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Abstract

The identification and quantification of molecules in interstellar space and atmospheres of planets in the solar systems and
in exoplanets rely on spectroscopic methods and laboratory work is essential to provide the community with the spectral
features needed to analyse cosmological observations. Rotational spectroscopy in particular, with its intrinsic high reso-
Iution, allows the unambiguous identification of biomolecular building blocks and biosignature gases which can be cor-
related with the origin of life or the identification of habitable planets. We report the extension of the measured rotational
transition frequencies of dimethylsulphoxide and its **S and '*C isotopologues in the millimetre wave range (59.6-78.4
GHz) by use of an absorption spectrometer based on the supersonic expansion technique. Hyperfine patterns related to the
methyl group internal rotation were analysed in the microwave range region (6-18 GHz) with a Pulsed Jet Fourier
Transform spectrometer at extremely high resolution (2 kHz) and reliable predictions up to 116 GHz are provided.
The focus on sulphur-bearing molecules is motivated by the fact that sulphur is largely involved in the intra- and
inter-molecular hydrogen bonds in proteins and although it is the 10th most abundant element in the known Universe,
understanding its chemistry is still a matter of debate. Moreover, sulphur-bearing molecules, in particular dimethylsulph-
oxide, have been indicated as possible biosignature gases to be monitored in the search of habitable exoplanets.
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Introduction

The search for gaseous molecules in space is a guiding goal in the astrophysical community. The mole-
cules searched for are of increasing complexity in the pursue of understanding the chemical steps that
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lead to the development of complex molecules, biomolecular building blocks and ultimately life.
Another goal is the search for molecules produced by living organisms, called biosignatures, and accu-
mulated in the atmospheres of planets and exoplanets to assess their habitability.

As regards the detection of biosignatures, the early paradigm for exoplanet life detection is the argu-
ment that only life can maintain gases severely out of thermodynamic equilibrium in the atmosphere. In
particular, the detection of oxygen (O,) and methane (CH,) (Lederberg, 1965; Lovelock, 1965) was
suggested as the most robust atmospheric evidence of life on Earth.

In general, biosignature gases can be those created directly by metabolic redox reactions or they can
be ‘secondary’ metabolism byproducts: gases produced by life but not as byproducts of their central
chemical functions. Such gases are usually related to stress or signalling in living beings and although
expected to be produced in small quantities, their specificity makes them valuable as possible biosigna-
tures as their detection is not likely to be a false positive (Seager ef al., 2012). Some are also produced
in sufficient amounts to affect atmospheric chemistry (such as isoprene or dimethyl sulphide) and they
could possibly be detected remotely on planets and exoplanets. Examples include nitrous oxide (N,O)
(Des Marais et al., 2002), dimethyldisulphide (CH3;SSCHj3) (Pilcher, 2003), methyl chloride (CH5Cl)
(Segura et al., 2005) and dimethyl sulphide (CH3;SCH;, DMS) and other sulphur gases
(Domagal-Goldman et al., 2011).

Recently, it has been pointed out that although atmospheric composition will be the primary observ-
able that could imply the presence of life (Seager, 2013) the identification of a biosignature in a planet’s
atmosphere requires an understanding of the possible compositions of abiotic atmospheres (Shahar
et al., 2019).

This last factor is important as the atmosphere is tied to the dynamics of the planet and some
secondary metabolism gases are produced by geological processes as well as biological ones.

As an example, we can consider a sulphur-containing molecule, namely dimethylsulphoxide
(CH53SOCHj;, DMSO, Fig. 1). DMSO is the product of oxidation of DMS, it can be directly pro-
duced by some microorganisms from DMS or it can be produced in the atmosphere through a non-
biological chemical reaction which oxidizes DMS to DMSO, dimethyl sulphone (CH3;SO,CHj)
and finally, methyl sulphate (CH;SOsH) (Seager et al., 2012). In any case the detection and quan-
tification of a molecule like DMSO would be important either as a biosignature itself or in the
construction of appropriate models of chemical reactivity in the atmosphere of planets and
exoplanets.

The most informative method to investigate the chemical composition of the atmospheres of pla-
nets and exoplanets is high-resolution spectroscopy, which for exoplanets must rely on remote-
sensing techniques (Burrows, 2014). One of the possible approaches is via rotational spectroscopy
in the microwave-to submillimetre range undertaken from the ground with radiotelescopes (see e.g.
Greaves et al., 2021). As regards the interstellar space and star-forming regions, the unequivocal
identification of the molecules in astronomical surveys is based on their rotational laboratory spectra
and more than 200 molecules have been identified in space (CDMS, 2001; Miiller et al., 2001,
2005). In addition to the characterization of the species, the features of molecular spectra also
yield detailed physical information on the gas and its surroundings (Herbst and van Dishoeck,
2009).

Laboratory rotational spectroscopy data in the microwave, millimetre and submillimetre wavelengths
are necessary to perform those searches and rotational spectroscopy performed in supersonic expan-
sions has been proved to be particularly suitable to investigate complex spectra generated by molecules
(Calabrese et al., 2016) and weakly bound molecular complexes (Velino et al., 2004; Favero et al.,
2010). Those experiments allow us to identify multiple conformers of a flexible molecule (Vigorito
et al., 2017a), different tautomers (Sanchez et al., 2007; Melandri ef al., 2010) as well as and different
isotopologues (Calabrese et al., 2014). The study of the different isotopologues of a molecule is of
importance for different reasons. From a structural point of view, the analysis of the changes in the
rotational constants upon isotopic substitution allows the determination of the position of the substi-
tuted atoms without any a priori assumptions (Evangelisti et al., 2015). If the collection of a complete
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Fig. 1. Sketch of the DMSO molecule and principal inertial axis.

set of data including all the isotopes is not possible to achieve, a partial structure can be obtained by
refining a structure obtained as a result of quantum chemical calculations to reproduce all experimental
data (Uriarte ef al., 2018). From an astrochemical point of view the detected abundance of different
isotopologues of a molecular species can give additional information on reaction mechanisms of for-
mation (Neill ez al., 2011) or on the environment in which the molecule is found or formed (Imai ez al.,
2018).

We concentrate here on DMSO, which as stated above, can be considered an important secondary
metabolic product or the product of an abiogenic mechanism occurring in the atmosphere or in geo-
logical processes. Also, DMSO is an important substance commonly used as a polar aprotic solvent,
antifreeze fluid and cryo-protectant owing to its beneficial properties including low toxicity and
environmental compatibility (Akkok et al., 2009). In this paper, we report our investigation on
DMSO: the extension of the analysis of the rotational spectra of the parent species and that of the
mono-substituted '*C and **S isotopologues to the 59.6-78.4 GHz frequency range observed with
a Free Jet Absorption Millimetre Wave (FI-AMMW) spectrometer and the measurements of some
transitions in the lower frequency region (6—18 GHz) with a high-resolution cavity-based Fourier
transform microwave (FTMW) spectrometer. The extension of the measurement of the rotational
spectrum to relatively high frequencies (>40 GHz) is very important, in particular for remote sensing
using telescopes, since many of them, including ALMA, work in higher frequency regions. Even if
the theoretical model used to analyse the spectrum in the low frequency region is correct, the uncer-
tainties on the parameters reflect on the predictions thus precise experimental frequencies are essen-
tial for the identification of molecular transition in astronomical surveys or complex spectra
containing the signals of many other molecules.

Experimental methods

Two different spectrometers working in the microwave and millimetre frequency regions have been uti-
lized in this experiment. DMSO was acquired from Sigma-Aldrich (purity >99%) and used without
further purification and argon or helium, purchased from SIAD (Societa Italiana Acetilene e
Derivati), were used as carrier gas.

The rotational spectrum of DMSO was recorded in the millimetre wave region (59.6-78.4 GHz)
using a stark-modulated FI-AMMW spectrometer with a resolution of about 300 kHz and estimated
uncertainties for the frequency measurements of about 50 kHz. The main features of the spectrometer
have been previously described (Calabrese et al., 2013, 2015; Vigorito et al., 2018). In this experiment
the sample was maintained at room temperature and a stream of argon (P, = 20 kPa) was flowed over it
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and the mixture was expanded to about P, =0.5 Pa through a 0.3 mm diameter pinhole nozzle. The
rotational temperature of the molecules in the jet has been estimated to be 5-10 K from relative inten-
sity measurements of rotational transitions at different rotational quantum numbers.

The measurement of the rotational spectrum in the 6-18 GHz region was carried out in a
COBRA-type, cavity-based, pulsed supersonic-jet FTMW spectrometer (Balle and Flygare, 1981;
Grabow et al., 1996) previously described (Caminati et al., 2016). The sample of DMSO was cooled
to 273 K and helium was flowed over it at a stagnation pressure of about 3 bar resulting in a mixture of
about 1%. The mixture was then expanded through a solenoid valve (General Valve, Series 9, nozzle
diameter 0.5 mm) into a Fabry—Pérot cavity. During the expansion, the molecules can reach quite low-
rotational temperatures (a few Kelvins) and the most stable forms can be trapped at their energy min-
imum when certain conditions are satisfied. To determine the position of the spectral lines, Fourier
transformation of the time-domain signal perform 8k data points, recorded at a sampling interval of
100 ns.

Results and discussion

In terms of chemical structure, the rigid molecule of DMSO has idealized C; symmetry and a trigonal
pyramidal molecular geometry (Fig. 1). DMSO is characterized by two equivalent methyl rotors and a
Cs frame, therefore, its molecular symmetry group is GY%" in Altmann’s notation (Smeyers and Nifio,
1987) and C3 x C¥" in Dreizler’s approach (Dreizler, 1961). Due to the coupling of the methyl internal
rotation to the overall rotation of the molecule, the rotational levels are split into a multiplet of four
states labelled according to the irreducible representation in the above groups. Since, as Dreizler states,
I, and g, transform as the AA, representation, in the vibronic ground state only four kinds of transi-
tions are allowed: AA|—AA,, AE-AE, (ExA, +E,A|)—~(EpxA, +E,A5) and (E,E + EyE)—~(E.E + E,E),
with spin statistical weights 16, 8, 8 and 32, respectively. In the following, we will use a simplified
notation, referring to the AA; and AA, states as AA, to (E,A;+E,A;) and (EyA, + E A,) as EA
and to (E,E + EyE) and (E,E + E,E) as EE. A good general graphical representation of the energy levels
for a two tops system has been recently published (Dindi¢ and Nguyen, 2021). Due to this splitting of
the rotational levels, DMSO exhibits a spectral splitting because of hindered internal rotation of its
methyl rotors that leads to a triplets AA, AE (or EA) and EE splitting pattern, where A and E are
the methyl torsional state symmetry labels (see e.g. Vigorito ef al., 2017b).

The first rotational spectroscopy study on DMSO dates back to 1964 (Dreizler and Dendl, 1964)
and several other studies followed focusing on the determination of the structure through the study of
isotopologues (Feder et al., 1969; Typke, 1978; Kretschmer, 1995) and the dynamic effects such as
the centrifugal distortion and the methyl internal rotation (Dreizler and Dendl, 1965a, 1965b; Fliege
et al., 1983). The analysis of the high resolution rotational spectrum of the parent species is reported
in Fliege et al. (1983) who explored the microwave spectrum of DMSO using a Fourier transform
spectrometer from 8 to 18 GHz. They report the fit of the new measured lines together with the
lines previously measured in the 6-40 GHz frequency range at a lower resolution. The observed tran-
sitions involve the dipole moment component along the b principal axis of rotation (u,-type) and the
frequency values used are the weighted means of the internal rotation fine structure components.
Also, seven other transitions involving the coupling of the radiation with the ¢ principal axis
(uc-type) were measured by radiofrequency-double resonance with pump frequency adjustment
and methyl internal rotation splittings are also given. Measurement of the high frequency (154—
660 GHz) transitions of the parent species are reported by Margulés et al. (2010) for the ground
state and by Cuisset et al. (2013) for the five lowest vibrational states.

As regards the parent species, we extended the spectral investigation to the 59.6-78.4 GHz fre-
quency range and measured some transition lines in the 6-18 GHz frequency range using a higher reso-
lution set-up. The AA transition lines reported by Fliege et al. (1983) were fitted using a semi-rigid
Hamiltonian in the S-reduction and the //I' representations (Watson 1977), suitable for oblate tops
such as DMSO, by using the CALPGM suite of programs (Pickett, 1991) and the predictions were
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used to search for lines in the higher frequency range. Several 1, R-type lines with rotational quantum
numbers J ranging from 4 to 9, and pseudo-quantum numbers K, from 0 to 5 and K, from 0 to 4 were
measured. In the same way, starting from the lines measured by Feder et al. (1969), the transitions for
the monosubstituted **S and '*C isotopologues were observed in natural abundance and measured in
the higher frequency range (accuracy 50 kHz). Some lines both for the parent species and its **S and
13C monosubstituted isotopologues could be also detected with our cavity-based FTMW spectrometer
where they could be measured with a higher accuracy (2 kHz). All newly measured AA lines and those
reported in the previous works were analysed in a global semi-rigid fit where each set of lines was
weighted accordingly to its measured accuracy. The measured frequencies of the parent species are
listed in Table 1 and those of the isotopologues are reported in Table 2, whereas the spectroscopic para-
meters obtained from the fitting procedure are reported in Table 3.

While the set of AA lines can be fit by using a semi-rigid Hamiltonian, the full set of AA, AE, EA
and EE of transition lines needs a global fitting approach which takes into account the coupling effect
of the internal rotation of the methyl group on the rotational transitions. For this purpose, the XIAM
program (Hartwig and Dreizler, 1996) was used. This program is based on the combined axis method
(Woods 1966) and directly supplies the V5 barrier to internal rotation, the angles between the internal
rotation axis and the principal axes and the moment of inertia of the internal top. A total of 195 transi-
tions (including many of those from Fliege et al., 1983) were included in the global fit yielding the
values of the rotational constants, the quartic and some sextic centrifugal distortion constants and
the internal rotation parameters such as the value of the barrier hindering the motion and the orientation
of the internal rotors. The standard deviation of the global fit is 5 kHz which is very close to the best
accuracy obtained in the different measurements. In the XIAM program the S-reduction can be used but
only the I” representation is available and not the Z/I' one which would be more suitable for an oblate
rotor such as DMSO. In the two representations the centrifugal distortion constants have different
values and this is the reason why, in order to compare the AA-fit and the global-fit, we performed dif-
ferent fittings using the two representations for the AA state of the parent species. The comparison of
the corresponding spectroscopic parameters reported in Table 4 shows that they are in very good agree-
ment. Predictions from this fit to the 59.6-78.4 GHz region have confirmed that the internal rotation
splittings are not resolvable in this region with the absorption spectrometer (resolution 300 kHz).

The obtained results are in good agreement with those reported by Fliege et al. (1983) but the accur-
acy in the determination of the centrifugal distortion constants is better and so is the standard deviation
of the fit which is five times better. The experimental results can also be compared to those obtained by
in the optimization of the DMSO structure by quantum chemical methods with the Gaussian 16 pro-
gram (Gaussian, Inc., Wallingford, CT, USA) with the MP2/aug-cc-pVTZ.

The calculated values of the rotational constants (4 = 7000.6, B=6989.0, C=4243.1 all in MHz) and
of the distortion constants in the S reduction and /7' representation (D,;=06.1, D;x=-9.1, Dg=4.1, d; =
—0.25, d,=-0.23 all in kHz) are also in good agreement with the experimentally determined ones.

The moment of inertia and orientation of the methyl group was deduced from the structure reported
in Feder et al. (1969). While the angle 6 = £(ai), between the i internal rotation axis of the methyl tops
and the a principal axis of overall rotation could be fitted, the ¢ angle between the projection of i on the
bc plane and the b axis was fixed to zero as it was undetermined in the fit. This results in experimen-
tally derived values of £(ai) =32.56(26)/147.44(26), £(bi)=57.44(26) (°) for the two methyl tops and
a fixed «(ci) angle of 90°.

As regards the methyl group internal rotation, the MP2/aug-cc-pVTZ potential energy surface of the
methyl torsion around the SC bond in DMSO was calculated by changing the dihedral angle of r=HC
— SC on the regular grid with Az=10° and is shown in Fig. 2. The calculated data marked in red bullets
are well reproduced with the threefold function: V(z) ='2V3[1 + cos(37)], which is shown as a green line
where 73 =11.6 kJ mol™". This value is also in agreement with the experimentally determined value of
12.37(4) kI mol ™.

The V3 barrier hindering the methyl torsion in DMSO is thus much higher than the ones found for
other molecules which contain a methyl group attached to a sulphur atom such as methylmercaptan
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Table 1. Experimental transition frequencies v and deviations dv = v(obs) — v(calc) of internal rotation components of DMSO. Calculated frequencies
n(calc) are obtained using the spectroscopic parameters listed in Table 4

AA EE AE EA
J K, K/ J K/ K/ v (MHz) ov (MHz) v (MHz) ov (MHz) v (MHz) ov (MHz) v (MHz) ov (MHz)
4 3 1 4 2 2 7708.102 0.004 7708.102 0.003 7708.102 0.002 7708.102 0.002
3 2 1 3 1 2 7911.502 —0.003 7911.502 —0.001 7911.502 0.000 7911.502 0.000
2 1 1 2 0 2 8080.362 —0.004 8080.362 —0.001 8080.362 0.002 8080.362 0.002
14 13 1 14 12 2 8356.373% 0.000 8356.323° —0.001 8356.272° —0.003 8356.272° —0.003
2 2 1 2 1 2 8453.315 —0.007 8453.315 0.001 8453.305 —0.001 8453.305 —0.001
11 11 0 11 10 1 8591.594? —0.001 8591.515% 0.000 8591.4417 0.007 8591.441°7 0.006
3 3 1 3 2 2 8644.428 0.000 8644.418 0.000 8644.407 0.000 8644.407 0.000
4 4 1 4 3 2 8900.681 —0.004 8900.674 0.003 8900.658 0.000 8900.658 0.000
15 14 1 15 13 2 9077.647% —0.003 9077.586% —0.001 9077.523% —0.001 9077.523? —0.001
5 5 1 5 4 2 9223.066 —0.002 9223.049 —0.001 9223.031 —-0.001 9223.031 —0.001
12 12 0 12 11 1 9797.242% 0.000 9797.151% 0.002 9797.061% 0.006 9797.061% 0.004
16 15 1 16 14 2 9953.893% —0.002 9953.817 —0.001 9953.741% 0.001 9953.741? 0.000
17 16 1 17 15 2 10979.524% —0.008 10979.437% —0.003 10979.350% 0.002 10979.350% 0.002
20 18 2 20 17 3 11 065.541% 0.003 11 065.509* 0.003 11 065.476 0.002 11 065.476 0.002
13 13 0 13 12 1 11081.929* —0.006 11081.830% —0.001 11 081.729* 0.004 11081.729* 0.002
9 9 1 9 8 2 11187.003% 0.005 11186.959? 0.004 11186.916% 0.003 11186.916° 0.003
1 1 1 0 0 0 11255.349 —0.005 11255.349 —0.002 11255.349 0.001 11255.349 0.001
21 19 2 21 18 3 11592.719% 0.003 11592.674* 0.004 11592.628* 0.004 11592.628* 0.004
18 17 1 18 16 2 12 142.142% —0.008 12 142.043% —0.002 12 141.941% 0.002 12 141.941% 0.002
22 20 2 22 19 3 12 299.804% 0.005 12299.745% 0.006 12299.685% 0.006 12299.685% 0.006
14 14 0 14 13 1 12422.368% 0.001 12422.251°% —0.002 12422.134% —0.002 12 422.134% —0.005
23 21 2 23 20 3 13 186.345% 0.002 13 186.264% —0.006 13 186.190% —0.006 13 186.190% —0.006
19 18 1 19 17 2 13422.951% 0.000 13 422.830° —0.003 13422.717% 0.002 13422.717% 0.002
4 2 2 4 1 3 13 724.668 —0.006 13 724.668 0.002 13 724.668 0.010 13 724.668 0.010
3 1 2 3 0 3 13 755.597 0.000 13 755.597 0.009 13 755.574 —0.005 13755.574 —0.005
3 2 2 3 1 3 13 777.060 0.004 13 777.041 —0.007 13 777.035 —0.003 13 777.035 —0.003
4 3 2 4 2 3 13 788.443 —0.007 13 788.443 0.003 13 788.433 0.002 13788.433 0.002
15 15 0 15 14 1 13 795.465% —0.001 13 795.345% 0.002 13 795.225% 0.008 13795.225% 0.004

(187
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13 811.543
14 245.341*
14 798.162%
15091.974*
15 180.655%
15462.669"
16 036.379%
16241.210°
16561.411%
16 817.381*
17 023.943*
17 115.125%
17 725.185%
17 778.453*
17 926.735%
19269.635%
60 694.130
61 815.380
62 100.400
63 435.480
64 394.850
64 397.520
64 714.030
67323.270
67 887.270
69 439.500
69 504.440
69 568.990
69 659.180
69 719.100
69 721.030
69 725.900
69 744.140

—0.001
—0.003
—0.005
0.009
—0.001
—0.004
0.010
0.000
0.000
0.001
0.012
0.006
0.004
0.005
0.002
—0.013
0.011
0.024
—0.032
—0.005
0.012
—0.001
—0.022
—0.021
—0.039
—0.008
—0.002
0.026
—0.052
0.045
0.021
0.002
0.037

13 811.533
14 245.254*
14798.038*
15091.878*
15180.529*
15462.575%
16 036.273%
16241.072°
16 561.549°
16 817.277*
17 023.827*
17 115.057*
17 725.040°
17 778.380°
17 926.594%
19269.507*
60 694.130
61 815.380
62 100.400
63 435.480
64 394.850
64 397.520
64 714.030
67323.270
67 887.270
69 439.500
69 504.440
69 568.990
69 659.180
69 719.100
69 721.030
69 725.900
69 744.140

0.000
—-0.003
—0.001
—0.001

0.003

0.000
—0.001
—-0.001

0.002

0.003

0.001
—0.002

0.002

0.001

0.002

0.003

0.013

0.026
—0.012

0.008

0.021

0.009

0.007
—0.015
—0.012

0.007

0.020

0.050
—-0.036

0.063

0.039

0.020

0.056

13 811.522
14 245.165%
14797.915°
15091.786"
15 180.403°
15462.478%
16 036.174*
16 240.937°
16 561.272%
16 817.169*
17 023.710°
17 114.993*
17 724.896"
17 778.305°
17 926.446"
19269.381*
60 694.130
61 815.380
62 100.400
63 435.480
64 394.850
64 397.520
64 714.030
67323.270
67 887.270
69 439.500
69 504.440
69 568.990
69 659.180
69 719.100
69 721.030
69 725.900
69 744.140

—0.001
—-0.006
0.006
—0.008
0.011
0.001
—0.007
0.001
0.002
0.002
—-0.015
—0.006
0.002
—-0.006
0.001
0.031
0.014
0.028
0.009
0.021
0.030
0.018
0.037
—0.010
0.016
0.021
0.043
0.074
-0.019
0.081
0.057
0.039
0.074

13 811.522
14 245.165%
14797.915%
15091.786"
15 180.403"
15462.478"
16 036.174%
16240.937*
16 561.272%
16 817.169%
17 023.710%
17 114.993*
17 724.896"
17 778.305%
17 926.446"
19269.381%
60 694.130
61 815.380
62 100.400
63 435.480
64 394.850
64 397.520
64 714.030
67323.270
67 887.270
69 439.500
69 504.440
69 568.990
69 659.180
69 719.100
69 721.030
69 725.900
69 744.140

—0.001
—0.006
0.005
—0.005
0.005
0.001
—0.002
0.000
—0.008
0.002
—0.008
—0.005
0.000
—0.006
—-0.013
0.011
0.014
0.028
0.009
0.021
0.030
0.018
0.037
-0.010
0.016
0.021
0.043
0.074
—0.019
0.081
0.057
0.039
0.074
(Continued)
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Table 1. (Continued.)

AA AE EA
J K/ K' J . K v (MHz) Jov (MHz) v (MHz) ov (MHz) v (MHz) ov (MHz) v (MHz) ov (MHz)
5 5 0 4 4 0 69 818.640 —0.032 69 818.640 -0.012 69 818.640 0.008 69 818.640 0.008
6 3 3 5 4 2 69 839.700 —0.021 69 839.700 —-0.009 69 839.700 0.002 69 839.700 0.002
6 4 3 5 3 2 69 996.800 —0.025 69 996.800 -0.011 69 996.800 0.004 69 996.800 0.004
5 5 1 4 4 1 70 066.450 —0.036 70 066.450 -0.013 70066.450 0.010 70 066.450 0.010
8 0 8 7 1 7 70252.080 —0.003 70252.080 —-0.001 70252.080 0.001 70252.080 0.001
8 1 8 7 0 7 70252.080 —0.003 70252.080 —-0.001 70252.080 0.001 70252.080 0.001
5 5 0 4 4 1 71997.850 0.002 71997.850 0.017 71997.850 0.033 71997.850 0.033
8 1 7 7 2 6 75 759.820 —0.003 75 759.820 0.002 75 759.820 0.008 75 759.820 0.008
6 5 2 5 4 1 76 360.180 —0.017 76 360.180 0.011 76360.180 0.039 76360.180 0.039
5 4 1 4 3 2 77083.190 0.011 77 083.190 0.024 77083.190 0.036 77083.190 0.036
7 3 4 6 4 3 78 339.690 —0.094 78 339.690 —-0.081 78 339.690 —-0.069 78 339.690 —0.069
7 4 4 6 3 3 78 347.780 —0.088 78 347.780 —-0.075 78 347.780 —-0.062 78 347.780 —0.062
9 0 9 8 1 8 78 688.580 —0.005 78 688.580 —-0.003 78 688.580 —-0.001 78 688.580 —-0.001
5 5 1 4 2 2 79 031.560 —0.039 79 031.560 —-0.001 79 031.560 0.037 79 031.560 0.037

“From E. Fliege et al. (1983).
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Table 2. Experimental transition frequencies of AA lines of DMSO (**S) and DMSO (>C)

Transition 34g B¢
Jxagc—t"gragc v (MHz) ov (MHz) v (MHz) ov (MHz)
95.1<972 6820.25% 0.052

1091 <10g» 6843.35% —0.065

65,1642 7206.288* 0.047 6792.723% —0.032
1241112402 7221.047 0.017

541532 7416.028% —0.065 6832.64% —0.001
43145, 7629.257% —0.001 7060.448* 0.007
321312 7825.496% 0.012 7389.72% 0.002
211202 7987.797% —0.003 7730.1% 0.026
251212 8345.136° —0.003 8621.721° 0.005
331322 8528.119% 0.016 9095.719% 0.026
44143, 8773.47% 0.061 9734.62% —0.012
771762 9892.1 —0.03

55.1¢542 10 541.04* 0.107
66,1652 11513.85% 0.003
99,1952 10961.82 0.012

111000 11216.6301 0 11136.86" —0.002
19,100, 10831.07 0.001
212+ 101 19399.75% 0.001
21«11 25214.893% 0.003 25147.49* —0.045
31225, 33268.234% —0.013

32221 33649.6417 0.017

53044 60 483.86 0.003

To7<61.6 61763.33 —0.005 60 555.67 0.012
71,7606 61763.33 —0.005 60 555.67 0.012
43132 63 083.05 —0.019

716625 67204.55 -0.014 65989.46 0.052
72.6< 615 65989.46 0.025
633<542 69 594.79 0.012

64’3<—53,2 69 740.68 0.03

80.8<71.7 70 197.38 —0.003 68 817.84 0.057
818707 70 197.38 —0.003 68 817.84 0.057
550441 71 633.93 0.023

725634 72 646.24 0.049

735624 72 646.24 —0.018

64255 73 924.52 —0.007

817726 75638.42 —0.005 74 251.06 —0.033
87716 75638.42 —0.005 74251.06 —0.034
65254 76 003.83 —0.041

73,4643 78 087.66 —0.017

7440633 78 094.98 0.014

9,988 78 631.21 0.008 77 079.66 —0.04
910803 78 631.21 0.008 77 079.66 —0.04

“From Feder et al. (1969).
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Table 3. Spectroscopic parameters for the AA state of DMSO, DMSO *S) and DMSO ('°C)
(S-reduction, 11" representation)

Parent 34g B¢
A (MHz) 7036.5835(10)* 6999.1925(41) 7005.4022(56)
B (MHz) 6910.8300(10) 6878.7479(44) 6699.6175(54)
C (MHz) 4218.7766(10) 4217.4471(41) 4131.4659(47)
D, (kHz) 6.083(20) 5.962(78) 5.67(20)
Dk (kHz) —-8.9142(92) -8.67(23) —8.13(50)
Dy (kHz) 4.024(42) 3.88(16) 3.54(30)
d, (kHz) —0.16378(14) —0.218(15) [0]°
d>» (kHz) —0.271512(59) —0.292(36) [0]
H & (Hz) —0.104(31) [0] [0]
Hy (Hz) 2.99(72) [0] [0]
Hy (Hz) —2.62(72) [0] [0]
h, (Hz) —0.00176(22) [0] [0]
h, (Hz) 0.00074(15) [0] [0]
hy (Hz) —0.001159(48) [0] [0]
N 75 37 24
o° (kHz) 21 28 35

Standard error in parenthesis in units of the last digits.
°Constants fixed to zero as they result undetermined.

°H; is undetermined from the fit and has been fixed to zero.
9Number of transitions.

Standard deviation of the fit.

(5.31(1) kJ mol™") (Kojima, 1960), DMS (8.8030(5) kJ mol™") (Pierce and Hayashi, 1961; Jabri et al.,
2016) and dimethyl disulphide (6.44 kJ mol™") (Hartwig et al., 1995). This could be due to electronic
effects related to the presence of the oxygen atom or to an attractive interaction between the oxygen
atoms and the methyl hydrogens which can increase the barrier to internal rotation of this group.

Based on the obtained fittings, an overall prediction in the 0—1000 GHz range calculated at five
different temperatures which could be found in different astronomical objects is reported in
Fig. 3. While the measurements are performed up to 78.4 GHz, the predictions are quite reliable
in the adjacent frequency range covered by band 3 of ALMA (84-116 GHz) for lines with rotational
quantum number J less than 12. In the bottom panel of Fig. 3, an expanded view of this frequency
range can be found where the frequencies and intensities of main lines calculated at different tem-
peratures are reported. Here, we can see that the most intense transitions are somehow the same
ones at different temperatures. Moreover, a thorough analysis of the predictions showed that in
this frequency range the internal rotation splittings are units or tens of kilohertz thus, even if very
small, they might be observable at the resolution of some astronomical surveys which can show line-
widths as low as 10 kHz (see for example Loomis ef al., 2021). For a quantitative analysis, the pre-
dicted frequencies with their uncertainties and intensities at different temperature are reported in
Table 5 while the internal rotation components are given as supplementary material (Table S1).
The AA predicted frequencies from our fit are accurate within ten kilohertz as assessed by perform-
ing some fits which included lines measured at higher frequencies by Margulés et al. (2010).

Conclusions

In this work, rotational spectroscopy coupled to supersonic expansions has been exploited to charac-
terize the rotational spectrum of DMSO and its **S and '*C monosubstituted isotopologues. The lines
were measured in the 59.6-78.4 GHz frequency range with an absorption spectrometer while a cavity-
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Table 4. Spectroscopic parameters for the global fit of DMSO compared to the fitting of AA lines both

in 1" representation

Global fit AA fit
A (MHz) 7036.57930(48) 7036.5809(10)
B (MHz) 6911.09686(61) 6910.8300(10)
C (MHz) 4218.51423(57) 4218.77916(91)
Dy (kHz) 3.4579(77) 3.458(16)
Dy (kHz) —0.9319(10) —0.9285(16)
Dx (kHz) 3.7654 (24) 3.7665(48)
d, (kHz) —1.4503(29) —1.4550(60)
d, (kHz) —0.2956(14) —0.2921(29)
H° (Hz) 0.039(10) 0.4117(59)
Hy, (Hz) —0.114(10) —0.1135(13)
Hy (Hz) 0.087(20) 0.0827(17)
Vs (kJmol™") 12.38(30)

I, (A) 3.146°

5 4 (rad) 0.5683(46)/2.5733(46)

£(ai)® (°) 32.56(26)/147.44(26)

2(bi) (°) 57.44(26)

£(ci) (°) 90

N 195 75

¢ (kHz) 4.4 20

Standard error in parenthesis in units of the last digits.

°H, is undetermined from the fit and has been fixed to zero.

‘Fixed to the value obtained from the r, structure (Feder ef al., 1969).

46 = £(ai), where i is the internal rotation axis of the methyl tops. € (angle between the projection of 7 on the bc plane and the b axis) fixed to zero

as undetermined from the fit.
“Derived parameters.

fNumber of measured transitions in the fit.
¢Standard deviation of the fit.

V(1) / kJ mol

=
P |

8]

i

— Y2V, [1+cos(31)]
® MP2/aug-cc-pVTZ

T T T

60 120 180 240 300 360

T / degrees

Fig. 2. Ab initio (MP2-aug-cc-pVTZ) methyl internal rotational potential energy surface for DMSO.
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Fig. 3. Top panel: Spectral predictions in the 0—1000 GHz frequency range for DMSO at eight differ-
ent temperatures. Bottom panel: Expanded spectral window overlapping with the frequency region cov-
ered by the ALMA telescope (band 3, 84—116 GHz).

based FTMW spectrometer has allowed to re-measure DMSO transitions split by the methyl rotor
internal rotation in the 6—18 GHz region with unprecedented high resolution and accuracy. A global
fit of 195 lines has allowed for an accurate modelling of the internal rotation lines and the accurate
determination of the spectroscopic parameters obtained by applying appropriate models. The molecular
parameters related to the geometry of the molecule or its internal dynamics (methyl torsional barrier)
could also be used to model the ro-vibrational spectrum of DMSO.

The measured rotational lines can be confidently used for the analysis of astronomical surveys for
the unequivocal identification of DMSO and its isotopologues in different astronomical environ-
ments such as the interstellar medium, star-forming regions and planetary atmospheres. A natural
place where one would try is astronomical objects where organic molecules containing sulphur
have been detected. For example, in giant molecular clouds like Sagittarius B2 (Miiller et al.,
2016) or protostars (Majumdar et al., 2016). Tentative detection of sulphur-containing molecules
has also been attempted in prestellar cores (Maris et al., 2019) and molecular clouds (Song et al.,
2022). Besides remote sensing, the value of rotational spectroscopy as a means of exact identification
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Table 5. Selected predicted transitions in the Alma band 3 spectral region (84—116 GHz): predicted frequency (MHz), estimated uncertainty (MHz) and
base 10 logarithm of the integrated intensity in units of nm> MHz at different temperatures

J K/ K/ J K/ K[ v (MHz) err 5K 10K 25K 50K 75K 100K 150K 300K

5 2 3 4 1 4 88994.71* 0.01 —1.9985 —2.4665 —3.2876 —3.9817 —4.4025 -4.7051 -5.1356 —5.8786
5 3 3 4 0 4 8899732  0.01 -—-1.9985 -—-2.4665 -3.2876 —3.9817 —-4.4025 -4.7051 -5.1356 —5.8786
6 2 4 5 1 5 108450.81  0.02 -2.1274 -2.4862 -3.2401 -39117 —-4.3249 —-4.6237 -5.0505 —5.7896
6 3 4 5 0 5 108450.89  0.02 -2.1274 24862 —-3.2401 39117 —4.3249 —4.6237 —-5.0505 —5.7896
6 3 3 5 2 4 102922.66 0.01 -1.7904 -2.1018 -2.8279 -3.4902 -3.9003 —4.1976 —-4.6228 —5.3605
6 4 3 5 1 4 102930.48 0.01 -1.7904 -2.1018 -2.8279 -3.4902 -3.9003 —4.1976 —-4.6228 —-5.3605
6 4 2 5 3 3 97215.65 001 -1.6107 —-1.8865 —-2.5916 —-3.2470 -3.6549 -3.9510 —4.3751 -5.1116
6 5 2 5 2 3 9751339 0.01 -1.6150 -1.8906 —2.5955 —-3.2509 —-3.6587 —3.9548 —4.3789 —-5.1154
6 5 1 5 4 2 90678.12  0.01 -1.4138 -1.6661 —2.3576 -—-3.0086 —3.4149 -3.7104 —4.1337 —4.8695
6 6 1 5 3 2 93461.02 0.01 -1.6182 —-1.8686 —2.5587 —-3.2092 -3.6154 —-39107 —4.3340 —5.0696
6 6 0 5 5 1 85756.03 0.01 -09873 —1.2245 -1.9073 —-2.5554 29608 —3.2557 -3.6786 —4.4138
7 5 3 6 4 2 8403791 0.02 -1.3449 -—-1.4289 -2.0198 -2.6373 -3.0325 -3.3224 -3.7402 —4.4703
7 5 2 6 4 3 110987.70  0.02 -1.7147 —-1.8053 -2.3981 -3.0160 —-3.4112 -3.7011 —4.1189 —4.8491
7 5 2 6 6 1 8752348 0.02 -1.6430 -1.7034 -2.2800 —2.8927 —-3.2863 —3.5753 —=3.9923 —4.7217
7 6 2 6 3 3 111517.39  0.02 -1.7235 —1.8137 —=2.4063 -3.0241 -3.4193 -3.7091 —4.1269 —4.8571
7 6 2 6 5 1 90678.96 0.02 —-1.3649 —-1.4283 -2.0064 -2.6195 —-3.0133 33024 -3.7194 —4.4489
7 6 1 6 5 2 10422474  0.02 -1.5342 -1.6013 -2.1805 -2.7939 -3.1877 —=3.4769 —3.8939 —4.6234
7 7 1 6 4 2 108022.55 0.02 -1.8188 —1.8834 -2.4610 -3.0737 -3.4673 -=3.7563 —4.1733 —4.9026
7 7 1 6 6 0 96447.56  0.02 -1.1095 -1.1592 —-1.7287 —-2.3389 —-2.7316 —-3.0203 —-3.4368 —4.1658
7 7 0 6 6 1 99517.15 0.02 -1.1302 -1.1809 -—1.7507 -2.3611 —2.7538 —3.0425 —-3.4590 —4.1880
8 3 5 7 4 4 86776.82 0.03 —-13941 -—-13408 -—1.8491 —-2.4391 -2.8251 -3.1104 -3.5236 —4.2491
& 4 5 7 3 4 86777.10 0.03 —-13941 —-1.3408 —-1.8491 24391 -2.8251 —-3.1104 —-3.5236 —4.2491
&8 4 4 7 5 3 92283.79 0.03 -1.5119 -1.4140 -1.8952 -2.4760 —2.8590 —3.1427 —-3.5544 -—-4.2784
8 5 4 7 4 3 92304.08 0.03 -—1.5115 -1.4136 —1.8948 -2.4756 —2.8586 —3.1423 —-3.5540 —-4.2780
8 5 3 7 6 2 97569.92 0.03 -1.6385 —-1.5072 —-1.9681 —-2.5421 —-2.9227 -3.2053 -3.6158 —4.3387
8 6 3 7 5 2 9813439 0.03 -1.6196 -1.4890 —-1.9501 -2.5242 -29049 -3.1875 —3.5981 —-4.3210
8 6 2 7 7 1 100702.46  0.03 —1.9888 —1.8341 -—-2.2806 —2.8498 —-3.2288 —-3.5106 -—3.9203 —4.6424
8 7 2 7 6 1 105053.53  0.03 —1.6154 —1.4645 —-19130 —2.4828 -2.8620 —3.1439 -3.5537 —4.2759
8 8 1 7 7 0 110743.18  0.03 -1.3509 -1.1854 —1.6246 -2.1912 -2.5694 —-2.8507 —-3.2600 -—-3.9816

(Continued)
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Table 5. (Continued.)

J K/ K/ J K/ K[ v (MHz) err SK 10K 25K 50K 75K 100K 150K 300K

8 8 0 7 7 1 113295.03 0.03 -1.3614 —-1.1968 —-1.6364 —2.2031 —-2.5813 —-2.8627 —-3.2719 —-3.9936
9 1 8 8 2 7 84196.21 0.03 —-13041 —-1.2098 —-1.6937 22756 —2.6589 —2.9428 -3.3546 —4.0789
9 2 8 8 1 7 84196.21 0.03 —-1.3041 —-1.2098 —-1.6937 22756 —2.6589 29428 -3.3546 —4.0789
9 2 7 8 3 6 89703.64 0.04 -—-14647 -1.2912 -1.7273 -22931 -=-2.6711 29523 33615 —4.0831
9 3 7 8 2 6 89703.64 0.04 -—-14647 -1.2912 -1.7273 -=22931 -=2.6711 29523 33615 —4.0831
9 3 6 8 4 5 95211.68 0.04 —-1.6103 —-1.3692 —-1.7643 23164 —2.6898 29688 —-3.3756 —4.0949
9 4 6 8 3 5 95211.69 0.04 -1.6103 —1.3692 —-1.7643 23164 —2.6898 29688 —3.3756 —4.0949
9 4 5 8 5 4 100722.41  0.04 —-1.7420 —-1.4449 —-1.8059 23466 -2.7162 —-2.9932 -3.3982 —4.1156
9 5 5 8 4 4 100723.27  0.04 —-1.7420 —-1.4448 —1.8059 —-2.3466 -2.7162 —-2.9932 33982 —4.1155
9 5 4 8 6 3 106225.61  0.05 —-1.8634 —1.5218 —1.8558 23874 -2.7539 -3.0294 —-3.4329 —4.1487
9 6 4 8 5 3 106270.35  0.05 -1.8625 —1.5210 —1.8550 —-2.3866 —2.7531 —-3.0287 —-3.4321 —4.1479
9 6 3 8 7 2 111366.12  0.05 -2.0015 —-1.6268 —1.9404 -2.4652 -2.8294 -3.1037 -3.5060 —4.2207
9 7 3 8 6 2 112299.05 0.05 -1.9700 —-1.5963 —1.9105 —-2.4354 27997 -3.0741 -3.4764 —4.1911
9 7 2 8 8 1 113702.61  0.05 -2.4217 -2.0231 -2.3222 -2.8421 -3.2047 -3.4782 38797 —4.5935
10 0 10 9 1 9 8712489 0.09 -—-13344 —-1.1598 —-1.5953 -2.1610 —-2.5389 —-2.8202 —-3.2293 —-3.9508
10 1 10 9 0 9 8712489 0.09 -—-13344 —-1.1598 —-1.5953 -2.1610 —-2.5389 —-2.8202 —-3.2293 —-3.9508
10 1 9 9 2 8 9263235 0.06 —1.5333 —-1.2565 —-1.6304 -2.1755 —2.5466 —2.8243 —-3.2300 —3.9481
10 2 9 9 1 8 9263235 0.06 —1.5333 —-1.2565 —-1.6304 -2.1755 —2.5466 —2.8243 —-3.2300 —3.9481
10 2 8 9 3 7 9813946 0.06 -—-1.7152 —-1.3479 -1.6671 —-2.1938 —-2.5587 —2.8335 -3.2361 —-3.9511
10 3 8 9 2 7 9813946 0.06 -1.7152 -1.3479 -1.6671 -2.1938 —-2.5587 —2.8335 -3.2361 —-3.9511
10 3 7 9 4 6 103646.75 0.06 —1.8803 —1.4341 —-1.7054 —-2.2162 25758 —2.8478 —-3.2478 —-3.9601
10 4 7 9 3 6 103646.75 0.06 —1.8803 —1.4341 —-1.7054 —-2.2162 25758 —2.8478 —3.2478 —-3.9601
10 4 6 9 5 5 109155.51  0.06 —-2.0294 —-1.5157 —1.7462 —-2.2432 -2.5982 —-2.8680 —3.2657 —3.9757
10 5 6 9 4 5 109155.54  0.06 —-2.0294 —1.5157 —1.7462 —-2.2432 -2.5982 —-2.8680 —3.2657 —3.9757
10 5 5 9 6 4 114668.75  0.07 -2.1639 —-1.5944 —-1.7909 —-2.2765 —-2.6277 —2.8955 —-3.2913 —-3.9994
10 6 5 9 5 4 114670.99 0.07 -2.1638 —1.5943 —-1.7908 —-2.2765 —-2.6277 —-2.8955 —-3.2913 —-3.9994
11 0 11 10 1 10 9556094 0.18 —1.5889 —1.2257 —1.5476 —-2.0753 —-2.4405 -2.7154 -3.1182 —3.8334
11 1 11 10 0 10 9556094 0.18 —1.5889 —1.2257 —1.5476 —-2.0753 —-2.4405 -2.7154 -3.1182 —3.8334
11 1 10 10 2 9 101 068.26  0.12 —-1.8106 —1.3340 —1.5873 —-2.0921 -2.4497 -2.7208 -—-3.1197 -3.8311
11 2 10 10 1 9 101 068.26  0.12 —-1.8106 —1.3340 —1.5873 —-2.0921 -2.4497 -2.7208 —-3.1197 -3.8311
11 2 9 10 3 8 106575.08 0.10 —-2.0143 —-1.4357 -1.6275 21117 -2.4624 -2.7300 —-3.1255 —3.8335
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11 3 9 10 2 8 106575.08 0.10 —-2.0143 —-1.4357 -1.6275 21117 -2.4624 -2.7300 —-3.1255 —-3.8335
11 3 8 10 4 7 112081.81  0.09 -2.2000 -—1.5312 —1.6683 —2.1341 24788 -2.7433 —-3.1358 -3.8406
11 4 8 10 3 7 112081.81  0.09 —-2.2000 —-1.5312 —1.6683 —2.1341 —-2.4788 —-2.7433 -3.1358 —3.8406

“The intensities were calculated using the partition function from the semirigid approximation. The following values were used: (5 K) =133.3339, Q(10 K) =374.6724, O(25) = 1475.3676, O(50) =4168.2031, O(75) =
7655.3187, Q(100) =11 785.2365, O(150) =21 651.4854, O(300) =61 250.6707.
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and quantification of molecules could also be exploited in the search of biosignatures using instru-
ments for in situ analysis.

Supplementary material. The supplementary material for this article can be found at https:/doi.org/10.1017/
S1473550422000271.
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