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A B S T R A C T 

The Si + SO 2 reaction is investigated to verify its impact on the abundances of molecules with astrochemical interest, such as 
SiS, SiO, SO, and others. According to our results Si( 3 P) and SO 2 react barrierlessly yielding only the monoxides SO and SiO 

as products. No fa v ourable pathway has been found leading to other products, and this reaction should not contribute to SiS 

abundance. Furthermore, it is predicted that SiS is stable in collisions with O 2 , and that S( 3 P) + SiO 2 and O( 3 P) + OSiS will also 

produce SO + SiO. Using these results and gathering further experimental and computational data from the literature, we provide 
an extended network of neutral–neutral reactions involving Si- and S-bearing molecules. The effects of these reactions were 
examined in a protostellar shock model, using the NAUTILUS gas–grain code. This consisted in simulating the physicochemical 
conditions of a shocked gas evolving from (i) primeval cold core, (ii) the shock region itself, (iii) and finally the gas bulk 

conditions after the passage of the shock. Emphasizing on the cloud ages and including systematically these chemical reactions, 
we found that [SiS/H 2 ] can be of the order of ∼10 

−8 in shocks that evolves from clouds of t = 1 × 10 

6 yr, whose values are 
mostly affected by the SiS + O −→ SiO + S reaction. Perspectives on further models along with observations are discussed in 

the context of sources harbouring molecular outflows. 

Key words: astrochemistry – molecular data – ISM: abundances – ISM: evolution – ISM: molecules. 
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 I N T RO D U C T I O N  

lthough most of interstellar silicon is stored in the core of dust
rains, at their surface atomic Si may be hydrogenated and converted 
o silane (SiH 4 ). Through this mechanism, a small portion of this
lement can be released in the gas phase, through desorption or
puttering (Mackay 1995 ), and later converted into simpler species by 
hotodissociation in the gas phase. In fact, silicon-bearing molecules 
re an important class of species in late-type stars and star-forming
egions (McCarthy, Gottlieb & Thaddeus 2003 ). For example, SiO 

asers have been used to investigate the structure and dynamics of
uch regions. 

Contrary to the fairly well understood SiO chemistry, SiS for- 
ation and reactivity is still an open research topic, and new 

eutral–neutral reactions are being investigated recently, both the- 
retically (Rosi et al. 2018 ; Pai v a, Lefloch & Galv ̃ ao 2020 ; Mota
t al. 2021 ) and experimentally (Doddipatla et al. 2021 ). Bridging
hese two major silicon bearing species, the OSiS molecule has also 
eceived attention, and Esplugues et al. ( 2013 ) have provided an
pper limit for its column density in Orion KL. Its gas phase spectrum
 E-mail: brenogalvao@gmail.com 
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as been obtained experimentally (Thorwirth et al. 2011 ), and the
earch for this molecule in the interstellar medium is an ongoing
opic (Pai v a, Lefloch & Galv ̃ ao 2018 ). 

A computational investigation (Zanchet et al. 2018 ) has predicted 
hat the rate coefficient for the Si + SO −→ SiO + S reaction is
ne order of magnitude higher than Si + SO −→ SiS + O, and also
hat SiS is efficiently destroyed by collisions with atomic oxygen. 
ssuming that Si + SO 2 would produce SiO and SiS with the same

ate coefficient, this same study proposes that Si + SO and Si + SO 2 

re main sources of SiS, even though the latter reaction has not been
nvestigated computationally or experimentally. Indeed, SO 2 is one 
f the major sulphur bearing molecules (Woodall et al. 2007 ) in the
nterstellar medium (ISM), and it would be important to verify if
he Si + SO 2 reaction is in fact a source of SiO, SO, and SiS. The
nly neutral–neutral destruction routes of SO 2 that have been added 
o major astrochemistry data bases such as KIDA (Wakelam et al.
015 ) and UMIST (McElroy et al. 2013 ) are collisions with atomic
, O, S, and H. 
Regarding the SiS compound, Morris et al. ( 1975 ) reported its

rst detection in the molecular envelope of IRC + 10216, a well-
tudied carbon star. They observed the SiS J = 5–4 and J = 6–5
ransitions at ∼ 90 771.85 and 108 924.64 MHz, respectively. In 
ddition to IRC + 10216, they also searched for SiS in other 11
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ources, ho we ver, the molecule was not detected. Ziurys ( 1988 )
arried out observations towards the Orion Kleinmann-Low (KL)
ebula reporting the detection of the SiS J = 5–4 and J = 6–
 transitions, whose spectral line profiles were associated with a
oderate velocity outflow. Thus, the SiS production was discussed

s being ‘shock enhanced’ and fa v oured by the high and broad
istribution of temperatures and densities present in the outflow.
sing the same SiS J = 5–4 and J = 6–5 transitions, Ziurys ( 1991 )

eported new detections of SiS in three regions known for harbouring
arm outflows sources: W51, Orion-S, and Sgr-B2(N). In that work,

t was discussed the relationship among SiO, SiS, and the needed
hermal conditions to explain how those species might be present
n sources as outflows and dark clouds. In a more recent study,
odio et al. ( 2017b ) used the IRAM-30m and PdBI observatories

o analyse Si-bearing molecules in the protostellar shock L1157-
1. They detected SiS by means of six rotational lines, including

he J = 5–4 and J = 6–5 transitions detected in the previous works.
hus, the rotational diagram of SiS yielded temperatures and column
ensities of ∼24 K and 4.3 × 10 13 cm 

−2 , respectiv ely. The y also
ound that SiO and SiS have a different spatial distribution and,
herefore, different chemical origins. 

In the context of evolved stars, Gong et al. ( 2017 ) reported the
resence of a SiS (1–0) maser in the inner region of IRC + 10216.
he y also observ ed quasi-thermal emission of the same molecule
ut in the extended circumstellar envelope of the evolved star.
elilla Prieto et al. ( 2017 ) observed rotational lines in vibrationally
xcited states of SiS and SiO isotopologues towards the molecular
nvelope of the oxygen-rich AGB star IK Tau. They found rotational
emperatures between 15 and 40 K for various molecules. However,
aCl and SiS displayed a higher temperature of ∼65 K. From SO 2 

mission, they also found a warm component with T rot ∼ 290 K. In a
ecent work, Rizzo, Cernicharo & Garc ́ıa-Mir ́o ( 2021 ) carried out a
earch for SiO emission in a sample of 67 evolved oxygen-rich stars;
part from the detection of molecules like SiO, SO, and H 2 S, they
etected transitions of SiS in various sources. 

This work is focused in investigating the Si + SO 2 reaction by
omputational tools, to assess its major chemical products. Using
he similar tetratomic comple x es, we also provide insights into the
estruction of SiS by molecular oxygen and the reactions S + SiO 2 

nd O + OSiS. As our final goal is to better describe the chemistry
f silicon and sulphur bearing molecules in space, we use the
resent results, as well as computational and experimental data
rom the literature, to pro vide an e xtended network of neutral–
eutral chemical reactions that may play a significant role to the
volution of these molecules. Such new network is then used in an
strochemical model of a shocked region, taking into account the
hysical conditions of L1157-B1 since the most recent detection
f SiS was confirmed in that source. Thus, the impact of the new
eactions is discussed in the context of that source. Perspectives on
ow to impro v e such models are also discussed. 

 C O M P U TAT I O NA L  M E T H O D S  

he reaction mechanisms have been explored with DFT calculations
sing the M06-2X functional (Zhao & Truhlar 2008 ) with the pcseg-2
asis set (Jensen 2014 ) and employing restricted open shell orbitals.
eometries optimizations, zero-point energies (ZPEs), vibrational

requencies and intrinsic reaction coordinate calculations were
erfomed using the GAMESS-US package (Schmidt et al. 1993 ),
ith a convergence criterion of 1 × 10 −4 E h a 

−1 
0 for the geometry

ptimizations and 1 × 10 −5 E h for the self-consistent-field iterations.
ll structures were double checked with the unrestricted calculations
NRAS 515, 369–377 (2022) 
ith the ωB97X-D (Chai & Head-Gordon 2008 ) functional to a v oid
eporting spurious structures. The two functionals agree well, with
n average deviation of 8 kJ mol −1 , and a comparison between the
wo is given in the Supporting Information. 

At the M06-2X optimized geometries, single-point energy cal-
ulations were performed using the explicitly correlated coupled
luster method (CCSD(T)-F12) method (Adler, Knizia & Werner
007 ; Knizia, Adler & Werner 2009 ), with the aug-cc-pV(T + d)Z
asis set (Dunning, Peterson & Wilson 2001 ) and employing the
OLPRO package (Werner et al. 2015 ), which greatly enhances

he accuracy of the energies reported and generally provides results
ithin 5kJ mol −1 even for barrier heights Zhang & Valeev ( 2012 ).
he final energies reported in the manuscript will therefore be termed
CSD(T)-F12/aug-cc-pV(T + d)Z//M06-2X/pcseg-2 + ZPE(M06-
X/pcseg-2). 

 C O M P U TAT I O NA L  RESULTS  

.1 Reaction products 

he collision of atomic silicon in its ground state ( 3 P) with SO 2 can
ccur only in the triplet state of the tetratomic system, and may give
ise to four possible exothermic: 

i( 3 P) + SO 2 ( 
1 A 1 ) → SiO( 1 � 

+ ) + SO( 3 � 

−) − 247 kJ mol −1 (1) 

→ S( 3 P) + SiO 2 ( 
1 � g ) − 164 kJ mol −1 (2) 

→ SiS( 1 � 

+ ) + O 2 ( 
3 � 

−
g ) − 31 kJ mol −1 (3) 

→ O( 3 P) + OSiS( 1 � 

+ ) − 23 kJ mol −1 (4) 

Note that all products are in their respective ground state, and
o intersystem crossings with a possible singlet potential energy
urface is necessary to this study, as they would lead to higher
nergy excited states of the products. Even though this work provides
section 5) a simple model of a protostellar shock, the computational
esults presented in this section are applicable to diverse astronomical
nvironments, and the relative importance of each reaction will
epend on the abundance of the reactants in the gas-phase in a
iv en re gion. F or these reasons, possibilities other than shocks are
escribed in the following paragraphs. 
As can be seen, the most exothermic products that can be obtained

s the formation of silicon and sulphur monoxides, both of which
ave been detected in the interstellar medium, and this reaction
ould be an important source for them in regions with a significant
O 2 abundance. Reaction ( 2 ) provides a source of SiO 2 , whose gas
hase chemistry (together with SiO) has been proposed by Yang
t al. ( 2018 ) to drive an exothermic chemistry yielding larger silicon
xides, which will ultimately be converted to silicate grains. This is
 very important topic, for we still do not have a detailed chemical
escription of the formation of such grains. 
Reaction ( 3 ) has been proposed to be one of the main sources

f SiS in a post-shocked gas (Zanchet et al. 2018 ), and since
here is no theoretical calculation or experimental evidence for
his, one of the goals of this work is to provide a computational
erification for this route. Finally, reaction ( 4 ) will lead to the exotic
SiS molecule. Although this species has not been detected in the

SM, Esplugues et al. ( 2013 ) have estimated an upper limit for
ts abundance in Orion KL. Its experimental rotational spectrum is
lready measured (Thorwirth et al. 2011 ), and theoretical predictions
ave also been performed (Pai v a et al. 2018 ). 
Even though the energetic analysis of this section indicates that

iO and SO may be the most important product of the title reaction,
he presence of reaction barriers, or indirect mechanisms involving
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Figur e 1. Potential ener gy profile for Si( 3 P) + SO 2 ( 1 A 1 ) collision at the 
CCSD(T)-F12/aug-cc-pV(T + d)Z//M06-2X/pcseg-2 + ZPE(M06-2X/pcseg- 
2) level relative to reactants. Atoms are coloured as follows: oxygen (red); 
silicon (brown); sulphur (yellow). 
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Figure 2. Potential energy profile for S( 3 P) + SiO 2 ( 1 � g ) and O( 3 P) + 

OSiS( 1 � 

+ ) collision. Energies are given relative to Si + SO 2 . Atoms are 
coloured as in Fig. 1 . 
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ultiple isomerizations may give rise to unexpected branching ratios. 
or this reason, the whole PES is analysed in the next section. 

.2 SO and SiO formation 

he incoming Si atom may approach the SO 2 molecule via either 
he oxygen or sulphur ends. As can be seen in Fig. 1 , both attacks
ccur barrierlessly and lead to different energy minima. The attack 
o the central atom leads to the i1 intermediate (SiSO 2 ), and no
somerization or dissociation path has been found from it, and thus
 trajectory leading to this minimum will have only the recrossing
ption (back to reactants). The most energetically fa v oured attack is
o the oxygen of the SO 2 molecule, from where both cis and trans
iOSO intermediates are achieved with similar energies (hereafter 
enoted i2t and i2c ). The isomerization between the two species can
ccur easily, through a rather small energy barrier. Both structures 
an dissociate forming sulphur and silicon monoxides (reaction 1 ) 
assing through transition states that lie below the reactants limit 
nd, thus, the reaction 1 should occur easily at any temperature. 
elative to the energy of each intermediate, the dissociation barriers 

rom the trans and cis isomers are 36 and 22 kJ mol −1 , respectively.
rom the cis isomer, we have also unravelled a transition state for
 Si atom migration from one oxygen to another, connecting two 
ymmetrically equi v alent i2c minima. Since this is not important 
rom the astrochemical point of view, this is only included as
upporting information. 

Despite our efforts, we have found no mechanisms leading the 
i + SO 2 reaction to any other possible products. This indicates that

he reaction ( 1 ) will be the only product of the title collision. Without
haring the trajectories with any other products, the rate coefficient 
or this reaction will likely approach the gas kinetic limit of a few
0 −10 cm 

3 s −1 . In the next subsections, we explore the outcome of the
ther possible collisions: S + SiO 2 , SiS + O 2 , and O + OSiS. 

.3 S + SiO 2 and O + OSiS collisions 

lthough reactions ( 2 ) and ( 4 ) are exothermic, these products can
ot be achieved from the intermediates i1 or i2 that follow naturally
rom the Si + SO 2 interaction, as was seen in Fig. 1 . In order to
ho w ho w S + SiO 2 and O + OSiS are related to this PES, Fig. 2
rovides their connections to different structures. First of all, both 
nteractions occur barrierlessly and achieve the same intermediate i3 , 
 planar form of SSiO 2 . This can then isomerize to the non planar i4
somer, from where dissociation to the monoxides SiO and SO can
ccur again. 

This is a quite rele v ant result by itself, as it shows that both
 + SiO 2 and O + OSiS reactions will quickly lead to the monoxides
iO + SO under astrochemical conditions, even at low temperature 
egions. This could be an explanation for the non-detection of OSiS
o far, as this species will be depleted by oxygen atoms, and the search
or it should be focused on regions with lower oxygen abundances. 
urthermore, as SiO 2 may be a building block to silicate grains, it is
ele v ant to point out that the product S + SiO 2 is an efficient sink for
his important molecule. 

Note that the barrier from i3 to i4 , a crucial step in the mechanism
escribed abo v e, lies only 13 kJ mol −1 below the S + SiO 2 . The
ure DFT calculations provide lower values for this barrier, lying 
8 and 16 kJ mol −1 below S + SiO 2 for the M06-2X and ωB97X-
 functionals, respectively. This is important, for if this barrier lain

bo v e S + SiO 2 it would mean that this reaction would not be opened
or low temperatures. 

.4 Destruction of SiS by molecular oxygen 

e have previously shown that reaction ( 3 ) cannot occur, even
hough it is thermodynamically fa v ourable. Ho we ver, it would be
nstrumental in knowing if molecular oxygen can destruct, as occurs 
ith atomic oxygen (Zanchet et al. 2018 ). In fact, as it will be shown

ater, the SiS + O reaction has a major importance on the evolution
f SiS in space. 
We have checked that the initial interaction between SiS( 1 � 

+ ) +
 2 ( 3 � 

−
g ) is al w ays repulsive, and for this reason this SiS oxidation

echanism is unlikely to play a role in the destruction of this species.
n fact, from our calculations (Fig. 3 ), when the oxygen molecule
ttacks SiS via its silicon end, two potential energy minima can
e obtained: one trans OOSiS ( i5t ) and one cis ( i5c ). Ho we ver,
he barriers at 52 and 55 kJ mol −1 (83 and 86 kJ mol −1 , with
espect to SiS + O 2 ) make this formation unlikely in cold regions.
hese minima can either isomerize to the non planar i6 structure,
r dissociate towards SiO + SO, but this latter reaction presents an
MNRAS 515, 369–377 (2022) 
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M

Figur e 3. Potential ener gy profile for SiS( 1 � 

+ ) + O 2 ( 3 � 

−
g ) collision. Ener- 

gies are given relative to Si + SO 2 . Atoms are coloured as in Fig. 1 . 
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ven higher activation energy. The o v erall barrier for SiS + O 2 −→
iO + SO is 180 kJ mol −1 . 
Finally a complete o v erview of the whole 3 SiSO 2 tetratomic

ystem is given in Fig. 4 , where all intermediates and mechanisms
xplored in this work can be seen together. The i5c −→ SiO +
O barrier has been omitted due to its high energy. For clarity, the
onnection between SiS + O 2 −→ SiO + SO is not evinced here
ecause it is already shown in Fig. 3 . 

 E X TEN D ED  C H E M I C A L  N E T WO R K  

ur ultimate goal is to shed light on the chemistry of silicon and
ulphur bearing molecules in the interstellar medium. For this,
ll rele v ant reactions should be included in astrochemical models,
hich currently lack many important neutral–neutral processes.
aving established new relevant data in the previous sections, we
ow gather data from several reactions that have been explored
xperimentally or computationally available in the literature on
eutral–neutral reactions for inclusion in astrochemical data bases.
he rate coefficients of such reactions are given in Table 1 . 

 A S T RO C H E M I C A L  M O D E L L I N G  

uantum calculations and astrochemical simulations have demon-
trated to be a powerful tool to study the gas-grain processes that
ead to the synthesis of molecules in the ISM. Along with radiative
ransfer models, those methods contribute to predict, e.g. molecular
olumn densities and synthetic spectra in the sub-mm domain (e.g.
uzzarini & Barone 2020 ; Gavino et al. 2021 ; Xie et al. 2021 ; Keil,
iti & Holdship 2022 ). In this work, we address specific questions
n the chemistry of Si- and S-bearing molecules in the context of
rotostellar shock regions, taking L1157-B1 as a template source
ince molecules as SiS, SiO, HS, and H 2 S were already detected
owards it (Podio et al. 2017b ; Holdship et al. 2019 ). Thus, we
dopt a theoretical approach to be used in follow-up studies on the
bservation of Si- and S-containing molecules. 
NRAS 515, 369–377 (2022) 
To do so, we use the NAUTILUS gas-grain code which allows
o compute rate equations, under different physical and chemical
onditions, in order to predict molecular abundances in interstellar
bjects. The gas-phase chemistry is based on the kida.uva.2014
atalogue of chemical reactions (Wakelam et al. 2015 ); in addition,
hysicochemical processes of adsorption, desorption and chemistry
f surfaces are also simulated by the code (e.g. Ruaud, Wakelam &
ersant 2016 ). In that sense, our simulation consists of a state-of-

he-art 3-phase model which includes (1) gas-phase, (2) surface, and
3) bulk chemical species, where the latter ones depend on the grain
ayer in which they might be present. For instance, while diffusion
nd chemical reactions can occur both in the surface and bulk of
rains, accretion and desorption processes are expected to happen
nly on the surface of grains (Iqbal & Wakelam 2018 ). 
In a previous work, Mota et al. ( 2021 ) investigated the impact of

he reaction Si + HS −→ SiS + H on the final abundance of SiS
n the context of L1157-B1. The simulation yielded positive results
ince the computed abundances, of the order of [SiS/H 2 ] ≈ 10 −8 ,
ere comparable to the observed value (Podio et al. 2017b ). Those

uthors observed this molecule at a rotational temperature T rot ≈
4 K for a cavity region with kinetic temperatures between 25 and
0 K. Podio et al. ( 2017b ) also observed that SiS has a different
as distribution in comparison with SiO, suggesting that they are not
hemically associated. 

In order to address new questions about Si and S-bearing
olecules, in this work we have extended the network of chemical

eactions, taking into account the equations listed in Table 1 .
herefore, in agreement with Podio et al. ( 2017b ), our focus also
onsisted in testing chemical reactions which does not involve SiO as
 potential precursor of SiS. We have used the same protostellar shock
odel but focusing on the chemical evolution of the prime v al cloud.
s a whole, the simulation consists in a three steps model, namely:
st, an initial and long molecular cloud step; 2nd, the passage of the
hock, a fast and energetic step; and 3rd, an evolved and shocked gas
fter the passage of the shock. In the literature, detailed simulations
ave presented results about the gas-grain chemistry and sputtering
f molecules in shocks (e.g. Holdship et al. 2017 ; James et al. 2020 ;
efloch et al. 2021 ). In this work, it is worth mentioning that our
oal is simply to compute abundances in warm environments and
ence our modelling does not include any treatment of the source
f the heating e.g. of the shock. Further aspects about how the gas
elocity distribution and shock waves affect the SiS chemistry are
eyond the scope of this work, although we expect to face it in follow-
p investigations. Taking into account that an interstellar cloud can
volve via different and complex ways, with direct implications on
he chemistry and molecular abundances, we tested various ages
uring the first step of the model, including time-scales from 1 × 10 5 

o 1 × 10 6 yr. 

.1 Lifetime of the primeval molecular cloud 

he lifetime of clouds is a subject largely discussed in the literature
hat, along with molecular studies, provide key insights on the
volutionary phases of the ISM. Investigations suggest that cloud
ifetimes can go from few million years up to long ages of � 10 Myr
Koda et al. 2009 ). The cloud lifetime not only depends on the
ravitational collapse, it is also sensitive to the galactic dynamics,
o processes such as the galactic shear, spiral arm interactions and
loud–cloud collisions, among others (Jeffreson & Kruijssen 2018 ).
ecent ALMA observations of CO (1–0) in clouds, combined with

heoretical approaches, suggested short time-scales of the order
f 1 Myr (Kruijssen et al. 2019 ). None the less, in contrast to
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Figure 4. Potential energy profile for the 3 SiSO 2 tetratomic system as calculated at the CCSD(T)-F12/aug-cc-pV(T + d)Z//M06-2X/pcseg-2 + ZPE(M06- 
2X/pcseg-2). Energies are given relative to Si + SO 2 . The asymptotic channels are highlighted in blue. 

Table 1. Extended network for silicon and sulphur neutral–neutral reactions. 

Reaction α(cm 

−3 s −1 ) β γ (K) Description a 

SiS formation 
Si + SH → SiS + H 0.77 × 10 −10 −0.756 9.873 QCT, (Mota et al. 2021 ) 
Si + H 2 S → SiS + H 2 1 × 10 −10 0 0 Exp., (Doddipatla et al. 2021 ) 
Si + SO → SiS + O 1.77 × 10 −11 0.16 −20 QCT, (Zanchet et al. 2018 ) 
SiH + S → SiS + H 1 × 10 −10 0 0 PES. (Rosi et al. 2018 ) 
SiH + S 2 → SiS + SH 1 × 10 −10 0 0 PES. (Rosi et al. 2018 ) 
SiS destruction 
SiS + O → SiO + S 9.53 × 10 −11 0.29 −32 QCT (Zanchet et al. 2018 ) 
Reactions between Si- and S-bearing species 
Si + SO → SiO + S 1.53 × 10 −10 −0.11 32 QCT (Zanchet et al. 2018 ) 
Si + SO 2 → SiO + SO 1 × 10 −10 0 0 PES, this work 
Reactions not destroying SiS 
SiS + H 0 0 0 Endo., (Rosi et al. 2018 ) 
SiS + H 2 0 0 0 Endo., (Pai v a et al. 2020 ) 
SiS + O 2 0 0 0 this work, see discussion 

a QCT: calculated by quasi-classical trajectories simulations; Exp: inferred from crossed molecular beams experiment; PES: inferred 
from barrierless in the potential energy surface; Endo: Calculated to be endothermic by more than 250 kJ mol −1 . 
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he argument that molecular clouds are short-lived and that star 
ormation is rapid, investigations also suggest that cloud lifetimes 
an be as longer as � 10 Myr (Mouschovias, Tassis & Kunz 2006 ).
rom a chemical point view, studies on the detection and gas-grain 
ormation of molecules are key aspects to understand the evolution 
f clouds. In a study based on the CO freeze-out on to grains, degree
f molecular deuteration and the ortho-H 2 abundance in clouds, 
agani, Roueff & Lesaffre ( 2011 ) found that the presence of DCO 

+ 

n clouds would be in agreement with a time-scale of ∼6 × 10 6 yr. In
nterstellar cloud cores, Chang, Cuppen & Herbst ( 2007 ) performed 
as-grain chemical simulations to estimate the mantle abundances of 
-bearing molecules, they found comparable values, at time-scales of 
 × 10 5 yr, to those derived from observational methods in W33A and 
lias 16. In an investigation based on a sample of clouds harbouring
restellar cores, from which a new generation of stars will form,
noch et al. ( 2008 ) estimated lifetime values of 2-5 × 10 5 yr. To
 v aluate the impact of different cloud ages in our model, we found
ppropriate to compute the cloud (1st) step using lifetimes between 
.1 and 1 × 10 6 yr. Ages longer than those are not fa v ourable, e.g. to
eproduce the rich chemistry observed towards protostellar objects; 
arge integration times can also yield a fall in the gas-abundance 
alues due to large accretion of molecules in grains (Ruaud et al.
016 ). 

.2 Shock model: chemical abundances and physical 
arameters 

n the first step of the model, we considered typical cloud conditions,
or which it was adopted a gas and grain temperature of T = 10 K,
isual extinction A v = 10 mag, total H density of n H = 2 × 10 4 cm 

−3 
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Table 2. Initial abundances used in the chemical model 
(Mota et al. 2021 ). 

Species Abundance Species Abundance 

H 2 0.5 Fe + 2.0 × 10 −7 

He 9.0 × 10 −2 Na + 2.3 × 10 −7 

N 6.2 × 10 −5 Mg + 2.3 × 10 −6 

O 3.3 × 10 −4 P + 7.8 × 10 −8 

C 

+ 1.8 × 10 −4 Cl + 3.4 × 10 −8 

S + 1.5 × 10 −5 F 1.8 × 10 −8 

Si + 1.8 × 10 −6 
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nd the standard cosmic ray ionization rate ζ = 1.3 × 10 −17 cm 

3 

 

−1 . Concerning the integration time, we present three results for
he cloud time-scales (a) 1 × 10 5 , (b) 5 × 10 5 , and (c) 1 × 10 6 yr.
s commented abo v e, such ages are in agreement with the dynamic

nd collapse of clouds, and with the gas-grain chemistry of Si and
-bearing molecules observed in clouds, such as SiO, SO, SO 2 , CS,
CS, and H 2 S (Herpin et al. 2009 ; Ag ́undez & Wakelam 2013 ;
ilalbe go vi ́c & Baranovi ́c 2015 ; Neufeld et al. 2015 ). The initial
bundances used here are those listed in Table 2 , whose values are
n agreement with those observed in ζ Oph (Jenkins 2009 ). Those
alues were also used in previous works (Mota et al. 2021 ) to predict
he SiS abundances in shock regions. 

The second step corresponds to the shock itself, so that we
an ‘fast’ models, to simulate the passage of the shock, using
 quick integration time of 10 2 yr. The initial abundances used
ere were those obtained after running the (1st) cold core model.
oncerning the physical conditions, the gas density w as k ept of

he same order but the temperature was increased to 100 K, which
s assumed as a ‘referential’ value to simulate the thermal effect
esponsible for the sublimation of volatile molecules from grains
e.g. Potapov, J ̈ager & Henning 2019 ; Kalv ̄ans & Kalnin 2020 ); such
as temperature is also in agreement with the kinetic temperatures
erived from the molecular gas of L1157-B1 (Lefloch et al. 2012 ;
ames et al. 2020 ). In particular, Bang et al. ( 2017 ) performed
xperiments to analyse the interaction of SO 2 gas with a crystalline
ce surface at low temperatures ( ∼90–120 K), finding that thermal
eactions can occur efficiently with the posterior desorption of
olecules. 
The third step represents the condition after the passage of the

hock, generating a dense and quiet bulk of gas rich in organic
olecules. In order to obtain the final abundances we ran the calcu-

ations whose starting point was the chemical conditions obtained
rom the precedent step. In order to mimic the conditions of a
emplate shock such as L1157-B1, whose dynamical age is around
0 3 yr, we assume a dense condition, using n H = 2 × 10 7 cm 

−3 ,
nd a cold regime for the gas and grain, adopting T = 30 K,
hich is in agreement with the low temperatures obtained from
iS, SO, and SO 2 observed in L1157-B1 (Podio et al. 2017a ;
oldship et al. 2019 ). Here, instead of simulating a proper shock

egion, we are analysing the chemical effects of increasing both
he gas density and temperature mimicking the physical conditions
f a protostellar shock in which SiS was observed. Concerning
he dense condition mentioned abo v e, it is worth mentioning that
e adopted molecular densities of up to 2 × 10 7 cm 

−3 based on
he SiO observations of L1157-B1 analysed by Spezzano et al.
 2020 ). In large velocity gradient calculations, those authors used
 2 densities from 1 × 10 3 to 2 × 10 7 cm 

−3 , so that we have taken
he highest density as a benchmark for the shock step computed
NRAS 515, 369–377 (2022) 
ere. We found it pertinent since density values of such order of
agnitude can affect the chemistry of the molecules studied here. In

urther works, we will explore more comprehensi vely ho w molecular
ensities affect gas–grain chemical processes of Si- and S-bearing
pecies. 

 A S T RO C H E M I C A L  M O D E L  RESULTS  

he astrochemical models are presented in Fig. 5 , where three
imulations are exhibited for shocks evolving from clouds of 0.1,
.5, and 1 × 10 6 yr. In this figure it is shown the abundances of
, O, Si, SiO, and SiS since the beginning of the 3rd step up to t
 10 6 yr, where the stationary equilibrium takes place in the gas

hase. Two different effects can be noted from the neutrals SiO and
iS: while the SiO abundance remains high and ‘invariable’ in the
ifferent models, the SiS one increments systematically with the
loud lifetime. The SiS abundance increases almost three orders of
agnitude when the cloud lifetime goes from 1 × 10 5 to 1 × 10 6 yr.

n part, the responsible mechanisms for such SiS production are the
eactions Si + H 2 S −→ SiS + H 2 , Si + HS −→ SiS + S, listed
n Table 1 , and the electronic recombination reaction HSiS 

+ + e −

→ H + SiS. Another factor that fa v ours the SiS accumulation is
he depletion of O, as evidenced by the pink curve in Fig. 5 , since it
estroys SiS via SiS + O −→ SiO + S. 

.1 Impact of the new chemical reactions 

ased on the results presented by Mota et al. ( 2021 ), obtained in
he context of a protostellar shock region, our goal here has been
o expand such approach by computing (a) new chemical reactions
Table 1 ) and (b) testing different cloud lifetimes (Section 5.1 ). As a
esult, the inclusion of the new chemical reactions, in the shock model
ising from a cloud of 1 × 10 5 yr, diminished the SiS abundances.
nder the same conditions, but allowing a longer cloud evolution of
 × 10 6 yr, it is observed that the SiS abundance reaches again the
bserved value, of the order of 10 −8 (Podio et al. 2017b ). In Fig. 6 , the
estruction effects of SiS by O are evidenced. SiS is easily destroyed
n the younger models due to the predominance of the destruction
eaction SiS + O −→ SiO + S, responsible for diminishing the SiS
bundance in the shock model around 10 3 yr. In contrast, the SiS
bundance is less affected as the cloud lifetime gets older, since this
llows a higher accumulation of SiS so that the destruction reaction
osses its predominance. 

In order to e v aluate the rele v ance of other production mechanisms,
e show in Fig. 7 the effects of excluding the ( i .) Si + O −→ SiS + O,

nd ( ii .) SiH + S −→ SiS + H reactions. In both cases, the major
ffects on the SiS abundance are observed in the youngest model. For
hich, the absence of i . is noticeable at ages between 2 × 10 2 and
 × 10 3 yr; in contrast, the absence of ii . is noticeable after 3 × 10 3 yr,
hich is late if we consider the dynamic and chemical time-scale of
1157-B1, of the order of 10 3 yr. There are open questions that
arrant further studies on the SiS chemistry: ho w ef ficient is the
iS formation in the circumstellar envelopes of evolved stars? Is that
omparable with the case of outflows driven by young stellar objects?
hus, follow-up studies will permit us deeper discussions about the
resence of SiS and other Si- and S-bearing molecules in different
stronomical objects. 

.2 Comparison with obser v ational studies 

iS has been observed in a few astronomical objects: sources harbour-
ng outflows and circumstellar envelopes, among them. The first SiS
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Figure 5. Abundances as a function of time of the chemical elements S, O, 
and Si, and the molecules SiS and SiO, in a protostellar shock model evolving 
from a cloud of (a) 1 × 10 5 , (b) 5 × 10 5 , and (c) 1 × 10 6 yr. The dotted- 
vertical lines are present to merely guide the eye regarding the dynamical age 
of a shock template source (See the text in Section 6 ). 
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Figure 6. SiS abundance with and without including the destruction reaction 
SiS + O −→ SiO + S in a shock model evolving from a cloud of (a) 1 × 10 5 

and (b) 1 × 10 6 yr. 
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etection was reported in the circumstellar envelope of IRC + 10216 
Morris et al. 1975 ); including a maser emission detection in a most
ecent work (Gong et al. 2017 ). Velilla Prieto et al. ( 2017 ) observed
otational lines both of SiS and the isotopologues 29 SiS, 30 SiS, Si 34 S
owards IK Tau, a miratype variable star surrounded by a O-rich
ircumstellar envelope. The results reported by them suggest that 
iO/SiS � 2. In a previous work, Gobrecht et al. ( 2016 ) developed a
hemical model based on the same source, predicting the abundance 
alues SiS ∼ (2.2–2.7) × 10 −7 and SiO ∼ (1.9–6.4) × 10 −5 . Ziurys 
 1988 ) and Ziurys ( 1991 ) studied the importance of SiS as a tracer for
he chemistry of outflows, finding that SiO/SiS ∼ 40–80 in sources 
arbouring outflows, such as W51, Orion-S, Orion-KL, Sgr B2(N), 
nd W49. In a surv e y towards L1157-B1, Podio et al. ( 2017a ) found
n abundance gradient given by the SiO/SiS ratio in L1157-B1 and
B2. They reported ratios ranging from ∼25 to 180. In comparison
ith our models, we found the abundance ratio SiO/SiS ∼ 23, at an

ge of 1000 yr, obtained from the shock model that evolves from a
loud of 10 6 yr. That result represents our best approximation of the
alculated SiS abundance under the physical and chemical conditions 
f a protostellar shocked gas. Despite the predicted and observed 
atios are similar, an important aspect is to scrutinize how the cloud
ifetime affects the molecular abundances in shocks, for instance, 
esting time-scales of 10 5 –10 6 yr. Similar implications were found 
n observations and models of HNCO, another tracer associated with 
utflow dynamics and chemistry (e.g. Rodr ́ıguez-Fern ́andez et al. 
010 ; Velilla Prieto et al. 2015 ; Canelo et al. 2021 ). 
MNRAS 515, 369–377 (2022) 
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Figure 7. SiS abundance with and without including the production reaction Si + SO −→ SiS + O in a shock model evolving from a cloud of (a) 1 × 10 5 and 
(b) 1 × 10 6 yr. Similarly, panels (c) and (d) stand for the SiH + S −→ SiS + H reaction. 

7

I  

o  

c  

a

 

n
 

q

 

m  

m  

o  

s  

a
 

n  

i  

A  

a  

p  

i  

o  

m  

a  

r
 

i
 

i  

a  

c  

o  

S

A

T  

t  

-  

v  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/515/1/369/6608893 by C
N

R
S user on 07 April 2023
 C O N C L U S I O N S  A N D  PERSPECTIVES  

n this work, we have performed an accurate computational study
f the reactions involving the Si + SO 2 chemical system. These
alculations, coupled with other data available in the literature,
llowed us to achieve several important results listed below: 

(i) The Si + SO 2 collision will quickly produce SiO + SO, and
o other products are kinetically available in the literature. 
(ii) In S + SiO 2 and O + OSiS collisions, SiO + SO will also be

uickly formed. 
(iii) SiS is kinetically stable with respect to collisions with O 2 . 
(iv) The chemical reactions studied here were tested in a simplified
odel of a protostellar shock using the NAUTILUS gas-grain code. The
odel consisted in simulating the physical and chemical conditions

f a shocked gas that evolves from its prime v al cold core, then the
hock region by itself, and finally to mimic the gas bulk conditions
fter the passage of the shock. 

(v) The results indicate that neutral–neutral reactions, previously
ot included in the major astrochemical data bases, have a profound
mpact in the study of the abundances of S- and Si-bearing molecules.
 particular emphasis to the destruction of SiS by collisions with

tomic oxygen has been carried out. In addition, the lifetime of the
NRAS 515, 369–377 (2022) 
rime v al molecular cloud prior to the shock have a rele v ant role
n the chemistry; models assuming the oldest cloud ages, of the
rder of 10 6 yr, provided a better match between the observed and
odelled abundances of SiS, of SiS/H 2 ≈10 −8 in a protostellar shock

s L1157-B1. We took that source as an example because SiS was
ecently detected towards it. 

(vi) The SiH + S reaction have a significant role on SiS production
n the later stages after the passage of the shock. 

(vii) Molecules such as SiS have been detected in a few astronom-
cal sources, i.e. protostellar objects harbouring molecular outflows
nd circumstellar envelopes of evolved AGB stars. Follow-up studies
ombining observational and theoretical approaches will be carried
ut to explore more deeply the presence and abundance of Si- and
-bearing molecules in regions of the ISM. 

C K N OW L E D G E M E N T S  

he authors would like to thank the financial support provided by
he Coordena c ¸ ˜ ao de Aperfei c ¸oamento de Pessoal de N ́ıvel Superior
 Brasil (CAPES) - Finance Code 001, Conselho Nacional de Desen-
olvimento Cient ́ıfico e Tecnol ́ogico (CNPq), grant 311508/2021-9,
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