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ABSTRACT

We study several molecules that could help in the solution of the missing sulphur problem
in dense clouds and circumstellar regions, as well as in the clarification of the sulphur chem-
istry in comets. These sulphur molecules are the trimer (CH,S); and the tetramer (CH,S)4 of
thioformaldehyde, pentathian SsCHj, hexathiepan S¢CHp, thiirane CoHyS, trisulfane HSSSH,
and thioacetone (CH3),CS. Infrared spectra of these species are calculated using the density
functional theory methods. The majority of calculated bands belong to the mid-infrared, with
some of them occurring in the near- and far-infrared region. We suggest that some of unidenti-
fied spectral features measured by Infrared Space Observatory in several active galactic nuclei
and starburst galaxies could be caused by 1,3,5-trithiane ((CH;S)3), 1,3,5,7-tetrathiocane
((CH3S)4), and thiirane (C,HyS). The objects whose unidentified infrared features we com-
pare with calculated bands are NGC 253, M82, NGC 1068, Circinus, Arp 220, 30 Doradus,
Orion KL, and Sgr B2.

Key words: line: identification — molecular data— methods: data analysis — methods: numeri-

cal —ISM: molecules — galaxies: ISM.

1 INTRODUCTION

More than 180 molecules have been discovered in space (Tielens
2013). With an exception of fullerenes, the largest molecule con-
firmed to existin space till now consist of 13 atoms (Bell etal. 1997).
Several sulphur-bearing molecules and ions have been observed in
the interstellar medium and circumstellar shells in the Milky Way,
as well as in other galaxies. The ethyl mercaptan, CH3;CH,SH,
the largest astrophysical molecule containing sulphur, was recently
observed in Orion (Kolesnikova et al. 2014). Interstellar methyl
mercaptan, CH3SH, was discovered long time ago by measuring
lines in the millimetre range of the spectrum towards the Sgr B2
(Linke, Frerking & Thaddeus 1979). Methyl mercaptan was also
detected in other environments, for example in the organic-rich hot
core G327.3-0.6 (Gibb et al. 2000), and in Orion (Kolesnikova et al.
2014). It was suggested that methyl mercaptan forms in interstellar
ices and then evaporates in hot cores (Gibb et al. 2000).

Although the first interstellar sulphur-bearing molecule CS was
detected a long time ago (Penzias et al. 1971), the chemistry of
interstellar sulphur is still undetermined. The observed abundance
of sulphur-bearing species in dense clouds is only about 0.1 per cent
of the same quantity in diffuse clouds (Tieftrunk et al. 1994; Charn-
ley 1997). Therefore, the main sulphur species in dense regions of
interstellar medium are still unknown. Molecules OCS (Palumbo,
Geballe & Tielens 1997) and SO; (Zasowski et al. 2009) were
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detected in interstellar ices, but their abundances are not sufficient
to account for the missing sulphur. Various species have been sug-
gested as a possible reservoir of sulphur, for example polysulphanes
H,S,, sulphur polymers S,, solid H,SOy4, and FeS (Keller et al.
2002; Scappini et al. 2003; Druard & Wakelam 2012). The pres-
ence of ST and its efficient sticking to dust grains has also been
proposed (Ruffle et al. 1999), as well as the existence of a substan-
tial amount of atomic sulphur in shocked gases (Anderson et al.
2013).

Sulphur species have also been observed in comets (Festou,
Uwe Keller & Weaver 2004). A cometary ice of the Hale-Bopp
(C/1995 O1) had a similar IR (infrared) spectrum as interstellar
ices in dense clouds (Crovisier et al. 1997; Bockelée-Morvan et al.
2000). Molecules H2S, CS, OCS, H,CS, and SO were observed
in the comet Hale-Bopp using radio telescopes (Biver et al. 1997,
Woodney et al. 1997). The low abundance of H,CS in comparison
to H,S, as well as large daily variations in profiles and intensities of
lines for H,S and CS were found (Woodney et al. 1997). Therefore,
an intensive sulphur chemistry was in progress when the comet
Hale—Bopp was observed from Earth.

Models of interstellar ices containing HyS, SO,, CO, CO,,
CH;0H, H;0, and/or NH3 were studied in laboratories on Earth by
protons irradiation (Ferrante et al. 2008; Garozzo et al. 2010), un-
der UV (Jiménez-Escobar & Muifioz Caro 2011; Jiménez-Escobar,
Munoz Caro & Chen 2014), and soft X-rays (Jiménez-Escobar
et al. 2012). The effects of irradiation and of thermal processing
were explored by measuring IR and mass spectra. It was found that
the amount of H;S, SO,, and CO decreased and new molecules
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Figure 1. The optimized structures: (a) (CH,S)3 (thioformaldehyde
trimer, 1,3,5-trithiane), (b) (CH2S)4 (thioformaldehyde tetramer, 1,3,5,7-
tetrathiocane). Small white balls represent hydrogen atoms, light grey (yel-
low in the colour figure) are for sulphur atoms, and dark grey for carbon
atoms.

Figure 2. The optimized structures: (a) SsCH, (pentathian), (b) S¢CHa
(hexathiepan). Details as in Fig. 1.

Figure 3. The optimized structures: (a) trans-HSSSH, (b) (CH3),CS
(thioacetone), (¢) C,H4S (thiirane). A double C-S bond in (CH3),CS is
shown. Details as in Fig. 1.
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Figure 4. IR spectrum: (a) (CH»S)3, (b) (CH2S)4. Positions at the peaks
are in pm.

appeared. Depending on the initial ice composition, the radiation
dose, and the temperature, some of detected molecules were: OCS,
SO3, 03, HzSz, HSZ, CSz, H2CO, CH4, COZ, Sn, n=2-8. A Sulphur
rich residuum without IR bands also formed when the ice containing
H,S was irradiated by protons (Garozzo et al. 2010).

The thioformaldehyde molecule, H,CS, in our Galaxy was
detected by measuring a higher transition 2, <2, at 3139.4 MHz,
in the direction of Sgr B2 (Sinclair et al. 1973). H,CS was ob-
served in cold and hot cores, outflows of stars, and in the inter-
stellar medium (Maeda et al. 2008). Thioformaldehyde was also
observed in other galaxies (Heikkila, Johansson & Olofsson 1999;
Martin et al. 2005). The H,CS molecule is unstable under labo-
ratory conditions on Earth (Peach, Weissflog & Pelz 1975). It is
prone to polymerization and, as possible products, various cyclic
molecules might occur. Among simplest ones are (CH,S)3 (1,3,5-
trithiane) and (CH,S)4 (1,3,5,7-tetrathiocane). Properties of higher
polymeric thioformaldehydes, (CH,S),, have also been studied on
Earth (Credali & Russo 1967; Peach et al. 1975). The cyclic struc-
tures, (CH,S),,, are stable. Thus, they appear as a possible reservoir
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Figure 5. IR spectrum of: (a) SsCHa, (b) S¢CHa. Positions at the peaks are
in pm.

of sulphur in space. In laboratories (CH,S); forms when formalde-
hyde and hydrogen sulphide react. Various routes and catalysts
for this reaction have been found. One way to form (CH,S); is
the reaction between H,CO and H,S under irradiation (Credali &
Russo 1967). Both H,CO and H, S have been discovered in our and
other galaxies (Snyder et al. 1969; Thaddeus et al. 1972; Gardner &
Whiteoak 1974; Heikkila et al. 1999). It was proposed that formalde-
hyde forms in interstellar ices by hydrogenation of CO (Tielens &
Whittet 1997; Watanabe & Kouchi 2002). The observed abundances
of H,S are such that it has been assumed that this molecule also
forms in interstellar ices on dust grains (Charnley 1997; Buckle &
Fuller 2003). We expect that, as in chemical laboratories on Earth,
formaldehyde and hydrogen sulphide react in space under irradia-
tion (such as UV, X-, or cosmic rays), and that (CH,S); and higher
polymeric thioformaldehydes are present. Formaldehyde and hy-
drogen sulphide (Biver et al. 1997), as well as thioformaldehyde
(Woodney et al. 1997), were also detected in the Hale-Bopp. In
addition, several other sulphur-bearing species and changes of in-
tensities for H,S during observations were detected in this comet.
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Table 1. Calculated (scaled by 0.9687) and measured “(Klaboe 1969; Ellestad et al. 1972) vibrational fundamentals
for 1,3,5 trithiane, (CH,S)3. After IR measurements in vapour “(Klaboe 1969; Ellestad et al. 1972), we labelled relative
intensities of experimental bands with s (strong), m (medium), w (weak), and v (very). Three IR inactive Ay modes

(from 8 to 10) are omitted.

Calculated Measured ¢
Mode ~ Symm. V(em ') A (um) IRint. (kmmol~!) Rel. int. V(em™') A (um) Rel. int.
1 Ay 3027.2 330 1.08 3 - - -
2 2947.9 339 3103 99 2900 3.45 vs
3 1392.5 7.18  8.95 28 1378 7.26 s
4 888.4 1126  9.77 31 898 11.14 s
5 622.4 16.07  2.19 7 655 15.27 s
6 381.2 2623 0.02 0 398 25.13 W
7 274.8 3639 156 5 308 32.47 m
11 E 3028.7 330 0.02 2980 3.36 s
12 2953.4 339  3.95 13 - - -
13 1379.4 725 285 1394 7.17 Vs
14 1204.5 830  13.31 42 1211 8.26 vs
15 1151.7 8.68  13.84 44 1162 8.61 Vs
16 769.6 13.00  0.04 0 802 12.47 w
17 691.3 1446 3148 100 728 13.74 Vs
18 629.2 1589  3.01 10 655 15.27 s
19 268.3 3727 1.60 5 280 35.71 m
20 169.4 59.03  0.00 0 - - -

Table 2. Calculated (scaled by 0.9687) and measured “(Nash, Kenneth Musker & Lam 1988) vibrational A,
fundamentals for 1,3,5,7-tetrathiocane, (CHS)4. 21 IR inactive Ay modes are omitted. Details for relative intensities

of measured bands as in Table 1.

Calculated Measured ¢
Mode Symm. v (cm™!) A(um) IRint. (kmmol™") Rel.int. v (cm™!) A (um)  Rel. int.
1 Ay 3035.9 329  3.92 6 - - -
2 3031.5 330 272 - - -
3 2980.7 335 717 11 - - -
4 2978.1 336 14.39 23 - - -
5 1400.1 7.14 2634 42 1397 7.16 s
6 1376.0 727 551 9 1360 7.35 m
7 1210.7 826  49.84 79 1212 8.25 m
8 1203.7 831 2981 47 1207 8.29 s
9 1136.6 8.80 6.93 11 1137 8.80 vw
10 11222 891  6.89 11 - - -
11 797.4 1254 222 4 804 12.44 m
12 789.7 12.66  19.86 31 750 13.33 vs
13 716.6 13.96 2823 45 732 13.66 vs
14 692.8 1443 63.27 100 715 13.99 m
15 610.6 1638 8.40 13 631 15.85 w
16 599.4 16.69  7.67 12 614 16.29 vw
17 365.3 2737 0.6l 1 - - -
18 278.5 3591  7.56 12 - - -
19 195.2 51.23  1.65 3 - - -
20 128.1 7807  3.55 6 - - -
21 31.1 32171 421 7 - - -

It is possible to suggest that formaldehyde and hydrogen sulphide
react in the Hale-Bopp (and perhaps in some other comets) and
form cyclic thioformaldehydes.

Cyclic molecules pentathian (SsCH,) and hexathiepan (S¢CH>)
were detected in laboratory astrophysics experiments on inter-
stellar ices after the UV irradiation at 7 = 12 K, which was
followed by heating to room temperature (Mufioz Caro 2002). Mass
spectra were measured and, among pentathian, hexathiepan, and
some known molecules, several unidentified species were found.
This opens a possibility that (CH,S)3, (CH,S)4, and other sulphur-
bearing species were also present, or could form under suitable

conditions. Disulphane, H,S,, was also detected in laboratory exper-
iments on interstellar ices (Ferrante et al. 2008; Garozzo et al. 2010;
Jiménez-Escobar & Muiioz Caro 201 1; Jiménez-Escobar et al. 2012,
2014). The presence of polysulphanes, H,S,,, was suggested (Dru-
ard & Wakelam 2012). The results of calculations on chemical
networks predicted that H,S3 is more abundant than H,S; in less
dense clouds at 7= 20 K (Druard & Wakelam 2012). Therefore,
H,S; is an important molecule for further studies of sulphur species
in molecular clouds. We investigate the most stable conformation
trans-HSSSH (Liedtke et al. 1993). Thioacetone, (CH3),CS, in the
form we study, consists of the two methyl groups and the sulphur
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3122  G. Bilalbegovi¢ and G. Baranovic¢

Table 3. Calculated (scaled by 0.9687) vibrational fundamentals
bands for pentathian, SsCHj.

Mode V(em™!') A (um) IRint.(kmmol~!) Rel. int.
1 3024.4 3.31 0.39 4

2 2960.1 3.38 8.75 86
3 1390.7 7.19 1.43 14
4 1175.6 8.51 2.06 20
5 1084.8 9.22 0.12 1

6 813.0 12.30 2.58 25
7 670.2 14.92 1.18 12
8 599.4 16.68 1.57 16
9 486.0 20.58 2.57 25
10 474.4 21.08 0.43 4

11 417.9 23.93 10.13 100
12 357.6 27.96 0.26 3
13 3425 29.19 2.07 20
14 241.5 41.41 0.08 1
15 222.0 45.05 0.09 1
16 189.9 52.65 0.58 6
17 173.2 57.72 2.35 23
18 35.2 284.29 0.60 6

Table4. Calculated (scaled by 0.9687) vibrational fundamentals
bands for hexathiepan, S¢CH,.

Mode V(em™!) A (um) IRint.(kmmol~!) Rel. int.
1 3006.8 3.33 2.29 36
2 2951.7 3.39 2.37 37
3 1386.2 7.21 1.38 22
4 1175.2 8.51 4.78 75
5 1094.9 9.13 0.02 0
6 790.8 12.65 3.21 50
7 688.0 14.53 2.87 45
8 591.3 16.91 0.01 0
9 460.5 21.71 1.46 23
10 456.6 21.90 1.44 23
11 448.3 22.31 6.41 100
12 403.0 24.81 0.52 8
13 373.0 26.81 1.08 17
14 347.3 28.79 0.00 0
15 270.6 36.96 0.47 7
16 228.7 43.73 1.07 17
17 193.0 51.81 4.17 65
18 174.8 57.21 0.07 1
19 161.3 62.01 0.53 8
20 111.0 90.07 0.23 4
21 43.5 229.67 2.03 32

atom doubly bonded to carbon that could give rise to specific IR
spectral features. Thioacetone could exist as the thioketo and thienol
tautomers, but thioenol transforms to the thioketo form (Lipscomb
& Sharkey 1970). We study the thioketo tautomer that is prone
to polymerization, and therefore unstable. However, its lifetime is
several minutes (Kroto et al. 1974). Thiirane (C,H,4S, ethylene sul-
phide) is the smallest cyclic molecule containing sulphur. Its oxygen
analogue oxirane (C,H40) is already confirmed as an astrophysical
molecule (Dickens et al. 1997; Puzzarini et al. 2014).

Most sulphur-bearing and other astrophysical molecules have
been detected by radio telescopes involving rotational spectra. For
some of molecules studied here by calculating their IR spectra,
rotational spectra and constants are available: (CH,S); (Cervellati,
Corbelli & Lister 1984; Dorofeeva & Gurvich 1995; Antolinez et al.
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2002), trans-HSSSH (Liedtke et al. 1993, 1997), (CH3),CS (Kroto
et al. 1974), C,H,4S (Hirose, Okiye & Maeda 1976; Kirchner et al.
1997; Hirao, Okabayashi & Tanimoto 2001).

In this work, to shed light on the missing reservoirs of sulphur in
dense interstellar clouds, we study several sulphur-bearing species.
This study is also important for understanding of the sulphur chem-
istry in comets. IR spectra of sulphur molecules are calculated us-
ing density functional theory methods (Becke 2014). In Section 2,
we describe computational methods. In Section 3.1, we present the
calculated properties of molecules and their IR spectra. We compare
calculated bands with observed spectra of astrophysical objects and
find good agreement between some calculated bands and uniden-
tified features observed by Infrared Space Observatory (ISO) in
several starburst and active galaxies (Fischer et al. 1999; Lutz et al.
2000; Sturm et al. 2000; ISO 2002). Therefore, in Section 3.2 we
present the list of already detected sulphur-bearing species in molec-
ular gases of these galaxies and briefly describe conditions for their
formation. In Section 3.3, we list detected sulphur-bearing species
in environments of our Galaxy: Orion KL and Sgr B2. The conclu-
sions are summarized in Section 4.

2 COMPUTATIONAL METHODS

We use density functional theory methods within the Gaussian code
(Frisch et al. 2013) to study several sulphur-bearing molecules. The
hybrid B3LYP functional (Becke 1993; Stephens et al. 1994) and
the augmented correlation consistent aug-cc-pVTZ basis set (Woon
& Dunning 1993) are applied. It was found that this basis set and
the B3LYP functional produced accurate IR intensities (Zvereva,
Shagidullin & Katsyuba 2011). Using these methods we compute
harmonic vibrational frequencies.

The GaussiaN code and B3LYP functional have been success-
fully applied for studies of IR spectra of interstellar molecules and
nanoparticles (Bauschlicher et al. 2010; Goumans & Bromley 2011;
Riccaetal. 2012; Boersma et al. 2014). Scale factors are used in this
type of calculations (Bauschlicher et al. 2010) to minimize errors
due to anharmonic effects, basis set incompleteness and unknown
exchange-correlation effects in density functional theory approxi-
mations. The other, more rigorous, way is to do vibrational calcu-
lations with anharmonic correction to frequencies and intensities.
We tested a new implementation of full anharmonic IR intensities
at the second order of perturbation theory level (Barone et al. 2010;
Bloino & Barone 2012). However, we found that the present imple-
mentation of this method (in the caussian 09 code) is not suitable
for the Cs, symmetry of (H,CS);.

In this work, nine molecules [CS, (Shimanouchi 1972), C;H4S
(Allen et al. 1986), C;H4O (Puzzarini et al. 2014), HS;H (Jacox
1994), H,CS (Jacox 1994), CH3SH (Sverdlov, Kovner & Krainov
1974), CH3SCHj; (Sverdlov et al. 1974), SO, (Person & Zerbi
1982), and H,S (Shimanouchi 1972)] were used to obtain the
value of 0.9687 for the scaling factor. The mean average error,
the mean absolute error, and the root-mean-square error were 7.7,
18.9 and, 23.1 cm™!, respectively. The calculated intensities for the
nine molecules were in good agreement with experiment what was
actually expected from the chosen level of theory (B3LYP/aug-cc-
pVTZ). The calculated frequencies of (CH,S)3, (CH,S)4, SsCHa,
S6CH,, HSSSH, (CH3),CS, and C,H4S were subsequently scaled
with 0.9687 and, together with calculated intensities, used for astro-
physical predictive purposes. For IR spectra presented in this work,
we used Lorentzian band profiles with FWHM of 15 cm™'.
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Table 5. Calculated (scaled by 0.9687) and measured “(Wiesier et al. 1969) fundamental vibrational bands for
HSSSH. Relative intensities of experimental bands are labelled with sh (shoulder), m (medium), and strong (s).

Calculated Measured ¢

Mode Symm. v (cm™!) A(um) IRint. (kmmol™') Relint. v (cm™!) A(um)  Rel. int.
1 A 2548.6 392 048 2 2540 3.94 sh
3 841.9 11.88  0.04 0 868 11.52 sh
5 458.8 2179  0.10 0 487 20.53 sh
8 303.4 3296 17.20 58 - - -
9 193.7 51.63  0.00 0 - - -
2 B 2547.1 393 0.90 3 2532 3.95 m
4 829.2 1206  8.54 29 856 11.68 m
6 438.2 2282 29.67 100 477 20.96 s
7 3222 31.04  11.77 40 - - -

Table 6. Calculated (scaled by 0.9687) and measured vibrational fundamental bands for thioacetone, (CH3),CS. Measured bands are from
Lipscomb & Sharkey (1970)? and NIST (2014)” in vapour, as well as from Garrigou-Lagrange, Andrieu & Mollier (1974)¢ in liquid. Relative in-
tensities of experimental bands are labelled with m (medium), s (strong), and vs (very strong). Raman measurements in liquid are labelled by r.

Calculated Measured % ? Measured ¢

Mode Symm. v (cm™!) A(um) IRint. (kmmol™') Rel.int. v (cm™!) A(um) v (em™h) A (um)  Rel.int.
1 Ay 3042.9 329 222 2 - - - - -
2 2920.6 342 2143 15 - - - - -
3 1446.4 691 0.15 0 - - 1423 7.03 m
4 1356.7 737 246 2 - - 1359 7.36 r
5 1247.9 8.01 13927 100 1274 ¢ 7.85 1269 7.88 Vs
6 985.0 10.15 746 5 - - - - -
7 685.8 1458  0.30 0 - - 704 14.20 r
8 363.5 2751  0.69 0 363 ° 27.548 380 26.32 s
9 Ay 2953.0 339 0 - - - - - -
10 1420.1 7.04 0 - - - 1447 6.91 m
11 895.3 11.17 0 - - - 992 10.08 m
12 79.1 12643 0 - - - - -
13 B, 2960.0 338 1587 11 - - - - -
14 14423 693 17.78 13 - - 1438 6.95 r
15 1042.9 9.59  0.34 0 - - 1087 9.20 Vs
16 4359 2294 204 1 - - 436 22.94 m
17 152.6 65.53 050 0 153 65359 - - -
18 B, 3041.2 329 8.9 6 - - - - -
19 2912.5 343 157 1 - - - - -
20 1413.2 7.08  6.56 5 - - 1423 7.03 m
21 1345.0 744  18.47 13 - - 1353 7.39 m
22 1175.1 851 836 6 - - 1195 8.37 m
23 902.2 11.08 3.61 3 - - 896 11.16 r
23 374.7 26.68  1.06 1 - - - - -

3 RESULTS AND DISCUSSION

3.1 Infrared spectra

Figs 1-3 show optimized geometries of molecules we study. Both
(CH,S)3 and (CH,S), are chair-shaped cyclic structures (Fig. 1),
where rings are composed of, respectively, six and eight alternating
C and S atoms. In contrast, in the rings of SsCH, and S¢CH, (Fig. 2)
only one carbon atom exists, whereas two C atoms appear in the
cyclic structure of C,H4S (Fig. 3 ¢). Zig-zag (or helix) structures of
either S, or C atoms exist for, respectively, HSSSH (Fig. 3 a) and
C3HgS (Fig. 3 b). The coordinates of optimized structures for all
molecules are available as the online-only Supporting Information.

We have calculated that (CH,S); has a large dipole moment of
2.1787 Debye. In contrast the dipole moment of (CH,S), is zero. Itis
known that molecules with a zero dipole moment are radio inactive.

Therefore, (CH,S), could only be detected in the IR spectral region
and for radio telescopes this molecule would behave as the hidden
part of a possible reservoir of sulphur. Dipole moments of 1.9784,
1.7086, 1.9669, 0.5085, 2.9493 Debye are calculated for SsCH,,
S¢CH,, C,H4S, HSSSH, (CHj3),CS, respectively.

Our results for IR spectra are shown in Figs 4-6, whereas the
bands and their intensities are presented in Tables 1-7. Relative in-
tensities of calculated bands shown in these tables are determined as
percentage of the strongest band. Relative intensities of measured
bands are known only qualitatively (v—very, s—strong, m—mean, w—
weak, e—extremely), and were after (Klaboe 1969; Wiesier et al.
1969; Ellestad et al. 1972) assigned a quantitative measure by di-
viding the interval from O to 1 into six equal parts.

In (CH,S)3, the strongest calculated band at 14.46 um is dom-
inantly due to the C-S stretching (Table 1). The same is valid for
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Table 7. Calculated (scaled by 0.9687) and measured “(Allen et al. 1986) vibrational fundamental bands for
thiirane, C;H4S. Three IR inactive A, modes are omitted.

Calculated Measured”

Mode Symm. v (cm~!) A (um) IR int. (km mol™')  Rel.int. D(ecm™!) A (um)

1 Ay 3027.5 330 1589 62 3014 3.32
2 1449.9 690 2.8 10 1457 6.86
3 1105.0 9.05 1.66 6 1109 9.02
4 1012.0 9.88  0.68 3 1024 9.76
5 599.6 16.68  25.59 100 627 15.95
9 B, 31155 321 336 13 3088 3.24
10 923.3 10.83 3.4 13 945 10.58
11 810.5 1234 0.57 2 824 12.14
12 B, 3026.7 330 1157 45 3013 3.32
13 1428.5 7.00  0.90 4 1436 6.96
14 1044.4 9.57 2233 87 1051 9.51
15 637.6 1568 0.38 1 - -

the pair of the (CH,S), calculated rather strong bands at 12.66 and
13.96 pm (Table 2). The strongest calculated band of (CH,S), is
at 14.43 um. We are not aware of any existing measured IR vibra-
tional data concerning pentathian and hexathiepan. The vibrational
normal modes involving sulphur atoms are generally weak. This
is particularly well seen in pentathian and hexathiepan where the
strongest bands, respectively, at 23.93 and 22.31 um are only 10.13
and 6.41 km mol~! strong (Tables 3 and 4).

In the case of HSSSH, the strong band calculated at 22.82 pm
is the antisymmetric S-S stretching (Table 5). Vibrational
spectra of H,S; were first measured in CCly and CS, solutions, but
the cis conformer was assigned as a carrier (Wiesier et al. 1969).
More recently, the IR spectrum of H,S; was measured in the gas
phase in the range from 400 to 4000 cm™~!, but unfortunately with
a low resolution, and only frequencies measured at 2548, 865, and
480 cm™! were reported (Liedtke et al. 1993). However, both mea-
surements (Wiesier et al. 1969; Liedtke et al. 1993) and our results
show that IR frequencies of trans and cis conformers are similar.
In Table 5, we compare our results with detailed measurements
(Wiesier et al. 1969). Liedtke and coworkers also reported the cal-
culated IR frequencies done using the Moller—Plesset perturbation
operator (MP2) and the MC-311G(d,p) basis set. Their frequencies
are unscaled and bands start at much higher (for 243 cm™!) values
than experimental and these we calculated.

The only band of thioacetone worth of searching for in space
should be a very strong C=S stretching band calculated at 8.01 um
(Table 6). Thiirane can be detected by measuring its two strongest
bands calculated at 16.68 and 9.57 um (Table 7). The former can
be described as a symmetric C-S stretching, while the latter as a
CH, wagging. First, 14 modes in the IR spectra of thiirane were
measured and assigned by Allen et al. (1986). Recently, far-IR
modes at 760—400 and 170-10 cm~' were studied using the syn-
chrotron light source (Bane et al. 2012). Two modes vs = 628.1
and v;s = 669.7 cm~' were measured, as well as subsequently
calculated at the B3LYP/cc-pVTZ level, and then fitted.

For all molecules, we study some other rather strong bands exist,
but they are typical for the C—H bonds. Thus, these bands are less
suitable for a search of the sulphur-bearing species in space.

In Table 8, we compare calculated bands of (CH,S)3;, (CH,S)y,
and C,H4S with unidentified features observed by ISO in, either
galaxies known for their starburst activity, or galaxies with ac-
tive galactic nuclei: M82, NGC 253, the 30 Doradus star-forming
region in the Large Magellanic Cloud, NGC 1068, Circinus, Arp
220 (Fischer et al. 1999; Lutz et al. 2000; Sturm et al. 2000; ISO
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2002). We find that the interval around unidentified bands, deter-
mined by the scaling factor used within the density functional theory
method, contains 10 calculated bands of (CH,S)s3, 11 of (CH,S),,
and 5 of C,H,S. For all three species two bands with highest in-
tensities (labelled bold in Table 8) belong to the interval around
unidentified bands. Therefore, (CH,S)3;, (CH,S)4, and C,H,4S are
good candidates for carriers of several unidentified bands observed
by ISO (Fischer et al. 1999; Lutz et al. 2000; Sturm et al. 2000;
ISO 2002). ISO observations showed that intensities of bands vary
considerably depending on the extragalactic source (Sturm et al.
2000). The strongest calculated bands in Table 8 are at 3.3, 3.4, 8.3,
14.8, and 16.5 um. These positions agree with bands in some of
objects observed by ISO. The band at 3.3 and its satellite at 3.4 um
are strong in M82, NG253, 30 Doradus, and Circinus. This feature
is weaker in NGC 1068. The band at 8.3 um was observed only in
M82, and it is not strong. The band at 14.8 um is also not strong. It
was detected in M82, NGC253, 30 Doradus, and Circinus. The band
at 16.5 um was observed in three galaxies. It is strong in M82 and
NGC 253, whereas it is weak in the 30 Doradus region. Differences
of intensities in observed spectra are results of different physical
conditions in extragalactic objects.

Table 9 shows that in the proposed interval around unidentified
bands are positioned 5 bands of SsCH;, 9 of S¢CH,, 3 of HSSSH,
and 10 of (CH3),CS. However, either two strongest bands (SsCH,,
(CHj3),CS), or only the strongest one (S¢CH,, HSSSH) do not be-
long to this interval. Because of high-quality basis set that has been
shown to produce accurate IR intensities (Zvereva et al. 2011),
SsCH,, S¢CH,, HSSSH, and (CHj3),CS are less probable carriers
of unidentified features observed in selected galactic sources by ISO
(Fischer et al. 1999; Lutz et al. 2000; Sturm et al. 2000; ISO 2002).

3.2 Sulphur-bearing species in extragalactic molecular gases

Below we present the list of the presently detected (to the best of our
knowledge) sulphur-bearing species in NGC 253, M82, NGC1068,
Circinus, Arp 220, and 30 Doradus. These objects were observed
by ISO and unidentified features were found (Fischer et al. 1999;
Lutz et al. 2000; Sturm et al. 2000; ISO 2002). Ultraviolet, X-ray,
and cosmic ray irradiations, as well as shocks, are present in these
galaxies and determine the chemical processes in molecular gases
for sulphur-bearing and other species. For example, it was found in
laboratories on Earth that UV and X-ray irradiations catalyse the
formation of (CH,S); and (CH,S), from H,CO and H,S (Credali



Cosmic sulphur species 3125

Table 8. Comparison of unidentified lines and bands in the (2-200) pum range observed by Infrared Space
Observatory® (Fischer et al. 1999; Lutz et al. 2000; Sturm et al. 2000; ISO 2002), and our results for the trimer
and tetramer of thioformaldehyde, as well as for thiirane. The two strongest calculated bands are shown in bold
and A = 18.9 cm™! is the mean average error after using the scaling factor within the density functional theory
calculation method.

(CH2S)3 (CH2S)4 CoHyS
A(um*  Vem )Y T—A@em) T+ACEm) Tem) D (em™ 1) D (em™h)
3.25 3076.92 3058.0 3095.8 - - -
- - - - - - 3115.5
33 3030.30 3011.4 3049.2 3028.7;3027.2  3035.9;3031.5  3027.5; 3026.7
- - - - - 2980.7 -
- - - - - 2978.1 -
3.4 2041.18 29223 2960.1 2053.4;29479 - -
35 2857.14 2838.2 2876.0 - - -
3.75 2666.67 2647.8 2685.6 - - -
5.25 1904.76 1885.9 1923.7 - - -
5.65 1769.91 1751.0 1788.8 - - -
6.0 1666.67 1647.8 1685.6 - - -
6.2 1612.90 1594.0 1631.8 - - -
6.3 1587.30 1568.4 1606.2 - - -
- - - - - - 1449.9
7.0 1428.57 1409.7 14475 - - 1428.5
- - - - - 1400.1 -
- - - - 1392.5;1379.4  1376.0 -
7.555 1323.63 1304.7 1342.5 - - -
7.6 1315.79 1296.9 1334.7 - - -
7.8 1282.05 1263.2 1301.0 - - -
8.3 1204.82 1185.9 1223.7 1204.5 1210.7; 12037 -
8.6 1162.79 1153.9 1181.7 - - -
- - - - 1151.7 - -
- - - - - 1136.6 -
- - - - - 1122.2 -
- - - - - - 1105.0
- - - - - - 1044.4
- - - - - - 1012.0
10.6 943.40 924.5 962.3 - - -
- - - - - - 923.3
11.05 904.98 886.1 923.9 - - -
11.25 888.89 870.0 907.8 888.4 - -
12.0 833.33 814.4 852.2 - - -
- - - - - 810.5
12.7 787.40 768.5 806.3 769.6 797.4;789.7 -
13.55 738.01 729.1 756.9 - - -
- - - - - 716.6 -
14.25 701.75 682.8 720.6 - - -
14.8 675.68 656.8 694.6 691.3 692.8 -
15.7 636.94 618.0 655.8 629.2; 622.4 - 637.6
16.5 606.06 587.2 625.0 - 610.6; 599.4 599.6
17.4 574.71 555.8 593.6 - - -
18.0 555.56 536.7 574.5 - - -
- - - - 381.2 - -
- - - - - 365.3 -
34.0 294.12 275.2 313.0 - 278.5 -
- - - - 274.8 - -
- - - - 268.3 - -
- - - - - 195.2 -
60.12 166.33 147.4 185.2 - - -
74.24 134.70 119.5 153.6 - 128.1 -
- - - - 169.4 - -
77.155 129.61 110.7 148.5 - - -
153.12 6531 46.4 84.2 - - -
- - - - - 31.3 -
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Table 9. Comparison of unidentified lines and bands in the (2-200) pum range observed by Infrared Space Observatory® (Fischer
et al. 1999; Lutz et al. 2000; Sturm et al. 2000; ISO 2002), and our results for pentathian, hexathiepan, trisulfane, and thioacetone.
The two strongest calculated bands are shown in bold and A = 18.9 cm™! is the mean average error after using the scaling factor

within the density functional theory calculation method.

SsCH, S6CH, HSSSH (CH3),CS
A(um)*  Vem™H v—Aem™) V+ACm™) V(em™H)  V(em™) v (ecm™h) v (ecm™)
3.25 3076.92 3058.0 3095.8 - - - -
3.3 3030.30 3011.4 3049.2 3024.4 - - 3042.9; 3041.2
- - - - - 3006.8 - -
- - - - 2960.1 - - -
3.4 2941.18 29223 2960.1 - 2951.7 - 2960.0
- - - - - - - 2920.6; 2912.5
3.5 2857.14 2838.2 2876.0 - - - -
3.75 2666.67 2647.8 2685.6 - - - -
- - - - - - 2548.6 -
- - - - - - 2547.1 -
5.25 1904.76 1885.9 1923.7 - - - -
5.65 1769.91 1751.0 1788.8 - - - -
6.0 1666.67 1647.8 1685.6 - - - -
6.2 1612.90 1594.0 1631.8 - - - -
6.3 1587.30 1568.4 1606.2 - - - -
7.0 1428.57 1409.7 1447.5 - - - 1446.4; 1442.3; 1413.2
- - - - 1390.7 1386.2 - 1356.7; 1345.0
7.555 1323.63 1304.7 1342.5 - - - -
7.6 1315.79 1296.9 1334.7 - - - -
7.8 1282.05 1263.2 1301.0 - - - -
- - - - - - - 1247.9
8.3 1204.82 1185.9 1223.7 - - - -
8.6 1162.79 1153.9 1181.7 1175.6 1175.2 - 1175.1
- - - - 1084.8 1094.9 - 1042.9; 985.0
10.6 943.40 924.5 962.3 - - - -
11.05 904.98 886.1 923.9 - - - 902.2
11.25 888.89 870.0 907.8 - - - -
12.0 833.33 814.4 852.2 - - 841.9;8292 —
- - - - 813.0 - - -
12.7 787.40 768.5 806.3 - 790.8 - -
13.55 738.01 729.1 756.9 - - - -
14.25 701.75 682.9 720.6 - 688.0 - 685.8
14.8 675.68 656.8 694.6 670.2 - - -
15.7 636.94 618.0 655.8 - - - -
16.5 606.06 587.2 625.0 599.4 591.3 - -
17.4 574.71 555.8 593.6 - - - -
18.0 555.56 536.7 574.5 - - - -
- - - - 486.0 460.5 458.8 -
- - - - 4744 456.6 438.2 -
- - - - 417.9 448.3 - -
- - - - 357.6 403.0 - -
- - - - 342.5 373.0 - 435.9
- - - - - 3473 3222 374.7; 363.5
34.0 294.12 275.2 313.0 - - 303.4 -
- - - - 241.5 270.6 -
- - - - 222.0 228.7 - -
- - - - 189.9 193.0 193.7 -
60.12 166.33 147.4 185.2 173.2 174.8;1613 - 152.6
74.24 134.70 119.5 153.6 - - - -
77.155 129.61 110.7 148.5 - 111.0 - -
153.12 65.31 46.4 84.2 - - - -
- - - - 352 - - -

& Russo 1967). Therefore, favourable conditions for the formation
of (CH,S), exist in extragalactic molecular gases.

NGC 253 is also known as the Sculptor, or the Silver dol-
lar galaxy. It is the bright, spiral, starburst galaxy where many
molecular lines have been detected. Sulphur-bearing species H,S,
CS, G,S, NS, SO, H,CS, OCS, and SO, were observed in the
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nuclear region of NGC 253 using the Institute for Radio Astron-
omy in the Millimeter Range IRAM) 30 m and the Swedish-ESO
Submillimetre Telescope (SEST; Martin et al. 2005, 2006). It was
proposed that turbulent motions and shocks release H,S and OCS
from grain mantles into the gas phase. Then other sulphur-bearing
species are formed in the gas-phase chemistry processes. Relative



abundances of sulphur-bearing molecules in different environments
suggest that the chemical processes in the nuclear region of NGC
253 are similar to those in the Sgr B2 envelope in the galactic centre
(Martin et al. 2008). Low-velocity large scale shocks were found
responsible for the similar sulphur chemistry in these two regions.
Both formaldehyde (Gardner & Whiteoak 1974) and H,S (Martin
et al. 2005, 2006), which react in laboratories under irradiation and
form (CH,S),, were detected in NGC 253.

M82, also known as NGC 3034 or Cigar, is an irregular star-
burst galaxy. It was found that the chemical processes in M82 and
NGC 253 are different (Martin et al. 2006; Aladro et al. 2011).
Although both galaxies are starburst, they are at the different evo-
lutionary stage. M82 is more evolved starburst where photodisso-
ciation regions (Tielens & Hollenbach 1985) are dominant in the
heating of the molecular gas. These processes are driven by ultra-
violet photons from young stars. Molecular abundances in M82 are
similar to the well-studied photon-dominated region the Orion bar.
Photon-dominated regions are also present in NGC 253 (Martin,
Martin-Pintado & Viti 2009), but they do not drive the heating of
molecular clouds. IRAM 30 m telescope was used to study the
chemical species in the central parts of M82 (Aladro et al. 2011).
Among 18 detected molecules several sulphur species were found:
H,S, H,CS, CS, SO, and SO,. Formaldehyde was also detected in
MB82 (Aladro et al. 2011) and could under irradiation react with H,S
to form (CH,S),,.

NGC 1068, also known as M77, is a barred, spiral, active galaxy.
Although NGC 1068 is with an active galactic nucleus, it also
contains the starburst ring (Garcia-Burillo et al. 2014; Takano et al.
2014; Viti et al. 2014). The chemical composition of molecular
clouds in NGC 1068 was studied by the IRAM 30 m telescope (Al-
adro et al. 2013). 17 molecules and 7 isotopologues were detected
and among them sulphur species SO, NS, and CS. The results for
NGC 1068 were compared to the starburst galaxies M82 and NGC
253. Some sulphur molecules which were detected in two starburst
galaxies, such as OCS, SO,, C,S, H,S, and H,CS, have not been
yet found in NGC 1068. Recently, NGC 1068 was studied using
the Atacama Large Millimeter Array (ALMA; Garcia-Burillo et al.
2014; Takano et al. 2014; Viti et al. 2014). Takano and coworkers
studied several molecular transitions (including those in sulphur
species CS and SO) in the central region of NGC 1068. Garcia-
Burillo et al. (2014), as well as Viti et al. (2014) also investigated
the molecular gas in NGC 1068 using the ALMA telescope. They
mapped the emission of several tracers (including CS) and underly-
ing continuum emission of the circumnuclear disc and the starburst
ring.

The Circinus galaxy is an active, starburst, spiral galaxy. NGC
1068 and Circinus are similar. Both are typical Seyfert 2 galaxies
close to the Milky Way and contain the molecular gas which sur-
rounds nuclei, as well as star-forming rings (Zhang et al. 2014).
Several molecular transitions, and among them in sulphur species
CS and SO, were observed in the study of a dense molecular gas
in the central part of the Circinus galaxy using the SEST telescope
(Curran et al. 2001).

Arp 220 is an ultraluminous infrared galaxy closest to Earth. This
elliptical galaxy is the merger system and contains a star-forming
region as well as a double nucleus. The pre-biotic molecule metha-
nimine (CH,NH) was detected in Arp 220 (Salter et al. 2008).
The molecular composition of Arp 220 was studied using the
Submillimeter Array in Mauna Kea, Hawaii (Martin et al. 2011). 15
molecular species and 6 isotopologues were observed, and among
them sulphur-bearing molecules: H,S, SO, NS, and CS. Formalde-
hyde was also detected.
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The star-forming region 30 Doradus in the Large Magellanic
cloud, also known as the Tarantula nebula or NGC 2070, is the most
active in the Local Group. Heikkila et al. (1999) studied molecular
abundances in 30 Doradus using the SEST telescope. They detected
several molecular transitions and among them in CS and SO. The
sulphur-bearing molecule CS in 30 Doradus was also observed by
Rubio, Paron & Dubner (2009) using SEST, and in recent studies
by the ALMA telescope (Indebetouw et al. 2013).

We find that all six bright bands from Table 8 agree with features
observed in M82. Five strong calculated bands agree with observed
features in NGC 253 and 30 Doradus, three in Circinus, and only one
in NGC 1068. Therefore, starburst galaxies are more favourable for
the formation of (CH,S)3, (CH,S)4, and C,H4S. This is especially
true for M82, an evolved starburst with main processes driven by
UV photons, where all six calculated bright bands were observed.

3.3 Sulphur-bearing species in galactic molecular gases: Orion
KL and Sgr B2

Orion KL and Sgr B2 are well-known galactic molecular clouds
where star forming is pronounced (Goicoechea 2008). They both
were investigated by /SO in the far-IR region where they are in the
group of the brightest sources.

Orion KL was investigated in the (486-492) GHz and (541-
577) GHz intervals by the Odin satellite, and 280 spectral lines
were observed from 38 molecules (Persson et al. 2007). Among
them 64 lines were unidentified. Several sulphur species were de-
tected: SO,, SO, H,CS, H,S, OCS, CS, HCS™, as well as formalde-
hyde. Tentative assignments were done for SiS, SH™, and SO™*.
Sulphur-bearing species in Orion KL were also studied with the
IRAM 30 m telescope in the (80-115.5) GHz, (130-178) GHz,
and (197-281) GHz intervals (Tercero et al. 2010; Esplugues et al.
2013). More than 14 400 spectral features were detected and 10 040
were identified and attributed to 43 molecules, among which the fol-
lowing were sulphur species: OCS, HCS*, H,CS, CS, CCS, CsS,
SO, and SO,. These results (Persson et al. 2007; Tercero et al. 2010;
Esplugues et al. 2013) show that rich sulphur chemistry takes place
in Orion KL. We find that two bands calculated for SsCH, (52.65
and 57.72 um in our Table 3) are close to unidentified bands at 52.57
and 58.02 um observed by ISO in the Orion KL (see their table 10;
Lerate et al. 2006). However, Lerate and coworkers observed only
the far-IR region (44-188) um, whereas the majority of the bands
we calculate for pentathian (as well as for other sulphur molecules
studied in this work) are in the near and mid-IR.

It was proposed that similar sulphur chemistry exists in the
nucleus of the starburst galaxy NGC 253 and Sgr B2 in the galac-
tic centre (Martin et al. 2008). Sgr B2 was studied with ISO
in the near/mid-IR (Lutz et al. 1996) and in the far-IR region
(Goicoechea, Rodriguez-Fernandez & Cernicharo 2004; Polehamp-
ton et al. 2007), but the attention was not devoted to the sulphur-
bearing species. However, some unidentified features were observed
(Polehampton et al. 2007). The Mopra 3-mm spectral line survey
confirms that several sulphur-bearing molecules exist in Sgr B2
(Armijos-Abendaio et al. 2014). These are CCS, OCS, CS, SiS,
HCS™, SO,, and HNCS. Several unidentified lines were also ob-
served. Sulphur-bearing species H,S, SO, SO,, H,CS, OCS, NS,
SH*, and HCS™ were observed in Sgr B2 by the Herschel telescope
molecular line survey in the (157-625) pum range (Neill et al. 2014).

4 CONCLUSIONS

Astrochemistry of sulphur is still unknown. We calculated IR
spectra of several sulphur-bearing molecules and proposed that
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they take the role in the balance of the sulphur in dense
clouds and comets. We studied ring molecules (CH,S)3;, (CH,S),,
pentathian (SsCH,), hexathiepan (S¢CHa), thiirane (C,H4S), and in
addition two other sulphur-bearing molecules trisulfane (HSSSH)
and thioacetone ((CH3),CS). We found that calculated bands of
(CH,S)s, (CH,S)4, and C,H4S agree with several unidentified fea-
tures observed by ISO in starburst galaxies (M82, NGC 253, the 30
Doradus star-forming region in the Large Magellanic Cloud), and
galaxies with active galactic nuclei (NGC 1068, Circinus). Studies
of molecular compositions of several of these extragalactic objects
on ALMA are still in progress. Many star forming and other ob-
jects exist, and could act as the place with rich sulphur chemistry.
Galactic objects where complex sulphur-bearing species could eas-
ily form are Orion KL and Sgr B2. We hope that a high resolution
and sensitivity of ALMA, and in the future of the James Webb Space
Telescope in the IR spectral region, will enable detection of larger
sulphur-bearing molecules.
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