectrum of HOCI in the 2v, region, that is between
2290 and 2700 cm™!, was not published originally in Ref. [11]. Never-
theless, the spectrum measured in 1996 [11] was kept by the authors
in electronic form, allowing its reanalysis. The experimental conditions
under which the spectrum was measured are given in Ref. [11]. During
this study, the 2v, band is reanalyzed, based on empirical (MarveL) and
effective Hamiltonian (EH) rovibrational energies and first-principles
computed transitions and intensities (vide infra).

3. The simple HO and VPT2 picture

Computational quantum-chemical studies performed on HOCI [33-
50], including variational ones [39,46,47,49], have yielded a detailed
basic understanding of the energy-level structure and the associated
rovibrational spectra of H1®035Cl, and to some extent of H!®03%CL
Nevertheless, as part of the present study, the simplest theoretical
models, namely the harmonic-oscillator (HO) approximation [51] and
vibrational perturbation theory carried out to second order (VPT2) [52-
54], have been used to obtain harmonic and anharmonic vibrational
results for the two isotopologues.

The simple HO and VPT2 results obtained, presented in Table 2,
show that for HOCI (a) the spectroscopic data obtained at the frozen-
core aug-cc-pV(Q+d)Z CCSD(T) level [55,56] show excellent agreement

Table 3

Information related to the type and the number of discrete-variable-representation
vibrational basis functions and the range of the coordinate grid employed for each
internal coordinate during the quantum-chemical computations.

Tocl Ton 0
Basis type Hermite Hermite Legendre
Number of basis functions 70 20 50
Coordinate interval 1.4 A28 A 0.6 A-1.9 A 46°-179°

with the available experimental data, with deviations less than 2 cm™!
obtained within the VPT2 formalism for the three fundamentals of
H'6035C], and similar agreement is expected for H'®03%7Cl, for which
no truly experimental results are available, (b) isotopic substitution has
a negligible effect on the v, fundamental (0.0 cm~!), a minimal effect
on v, (0.5 cm™'), and a somewhat significant effect on v (6.2 cm™1),
which is the O-Cl stretch fundamental, (c) as proven for the v, + v5
combination band, the discrepancy at the aug-cc-pV(Q+d)Z CCSD(T)
level compared to experiment is the same for the two isotopologues,
and (d) the isotope shifts appear to be almost perfectly additive for
the overtone and combination modes. The minuscule v; isotopic shift
is due to the decoupling of the OH stretch motion from the other two
vibrational motions and to the fact that the a axis is more or less aligned
with the O-Cl bond. These elementary results help to understand the
assignment of the rovibrational quantum states of hypochlorous acid,
discussed at considerable length in later parts of this paper.

4. Variational nuclear-motion computations

In order to check the energy levels and the rovibrational labels avail-
able in the literature for H®035Cl and H!037Cl, independent first-
principles nuclear-motion computations have been performed for the
two molecules. These computations utilized our version of the fourth-
age [57] quasivariational quantum-chemical code GENIUSH [58-60],
where the abbreviation stands for GEneral rovibrational code with
Numerical, Internal-coordinate, User-Specified Hamiltonians.

The internal coordinates chosen to describe the nuclear dynam-
ics of HOCI are as follows (see Table 3): O-Cl stretch (rg¢), O-H
stretch (rgy), and HOCI bend (8). The rovibrational wavefunctions are
expanded in the direct product of vibrational and rotational basis func-
tions. A complete set of 2J + 1 orthonormal Wang functions [30] form
the rotational basis. Table 3 contains information about the type and
the number of discrete variable representation (DVR) [61,62] vibra-
tional basis functions, and the range of the coordinate grid, employed
during this study. The empirically-adjusted potential energy surface
(PES) developed in Ref. [33] and the dipole-moment surface (DMS) of
Ref. [63] were used in this study. The nuclear masses, in u, employed
during the variational computation of the rovibrational states are as
follows: m(H) = 1.007 825, m('°0) = 15.994915, m(*>Cl) = 34.968 852 69,
and m(*Cl) = 36.9659026.
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Table 4

The first 50 vibrational eigenenergies computed for the two HOCI
isotopologues, in e¢m™!, based on the empirically-adjusted potential
energy surface of Ref. [33] and an exact kinetic-energy operator (the
(000) values are the zero-point vibrational energies (ZPVE), all other
energies are reported relative to the ZPVEs).

v v, v, H160%Cl HI60%Cl
0 0 0 2867.0 2863.5
0 0 1 724.3 718.1
0 1 0 1238.6 1238.1
0 0 2 1444.1 1431.8
0 1 1 1953.8 1947.2
0 0 3 2154.0 2135.8
0 2 0 2456.4 2455.3
0 1 2 2663.3 2650.7
0 0 4 2852.2 2828.3
0 2 1 3163.8 3156.8
0 1 3 3362.3 3344.0
0 0 5 3537.1 3507.8
1 0 0 3610.0 3610.0
0 3 0 3670.4 3668.8
0 2 2 3865.9 3853.0
0 1 4 4049.2 4025.4
0 0 6 4208.8 4174.4
1 0 1 4334.0 4327.8
0 3 1 4368.7 4361.2
0 2 3 4556.7 4538.2
0 1 5 4723.3 4694.2
1 1 0 4822.0 4821.5
0 0 7 4868.2 4828.8
0 4 0 4878.9 4876.8
1 0 2 5053.3 5040.9
0 3 2 5062.0 5048.8
0 2 4 5235.0 5211.0
0 1 6 5384.8 5350.6
0 0 8 5515.9 5471.7
1 1 1 5535.8 5529.1
0 4 1 5566.3 5558.5
0 3 3 5743.0 5724.2
1 0 3 5763.3 5745.0
0 2 5 5900.1 5870.9
1 2 0 6014.8 6013.8
0 1 7 6034.8 5995.6
0 5 0 6073.9 6071.2
0 0 9 6152.4 6103.6
1 1 2 6242.0 6229.0
0 4 2 6250.9 6237.9
0 3 4 6411.0 6386.9
1 0 4 6460.6 6436.8
0 2 6 6552.6 6518.4
0 1 8 6673.6 6629.6
1 2 1 6718.3 6711.2
0 5 1 6748.8 6740.5
0 0 10 6778.0 6724.8
0 4 3 6916.5 6897.6
1 1 3 6945.0 6926.7
2 0 0 7050.4 7050.4
0 3 5 7065.2 7035.9

Table 4 lists the first 50 vibrational eigenenergies computed for
the two HOCI isotopologues. When a comparison can be made, these
vibrational energies are the same as reported in Refs. [33] and [39].
The order of the state energies in Table 4 follows that of H®03%>Cl.
The density of vibrational states is relatively low even at 7000 cm™!.
Nevertheless, in a couple of cases, in fact for the vibrational state pairs
(120)/(017),(051)/(00 10), and (2 0 0)/(0 3 5), the order changes be-
tween H'®035Cl and H'°0%Cl, suggesting significant mixing in states
where the O-Cl stretch (v3) is highly excited.

Although the accuracy of the computed absolute rovibrational eigenen-

ergies is insufficient to employ them directly to check the accuracy of
the empirical energy levels, they can be utilized to obtain energy dif-
ferences between rovibrational states of the two isotopologues with the
same label. The accuracy of the differences improves to the expected
full width at half maximum of the infrared lines observed at room

Journal of Molecular Spectroscopy 397 (2023) 111834

Fig. 1. Cartoon about the spectroscopic network (SN) of H'®0%Cl, with each band
represented by a different colour. The SN of H!®0%Cl is highly similar.

temperature, a few times 10~2 cm~!. This improved relative accuracy
with respect to the absolute accuracy is due to the following factors:
(a) errors coming from the imperfect treatment of the vibrations, like
inaccuracy of the PES, more or less cancel each other out when the
difference is taken between the energy levels with the same vibrational
label, and (b) there is no error in the treatment of the rotation due to
the use of a complete rotational basis.

The computed rovibrational wave functions were utilized within
the rigid-rotor decomposition (RRD) approach [64,65] to determine
rotational labels for all the rovibrational states. The RRD calculations
were done in the Eckart embedding [66-68]. In the Eckart embedding
unique labels could be attached unambiguously to the states computed.
The GENIUSH computations have been carried out up to J,,, = 45 and
the list of states is complete up to 3000 cm~!. Determination of the
one-photon, dipole-allowed intensities for both HOCI isotopologues was
based on the computed rovibrational eigenvectors.

5. MarveL analysis of the measured transitions

The MarveL protocol [4,5,7] inverts the information contained in
uniquely assigned experimental transitions and yields what are called
empirical rovibrational energies, all with well-defined provenance and
uncertainty. There are ample studies even for systems larger than
triatomic ones [69-72] demonstrating the utility of the MarveL ap-
proach for the spectroscopic community and beyond. There is a review
available about the technique [10], and one should also note that
results from several MarveL analyses have been included in the latest
editions of HITRAN [2,3].

The experimental uncertainties of the measured transitions, which
are part of the input to Marver, allow an estimation of the uncertainties
of the empirical rovibrational energy levels. These data, that is exper-
imental transitions with assignments and uncertainties and empirical
rovibrational energy levels with assignments and uncertainties, are
contained in the SM to this paper.

Due to the fact that HOCI contains three different nuclei, the exper-
imental spectroscopic networks of HOCI isotopologues, built from the
assigned transitions, have a single principal component. The principal
component of H'®0%Cl contains more than 10 000 transitions, formed
by almost 4000 energy levels. There are 49 much smaller, floating
components, containing altogether 49 states and 88 transitions. Fig. 1
provides a representation of the spectroscopic network of HI®037Cl. As
usual in graph (network) theory, the actual shape of the figure has no
specific meaning; in particular, there is no energy axis associated with
this figure. Each vibrational band is represented with a different colour.
The large number of energy levels with a single measured transition
(‘leafs’) and the large number of even-membered cycles, allowing the
straightforward assessment of various experimental results, are clearly
visible.
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Table 5

Marver-based vibrational band origins (VBO) of H'®0%Cl and effective Hamiltonian results from the literature.”
Band VBO Ngr. max Ko max

MARVEL Previous estimates” Ref.

Vo 0.0(0) 0.0 - 866 56 10
V3 - 718.165819(15) [25] 445 37 7
vy - 1238.121 286(10) [25] 181 39 5
2v, - 2460.190 020(75)¢ [11] 371 39 5
v, - 3609.488 960(30) [25] 239 48 8
v+ 4325.74(1) 4325.742131(210) [20] 256 30 5
vit+v, - 4819.932145(257) [20] 210 30 5
Vi +2v, - 6012.762757(783) [20] 172 32 3
2v, - 7049.8233937(935) [19] 295 34 5
3y, 10322.374(6) 10322.37781(113) [20] 198 36 6
v+, 11477.433(5) 11477.452(1) [23] 253 40 4
3v; +2v, - 12611.4757(12) [22] 164 36 4
4v, - 13427.3641(6) [24] 305 38 5

a All VBO values are given in cm~!. The uncertainties of the last VBO digits are given in parentheses. The number of rotational
levels, Ng,, and the maximum J and K, values within a given vibrational band (Band) are given in the last three columns

of this table.

b The previous (best) estimates are based on effective Hamiltonian calculations. For higher-excited states the uncertainty of

the VBOs may not reflect correctly their accuracy.

¢ In this work, a new effective Hamiltonian value, consistent within the uncertainties given, has been determined for this

VBO: 2460.190 186 6(765) cm~! (see Table 6).
6. Results and discussion
6.1. Vibrational band origins of H®037Cl

Vibrational band origins (VBO) and empirical rovibrational ener-
gies, complementing those of H!®0%7Cl discussed here, are available
for H16035Cl from Ref. [1]. These VBOs are not discussed explicitly in
what follows. Table 5 presents the VBOs and a summary of the number
of empirical rovibrational energy levels determined for each vibrational
parent state of H1®037Cl. Interestingly, none of the vibrational funda-
mentals of H'®0%7Cl are known experimentally, as the J = 0 states
have not been involved in measured transitions, but relatively accurate
energies are determined for one overtone and two combination bands.

Table 5 also gives term values for 13 vibrational states, including the
ground state, of H!®037Cl. These results are based on EH calculations
[11,19,20,22-25]. There are only three cases, v, +v3, 3v, and 3v; + v,,
where the empirical and the EH estimates can be compared. The values
agree within the MarveL uncertainties for two cases but not for 3v; +v,.
The related transition was measured by 97HaChAbKo [23], whose EH
fit reproduced the 3v, + v, VBO only within 0.019 cm~!. Overall, the
stated uncertainties of the EH estimates are significantly less than those
coming from the MarveL analysis. Since the EH analyses are based on
a large number of measured rovibrational transitions, see the column
Npy, of Table 5, the EH uncertainties may in fact be better than just
simple statistical measures of the goodness of the EH fit.

6.2. Empirical rovibrational energies of H03°Cl and H1°037Cl

Based on the measured and assigned rovibrational transitions pub-
lished in 16 sources (see Table 1), we obtained empirical energies
for 3933 rovibrational states of H!®0%7Cl (this is the sum of the N,
values, that is the number of rotational levels, of Table 5). The full list is
provided, along with the quantum numbers assigned to the states, in the
SM to this paper. The largest rotational quantum number is J,, = 56,
corresponding to the vibrational ground state, while the rovibrational
energies extend up to 14566 cm~! (on the (400) vibrational parent
state). It is interesting that, due to the large value of the rotational
constant A, the maximum value of K, is only 10, ie., there are no
measured transitions in the literature which involve a state with a K,
value larger than 10 (see the last column of Table 5 how limited the
K, coverage is, the largest value is on the vibrational ground state).
Apart from the fact that all energy levels with K, > 10 are missing in
the experimental transitions list, (000)13; is the first missing state.

The uncertainties of the empirical rovibrational energy levels de-
rived clearly show the lack of a significant number of connected MW
measurements on HOCI. For example, there is only one energy level
whose uncertainty is less than 3 x 1075 e¢m™!, that is 1 MHz. The
uncertainties of all the other empirical rovibrational energy levels are
larger than 2 x 10~* cm™1.

Fig. 2 shows the differences between the empirical energy levels
of this study and the EH results of 98FIBiWaOr [25] for four bands
(vos V15 V5, and v3), for H'®03>Cl (top panel) and H'®0%7Cl (bottom
panel). Almost all of the differences are in the expected range. The only
feature worth discussing concerns the (0 10) = v, rovibrational levels of
H6035Cl. Clearly, there are several levels, all between 1800-2000 cm™1,
which have unacceptably large discrepancies. There are no similar
discrepancies for H'®037Cl. It is important to point out that even in
the original source, 86LaOl [17], whose data were treated in 98FIBi-
WaOr [25], these energy levels could not be reproduced within 0.005
cm~1. The problem is caused by a Coriolis-type resonance between the
(010) and the (00 2) vibrational states at K, = 5 around J = 20, and
this is discussed in detail in Ref. [25].

6.3. Comparison of the empirical rovibrational energy levels of H'°0%5Cl
and H'°0%7Cl

Since the density of vibrational states of HOCI is low in the infrared
region, providing the (v, v, v;) labels as the vibrational parents of
rovibrational states is straightforward. Furthermore, using the RRD pro-
cedure [64,65] in the Eckart embedding [67] results in straightforward
rotational labels. The “only” difficulty when trying to match empirical
and first-principles labels of rovibrational states is the relatively large
discrepancy of the computed results. Nevertheless, this matching was
done successfully for both isotopologues.

The next step is to consolidate the empirical energies derived for
H!03%5Cl and H!°03%7Cl through our MarveL-based studies, augmented
with EH and variational results. There are close to 4000 energy levels
that are available for both isotopologues and which we could compare.
This procedure involved several steps and several different datasets.
The main points are discussed below.

Fig. 3 provides a rough comparison between the empirical rovibra-
tional energy levels of H'®035Cl and H!®0%Cl by plotting differences
between the energies of the same states of the two isotopologues
(governed by their assignment) as a function of the rotational quantum
number J. Only the four most important vibrational parent states are
covered in Fig. 3: (000), (001), (010), and (1 00). This figure is not
very insightful when fine details are considered but shows that there
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a function of J and K,, for the (110) and (310) vibrational states. For the panels a
and b, the K, values range from 0 to 5 and to 4, respectively. The different K, points
are represented with different colours.

are no major issues with the assignments and that the rovibrational en-
ergy differences show strong (nearly quadratic) J dependence. Clearly,
better ways to display the data are needed if one were to find possible
discrepancies between the empirical rovibrational energies of H'603>Cl
and H10%Cl.

To detect possible minor issues with the data, we compared the rigid
rotor and the empirical (MarveL) isotopologue shifts by plotting their
differences, § E, against the J and the K, rotational quantum numbers.
The rigid-rotor isotopologue shift was calculated using the ground-state
rotational constants reported in Ref. [73]. The plots generated for the
different vibrational states covered in our study confirm that the rigid-
rotor model is adequate for the semirigid HOCI isotopologues and helps
to observe possible misassignments.

As an example, Fig. 4(a) contains data regarding the (110) vibra-
tional state. It is important to point out that in Fig. 4(a) the experimen-
tal uncertainties show up as rugged SE “lines” for a given K,. As to
the consistency of the H!®035Cl and H'®0%Cl energy levels, an outlier
data point would suggest that there is a problem with the energy level
of one of the isotopologues. Fig. 4(b) contains data regarding the (31 0)
vibrational state. In Fig. 4(b), systematic deviations can be observed at
K, = 3 and K, = 4, indicating some sort of resonances in the energy
levels of the H1®035Cl isotopologue. These transitions were measured
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by 97ChDeHaAb [23], who detected and analysed these deviations and
found that these energy levels are perturbed by the (22 3) state. The
two panels of Fig. 4, and similar plots for other bands (taking into
account perturbations like the one discussed), confirm that at the end
of our validation procedure no obvious outliers remain in the MarveL
datasets of the two HOCI isotopologues.

7. New assignments in the 2v, band region

At this point, we have validated transitions and empirical energy
levels for both HOCI isotopologues. Since accurate first-principles and
EH modelling results are also available, checking and extending the
assignment of the dipole-allowed spectrum of the two isotopologues
in the 2v, band region, first presented and discussed in Ref. [11], can
now be performed. The procedure followed starts with the complete
set of first-principles-computed lines (generation of the lines from the
rovibrational states computed is governed by the usual one-photon,
dipole-allowed selection rules). In the next step, the energies involved
in these transitions are replaced by their MARVEL and, when not
available, the EH equivalents, both for the (0 0 0) and the (0 2 0)
vibrational states. This procedure ensures completeness and accuracy
at the same time. Comparison of the measured spectrum with the
one calculated the way described is given in Fig. 5. The calculated
spectrum (the lower panel of Fig. 5) was generated from the calculated
line list assuming a Gaussian lineshape with a half width at half
maximum of 0.003 cm~!. The high quality of the calculated spectrum is
perfectly clear, especially notable is the impressive agreement between
the measured and computed intensities (this scale does not allow to
detect irregularities in the prediction of the line centre positions).
Under about 2400 cm~! the experimental spectrum is contaminated
with transitions belonging to the CO, molecule. Note that in certain
parts of the spectrum, as usual, H,O lines can also be found.

The panels of Fig. 6 illustrate old and new assignments in the
2615 — 2670 cm™! section of the 2v, band of HOCL Old assignments,
given in Ref. [11], are indicated with grey dashed vertical lines. The red
and blue dashed vertical lines of Fig. 6 correspond to new assignments
made for H'®035Cl and H'©0%7Cl, respectively.

In Fig. 6, solid vertical lines represent the calculated transitions,
with first-principles normalized intensities and Marver and EH wave-
numbers, as explained earlier. These lines are blue if the transition
belongs to H!®03Cl. Green and red lines belong to H®035Cl; green,
if both the upper and lower energy levels were already present in the
MarveL database reported in Ref. [1], and red in all the other cases (only
one, or none of the two energy levels were present).

In Fig. 6(a), the Q and R subbranches of the K(’l =4 « K;’ =3
branch can be seen. Fig. 6(b) shows more details about the Q sub-
branch. H'0%7(Cl transitions superimposed on the H!®03>Cl transitions
can be observed. The tail of the Q subbranch is plotted in Fig. 6(c). It
can be seen that beside the H®03%Cl transitions (plotted with blue),
there are numerous newly assigned H'®03°Cl transitions in this region
(plotted with red dashed lines). Looking at the H'®033Cl transition at
around 2621.2 cm™1, it can be seen that the corresponding two energy
levels were already available in the MarveL database (the calculated
line plotted is green). Consequently, no new energy levels could be
added to the MarveL database by assigning this transition. In Fig. 6(c),
on the other hand, there are newly assigned H'®035Cl transitions for
which the calculated (solid) lines are in red. This means that these
transitions define new energy levels previously unknown empirically.
The newly assigned experimental transitions are part of the MAaRVEL
input and output files with the tag ‘23EcSiFuRa’, referring to this paper.

As a final step of our study, effective Hamiltonian parameters,
corresponding to the 2v, state, have been fitted to all the experimental
data of the two HOCI isotopologues. The ground state (GS) term values
used to calculate the transition wavenumbers were obtained from the
parameters listed in Table 1 of Ref. [11]. The usual Watson-type Hamil-
tonian [74], in the S reduction and I" representation, containing terms
up to the eighth power in the angular momentum, was adopted for
the analysis. In the least-squares analyses, unit weights were assigned
to experimental data corresponding to isolated lines. In the case of
overlapping lines, half weights were assigned to the two transitions,
using the average of the corresponding calculated wavenumbers as
calculated value. Several fits were performed refining different sets
of parameters. In each cycle of the fitting procedure, the transition
wavenumbers differing from their calculated counterparts by more than
a chosen rejection limit, which was gradually decreased from one iter-
ation to the next, were excluded from the data set. After each iteration,
the statistical significance as well as the correlation coefficients of the
parameters obtained was checked. With a chosen limit of rejection
of 0.002 cm~! (five times the estimated experimental uncertainty),
166 of 2661 data values for H'®035Cl and 40 of 1491 for H160%7Cl,
corresponding to 6.2% and 2.7%, respectively, were excluded in the
last cycle. The discarded transitions are randomly distributed and they
are poorly measured or blended lines.

The refined spectroscopic parameters of the optimal fit are collected
in Table 6, together with the GS parameters, listed for completeness.
The parameters are statistically well determined and are at least three
times larger than their uncertainties. All parameters of the model were
allowed to vary during the fitting and were constrained to zero if
they turned out to be statistically undetermined or did not improve
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Fig. 6. Three sections of the K/ = 4 « K/ = 3 branch of the spectrum of HOCI, with different dispersion and with baseline adjustment. On all panels the measured and the
calculated spectra are plotted on the upper and the lower subpanels, respectively. The blue solid vertical lines represent the calculated H'®O%Cl lines. The green and red solid
vertical lines denote H'®033Cl transitions. The line is green if the corresponding energy levels are present in the earlier MarveL database [1], and red otherwise. The dashed lines
denote the assigned transitions. In the case of the H'°0O%Cl transitions the vertical lines are blue. The grey and red dashed lines represent H'®O%Cl transitions reported previously

and assigned in this work, respectively.

the quality of the reproduction of the data. The standard deviations
of an observation of unit weight reported in the table, 0.00059 cm™!
for H'®035Cl and 0.000 69 cm~! for H'®0%Cl, compare well with the
estimated uncertainty of the experimental data, 0.0004 cm~!. Signif-
icant correlations have been observed between a few high/low-order
parameters. For H!®03Cl, the H,/D;, Hy /Dy, and Lgg,/Hy, pairs

are 97% correlated, Ly/Hy is 98% correlated, while for H'®0%Cl,
H;/D; and Hy /Dy are 96% correlated.

The internal consistency of the corresponding H!®03%°Cl and
H!®037Cl parameters has also been evaluated. The percentage differ-
ences of the B, D, and d values, except d,, amount to less than 2, 4,
and 10%, respectively. Much larger differences are observed for the H
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Spectroscopic parameters, in cm™!, for the 2v, and the ground (GS) vibrational states of H!®0%Cl and H'®0%Cl in the I" representation and
S reduction. NFAD = number of fitted/assigned data, SDO = standard deviation of observations of unit weight.”

Parameter 2v,(H'°03%5Cl) 2v,(H®0% Cl) GS(H'°0%5Cl) GS(H'°0%Cl)

E 2461.222 386 8(527) 2460.190 186 6(765) - -

B, 0.502724596(310) 0.493 836 372(589) 0.504 241 82889 0.495 357 39206
B, 0.487 066 366(305) 0.478710860(603) 0.491 199 092 87 0.482763 99270
B, 22.088 327 5(235) 22.087 082 9(279) 20.463615948 3 20.462 866 556 8
D, x 10° 0.922187(291) 0.885 388(743) 0.897 304 46 0.866 612 80
D,y x 10* 0.532001(299) 0.512738(476) 0.417 67208 0.406 057 07

Dy x 10? 0.814155(303) 0.806 492(261) 0.433953 889 0.433877729

d, x 107 —0.255 800(686) —0.24069(215) -0.208 94225 —0.198 32750

d, x 108 —0.30843(301) —0.277 34(789) —0.1504877 —0.1385825

H, x 10" -0.3117(975) ~2.986(369) -0.573824 -0.59915

Hy x 10° 0.1546(123) -1.600(244) 0.1011978 0.0985742
Hy, x 10° 0.103 46(196) 0.064 58(168) 0.026 829 89 0.025397 1

Hy x 10* 0.19544(136) 0.146 967(668) 0.042216 08 0.042205 80

h, 0.0 0.0 0.0 0.0°

hy x 103 0.0° 0.0° 0.139623 0.12838

hy x 10 0.0 0.0 0.246250 0.21696

L, 0.0° 0.0° 0.0° 0.0°

Lyx 0.0° 0.0° 0.0° 0.0°

Lyx 0.0 0.0 0.0 0.0

Ly x 10° -0.7624(426) 0.0 -0.079240 -0.063049

Ly x 107 -0.9444(195) 0.0 -0.0676427 -0.0684323

I 0.0 0.0 0.0 0.0

I 0.0 0.0 0.0 0.0

I 0.0° 0.0° 0.0° 0.0

1 0.0° 0.0° 0.0° 0.0°

NFAD 2495/2661 1451/1491

SDO 5.9 x107* 6.9 x107*

2 Standard deviations in parentheses refer to the least significant digits.

b Constrained.

parameters. Unfortunately, a truly revealing comparison is hindered by
the different choice of the refined parameters for the two isotopologues.

A comparison between the v, = 2 and GS parameters in Table 6
reveals anomalous percentage differences between some of the param-
eters, both for H!®035Cl and H'®0%Cl; in particular, they are larger
than 50% for d,, H, and L. These parameters should be considered
as effective ones since they absorb the effects of rovibrational pertur-
bations with closest vibrational states not considered explicitly in the
analysis. Similar anomalies characterize the parameters of the v, = 1
state [17]. The analysis of this state revealed that the K, = 5 levels
of H'%035C] were perturbed by a Coriolis interaction with the K, = 4
levels of v; = 2 and were excluded from the fit. The same interaction
could be present between the same levels of v, = 2 and v, = 1 and
vy = 2, also considering that the separation between the energies of
the interacting vibrational states is practically the same, ie., about
200 cm~1, see Table 4. This hypothesis is supported by the results of a
fit of H'®035Cl with Ly, and L constrained to their GS values. The
total number of rejected transitions increases from 166 to 368, whereas
the number of discarded transitions with K[’l = 5 is 246 instead of 38,
mainly with J > 10. The exclusion of transitions with K/ = 5 from
the fit decreases the number of discarded lines from 166 to 111. The
set of parameters in Table 6 can also be compared to those listed in
Table 2 of Ref. [11]. A smaller number of parameters has been refined
in the present analysis. For H'®0%Cl, H; and H,x have been refined,
whereas Ly, and Ly, as well as h, and h; for both molecules were
fixed to zero. The values of the corresponding parameters are very
similar, the percentage differences being about zero for B, D, and d,.
Much larger differences are observed for H; and H,x as a consequence
of the different choice of refined parameters. Overall, the parameters
in Table 6 can be considered the preferred ones, notwithstanding the
limits evidenced in the above discussion.

8. Comparison with the HITRAN line-by-line dataset
There have been no changes between HITRAN2016 [2] and HI-

TRAN2020 [3] for HOCI, both datasets contain 8877 and 7399 transi-
tions for H16033Cl and H'®0%Cl, respectively, restricted to the 1-3800

cm~! range. It is worth comparing the HITRAN and Marver datasets and
check, in particular, the completeness of the MarveL dataset containing
only experimentally measured and assigned transitions. Furthermore,
our first-principles line lists allow checking the completeness of the
HITRAN dataset.

8.1. MarveL data for H'°035Cl

The HITRAN2020 database of H®035Cl was constructed using the
transitions and the spectroscopic parameters reported in 84SiAnDaGe
[16], 98FIBiWaOr [25], and 00AuKIFIPa [26]. The MarveL collection
of experimental data has 10266 validated transitions, a significantly
larger number than 8877. At the same time, our MarveL treatment
goes to much higher wavenumber values, up to 14566 cm~!. Most
importantly, a lot of the HITRAN2020 line positions are based on EH
calculations, while the present dataset strictly contains measured data.
After checking the correctness of the HITRAN energy-level entries,
it was found that altogether 611 lines contain rotational labels for
H!6035C] where the value of K, is set to zero. This is due to a
convention used in HITRAN: when the two K, sublevels (J,K,,J — K)
and (J,K,,J — K, + 1) of a near prolate asymmetric top are degenerate,
only one is listed, with K, set to 0.

Since HITRAN utilizes EH results, it is not surprising that there are
about 4000 lines in the 1170-3800 cm~! region that are not available
in our experimental database. As found in this study, the accuracy
of some of these EH-based lines can be questioned, especially those
which involve upper state energies extrapolated from EH values. Our
MarveL database contains about 3500 extra lines which are not part
of the HITRAN dataset. Surprisingly, some of these extra lines are in
the microwave (MW) region (for example, (000)[101] « (000)[000]
or (000)[211] « (000)[110]). It is also important to emphasize that
all other HITRAN lines can be reproduced by the empirical (MarveL)
energy levels of this study within 0.009 cm~, attesting the general
accuracy of the EH models developed for HOCL
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Fig. 7. The number of missing HITRAN lines for H'®0%Cl and H'®0%Cl as a function
of intensity.

8.2. MarveL data for HI°0%7Cl

Similar to the case of HI®035Cl, the H!©037Cl HITRAN dataset was
also constructed using the transitions and spectroscopic parameters
reported in 84SiAnDaGe [16], 98FIBiWaOr [25], and 00AuKIFIPa [26].
This HITRAN database contains 456 lines with rotational labels where
K. = 0 and about 4000 rovibrational lines in the 1170-3800 cm™!
region that are not available in our experimental database. It is also
true that our database contains more than 2000 extra lines up to 3800

cm~! which are not part of the HITRAN dataset.
8.3. First-principles line lists

In the 0-3000 cm™! region, the first-principles line lists of H1®03>Cl
and H'®0%Cl contain 5136239 and 4346046 rovibrational transi-
tions, respectively, while J, = 45. As Fig. 7 shows, there are a lot of
transitions missing in HITRAN even when the intensity is large. It can
be seen in Fig. 7 that while the number of missing lines is large, about
half of them are predicted by the accurate empirical (MARVEL) energy
levels, making their eventual detection particularly straightforward.

9. Summary and conclusions

During the search of the literature for measured and assigned high-
resolution rovibrational transitions of hypochlorous acid and the anal-
ysis of the spectroscopic data, minor issues were found with our MaRrvEL
analysis, published in Ref. [1], for the H'®035Cl transitions. Even more
importantly, it became possible to include the originally measured
transitions of Ref. [26] into our transitions list, replacing the originally
considered effective-Hamiltonian values. Consequently, as part of this
study, we updated the MarveL analysis of H!®03°Cl. The improved
set of transitions and empirical energy levels can be found in the
Supplementary Material to this paper.

As a next step, all experimentally measured and assigned rovibra-
tional transitions of the H'®037Cl isotopologue of hypochlorous acid
have been collated into a database and the transitions were analysed
using the MarveL protocol. The current MarveL database contains ex-
perimentally measured transitions from three older sources [11,20,26];
these transitions were not reported explicitly in the original publica-
tions. The MarverL database contains more than 10000 experimental
transitions collected from 16 sources, most of which could be validated.
Using these transitions we determined close to 4000 empirical rovibra-
tional energy levels on the ground electronic state, corresponding to 13
vibrational parent states.

It is worth noting that while 10 VBO values are known experimen-
tally for the parent H!®035C] isotopologue, only three (and only one
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below 7000 cm~!) have been measured experimentally for H'®037Cl
(not counting the ground vibrational state). The empirical rovibrational
energies of H®03>Cl and H'©0%Cl have been checked against effec-
tive Hamiltonian values as well as results from extensive variational
nuclear-motion computations, utilizing an exact kinetic-energy opera-
tor and an empirically adjusted potential energy surface. The empirical
energy sets of the two isotopologues have also been checked against
each other, ensuring their complete consistency.

Since the high-resolution spectrum between 2300 and 2800 cm™!
(the 2v, band region), recorded as part of the study reported in
Ref. [11], remained available electronically, a search was executed,
based on the empirical (MarveL) energies, looking for further assignable
transitions. This search resulted in a large number of newly assigned
transitions but very few new empirical energy levels. The newly as-
signed experimental transitions are part of the MarveL input and output
files, given as Supplementary Material, with the tag ‘23EcSiFuRa’. The
availability of new transitions made possible an improved estimate of
a large number of effective Hamiltonian parameters for the 2v, state.

Based on potential-energy and dipole-moment surfaces taken from
the literature, first-principles line lists were generated for H®035Cl
and H'°0%Cl. The lists of the computed energy levels, upon which
the line lists are based, are complete up to 3000 cm~! and up to
Joax = 45. These computed line lists reveal a significant number of
missing high-intensity lines in the canonical spectroscopic line-by-line
database HITRAN [2,3]. It is desirable to design experiments yielding at
least these transitions in the region covered by HITRAN. Comparisons
with the HOCI entries of HITRAN also reveal that the present datasets,
containing experimentally measured transitions and not results from
effective-Hamiltonian fits, are significantly more complete in their
wavenumber coverage.
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