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HDS spectroscopy
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Despite their chemical simplicity, the spectroscopic investigation of light hydrides such as hydrogen sulfide is challeng-
ing due to strong hyperfine interactions and/or anomalous centrifugal-distortion effects. Several hydrides have already
been detected in the interstellar medium, and the list includes H2S and some of its isotopologues. Astronomical obser-
vation of isotopic species and, in particular, those bearing deuterium is important to gain insights into the evolutionary
stage of astronomical objects and to shed light on interstellar chemistry. These observations require a very accurate
knowledge of the rotational spectrum, which is so far limited for mono-deuterated hydrogen sulfide, HDS. To fill this
gap, high-level quantum-chemical calculations and sub-Doppler measurements have been combined for the investiga-
tion of the hyperfine structure of the rotational spectrum in the millimeter- and submillimeter-wave region. In addition
to the determination of accurate hyperfine parameters, these new measurements together with the available literature
data allowed us to extend the centrifugal analysis using a Watson-type Hamiltonian and a Hamiltonian-independent
approach based on the Measured Active Ro-Vibrational Energy Levels (MARVEL) procedure. The present study thus
permits to model the rotational spectrum of HDS from the microwave to far-infrared region with great accuracy, thereby
accounting for the effect of the electric and magnetic interactions due to the deuterium and hydrogen nuclei.

I. INTRODUCTION

High-resolution spectroscopy is a powerful tool to char-
acterize and unravel the underlying physico-chemical prop-
erties of complex molecular systems, such as those ex-
hibiting large-amplitude motions,1,2 flexible molecules with
a rich conformational landscape,3–7 complexes showing
non-standard intermolecular bonds,8–10 but also systems
showing network(s) of anharmonic resonances,11,12 hyper-
fine structures,13,14 and/or anomalous centrifugal-distortion
effects.15,16 While most of the complexity issues mentioned
above are inherent features of medium- to large-sized sys-
tems, the last two aspects are typical for small hydrides such
as, for example, water (H2O), the amidogen radical (NH2),
and the methylene radical (CH2). As a consequence of the
“floppiness” of these light species, a complete modeling of
their ro-vibrational energy levels is a challenging task and is
difficult to achieve with an accuracy able to reproduce and
support experimental measurements. The main reason for
that is the slow converge of the Watson Hamiltonian,17,18

which is considered the gold-standard model Hamiltonian for
ro-vibrational spectroscopy. The lightness of these hydrides
also leads to sparse spectra, thus limiting the number of ob-
servable spectroscopic features and, consequently, the num-
ber of experimental data to compare with theory. Further-
more, the spectra of these species are often complicated by
the so-called hyperfine structure, which results in the split-
ting of the rotational energy levels due to electric and/or
magnetic interactions.19–21 Thus, for an accurate modeling of
the rotational and vibrational energy levels, proper account
and description of centrifugal-distortion effects and hyper-

fine interactions are mandatory in many spectroscopy-based
applications,22–26 such as atmospheric measurements and as-
tronomical observations.

Focusing on astrochemistry, several hydrides have already
been detected in the interstellar medium (ISM); the list in-
cludes H2O, NH2, CH2, and H2S, as well as several of their
isotopologues.27–39 These species can be thus used to trace
the chemical differentiation and complexity across our Galaxy
and beyond. In addition, the observation of their isotopi-
cally substituted species – in particular deuterated species
– is a useful indicator for the evolutionary stage of astro-
nomical objects.40–44 In this view, deuterated hydrogen sul-
fide (HDS) can provide new insights into the so-called “sul-
fur problem”, i.e., the fact that the number of interstellar S-
containing species is smaller than what expected from the
cosmic sulfur abundance.45–47 Furthermore, the observation
of deuterium enrichment (denoted as deuterium fractionation)
for a given molecular species can shed some light on its for-
mation mechanism in the ISM, whose chemistry is very differ-
ent from the terrestrial counterpart.48–50 In view of what has
been pointed out above, it is clear that an accurate characteri-
zation of the rotational spectrum of HDS is needed, which ne-
cessitates a correct interpretation of laboratory spectroscopic
data in terms of spectroscopic and hyperfine parameters.

The rotational spectrum of HDS has been measured in the
microwave (MW)51–54 and far-infrared (FIR)55 regions, but
not at millimeter- and submillimeter-wavelengths, where most
of the astronomical observations are carried out. Moreover,
the different sources of experimental data – which include sev-
eral high-resolution ro-vibrational studies56–64 – have never
been combined into a unique analysis so far, thus leading to
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several, different sets of spectroscopic parameters being avail-
able in the literature.

In this work, we aim at the investigation of the ro-
vibrational energy levels manifold of HDS, overcoming the
aforementioned difficulties with a multi-level approach. First,
we exploit high-level quantum-chemical calculations to ob-
tain accurate theoretical estimates for the hyperfine parame-
ters of HDS, namely the nuclear quadrupole coupling, spin-
rotation, and dipolar spin-spin constants (Section II), as well
as to improve the available theoretical estimates for the ro-
tational and centrifugal-distortion terms. All these predic-
tions are crucial to guide and support both the experiment
and the spectral analysis. Subsequently, we present new ac-
curate measurements of high-frequency pure rotational tran-
sitions of HDS observed either in direct absorption or in a
saturation regime (§ III). In Section IV, we report the spectral
analysis of both the literature and newly measured data us-
ing the Watson-type Hamiltonian (§ IV B) and a Hamiltonian-
independent approach based on the MARVEL (Measured Ac-
tive Ro-Vibrational Energy Levels) procedure65 (§ IV C). Fi-
nally, we discuss our findings and point out the capabilities
and limits of our modelling and results.

II. COMPUTATIONAL DETAILS

The selection of the transitions to be investigated at sub-
Doppler resolution as well as the analysis of their hyperfine
structure have been guided by quantum-chemical calculations
of the corresponding hyperfine parameters. These are: the
nuclear quadrupole coupling (χi j), nuclear spin-rotation (Ci j)
and dipolar spin-spin interaction (Di j) constants. Interested
readers are referred to ref. 19 for a detailed account on how
these hyperfine parameters can be obtained from quantum-
chemical computations. To briefly summarize, HDS contains
only one quadrupolar nucleus which is the deuterium having a
nuclear spin ID equal to one. Deuterium quadrupole-coupling
constants χi j have been determined using the following ex-
pression:

χi j = eQqi j, (1)

where i and j refer to the inertial axes. eQ is the deuterium
quadrupole moment (2.860(15) mbarn66), and qi j represents
the i j-th element of the electric-field gradient tensor,19 which
is obtained from quantum-chemical computations as a first-
order property.

Moving to nuclear spin-rotation constants, a detailed ac-
count on the corresponding quantum-chemical calculations
can be found in refs. 67,68. To summarize, the electronic
contribution is evaluated as the second derivative of the elec-
tronic energy with respect to the rotational angular momen-
tum and the nuclear spin.67,68 Perturbation-dependent basis
functions,67 also denoted as rotational London orbitals, are
employed to improve the basis-set convergence. The nu-
clear contribution, instead, only depends on the molecular
geometry.69 The same is the case for the dipolar spin-spin
coupling tensor, for which the equilibrium structure straight-
forwardly provides the equilibrium components. Expressions

for the dipolar spin-spin interaction constants can be found in
ref. 19 and quantum-chemical computations are only needed
for the evaluation of vibrational corrections.

To obtain accurate theoretical predictions of the hyperfine
parameters introduced above, coupled-cluster (CC) theory70

has been exploited. In detail, the coupled-cluster (CC) sin-
gles and doubles (CCSD) approach augmented by a pertur-
bative treatment of triple excitations (CCSD(T))71 with all
electrons (ae) correlated, has been employed in conjunction
with the aug-cc-pCV5Z basis set.72–75 Computations have
been performed using the accurate equilibrium structure re-
ported in ref. 22, which accounts for the extrapolation to
the complete basis-set (CBS) limit at the CCSD(T) level,
core-correlation effects evaluated with a quintuple-zeta ba-
sis set, and high-order terms in the cluster expansion (full
treatment of triples and quadruples). For quantitative pre-
dictions, the ae-CCSD(T)/aug-cc-pCV5Z equilibrium values
have been augmented by vibrational corrections, computed at
the ae-CCSD(T)/cc-pCVQZ level. For their evaluation, an ap-
proach based on second-order vibrational perturbation theory
(VPT2)76 has been employed, which is described in detail in
ref. 77.

Among the hyperfine parameters described above, the nu-
clear spin-rotation tensors are the most challenging to be com-
puted quantitatively. To further improve their prediction, the
following composite scheme based on the CC theory has been
employed:

Cbest =C∞(SCF)+∆C∞(CCSD(T))+∆C(fT)+∆C(fQ) ,
(2)

where C denotes an element of the spin-rotation tensor. In the
equation above, the first two terms on the right-hand side cor-
responds to values extrapolated to the CBS limit. In a two-step
procedure, the Hartree-Fock self-consistent-field (HF-SCF)
and the CCSD(T) values are extrapolated separately. The ex-
ponential expression by Feller78 is used for the former, and
the n−3 extrapolation scheme by Helgaker et al.79 is used
for the latter. The third and fourth terms of Eq. (2) provide
corrections due to a full treatment of triple excitations (fT)
and due to quadruple excitations (fQ), respectively. These
have been evaluated as difference between the CCSDT and
CCSD(T) and between the CCSDTQ and CCSDT contribu-
tions, respectively. The CCSDT and CCSDTQ acronyms here
stand for CC single, double, and triple excitations,80,81 and
CC with single, double, triple, and quadruple excitations.82,83

All computations have been performed in conjunction with the
correlation-consistent aug-cc-pCVnZ basis sets,72–75,84,85 and
with all electrons correlated. For the different steps, the fol-
lowing values of n have been employed: n=Q,5,6 for HF-SCF,
n=5,6 for CCSD(T), n=T for fT, and n=D for fQ.

To test the effect of the geometry on the equilibrium values
of the hyperfine parameters, the equilibrium structure eval-
uated in ref. 22 has been augmented by a contribution ac-
counting for relativistic effects. These have been treated using
second-order direct perturbation theory (DPT2)86 at the ae-
CCSD(T) level in conjunction with the uncontracted version
of the cc-pCVQZ set. While the bond distance nearly remains
unchanged (1.3358 Å), the angle varies from 92.332 deg. to
92.238 deg. It is noted that such a variation only marginally
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affects the computed hyperfine parameters (changes of the or-
der of 0.01-0.02 kHz). Therefore, it will not be further dis-
cussed in the following.

Finally, though rotational parameters of HDS are already
available in the literature,87 in this work we report improved
values for them by computing the required harmonic and an-
harmonic force field at the CCSD(T)/aug-cc-pCV5Z level,
with all electron correlated. The harmonic force field was ob-
tained using analytic second derivatives,88 whereas the cubic
force field was determined in a normal-coordinate representa-
tion via numerical differentiation of the analytically evaluated
harmonic force constants.89,90 By exploiting VPT2 calcula-
tions in combination with this anharmonic force field, the vi-
brational corrections to the rotational constants as well as the
quartic and sextic centrifugal-distortion constants have been
obtained. In this respect, it has to be noted that an error in
the CFOUR implementation of the HJ and h2 sextic terms
(S-reduced Watson Hamiltonian91) has been fixed. Equilib-
rium rotational constants were straightforwardly derived from
the improved equilibrium structure mentioned above (i.e., that
from ref. 22 augmented by the relativistic corrections).

All CCSD(T) calculations have been performed using the
CFOUR program package,92,93 while the CCSDT and CCS-
DTQ computations have been carried out with the MRCC
program94,95 interfaced to CFOUR.

III. EXPERIMENT

New measurements of the rotational spectrum of HDS were
carried out using a frequency-modulated computer-controlled
spectrometer operating between 65 GHz and 1.6 THz, for
which a detailed description can be found in refs. 96–98. In
the present investigation, the measurements were performed
in the 244 GHz - 1.59 THz frequency range at either Doppler-
limited (weak lines and for most of transitions at frequency
higher than 700 GHz) or sub-Doppler resolution23,99 (Lamb-
dip technique).

Briefly, spectral coverage up to 900 GHz is obtained by
combining a Gunn diode working in the W band (80–
115 GHz) with passive frequency multipliers (doublers and
triplers in cascade). THz frequencies are produced by cou-
pling several Gunn diodes working in the F band (115–
134 GHz) to two triplers in cascade, with the 12th har-
monic still detectable with an output power of a few µW.
The millimeter-/submillimeter-wave radiation, stabilized and
frequency-modulated in a phase-lock-loop, is fed to a 3 m
long, free-space glass absorption cell. The output signal was
then detected by a hot-electron InSb bolometer, filtered and
demodulated at twice the modulation frequency (2 f detec-
tion scheme) through a lock-in amplifier, and analog-to-digital
converted. The frequency accuracy of the spectra is ensured
by a 5 MHz rubidium atomic clock used as reference for all
the frequency synthesizers employed in the synchronization
loop.

Samples of HDS were prepared via isotopic exchange by
mixing similar amounts of H2S and D2O. To avoid the ex-
change of the D atoms in the sample with the H atoms of

water absorbed on the cell walls, before starting a series of
measurements, D2O was first introduced and stored in the cell
for a few minutes and then, after pumping it out, the mixed
sample was injected. While Doppler-limited measurements
were carried out under static conditions (with the cell filled
with about 1 to 3 Pa of the sample mixture), the Lamb-dip
ones were performed in a continuous flow of gas, maintained
by a diffusion pump, in order to keep a constant pressure of
0.05-0.1 Pa inside the cell.

IV. RESULTS AND DISCUSSION

As mentioned in the Introduction, two different spectro-
scopic analyses have been carried out. The first one is based
on a Watson-type Hamiltonian, while the second one exploits
the MARVEL approach. Both of them include the results from
the measurements performed in the present work, whose anal-
ysis is first of all discussed.

A. Spectral assignment

In case of the Lamb-dip measurements, the hyperfine struc-
ture of the rotational spectrum due to the deuterium and hy-
drogen nuclei has been resolved. The main contribution is
here due to the nuclear quadrupole coupling of D with fur-
ther splittings due to the spin-rotation interaction of H (nu-
clear spin: IH = 1/2), while spin-rotation interactions of D
only causes shifts of the already split hyperfine components.
Furthermore, small but non-negligible, modifications are due

TABLE I. Comparison of experimental and computed hyperfine pa-
rameters of HDS.

Constant Nucleus Unit Experimenta Theoryb

Xaa (D) MHz 0.1522(11) 0.15292
Xbb (D) MHz −0.0646(19) −0.06379
Xab (D) MHz 0.01924 0.01924
Caa (D) kHz 0.51 0.51
Cbb (D) kHz −2.77(37) −2.70
Ccc (D) kHz −1.80 −1.80
Caa (H) kHz −37.05(39) −35.32
Cbb (H) kHz 2.18 2.18
Ccc (H) kHz −11.49(64) −11.74
Daa (H-D) kHz −2.19 −2.19
Dbb (H-D) kHz −0.39 −0.39

[a] Numbers in parentheses are one standard deviation in units of the
last quoted digit. Values without associated error are held fixed to their
computed value. [b] Nuclear quadrupole coupling:
ae-CCSD(T)/aug-cc-pCV5Z equilibrium values. Nuclear spin-rotation:
ae-CCSD(T)/CBS+fT+fQ equilibrium values. Dipolar spin-spin
coupling: equilibrium values from the improved geometry (present
work). All parameters are augmented by vibrational corrections
computed at the ae-CCSD(T)/aug-cc-pCVQZ level.
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FIG. 1. Lamb-dip (solid black trace) and Doppler-limited (dashed black trace) spectra of the JKa,Kc = 10,1← 00,0 transition of HDS observed
around 244.555 GHz. The position and the relative intensity of the “real” transitions are represented as stick spectrum in blue, along with their
F1−F ′1 quantum numbers. Red asterisks are used to mark “ghost” transitions. See text for details.

to the dipolar spin-spin coupling of deuterium and hydrogen.
Overall, the hyperfine components of the rotational spectrum
of HDS result from the selection rules ∆F1, ∆F = 0,±1, with
F1 and F being the quantum numbers originating from the
coupling schemes F1 = J + ID and F = F1 + IH. The reader is
referred, for example, to refs. 19,100–102 for an account on
these hyperfine interactions and, in particular, their impact on
rotational spectra.

Figure 1 shows the JKa,Kc = 10,1 ← 00,0 rotational
transition103 of HDS, which provides an example of a well-
resolved hyperfine structure. The transition should appear as
a triplet with the most-left, middle, and most-right dips corre-
sponding to the F1 = 0− 1, 2− 1, and 1− 1 components, re-
spectively. In this figure, the appearance of two crossover res-
onances, also denoted as “ghost transitions”, is evident. These
resonances are experimental artefacts due to the saturation of
overlapping Gaussian profiles of two or more transitions with
a common rotational energy level.104,105 A detailed descrip-
tion of the procedure to account for them in the predicted ro-
tational spectrum can be found in refs. 21,106.

The transition frequencies were retrieved from the recorded
spectra by means of a line-profile analysis using the
Lorentzian function and the Voigt profile model for Lamb-
dip and Doppler-limited measurements, respectively.107 In all
cases, the frequency values were obtained as averages of sev-
eral sets of measurements, with the experimental uncertainties
(ranging from 1 to 300 kHz) derived on the basis of the stan-
dard deviations of the averages themselves, the line widths,
and the signal-to-noise ratio of the spectra. As anticipated
in Section II, the assignment of the observed hyperfine com-
ponents to the correct transitions has been guided by spectra

simulated on the basis of the computed values of the hyperfine
parameters.

B. Watson-type Hamiltonian analysis

The newly recorded rotational transitions (271 distinct fre-
quencies) have been merged with the ground-state MW and
FIR data available in the literature51–55 and analyzed in a com-
bined fit where each transition was weighted proportionally to
the inverse square of its experimental uncertainty. The least-
squares fitting procedure has been performed with the SPFIT
subroutine of the CALPGM suite of program.108

Tables I and II collect the results of the fit, which has been
performed using a S-reduced Watson Hamiltonian91 in the Ir

representation.100 In Table I, the experimental hyperfine pa-
rameters are compared with their computed counterparts, ob-
tained as described in the Computational details section. As
expected on the basis of the literature on this topic (see, e.g.,
refs. 13,19,21,22,109), agreement within the experimental er-
ror is noted, the only exception being the Caa(H) constant for
which a deviation of 4.7% is observed. In view of the high
level of theory employed, the only possible source of dis-
crepancy lies in non-negligible relativistic effects. Indeed, in
ref. 110, it has been demonstrated that they can affect the com-
puted spin-rotation constants of hydrogen by several percents
(up to∼ 9 %). Overall, the results of Table I confirm the good
accuracy that can be achieved with the Lamb-dip technique as
well as the capability of high-level quantum-chemical calcu-
lations to provide quantitative predictions even for small hy-
perfine parameters.
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Table II reports the experimental and computed rotational
and centrifugal distortion constants, determined in this work,
in comparison with previous experimental results.55 For the
rotational constants, a very good agreement between theory
and experiment is observed (deviations of 0.03 %), thus con-
firming the high quality of the computed equilibrium struc-
ture which, as well-known, provides the largest contribution
(about 99%) to the rotational constants.19,111 Differently, the
quartic and sextic centrifugal distortion terms show on av-
erage deviations, which are on the order of 7 % and 19 %,
respectively. While these findings are surely connected to

TABLE II. Rotational and centrifugal-distortion constants of HDS.

Constant Unit Experimenta Theoryb Previousa,c

A MHz 292358.4209(4) 292279.55 292358.2(3)
B MHz 147820.0874(2) 147790.71 147820.4(1)
C MHz 96740.0613(1) 96772.95 96740.0(1)
DJ MHz 1.171612(6) 1.212 1.1739(9)
DJK MHz 37.29440(2) 34.899 37.280(4)
DK MHz -18.43210(4) -18.002 -18.43(1)
d1 MHz -0.846074(3) -0.761 -0.8485(3)
d2 MHz -0.721540(1) -0.616 -0.7220(2)
HJ kHz -0.27102(7) -0.232 -0.256(2)
HJK kHz 4.8548(4) 5.823 4.77(3)
HKJ kHz 12.099(2) 8.599 11.81(7)
HK kHz -11.107(2) -9.839 -10.9(1)
h1 kHz -0.05912(4) -0.054 -0.0432(9)
h2 kHz 0.17400(2) 0.133 0.180(1)
h3 kHz 0.09653(1) 0.070 0.0978(5)
LJ Hz 0.0317(2)
LJJK Hz 0.241(1) 0.3(1)
LJK Hz -8.98(1) -7.1(4)
LKKJ Hz 4.50(4) 3.7(6)
LK Hz -1.07(4) -1.6(9)
l1 mHz 31.4(1)
l2 mHz -8.84(9) -25.(3)
l3 mHz -40.32(7) -45.(2)
l4 mHz -17.93(5) -14.8(5)
PKJ mHz 11.3(1)
PKKJ mHz -16.7(3)
PK mHz 9.8(3) 3.(2)
p4 µHz 10.2(2)
p5 µHz 3.58(6) 3.(2)

Data 860 354
Jmax, Kamax 22, 14 22, 14
MW–THz rms kHz 60.2
FIR rms cm−1 2.7E-4 2.6E-4
St. Dev. 1.08 1.08

[a] Numbers in parentheses are one standard deviation in units
of the last quoted digit. [b] This work. [c] Ref. 55. Re-analyzed
using the S reduction.

the small magnitude of these parameters, the discrepancies
seem to indicate that vibrational corrections to these con-
stants might be significant for floppy systems such as HDS
and cannot be ignored. In this regard, it should be recalled
that a perturbative formulation for the evaluation of vibra-
tional contributions to the centrifugal-distortion terms has not
been worked out and implemented yet. Thus, these computed
quantities are equilibrium values, whereas our spectral analy-
sis provides vibrational ground-state values.

A comparison with the previous analysis from ref. 55 re-
veals significant improvements in the accuracy of all spectro-
scopic constants. To give an example, the uncertainties of the
rotational constants are reduced by three orders of magnitude
and those on the centrifugal-distortion terms by one to two
orders of magnitude. Moreover, five additional octic and de-
cic constants have been determined for the first time. Con-
sequently, the newly derived set of spectroscopic parameters
will enable the accurate prediction of the rotational spectrum
of HDS at any frequency up to the FIR region and the ac-
curate modeling of the hyperfine structure produced by the
deuterium and hydrogen nuclei.

C. MARVEL analysis

MARVEL is an algorithm based on the concept of spec-
troscopic networks.65,112–114 The MARVEL procedure allows
the derivation of accurate ro-vibrational energy levels and as-
sociated uncertainties by inverting the information contained
in a database of experimental transition frequencies. In the
last decade, this protocol has been successfully applied to nu-
merous molecular systems115–121 and has been demonstrated
to be, for small molecules, an alternative approach for pre-
dicting frequencies and associated uncertainties of molecular
transitions.

FIG. 2. Schematic representation of the MARVEL energy levels de-
rived from our analysis. Each vibrational state is represented by a
different symbol, for which a legend is provided using the format
(v1v2v3).
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TABLE III. Data sources used in the MARVEL analysis and their characteristics.

Tag Ref. Range A/Va MiUb MaUc AvUd

(cm−1) (cm−1) (cm−1) (cm−1)

51HiSt 51 0.265 – 2.520 12 / 12 3.3E-7 3.3E-7 3.3E-7
70Burrus 53 5.110 – 11.117 6 / 6 3.3E-7 3.3E-7 3.3E-7

71HeCoDe 53 3.679 – 20.948 27 / 27 3.3E-7 3.3E-7 3.3E-7
73Stee 54 0.280 – 1.426 5 / 5 2.0E-6 3.0E-6 2.6E-6

23MeJiGaPu This work 8.157 – 53.038 223 / 223 3.0E-8 1.0E-5 1.4E-6
85CaFlLeJo 55 25.184 – 267.612 535 / 535 2.0E-4 9.0E-4 2.3E-4

95UlToMeKo 56 2585.042 – 2980.261 69 / 69 1.0E-3 1.0E-3 1.0E-3
19SyUlBeGr 57 690.089 – 1511.468 2282 / 2282 1.0E-3 1.0E-3 1.0E-3
19UlBeGrRa 58 2006.402 – 2939.482 1532 / 1532 1.0E-3 1.0E-3 1.0E-3
06UlLiBeOn 59 3731.728 – 7219.680 2520 / 2520 2.0E-3 2.0E-3 2.0E-3
05LiGaChQi 60 4951.018 – 8662.091 3379 / 2891 2.0E-3 2.0E-3 2.0E-3

[a] Number of assigned/validated transitions. [b] Minimum uncertainty. [c] Maximum uncertainty. [d] Average uncertainty.

1. Quantum-number labeling

Each transition contained in a MARVEL input database
must possess (i) an unambiguous labeling for the upper and
lower states involved in the transition, (ii) the transition fre-
quency together with its experimental uncertainty, and (iii) a
unique tag which typically provides information about the lit-
erature source.

HDS is a triatomic asymmetric-top molecule isomorphic to
the Cs point group. Therefore, six quantum numbers are re-
quired to uniquely label its ro-vibrational energy levels: the
vibrational quantum numbers, in which v1 represents the S−D
stretching, v2 the bending mode, and v3 the S−H stretching,
and the standard rotational quantum numbers, J, Ka, and Kc,
for an asymmetric rotors. Since the hyperfine structure was
not resolved in most of the literature data, we ignore its contri-
bution in the present treatment and thus do not use the F1 and
F quantum numbers. For the same reason, hyperfine-resolved
transitions are not included in our MARVEL data set but they
are provided in a separate file in the Supplementary Material.

2. Experimental sources

All suitable ro-vibrational data of HDS have been collected
from the literature. Besides the pure rotational transitions
employed in our spectral analysis (§ IV B),51–55 the majority
of spectroscopic data concerns ro-vibrational bands observed
across the whole mid-infrared and near-infrared regions.56–64

Most of the spectroscopic data of HDS published before 2010
were collected in the W@DIS database (wadis.saga.iao.ru);
they have been downloaded and converted in order to match
the required format of the MARVEL input file. The remaining
data have been taken directly from the original papers when-
ever the experimental line list was made available; for a few
sources (namely refs. 61–64), we were not able to obtain the
list of observed transitions and therefore they have not been

incorporated in the analysis.
In total, our MARVEL database contains 10 sources of

experimental transitions from the literature plus the newly
measured transitions from this work. Table III presents
a summary of all the data sources together with infor-
mation concerning the investigated frequency range, the
number of assigned and validated transitions (A/V), and
the minimum/maximum/average experimental uncertainties
(MiU/MaU/AvU).

3. Results

We have collected and analyzed 10590 experimental rota-
tional and ro-vibrational transitions, 223 of which have been
measured in this work. The list of all transitions is provided in
the Supplementary Material. The main spectroscopic network
contains 10057 validated transitions, which is about∼ 95 % of
the entire data set. Nearly 500 transitions from ref. 60 (Tag:
05LiGaChQi) could not be validated in our analysis and are
thus considered as misassigned; they appear with a negative
wavenumber entry in our list in order to be ignored during the
MARVEL analysis. To investigate the origin of such misas-
signments, we have also performed an effective Hamiltonian
fit of the bands studied in 05LiGaChQi. We found that all
discarded transitions are actually mislabeled and involve ro-
tational levels with Ka = 1 and Ka = 3, either in the upper or
lower level, most likely due to an eigenvalue re-ordering is-
sue in the software used by 05LiGaChQi. Moreover, 45 tran-
sitions of our global database connect floating levels, which
means that they are not linked to any level of the main spectro-
scopic network and, therefore, the energy of the correspond-
ing levels could not be calculated.

A total number of 2541 active ro-vibrational energy lev-
els have been derived together with statistically well-defined
uncertainties. The highest ro-vibrational energy level is at
9552.886 cm−1 and belongs to the v2+3v3 combination state,
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TABLE IV. Summary of the energy levels derived from the MARVEL analysis.a

State J range Ka range Levels MiU – MaU AvU Energy Range
(v1v2v3) (cm−1) (cm−1) (cm−1)

0 0 0 0 – 25 0 – 15 372 < 0.0001 – 0.0071 0.0013 0.0000 – 2458.7271
0 0 1 0 – 22 0 – 14 293 0.0010 – 0.0064 0.0015 2621.4558 – 4624.0959
0 0 2 0 – 23 0 – 11 214 0.0020 – 0.0054 0.0023 5147.3553 – 6960.4715
0 0 3 0 – 20 0 – 7 130 0.0020 – 0.0050 0.0022 7577.8435 – 9089.2572
0 1 0 0 – 25 0 – 16 381 0.0010 – 0.0077 0.0019 1032.7151 – 3852.8277
0 1 2 0 – 20 0 – 12 219 0.0020 – 0.0050 0.0023 6139.7320 – 7744.0663
0 1 3 0 – 17 0 – 6 116 0.0020 – 0.0032 0.0021 8548.8927 – 9552.8861
0 2 1 0 – 19 0 – 8 97 0.0020 – 0.0048 0.0022 4638.8489 – 5893.7850
0 2 2 0 – 16 0 – 6 71 0.0020 – 0.0042 0.0021 7123.8864 – 8022.9404
1 0 1 0 – 21 0 – 11 227 0.0020 – 0.0057 0.0025 4522.6485 – 6187.8216
1 0 2 1 – 10 0 – 5 66 0.0020 – 0.0022 0.0020 7055.1149 – 7502.1927
1 1 0 3 – 3 0 – 3 7 0.0010 – 0.0010 0.0010 2971.5943 – 3027.4063
1 1 1 2 – 7 0 – 4 15 0.0020 – 0.0020 0.0020 5548.9136 – 5845.9678
1 2 0 0 – 16 0 – 10 131 0.0020 – 0.0046 0.0022 3938.6388 – 5541.4066
2 1 0 0 – 19 0 – 10 189 0.0020 – 0.0046 0.0022 4767.7069 – 6010.9407
3 0 0 2 – 8 0 – 1 12 0.0020 – 0.0020 0.0020 5583.5559 – 5809.1718

[a] Results are collected state-by-state. For the definition of the quantities, see notes of Table III.

while the highest rotational energy level of the vibrational
ground state is the JKa,Kc = 1814,4 level at 2458.727 cm−1.
The complete list of MARVEL energy levels is provided in
the Supplementary Material, their average uncertainty being
of the order of 2×10−3 cm−1. A summary of the results of our
MARVEL analysis is provided in Table IV, where the ranges
of the J and Ka quantum numbers, energies, and uncertain-
ties are provided for the 16 vibrational states investigated. A
graphical representation of the derived energy levels is also
given in Figure 2.

V. CONCLUSIONS

Light hydrides such as HDS represent important proxies
for the investigation of interstellar environments, with molec-
ular spectroscopy playing a major role for their identification.
In this context, a thorough knowledge of the rotational spec-
trum across a widespread frequency domain and an accurate
modeling of the hyperfine interactions that possibly affect the
rotational spectrum are key prerequisites for deriving useful
information from spectral line surveys of astronomical ob-
jects. In this work, we have addressed both issues by record-
ing the millimeter- and submillimeter-wave spectra of HDS
at an unprecedented resolution and combining the new mea-
surements with the existing literature transitions into a global
analysis. The fitting procedure of this large data set, rang-
ing from centimeter-wave to well in the FIR region, allowed
us to derive accurate rotational constants and to extend the
centrifugal analysis to high-order terms. In addition, several
hyperfine parameters have been determined with sub-kHz pre-
cision, thus enabling the simulation of the full hyperfine struc-

ture of the rotational spectrum when combined with theoreti-
cal predictions for those terms that are not experimentally de-
terminable. For all hyperfine parameters, there is an excellent
agreement between experiment and the theoretical counter-
part, which has been computed at the highest possible level
of theory. Overall, these results will permit to model the ro-
tational spectrum of HDS from the MW to FIR region with
remarkable accuracy, also by taking into account the effect
of the subtle electric and magnetic interactions due to the deu-
terium and hydrogen nuclei. The latter effect has been demon-
strated to be particularly important when retrieving molecular
abundance from highly resolved astronomical observations, as
this quantity can be overestimated by 5-20 % when the hyper-
fine structure is ignored.26

Furthermore, we have combined all the publicly available
rotational and ro-vibrational transitions of HDS into a vast
database and analyzed it by means of the MARVEL algo-
rithm. Most of the experimental data (∼ 95 %) have been
successfully validated and led to the accurate determination
of more than 2500 energy levels together with the associated
uncertainties. All the empirical rotational-vibrational energy
levels determined here constitute the first step toward the com-
pilation of an extended line list of HDS, similarly to what is
available for H2S and its 33S and 34S isotopologues in the
ExoMol122 or HITRAN123 databases. This line list will be
useful for both atmospheric and astronomical studies.
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