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Abstract

We present a comprehensive analysis of the published spectroscopic liter-
ature on the main isotopologue of thioformaldehyde (*H,'2C3%S). All reli-
able experimental transitions from publications over the last 42 years have
been extracted and compiled into a consistent dataset with unique quan-
tum number labelling and measurement uncertainties. The dataset covers
the ground, vy, 1o, v3, V4, U5, Vg, and 2145 vibrational bands of HoCS. The
vy and vg modes have very close band centres and, consequently, different
data sources had incompatible vibrational assignments. Variational calcu-
lations are used as a basis to assign vibrational states of the associated
transitions consistently. The transitions could then be processed using the
robust MARVEL (Measured Active Rotational-Vibrational Energy Lev-
els) procedure to produce a highly accurate set of 4254 rotation-vibration
energy levels up to J = 54 and 3729cm~!. The resulting set of labelled
empirical-quality energies will be of significant use in the production of a
hot molecular line list of HyCS, as well as other spectroscopic and radiative
applications given the astrophysical importance of thioformaldehyde.
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1. Introduction

Thioformaldehyde (main isotopologue 'Hy'?C32S, henceforth referred to
as HyCS) is an abundant astrophysical molecule that has been the subject of
numerous spectroscopic studies since its original interstellar detection [1]. It
has been detected in nearby [2, [3] and more distant galaxies [4], molecular
clouds [5], in the comet Hale-Bopp [6], which was the first detection of
HyCS in any comet, as well as being efficiently formed in massive star-
forming regions such as Sagittarius B2 through bimolecular reactions [7].
As a simple organosulphur molecule, HyCS is likely to occur in many other
astronomical environments, notably in exoplanets where sulphur chemistry
can significantly influence the atmospheric composition [8] 9.

There have been a number of studies of the rotation-vibration (ro-
vibrational) spectrum of HyCS. On the theoretical side, an ab initio room-
temperature line list for HoCS was generated with a high-level of theory
(CCSD(T)-F12b) with large F12-optimised correlation consistent basis sets
and considered additional small energy corrections accounting for core-
valence electron correlation, higher-order coupled cluster terms, scalar rela-
tivistic effects and diagonal Born-Oppenheimer corrections [10]. Benchmark
calculations of the ro-vibrational spectrum of HyCS were performed using
a newly computed ab initio PES and DMS [11]. The ro-vibrational calcu-
lations showcased a fully automated “black-box”-type procedure employing
vibrational self-consistent field and vibrational configuration interaction the-
ory based on the Watson Hamiltonian. Intramolecular vibrational-energy
redistribution between different states of HoCS was explored using the mul-
ticonfiguration time-dependent Hartree (MCTDH) method [12]. That work
employed an empirically-refined quartic force field [13] (based on an ab ini-
tio anharmonic force field [14]) and ab initio DMS from density functional
theory (DFT) calculations [15]. These surfaces were also utilised in more
rigorous variational calculations of the ro-vibrational spectrum of HoCS up
to J = 20 [16].

Experimental spectroscopic measurements of HyCS will be discussed in
detail in Sec. [3and we mention only a few studies here. One of the few high-
resolution studies of HyCS was conducted in the 10 pm region [I7] studying
the three lowest fundamental bands, namely the C-S stretching mode v3,
the out-of-plane CH, wagging mode v, and the in-plane CHs rocking mode
vg. Recorded using a Fourier-transform spectrometer at a resolution of
0.005cm™!, the study highlighted the massive Coriolis interaction that oc-
curs between the v4 and v modes, whose band centres are separated by
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less than 1cm™. Pure rotational spectra of HoCS [I8] and seven of its

isotopologues [19] have been measured, yielding highly accurate datasets
that are particularly valuable for astronomical observations in intersteller
environments. Other laboratory measurements have tended to be at low to
medium-resolution but still provide important transition data, for example,
covering the vy, v5 and 2y bands located around 3000 cm ™! [20].

In this work we perform an extensive spectroscopic literature analysis
of HyCS and extract all meaningful transitions into a consistent, labelled
dataset with measurement uncertainties. This dataset is processed using
the MARVEL (Measured Active Rotational-Vibrational Energy Levels)
algorithm [21-24] to produce an extensive list of ro-vibrational energy lev-
els of HyCS in its ground electronic state. Such MARVEL datasets are
finding widespread use in molecular line list production for the ExoMol
database [25] with two major applications. Firstly, the underlying molecu-
lar PES can be empirically-refined to the dataset to improve the accuracy of
the calculated ro-vibrational energy levels, resulting in orders-of-magnitude
improvements in the accuracy of the predicted transition wavenumbers. Sec-
ondly, once a line list has been computed, the calculated energy levels can
be replaced by the empirically-derived MARVEL values, for example, as
was recently done for AlO [26]. A recent MARVEL study on formaldehyde
(HoCO) [27] identified 16403 validated, unique transitions which provided
5029 empirical energy levels. Using the levels to update the AYTY ExoMol
line list [28] resulted in 367 779 transitions whose wavenumbers are empiri-
cally determined; approximately half these transitions are strong enough to
be included in the HITRAN database [29] and these data are currently be-
ing used to update HITRAN. MARVEL energies therefore can be used to
tailor a line list in certain spectroscopic regions towards high-resolution ap-
plications, making them applicable, for example, to study exoplanets using
high resolution Doppler shift spectroscopy [30, [31].

2. MARVEL procedure

2.1. The approach and input structure

Based on the theory of spectroscopic networks [23] 32-34], MARVEL
takes a user-constructed dataset of assigned spectroscopic transitions and
converts them into a consistent set of labelled energy levels with the mea-
surement uncertainties propagated from the input transitions to the output
energies. MARVEL can be accessed via the online app at
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http:/ /kkrk.chem.elte.hu/marvelonline. From a user-perspective, the MAR-
VEL input dataset of transitions has the general structure

U in. unc up. unc QN QN” source.i

where 7 is the transition wavenumber (cm™1), in. unc is the initial measure-
ment uncertainty (cm™!), up. unc is the updated uncertainty (cm~!) which
may differ from the initial uncertainty, QN" and QN" are the quantum num-
bers of the upper and lower states involved in the transition, respectively,
and source.i is the literature source tag concatenated with a counting num-
ber 7 of the datum from this source. source.i is a unique ID of the transition
in the dataset and is required by MARVEL. The source tag, for example
72BeKIKiJo, is based on the notation employed by the IUPAC task group
on water [35, [36] and is generally speaking formed from the year published
and the first two letters of, up to, the initial four authors’ surnames. An ex-
tract of the MARVEL input file of HyCS containing the labelled transitions
is shown in Table [1

Table 1: Extract from the MARVEL transition file. The MARVEL frequency wavenum-
ber 7 and uncertainties are in cm™'. There are two uncertainty columns to allow the

input uncertainty to be updated while retaining the original uncertainty of the source.

v unc., (em™!) unc., (em™!) Quantum ‘numbers’ of upper states Quantum ‘numbers’ of lower states Source
J'OK, K. ny nhy ny ny nk ng J' K[! K! n{ nf nf nf nf nf

8.01661895 0.00000167 0.00000167 7 4 4 0 0 0 0 0 0 6 4 3 0 0 0 0 0 0 08MaMeWiDe.35

2.2. HyCS quantum numbers

HyCS is a semi-rigid, asymmetric top molecule that can be classified
according to the Cs (M) molecular symmetry group with the irreducible
representations { Ay, Ay, By, Bo} [37]. Transitions follow the parity selection
rules A; < A, and B; <+ Bsy; and the standard rotational selection rules,
J —J"=0,£1, J + J” # 0; where ' and ” denote the upper and lower
states, respectively.

Nine quantum numbers were required to uniquely label a rotation-vibration
energy level of HoCS in the ground electronic state: the six vibrational nor-
mal mode quantum numbers n;—ng associated with the six normal modes
11— detailed in Figure[I] and the three standard rigid-rotor quantum num-
bers J, K,, K.. Here, J is the total angular momentum quantum number,
K, and K, are the oblate and prolate quantum numbers, respectively. These
are restricted by the convention J = K,+ K. or J = K,+ K.+ 1 (the latter
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Table 2: Symmetry species of Jg, i, levels of HoCS in the Ca, (M) group [37].

Ka Kc I‘rot

even even A,

even odd A,
odd even B,
odd odd B

only when K, # 0 and K, # 0)This gives 2.J+1 states for a given J. Only J
and the total irreducible representations are rigorous quantum labels, while
ni1—ng, K, and K, are approximate quantum numbers.

Table [2| shows the relationship between the rotational quantum numbers
and overall rotational symmetry. This needs to be combined with the sym-
metry of the vibrational modes given above to give the total symmetry of
a given state.

The chosen set of quantum numbers has to be consistent across the
whole dataset and care must be taken when extracting data from literature
sources as different labelling conventions are occasionally encountered.

II
@

(a) symm. C-H stretch (A1) (b) symm. S—-C-H bend (A1) (c) symm. C-S stretch (A1)

2971.03 cm ™" [20]. 1455.50 con ! [38 1059.20 cm ™! [17]
Vi @ -
g e 5
(d) out-of-plane bend (Bi) ) assym. C-H stretch (B2) (f) assym. S—-C-H bend (Bs)
990.18 cm™1! [17] 3024.61 cm ™1 [20] 991.02 cm—! [I7]

Figure 1: Vibrational modes and measured band centres of HoCS.



3. Experimental data sources

Spectroscopic data was extracted from 11 published sources and these
are summarised in Table [3] This table gives the energy and J range of
each source, the bands covered, the number of available transitions (A), the
number of validated transitions (V) by the MARVEL procedure, and, from
those validated transitions, the mean and maximum uncertainty obtained
from the uncertainties quoted in each study. Three sources provided their
original data in digital format, while the other literature sources were pro-
cessed using ABBYY FineReader. The number of available transitions for
a given source does not include transitions taken from prior sources.

There were two primary reasons for the exclusion of a transition. The
first is when its provenance was not clear so the line could not be verified
to be purely experimental. The second is when the difference between the
energy of a state determined by the MARVEL procedure compared to
the energy as predicted by a transition was greater than the uncertainty
of the transition. Typically, these states were well supported by several
other transitions (from another source) with the outlier transition biasing
the MARVEL energy of the state towards the transition-predicted energy
even if the transition uncertainty was increased. Thus, the removal of the
transition improved the final MARVEL energy. A negative sign is added
to any transition wavenumber to remove it from the MARVEL procedure.

A number of changes were made to the extracted transition data. The
energies of states with K, close to J may depend only very weakly on K, and
often give rise to two very-closely-spaced transitions, a phenomenon known
as K-doubling. In sources where the prolate (K.) quantum numbers were
missing, degenerate transitions with both possible values were added into
the input transitions file which respected the symmetry rule. The number
of available transitions in Table 3| reflects this change.

Due to the close band centres of v4 and 14, the vibrational assignment
of the upper states is somewhat ambiguous. Consequently, the v4/vg as-
signments across literature sources were not all compatible with each other.
For many transitions, their upper vibrational states had to be relabelled to
ensure consistency in the input transitions file. The basis and method of
the relabelling is explained in Section with the changes made to the
individual sources detailed below. First we give details of the sources we
included in our MARVEL analysis.

70JoPo [39]: A ground vibrational study whose data was included in
19MuMaTh.



Table 3: Experimental literature sources of HoCS spectra and their coverage. For the
MARVEL analysis, V is the number of verified transitions and A is the number of
available transitions. The mean and maximum uncertainties of each dataset reflects only
the verified transitions.

Tag Energy range (cm™') Band J range V/A Unc. Mean/Max (cm™!)
70JoPo [39] 0.209 — 0.349 v 3-4 2/2 3.34x 1077 / 3.34 x 107
71Jo01 [20] 2843 — 3129 v, 2va, v5 0—30,1—30,2—24 1110/1478 7.559 x 10~% / 2.000 x 102
72BeKIKiJo [40) 0.105 — 8.141 2 0-27 56/56 1.167 x 107* / 2.715 x 1074
TTFaKrMu [4T] 0.0349 2 0—-1 1/1 223 x 107% / 2.23 x 107°
80BeDu [42] 924.9 — 1059 v, vy, 6  1-6,3-9,3-9 63/82 2.000 x 1073 / 2.000 x 1073
81TuHaMi [43] 818.8 — 1221 v, Vg 0-22,2-23 102/386  3.839 x 1073 / 2.800 x 102
93McBr [38] 31.46 — 1499 vy, Vo 21 —54,1-37 922/935  3.256 x 1072 / 5.000 x 1072
94CIHuAdMe [44] 2.222 —402.1 128 0—36 302/355 4.000 x 10™* / 4.000 x 10~*
08MaMeWiDe [I8] 4.161 — 12.40 12 4—-41 113/113 1.980 x 1076 / 3.340 x 1076
19MuMaTh [19) 4.161 — 46.23 123 4—42 317/317 1.020 x 1076 / 3.336 x 1076
08F1LaPeKi [17] 690.7 — 1338 vs, va, v6  0—50,0—50,1—51 8649/8655 4.748 x 10~* / 1.000 x 10~*

71JoPoKi [45]: A ground vibrational study whose data was included in
72BeKIKiJo.

71J00l1 [20]: An infrared study with the 14, v5, and 2vy bands. The
original assignment for the latter was 214 but this was incorrect and has since
been updated. The transitions from this source were challenging to scan due
to the print quality and were not always unambiguous. The transitions were
also of relatively low resolution as illustrated in Figure[2] This paper had the
largest number of non-validated transitions. These were the asterisk-marked
transitions in their publication, which, in certain cases, were unobserved
but expected transitions, however the precise transitions where this applied
was not specified. Thus, all had to be removed from the validated set.
These were labelled with a “_a” after the source number but before the label
number. In total, 368 transitions were removed for this reason or because the
energy they predicted deviated from that predicted by MARVEL beyond
their uncertainty.

72BeKIKiJo [40]: Microwave study up to J = 27. No difficulties in
validating the transitions.

77FaKrMu [41]: One measured line from this study was included in the
19MuMaTh data set.

80BeDu [42]: Infrared study involving the vz, vy, and vg bands. 19
transitions were removed as the energy they predicted deviated from that
predicted by MARVEL beyond their uncertainty.

08F1LaPeKi [17]: An infrared study of the v3, vy, and vg bands. The
authors of this study were contacted and they provided a more complete
set of data which was used in the MARVEL analysis. Several quantum
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numbers were adjusted. 18 lines had the K quantum number increased by 2
with the corresponding K/ quantum number decreased by 2 to maintain the
symmetry and K + K| requirement. 2919 lines had their K value adjusted
by 1 or —1 so that the symmetry selection rule was satisfied. Finally, 1625
lines had their v4 and vg assignment swapped (discussed in Sec. [3.2)). Six
transitions were removed as their optimal uncertainty was too high.

81TuHaMi [43]: Infrared study involving the v, vy, and v bands. Some
listed transitions were taken from 80BeDu so we ignored these and used
the original data source. These were labelled with a “_0” after the source
name but before the label number. Eight transitions had their v, and 14
assignment swapped. 10 transitions had their K. values changed by 1, three
had their K values changed by 2, and one had its K value changed by 3.
One transition had its K| value changed by 1 and four had their K/ values
changed by by 2. Eight transitions had their K/ values changed by 1. One
transition had its K values changed by 1 and one had its K,” value changed
by 2. 284 transitions were removed as the energy they predicted deviated
from that predicted by MARVEL beyond their uncertainty.

93McBr [38]: The authors of this study were contacted and they pro-
vided us with the transitions from the 15 band. It is the only source con-
taining the 15 band; the transitions are relatively low resolution, as illus-
trated in Figure [2] where the highest circle for 93McBr corresponds to the
vy transitions. No subsequent high resolution studies of this band have
been undertaken. Microwave transitions from this source are contained in
19MuMaTh and 08MaMeWiDe.

94CIHuAdMe [44]): An electronic study of the A-X transition of thio-
formaldehyde. The ground state combination differences reported in 19Mu-
MaTh and taken from this study were used in the MARVEL dataset. 53
transitions were removed as the energy they predicted deviated from that
predicted by MARVEL beyond their uncertainty.

08MaMeWiDe [18]: A microwave study which included transition data
from multiple sources including 94CIHuAdMe, 71JoPoKi, 80BeDu, 72BeK-
1KiJo, 93McBr as well as Koln [46] data and FASSST [47] data. Transitions
in the MARVEL input file from 93McBr numbered 113 and above are from
this source.

19MuMaTh [19]: A microwave study which incorporated data from mul-
tiple sources including 77FaKrMu, 70PoJo, 71JoPoKi, 72BeKIKiJo, 94CIHuAdMe,
and 93McBr. It also contained Koln and FASSST data. Transitions from
93McBr numbered 1-112 are from this source.
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There is an overlap in data coverage from the sources 08FlLaPeKi,
80BeDu, and 81TuHaMi as, collectively, they contained transitions involv-
ing the v3, vy, and g bands. Figure [2| illustrates the uncertainties of the
data by source. The uncertainties of 08BeDu and 81TuHaMi were consis-
tently higher than the ones from 08FlLaPeKi. 08FlLaPeKi’s dataset was
also significantly larger and, consequently, each state was well represented
by several transitions. Due to the lower uncertainties, transitions to a given
upper state were much more internally consistent. Because of these fac-
tors, 08F1LaPeKi was favoured over the other two sources. In total, 19
transitions from 80BeDu and 284 transitions from 81TuHaMi were removed
because they were not in agreement with the other data.

3.1. Artificial transitions

The ro-vibrational states of HyCS are either ortho or para due to the
nuclear spins of the hydrogen atoms. As a result, the MARVEL analy-
sis produces two separate networks of energy levels, an ortho-network and a
para-network, which are disconnected. To ensure the relative energies of the
networks are correct and correspond to the ro-vibrational ground state of the
molecule, it is necessary to link the ortho-network and para-network through
an artificial transition. This was done using the pseudo-experimental tran-
sition wavenumbers reconstructed with the PGOPHER program [48] where
the spectroscopic constants were taken from O8F1LaPeKi. An artificial mi-
crowave transition 1i; < 0Ogp (states labelled as Jg, k,) with a value of
10.28182581(33) cm ™! was added to the input MARVEL transition file to
link the networks.

3.2. Relabelling the vy band and vg band transition data

The out-of-plane bending mode v, and the asymmetric S-C-H bending
mode v4 have very close band centres and interact through a massive A-type
Coriolis resonance [I7]. As has been mentioned, the consequence of this is
that there is an ambiguity in the vibrational (i.e. approximate) assignment
of these bands in different literature sources. To ensure compatibility across
all literature sources, a number of transitions involving these vibrational
bands had to be relabelled. It was decided that for ambiguously assigned
transitions, the vibrational labels given by the variational nuclear motion
code TROVE [49] would be used. There were two reasons for this. First,
the TROVE dataset contained a complete set of computed energy levels of
H>CS, which included the experimentally verified states from our MARVEL

set. Since the TROVE dataset is internally consistent, it was logical to use
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Figure 2: Uncertainties in the measured data (vertical axis, log scale) from each literature
source (horizontal axis). Each circle corresponds to a given uncertainty. The vertical
coordinate of the centre of the circle is the uncertainty, and the area of the circle is
proportional to the number of transitions with that uncertainty. The smallest and largest
circles correspond to 1 and 2729 transitions, respectively.
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it to ensure consistency across the experimental data sources as well. If
subsequent experiments with these modes become available, the TROVE
dataset may be once again utilised in this manner. The second reason is that
calculations form the basis of a new comprehensive MARV ELised hot line
list of thioformaldehyde, the details of which will be reported elsewhere [50].
If the TROVE quantum numbers were adjusted to match the assignment
of a literature source, further reassignments of TROVE state would be
necessary—to ensure internal consistency across the whole TROVE dataset—
without an external source as a basis for it. For details of the mapping of
TROVE quantum numbers to the experimental quantum numbers, see [50].

For the MARVEL input file, the relabelling process involved swapping
the upper state vj and v quantum numbers in transitions from the liter-
ature sources 08F1LaPeKi and 81TuHaMi (see Table . Also, the upper
state K value was changed by 1 or —1 based on the symmetry of the vi-
brational state v, and 14 in order to maintain the total ro-vibrational state
symmetry (see Table [2), which is a rigorous label, while also ensuring that
the convention J' = K| + K or J' = K + K| + 1 was satisfied. The ro-
tational quantum numbers K, were kept unchanged. To generate the lower
state energies, the computer program PGOPHER [48] was used with the
spectroscopic constants given in 08F1LaPeKi. Since the lower states were
purely rotational, there was no ambiguity in their assignment.

4. Results

4.1. MARVEL analysis

The MARVEL analysis was performed using the compiled MARVEL
version 3 with the Cholesky (analytic) method. An extract from the output
MARVEL energy level file is shown in Table[d] In total, 11 638 non-unique
transitions out of 12380 transitions up to J = 54 were processed, result-
ing in 4254 ro-vibrational energy levels up to 3729.07 cm~!. Using the new
ExoMol HyCS line list [50] shows the number of transitions between MAR-
VEL states stronger than 1 x 1073° cm/molecule (the HITRAN threshold)
is 74 425.

Figure [3] shows the energy level coverage of the MARVEL ro-vibrational
states as a function of J for the different vibrational bands. Each vibrational
band is illustrated by colour but within each band the different K, and
K, states have the same colour. Figure |4 shows the v, and v in more
detail as reduced energies, Energy — 0.572.J(J + 1) — 9.18K,? (cm™"), are
plotted as function of J. BJ(J + 1) + (A — B)K,? is the approximate
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Table 4: Extract from the MARVEL energy file. The quantum numbers/labels are
described in the text and are followed by the MARVEL energy term value (cm™1), the
uncertainty of the state (cm™!), and the number of transitions supporting the state in
question.

Quantum ‘numbers’ E Unc. No. of
J K, K. my mno n3g ng ns ng cm ™! cm ™! trans.
5 2 3 0 0 O 0 0 0 53792652349 0.000316979 27
9 1 9 0 0 O O 0 0 59916981444 0.000135763 28
6 2 5 0 0 O O 0 0 60662392583 0.000316979 28
6 2 4 0 0 O 0 0 0 60.669363102 0.000316975 25
9 1 8 0 0 O 0 0 0 61.486995429 0.000135763 28

rotational dependence of the ro-vibrational energy for an prolate symmetric
top, where A and B are rotational constants [37]. The values chosen for
the plots are close to, but deviate from, these values. Each vibrational
band is separately illustrated but within each band the different K, and
K, states have the same colour. For moderate to high K, values, TROVE
almost consistently labels states of higher energy as 4 states which provides
further justification for basing the experimental MARVEL assignment on
the TROVE assignment. This is not the case for low K, values; we further
examine these states below.

Table [5| shows the lowest energy state of each fundamental band as
determined by MARVEL, as well as the predicted band centre, which was
obtained by subtracting the energy of the pure rotational state from the
ro-vibrational state. These values can be compared to the experimentally
measured band centres quoted in Figure[I} and we see that for the v3, v4 and
vg modes the MARVEL band centres are the same to within two decimal
places. For the other fundamentals, the MARVEL band origins deviate
from the measured band centres at the second decimal place. We can assess
this deviation by comparing the minimum (or maximum) possible value of
the experimental band centre (those quoted in Figure 1)) and the predicted
MARVEL band centre. For example, the minimum possible value for v; is
2971.025cm ™! and the MARVEL band centre is 2971.018 16 cm™'. Thus,
the deviation is 0.00684cm~!. For the bands v, and vs, the MARVEL
energies are different by 0.0273cm™! and 0.0006 cm ™!, respectively. This
is not wholly unexpected, however, as the associated experiments were of
lower accuracy. Consequently, the MARVEL uncertainties on the lowest
energy states for these bands are 0.007cm™!, 0.05cm™!, and 0.007 cm ™!,
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Table 5: MARVEL energies of states from each band with the associated quantum
numbers and symmetry. The MARVEL uncertainty and the number of transitions
supported a state (No. trans) are also quoted. Above dividing line: The MARVEL
energies from the lowest lying state from each band as well as the band centre which is
obtained by subtracting the MARVEL energy of the purely rotational state from the
ro-vibrational energy. Below dividing line: The subsequent states from each band.

(Jr,k,nanananansng) Irrep MARVEL energy (cm™!)  Uncertainty (cm™') No. trans Band centre (cm™!)

(00o000000) Ay 0.000 00 0.000 00 8 0.000 00
(191100000) By 2972.164 00 0.007 00 1 2971.018 16
(11,010000) A, 1465.859 13 0.050 00 1 1455.577 31
(202020000) Ay 2880.555 12 0.00700 2 2877.11772
(09o001000) Ay 1059.204 76 0.000 46 1 1059.204 76
(000000100) By 990.182 14 0.00047 2 990.182 14
(707000010) Ay 3056.673 37 0.00700 1 3024.604 40
(191000001) Ay 992.164 06 0.000 80 2 991.018 22
(191000000) Ay 1.14584 0.000 04 10
(202000000) Aq 3.43739 0.000 09 15
(303000000) A, 6.874 40 0.000 14 16
(202100000) Ay 2974.459 84 0.005 00 1
(303100000) By 2977.888 23 0.005 00 2
(111100000) By 2981.234 12 0.005 00 2
(494010000) A, 1466.957 07 0.05000 1
(212010000) By 1468.113 36 0.05000 2
(211010000) B, 1468.227 40 0.050 00 2
(303020000) Ay 2884.022 50 0.00700 2
(111020000) By 2887.486 73 0.00700 1
(110020000) B, 2887.524 03 0.007 00 2
(191001000) A, 1060.345 03 0.00091 2
(202001000) Ay 1062.625 43 0.000 46 2
(303001000) Ao 1066.045 82 0.00047 2
(11,000100) Ay 990.884 14 0.002 00 1
(110000100) Ay 990.885 04 0.000 80 3
(191000100) B, 991.32547 0.000 34 3
(220000010) B, 3064.413 53 0.00701 1
(221000010) B, 3064.413 53 0.00701 1
(805000010) Bs 3065.845 98 0.007 00 1
(202000001) B, 994.451 57 0.000 81 3
(303000001) B, 997.88237 0.000 81 3
(404000001) B, 1002.455 90 0.000 82 3

Figure |5 shows the difference between the available CDMS [51] and
MARVEL vy energies for selected values of K,. The CDMS energy terms
values were generated by taking the union of the lower state energies and
the lower state energy plus the transition wavenumber. The sources were es-
sentially the same as the ground vibrational sources used for the MARVEL
analysis. The lower values of K, have lower discrepancies (< 0.001 cm™!)
which grow with J and K,. The average uncertainty of the MARVEL
ground vibrational energies is 7.42 x 10~*cm™!. Thus, the agreement is
good, and the lack of any significant outlier implies that no state has an
incorrect energy or assignment.

Figure [6a] shows examples of the original 08F1LaPeKi assignment for
15
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Figure 5: Difference between vibrational ground vibrational state energies (vg) from
MARVEL and CDMS (cm ™) as a function of J for states with selected oblate quantum
number values of K.

the v4 and 14 for both K, = 1 and K, = 2 where we have plotted the
08F1LaPeKi energy minus BJ(J + 1), with B being the rotational constant
— a measure of the approximate J energy dependence. This reduces the
energy range and thus increases the readability of the plot. There is an
apparent misassignment of the v, and K, = 2 energies in the region 20 <
J < 30. The TROVE assignment, shown in Figure [6b partially rectifies
this issue.

However, there are still graphically-incorrect vibrational assignments for
vy, K, =2 and vg, K, = 2. Swapping the vibrational labels for these states
for J > 37 resulted in the relabelling shown in Figure [7]] For the vg and
K, = 2 state, one notes that the peculiar behaviour of the energy difference
between the two K, states. This is due to a resonance interaction with
the nearby 13, K, = 1 states, also shown in Figure The lower lying
v3, K, = 1 states have symmetries which alternate between B; and B; in
step with the upper lying vg, K, = 2 states. The supplementary material
contains the MARVEL input file which includes the graphically relabelled
states of Figure [7]

A further seemingly problematic set of assignments are for the K, = 0
and K, = 1 states of the 14 and v bands, the v4 band being shown in Figure
B In these cases, rather than the two near-degenerate states being those

16
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Figure 6: Reduced MARVEL energy term values (Energy — 0.57J(J + 1), cm™!) of the
K, =1and K, = 2 states for the v4 and 14 bands as a function of the angular momentum

quantum number, J.
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Figure 7: A plot of the Energy — 0.57J(J + 1) of the K, = 1 and K, = 2 states for the
v4 and vg bands as a function of the angular momentum quantum number, J. This is
after the J > 37 states of vy and K, = 2 and v and K, = 2 were swapped. The states

vz and K, = 1 are also shown.

17



R J—
E 1o10] — :
+ 1,000| .
>

~

S 990 | ————— :
O‘ h :_:__

| —

- 980 | —
%‘3 -y and K, =1 -

S ool B =0

0 10 20 30 40 50
J

Figure 8: Reduced energy term values (Energy —0.57J(J+1)) of the K, = 1 and K, =0
states for the v4 band as a function of the angular momentum quantum number, J. These
were sourced from the energy levels file of the MARVEL output after the transitions
were relabelled using TROVE.

with the same K, one is assigned as the K, = 0 state and the other the
K, = 1 state. The other K, = 1 state is assigned to the energy further away
near-degenerate states. This is because of the strong interaction, and hence
mixing, between these two levels. These are the only states that cannot be
vibrationally misassigned as it would involve changing ortho states to para
states: the K, value from odd to even (or vice versa) which changes the
symmetry from A type to B type (or vice versa) (see Table [2).

The uncertainties for each state by band are shown in Figure [JJ One
notes the expected behaviour for the vibrational ground state (1), v, vy,
and v bands. The input data for these bands was from 08MaMeWiDe
and 08F1LaPeKi, which are of higher quality than the sources used for the
other bands. The energies for the other bands are sourced exclusively from
93McBr and 71JoOl. Figure [9 shows that their uncertainty is flat rather
than growing with J. This is a result of both large input uncertainties, as
shown on Figure 2] with a mean of 7.56 x 1073 cm ™" and 2.00 x 1073 cm™!
for 71Jo0OI1 and 93McBr, respectively, and for uniform uncertainties for all
transitions within a band.

Finally, Figure [I0] shows the energy of each state minus its band centre
split by band. The size of each point is proportional to the number of transi-

tions that support that state. The vy, v3, v4, and 4 states are measured up
18
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Figure 10: The energy of each state minus the band centre of each state (the vertical

axis) split by band (the horizontal axis) in cm~!. Each circle corresponds to a given

state. The vertical coordinate of the centre of the circle is the energy of the state minus
the band centre, and the area of the circle is proportional to the number of transitions
that supports that state. The maximum number of supporting transitions is 35.

to a higher rotational excitation with states up to J = 51. The maximum
rotational excitation has a range of J = 24 to J = 37 for the other bands.

The number of transitions characterizing each state varies between bands.
The largest number is for the 1y band where the maximum for a single state
is 35 transitions. States in the v4, and vg bands are also well character-
ized, although not as well as v, with a maximum of 9 transitions to a single
state. The characterization of the remaining states is less good, with several
higher rotationally excited states in vy, vs, 214, 14, and, to a lesser extent,
v3 being only supported by a single transition. v3’s maximum is 6 while the
rest have a maximum of 3. The MARVEL output energies for states only
characterized by a single transition are less trustworthy and depend largely
on the accuracy of the stated uncertainty of the experiment; transitions to
these states cannot be compared to ensure consistency and accuracy.
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5. Conclusions

A comprehensive analysis of the published spectroscopic literature of the
main isotopologue of thioformaldehyde (H,'2C32S) has been performed. All
meaningful transitions from 11 literature sources have been extracted and
verified, resulting in 11638 validated transitions using the MARVEL algo-
rithm. The data covered the ground, vy, vy, 13, 14, Vs, Vg, and 214 vibrational
bands and produced 4254 ro-vibrational energy levels up to J = 54 below
3729 cm~!. Both the MARVEL input file containing the quantum num-
ber labelled transitions with measurement uncertainties and the MARVEL
output file containing the quantum number labelled ro-vibrational energy
levels with uncertainties are provided in the supplementary material.

Comparison of the MARVEL input file with variational line list cal-
culations revealed numerous incompatible vibrational assignments in the
experimental transition data, largely concerning the v, and g modes which
are very close in energy and interact through a strong Coriolis resonance.
The ability to relabel the transitions in a consistent manner that respected
molecular symmetry and quantum number selection rules highlighted the
significance of rigorous theoretical calculations to confirm experimental find-
ings. This relationship goes both ways as the output MARVEL energy
levels are extremely valuable in improving theoretical line list calculations,
for the reasons discussed earlier. Notably, the HoCS MARVEL energies
presented in this work have been utilised in the production of a new line
list of thioformaldehyde applicable to high temperatures (up to 2000 K),
named MOTY, that will be reported elsewhere [50]. The MOTY line list
contains over 43 billion transitions and will be available from the Exo-
Mol database [25]. As an important astrophysical molecule, we expect the
MOTY line list [50] and the MARVEL H,CS datasets presented here to
be useful in various spectroscopic and radiative applications.
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