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Chemistry of Sulfur

• Sulfur is heavy, and many important rates ∝
√

1/mass

• Gas-phase velocity
• Condensed-phase mobility (migration/reaction/desorption)

• Not quite like oxygen
• Higher valency → sulfur enjoys company
• Lower electronegativity → bonds are weaker
• Many possible oxidation states: 6, 5, 4, 3, 2, 1, –1, –2
• Not a popular laboratory target

• Sulfur has a (relatively) low ionization potential:
Element Ion. Pot. (eV)

N 14.5

O 13.618

H 13.598

C 11.3

P 10.5

S 10.4

Modeling Interstellar Sulfur Jacob Laas & Paola Caselli



Introduction Model Details Model Results Finale

Extraterrestrial Sulfur

Species First Obs. ISM Cometary

SH 2012 *

SH+ 2011 *

H2S 1972 * *

H2S+ 1984 *

H3S+ 1990 *

CS 1971 * *

HCS+ 1981 *

H2CS 1973 * *

NS 1975 * *

SO 1973 * *

SO+ 1992 *

SO2 1975 * *

OCS 1971 * *

S2 1983 *

S3 2016 *

S4 2016 *

C2S 1987 *

C3S 1987 *

CS2 2004 *

CH3SH 1979 * *

CH3CH2SH 2014 * (?) *

HNCS 1979 *

HSCN 2009 *

and. . .

Sulfuric acid (H2SO4) on Venus.

Source: ESA/MPS/DLR/IDA
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Chemical Network - Basics

• Network core is based on Garrod et al. 2008 (i.e. the “OSU gas/grain network”)

• Ebinding for O & NH3 modified

• Minor updates to thermochemistry via recent ab initio calcs

• Important updates/additions to photochemistry for low-Av

• Photodesorption (Öberg et al. 2009; Hollenbach et al. 2009)
• Photodissociation/photoionization cross sections (Heays et al. 2017)
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Chemical Network - Sulfur

• Sulfur network greatly updated/expanded
via literature

• All interstellar species are now included,
except CH3CH2SH

• Thermochemistry for allotropes rearranged

• Expanded oxidation routes on grain

Sulfur species*

SH SH+

H2S H2S+ H2S(H+)

H2S2 H2S +
2

H2S2(H+)

CS CS+ HCS CS(H+)

H2CS H2CS+ H2CS(H+)

C2S C2S+ HC2S C2S(H+)

C3S C3S+ HC3S C3S(H+)

C4S C4S+ C4S(H+)

CH3SH CH3SH(H+) CH2SH CH3S

CS2 CS +
2

CS2H CS2(H
+)

HCSSH HCSSH+ HCSSH(H+)

NS NS+ NS(H+)

HNCS HNCS(H+) (H+)HNCS NH2CS

HSCN HSCN(H+)

HCNS HCNS(H+) (H+)HCNS

NH2CHS NH2CHS(H+) NH2CH2SH NH3CH2SH
+

SO SO+ HSO SO(H+)

SO2 SO +
2

SO2(H+) SO2(H+)

OCS OCS+ OCS(H+) HOCS(H+)

S2-8 S2H S2(H+)

SiS SiS+ SiS(H+)

*bold entries are new to OSU gas/grain network
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Physical Model

• 3 stages trace cloud history

• Physical conditions are based on
Snow & McCall, Annu. Rev.
Astro. Astrophys., 2006

Stage 1 Stage 2 Stage 3

Classification Diffuse Translucent Dark/Dense

Density (cm−3) 100 1000 104 − 106

Av 0.5 1.6 10

Tgas (K) 100 25 10

Tdust (K) 15 15 10

f n0 (H2) 0.01% 98% 99%

Init. Abund. (K) Cosmic – –

Time (yr) 107 106 106

ANRV284-AA44-09 ARI 28 July 2006 14:14

100

10-1

10-2

n(
X

)/
n H

NH (cm-2)

10-3

10-4

10-5

10-6

2 x 1019

H

e

C+ C CO
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molecular
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molecular

Translucent

H2

8 x 10211 2 4 6

Figure 1
Results from photodissociation region model [with nH = 100 cm−3 and χUV = 1] from
Neufeld et al. (2005), illustrating the revised definitions of cloud types.

Our proposed classification of cloud types may be easily reconciled with the work-
ing definition that infrared astronomers sometimes use to designate “diffuse” versus
“dense” sightlines. For an infrared astronomer, a line of sight showing no evidence of
ice coatings on grains is considered “diffuse” even though the total visual extinction
may be ten or more magnitudes. For instance, several lines of sight in Cygnus, such
as the very well-studied clouds toward Cygnus OB2 12, have large total extinctions
but are considered diffuse because they show no ices. In our view these sightlines
may be interpreted simply as extended aggregations of diffuse atomic and/or diffuse
molecular clouds as defined below.

2.2. Definitions of Key Quantities

There are a number of important quantities that are useful in describing lines of sight,
and for classifying the nature of parcels of gas. To make our notation clear, we collect
the definitions of these quantities here.

We define the local number density (in cm−3) of a certain species X to be n(X).
The directly observable quantity is not the number density, but the column density
(essentially the integral of the number density along the line of sight), which we denote
N(X). For a given atom Y, we define the total number density of its nuclei to be nY; for

370 Snow · McCall
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Primary Sulfur Budget

Primary Sinks During Dense Stage

104 cm-3

105 cm-3

106 cm-3

• Sulfur depletes out of gas phase near
free-fall time limit and at high densities

• Majority of the sulfur budget is trapped in
ices

• The usual suspects remain top sinks: CS,
H2S, OCS, SO, SO2

S-bearing species at 67P/Churyumov–Gerasimenko S267

Table 6. Relative abundances of C2H6S in 2014 October relative to H2S and H2O, respectively together with the mean value (± 1σ ). Since
DFMS cannot distinguish between ethanethiol and dimethyl sulphide, two cases were assumed. First, the signal is only due to ethanethiol and
second only due to dimethyl sulphide. Systemic uncertainty of up to a factor of 2 (see Section 3.3) and the effect of photodissociation/ionization
are not taken into account here.

Time (UTC) C2H6S/H2S C2H6S/H2S C2H6S/H2O C2H6S/H2O
(Ethanethiol) (Dimethyl sulphide) (Ethanethiol) (Dimethyl sulphide)

17.10.2014 11:46 (3.63 ± 1.11) × 10−4 (2.97 ± 1.05) × 10−4 (1.61 ± 0.42) × 10−6 (1.32 ± 0.47) × 10−6

19.10.2014 17:05 (3.47 ± 1.05) × 10−4 (2.84 ± 0.98) × 10−4 (3.41 ± 0.89) × 10−6 (2.79 ± 0.98) × 10−6

20.10.2014 08:06 (6.70 ± 2.33) × 10−5 (5.48 ± 0.22) × 10−5 (4.98 ± 1.23) × 10−7 (4.07 ± 1.67) × 10−7

23.10.2014 11:15 (5.73 ± 1.71) × 10−4 (4.69 ± 1.61) × 10−4 (2.31 ± 0.60) × 10−6 (1.89 ± 0.66) × 10−6

Mean ± 1σ (3.38 ± 1.80) × 10−4 (2.76 ± 1.47) × 10−4 (1.96 ± 1.06) × 10−6 (1.60 ± 0.87) × 10−6

Table 7. Overview on the S2H/H2S and H2S2/H2S ratios measured in the
low-mass protostar IRAS 16293−2422, derived from laboratory studies of
ice analogues, and upper limit in 67P during 2014 October.

S2/H2S S2H/H2S H2S2/H2S

IRAS 16293−2422a ≤5.5 × 10−1 ≤2.0 × 10−2 ≤1.5 × 10−2

Laboratory studyb – 15 ≤25.0
67P upper limit 2.61 × 10−5 ≤1.0 × 10−4 ≤5.7 × 10−4

aMartı́n-Doménech et al. (2016).
bMartı́n-Doménech et al. (2016) derived the ratios from a laboratory study
performed by Jiménez-Escobar et al. (2012).

Figure 15. SO/SO2 ratio between equinox and perihelion. Significant
spacecraft attitude changes are indicated by dark grey rectangle for go-
ing from phase angle 60◦ to 90◦ and with light grey rectangle when Rosetta
went to 45◦ south and back to the equator while being in terminator orbit.

value of 0.74 ± 0.02 (σ= 0.37) while Rosetta was going from the
equator to −45◦ latitude and back to the equator. Our SO/SO2 ratios
of 0.4–0.7 measured in 67P are generally somewhat lower than the
observed interstellar SO/SO2 ratios in hot cores, which range from
1 to 10 (e.g. Schöier et al. 2002; van der Tak et al. 2003; Herpin
et al. 2009).

4.5 Elemental abundance ratio S/O

A quantity of importance of sulphur chemistry in comets, is the
S/O bulk abundance, in order to find out if comets contain their full
complement of sulphur or if comets also lack sulphur as do the pre-

Figure 16. Sulphur-bearing species budget: for H2S, S, SO, SO2, OCS, S2

and CS2, the assumed bulk values have been used; for CH3SH the supposed
bulk measured at the end of 2016 July is used, while for the remaining
species the mean has been used. All values have been corrected for the
effect of photodissociation (see Section 4.3.1).

solar dense clouds. In Fig. 16, the relative contributions to the overall
sulphur content in the volatile material of the comet are shown. H2S
is the most abundant species and contributes ∼57 per cent to the
total sulphur content. The atomic sulphur is surprisingly high with
about 27 per cent, whereas S2 adds only 0.14 per cent of the sulphur.
The oxygenated S-bearing species contribute less than 14 per cent
and the organo-sulphur species about 2 per cent. If we neglect the
minor sulphur-bearing species (e.g. organo-sulphur) and the minor
oxygenated species (e.g. alcohols) in the coma, we can calculate the
S/O ratio in the volatile material according to

S/O = nH2S + nS + nOCS + 2 · nS2 + nSO2 + 2 · nCS2 + nSO

nH2O · (1.0 + 2 · 0.038) + nCO + 2 · nCO2

, (4)

where nx is the number density of species x. In order to take into
account molecular oxygen, the mean value of 3.8 per cent relative
to water has been used (Bieler et al. 2015). These data have not been
corrected for photodissociation which introduces a bias estimated
up to 10 per cent towards perihelion. The overall uncertainty of the
obtained S/O value of the measured volatiles is 120 per cent due to
the unknown sensitivities of several species.

The resulting S/O ratio between equinox and perihelion is shown
in Fig. 17 together with the chondritic and the photospheric value
(Lodders 2010), the value for dust at Halley (Jessberger, Christo-
foridis & Kissel 1988), the mean value between equinox and perihe-
lion of (1.47 ± 0.03, σ = 1.16) × 10−2, the mean between equinox
and end of May representing the ice in 67P of (1.47 ± 0.05, σ =
0.74) × 10−2, and the derived total S/O ratio (see Section 5.6).

Unlike H2S/H2O, S/O shows considerable variation between
equinox and perihelion, which can be explained by the variation
in the ratios of the minor sulphur-bearing species to H2O. However,
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Sulfur budget on comet 67P/Churyumov–Gerasimenko

via Rosetta/ROSINA. (Calmonte et al. 2016)
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Sulfur Allotropes (pure chains/rings)

• S2-4 form much faster than S5-8

• Ebind ∝ Sn

→ unfavorable grain rates at 10 K

• Under interstellar conditions, S2 dominates
→ opposite to terrestrial behavior

• S2 has magnetic dipole moment
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Hydrogenated Species

• Gas-phase abundances are not predicted to
be significant

• Upper limits toward IRAS 16293-2422
suggested by Mart́ın-Doménech et al.
(2016) are within reasonable agreement 10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10 4

10 5

10 6

10 7

Time (yr)

H2S
S2

S2H+

S2H
H2S2

Modeling Interstellar Sulfur Jacob Laas & Paola Caselli



Introduction Model Details Model Results Finale

Hydrogenated Species

• Gas-phase abundances are not predicted to
be significant
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CS, H2CS & company

• CS has a significant abundances (ice
& gas) in translucent & dense clouds

• HCS & H2CS only become important
in denser phase

Diffuse Cloud
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CnS Chains

• C2S & HC2S+ reach non-negligible
gas-phase abundances

• Hydrogenated species are good
targets for lab + obs
(even the cations)
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CH3SH

• Formation routes are similar to
methanol (CH3OH)

• gas-phase (ineffi105cient):
CH +

3 + H2S −−→ CH3SH(H+) + hν
CH3SH(H+) + e– −−→ CH3SH + H

• grain surface:
S + CH3 −−→ CH3S
SH + CH2 −−→ CH2SH
CH3S/CH2SH + H −−→ CH3SH

• Gas-phase abundances are negligble

• Model predicts near-cometary
abundances
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CH3SH
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Figure 14. Relative abundance of CH3SH to H2S during the four selected
periods without taking into account the effects of photodissociation and
ionization.

H2S. Both stay constant until mid-June, and then at the end of July
they show a similar decrease. S2 and CS2 both show an increase
comparing beginning of July with May. However, beginning of
August while Rosetta was going to larger cometocentric distances
only S2 decreases but not CS2. The decrease for S2 is thought
to be at least partly due to photodissociation/ionization, although
the degree of decrease is a factor of 3 higher than what would be
expected from photodissociation/ionization. It is not understood yet
why CS2 did not decrease but a plausible explanation could be an
additional source.

Comparing the resulting bulk values corrected for photodissocia-
tion and ionization (lower panel Table 3) with the values reported by
Le Roy et al. (2015), it becomes clear that the bulk abundances for
OCS and CS2 are somewhere between the Northern and Southern
hemisphere values while for SO, SO2 and S2 the bulk is higher.

4.3.4 Relative abundances of the organo-sulphur species to H2S

In the following paragraph, we present the abundances of all
sulphur-bearing species relative to H2S for which we do not have
continuous data over the mission. For CH3SH the ratio relative to
H2S is shown in Fig. 14 for the four selected periods. As one can see
from Fig. 14 mean ratio of CH3SH to H2S is within errors the same
during the end of 2014 October and during the two flybys in 2015
February and March, respectively. However, at the end of 2015 July
it increased significantly to (1.44 ± 0.42) per cent. Applying the
correction due to photodissociation of CH3SH for the last period, the
mean yields (3.5 ± 1.0) per cent relative to H2S. The measured mean
values with 1σ for the above discussed periods are given in Table 4.

Based on the measurements during the flyby on March 28 for
H2CS, a mean value of (2.28 ± 1.38) × 10−3 for the abundance
relative to H2S could be determined. This value does not need to
be corrected for photodissociation/ionization since measurements
were obtained within 50 km distance to 67P at heliocentric distance

Table 4. Mean values (± σ ) of CH3SH relative to H2S and H2O, respec-
tively. Systemic uncertainty of up to a factor of 2 (see Section 3.3) and the
effect of photodissociation/ionization are not taken into account here.

Period CH3SH/H2S (per cent) CH3SH/H2O

2014 October 0.35 ± 0.12 (2.85 ± 1.11) × 10−5

Flyby 14.02.2015 0.47 ± 0.22 (4.98 ± 3.80) × 10−5

Flyby 28.03.2015 0.40 ± 0.08 (2.64 ± 0.64) × 10−5

2015 July 30–31 1.44 ± 0.42 (2.19 ± 0.72) × 10−4

Table 5. Relative abundances of H2CS during the flyby in 2015 February
with respect to H2S and H2O, respectively. At the bottom, the mean value
(± 1σ ) is given. Systemic uncertainty of up to a factor of 2 (see Section 3.3)
is not taken into account.

Time (UTC) H2CS/H2S H2CS/H2O

28.03.2015 12:14 (5.27 ± 1.45) × 10−4 (2.67 ± 0.75) × 10−6

28.03.2015 12:20 (2.46 ± 0.59) × 10−3 (1.30 ± 0.32) × 10−5

28.03.2015 13:07 (1.78 ± 0.43) × 10−3 (1.14 ± 0.28) × 10−5

28.03.2015 13:13 (4.73 ± 1.11) × 10−3 (3.21 ± 0.78) × 10−5

28.03.2015 14:00 (1.92 ± 0.47) × 10−3 (1.25 ± 0.31) × 10−5

Mean ± σ (2.28 ± 1.38) × 10−3 (1.43 ± 0.97) × 10−5

of about 2.3 au. However, there is still the systematic uncertainty up
to a factor of 2 which is not taken into account (see Section 3.3).
Single values and the mean with 1σ are given in Table 5.

In the data of the 10 km orbits around 67P in 2014 October, a
signal due to C2H6S could be identified in four spectra. Its pres-
ence could be confirmed by measurements from 2016 March when
Rosetta was within 14–17 km distance to the centre of the nucleus.
Thus, we had comparable local densities as in 2014 October. As-
suming that the measured signal is either due to ethanethiol or
dimethyl sulphide, the relative abundance to H2S and H2O could
be derived for the four measurements (see Table 6). The resulting
mean value with respect to H2S assuming ethanethiol and dimethyl
sulphide to be the parent is (3.38 ± 1.80) × 10−4 and (2.76 ± 1.47)
× 10−4, respectively.

4.3.5 Upper limits for H2S2 and S2H

Based on the four spectra shown in Section 4.1.3, it is possible to
derive an upper for S2H/H2S and H2S2/H2S during 2014 October.
The estimated maximum peak area due to S2H is 25 ions. Then
one has to distinguish two cases, first S2H is a fragment due to the
ionization process in DFMS, second S2H is present in the coma.
For both S2H and H2S2, neither fragmentation pattern nor ionization
cross-section is reported in the literature. Thus, local densities were
calculated using the fragmentation pattern of C2H2 since it has a
similar molecular structure while for the ionization cross-section
the one of S2 has been used. Assuming that S2H is present in the
coma, this yields an upper limit for S2H/H2S of 1.0 × 10−4. In case
S2H is solely due to fragmentation of H2S2, the limit for H2S2/H2S
is 5.7 × 10−4. The uncertainties in these limits are estimated to be
a factor of 10.

4.4 SO/SO2

Fig. 15 shows the time series of SO/SO2 between equinox and
perihelion. The significant changes in spacecraft attitude and orbit
are indicated by the dark and light grey areas (for more details,
see Fig. 1). The values reported in the following paragraph have
been corrected for the effects of photodissociation and ionization.
Between equinox and end of May, the mean value for SO/SO2 is
0.39 ± 0.01 (σ= 0.11). During this time, Rosetta was sampling
evenly summer and winter hemisphere while staying between Sun
and comet (phase angle < 90◦). Between beginning of June and end
of July, less data are available and the scatter of SO/SO2 is about
a factor of 6 higher than during the previous period. The mean is
0.59 ± 0.04 (σ= 0.66) and represents more the SO/SO2 ratio for
the northern latitudes during winter since around 81 per cent of the
data were sampled above the northern latitudes. Between the end
of July and perihelion, SO/SO2 reached its maximum with a mean
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Multiple epochs of 67P (Calmonte et al. 2016)
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N-bearing Species

• NSice is nearly constant during/after
translucent stage

• NS+ is closed-shell cation
→ good target for lab + obs

• HCNS isomeric family is not yet
finished

• NHxCHyS do not reach appreciable
abundances
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Oxygenated Species

• SO is important in both gas & ice, in
translucent & dense clouds

• SO2 is important in both phases in dense
clouds

• gas-phase:
O + SO −−→ SO2 + hν

• grain:
O2 + SO −−→ O + SO2

• OCS is most important O-bearing species
in dense ice

• gas-phase:
S + HCO −−→ H + OCS
O + HCS −−→ OCS + H
OH + CS −−→ H + OCS

• grain:
S + gCO −−→ gOCS
CS + gO2 −−→ gOCS + gO
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Oxygenated Species

• SO is important in both gas & ice, in
translucent & dense clouds

• SO2 is important in both phases in dense
clouds

• gas-phase:
O + SO −−→ SO2 + hν

• grain:
O2 + SO −−→ O + SO2

• OCS is most important O-bearing species
in dense ice

• gas-phase:
S + HCO −−→ H + OCS
O + HCS −−→ OCS + H
OH + CS −−→ H + OCS

• grain:
S + gCO −−→ gOCS
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Oxygenated Species

• SO is important in both gas & ice, in
translucent & dense clouds

• SO2 is important in both phases in dense
clouds

• gas-phase:
O + SO −−→ SO2 + hν

• grain:
O2 + SO −−→ O + SO2

• OCS is most important O-bearing species
in dense ice

• gas-phase:
S + HCO −−→ H + OCS
O + HCS −−→ OCS + H
OH + CS −−→ H + OCS

• grain:
S + gCO −−→ gOCS
CS + gO2 −−→ gOCS + gO
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Is there hope?

L1544 vs model (Spezzano, priv. comm.)
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L183 vs model (Lattanzi, priv. comm.) (WF06)
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• Some environments are not consistent

• Modeling non-equilibrium chemistry proves challenging. . .
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Thanks!
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HCNS Isomeric Family

• Thermodynamic stabilities not sig.
wrt. ice kinetics
CH2 + NS −−→ HCNS + H
N + HCS −−→ HNCS/HSCN

• HSCN missing efficient gas formation
S + H2CN −−→ H + HCNS
NH2 + CS −−→ HNCS + H
H2S+ + HNC −−→ HNCSH+

HNCSH+ + e– −−→ HSCN + H

10-12

10-11

10-10

10-9

10-8

10-7

10 4

10 5

10 6

10 7

Time (yr)

HSCNice
HCNSice
HNCSice

This journal is© the Owner Societies 2016 Phys. Chem. Chem. Phys., 2016, 18, 22693--22705 | 22695

Because all four isomers can be simultaneously observed under
the same experimental conditions, it has been possible to
derive abundances relative to ground state HNCS, and con-
sequently infer the dominant chemical reaction that yields HSCN.
The relatively low abundance found for HSNC, with respect to
isoenergetic HCNS, may indicate a low barrier to isomerization.
By correcting the experimental rotational constants of each iso-
topic species for the effects of zero-point vibration calculated
theoretically, precise semi-experimental equilibrium structures
(rSE

e ) have been derived for each isomer. Finally, the results of
an astronomical search using observations toward Sgr B2(N)
from the Green Bank Telescope (GBT) Prebiotic Interstellar
Molecular Survey (PRIMOS) project are reported. Although the
recent millimeter study by Halfen et al.35 toward this source
found that HNCS and HSCN are present in nearly equal column
density, in the PRIMOS survey, firm evidence is found for HSCN
alone, with only a tentative detection of HNCS. Lines of HSCN
are observed in both absorption and emission, an indication that
the excitation of this isomer is not well described by a single
excitation temperature.

2 Quantum chemical calculations

Quantum chemical calculations guided the initial spectro-
scopic searches for HCNS and HSNC. These were performed
using the CFOUR suite of programs,38,39 and follow the general
strategies outlined in ref. 40. Briefly, calculations were performed
at the coupled-cluster with singles, doubles, and perturbative
triple excitations [CCSD(T)] level of theory,41 and Dunning’s

hierarchies of correlation-consistent polarized valence and polar-
ized core valence basis sets. In the frozen core (fc) approach, the
tight-d-augmented basis sets cc-pV(X+d)Z (X = T and Q) were used
for the sulfur atom, and the corresponding cc-pVXZ basis sets for
nitrogen, carbon, and hydrogen.42,43 The cc-pwCVXZ (X = T and Q)
basis sets were used when considering all electrons (ae) in the
correlation treatment.44

Equilibrium geometries were calculated using analytic gradient
techniques45 and basis sets as large as cc-pwCVQZ,46 a level
that has been shown to yield highly accurate molecular equili-
brium structures even for molecules containing second-
row elements.47–50 Dipole moment components and nuclear
quadrupole coupling constants were derived at the same level.
Vibrational effects were calculated at the fc-CCSD(T)/cc-pV(Q+d)Z
level using second-order vibrational perturbation theory (VPT2)
based on the formulas given in ref. 51. Harmonic force-fields were
computed analytically,52 while cubic and semi-diagonal quartic
force fields were obtained via numerical differentiation of
the analytically evaluated harmonic force fields.53 Overall,
these calculations provided harmonic vibrational frequencies,
centrifugal–distortion and vibration–rotation interaction con-
stants (ai), zero-point vibrational corrections to rotational con-

stants DB0 ¼
P
i

aBi di=2ð Þ
� �

as well as fundamental vibrational

frequencies (ni). Best estimates for the ground state rotational
constants A0, B0, and C0 were then obtained using the relation
B0 = Be � DB0 (with similar equations for A0 and C0) where the
equilibrium rotational constants Ae, Be, and Ce are calculated
from the ae-CCSD(T)/cc-pwCVQZ structure.

Fig. 1 Relative energies and structures of the [H, N, C, S] isomer family. Energies are calculated at the ae-CCSD(T)/cc-pwCVQZ level and corrected for
zero-point vibrational contributions calculated at the fc-CCSD(T)/cc-pV(Q+d)Z level. Semi-experimental equilibrium (rSE

e ) structures, obtained in this
work, are indicated, along with associated uncertainties (1s) derived from a least-squares optimization. Bond lengths are in Å, bond angles are in degrees.
Square brackets indicate the structural parameter was fixed to the calculated value.
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Relative energies of HNCS isomers. (McGuire et al. 2016)
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