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ABSTRACT

Context. Silicon is the eighth most abundant element of the Sun’s photosphere and neighbourhood. Despite it being mostly trapped
in dust grains, some Si-bearing molecules have been detected in several interstellar and circumstellar sources. Silicon sulphide (SiS)
is considered a relevant tracer for shocked regions and some neutral-neutral reactions have been investigated to pinpoint its formation
routes. In contrast, a detailed laboratory characterisation of the contribution of ion-molecule reactions is lacking.

Aims. Here, we analyse the role of the Si* + H,S reaction as a source of protonated SiS. Furthermore, we characterise the conversion
of protonated SiS into its neutral counterpart via a proton-transfer-reaction with ammonia (i.e. an additional process with respect to
electron-ion recombination).

Methods. The reaction of Si* with H,S has been experimentally studied by measuring absolute cross-sections (CSs) and branching
ratios (BRs), as a function of collision energy. Experiments have been supported by a theoretical investigation combining high-level
electronic structure calculations of the multi-dimensional doublet potential energy surface (PES) of the SiH,S* system with a kinetic
investigation. This allowed us to derive BRs and channel-specific rate constants as a function of temperature in the 10-300 K range.
Stereo-dynamical constraints on the total rate constants were modelled by introducing an energy threshold that is dependent on the
relative orientation of the reagents.

Results. The main product of the reaction (with a BR in the range 95-98.6%) has been assigned to the SiSH* ion, with the support
of theoretical calculations. Furthermore, SiS* has also been detected as a minor product. From the total reactive CS, measured as a
function of collision energy, rate constant as a function of temperature have been estimated, with values increasing with temperature
from k = 7.0 x 107! (at 10 K) to 7.0 x 107!° cm3s~! (at 300 K), in contrast to capture model predictions, demonstrating an increase
with decreasing temperature. The proton transfer reactions between SiSH* and NH; is found to be efficient with a rate constant of
9.7 x 1071 cm?s~! that does not depend on temperature.

Conclusions. In addition to neutral-neutral reactions, the ionic route here proposed can contribute or even dominate the formation of
SiS in protostellar shocked regions, where atomic Si released from grains can be easily converted into Si* due to its low ionisation

energy.
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1. Introduction

Silicon is the eighth most abundant element in the Sun’s pho-
tosphere and neighborhood (Asplund et al. 2009; Peng et al.
2013; Lodders 2020). Its astrochemical relevance is unquestion-
able since in its refractory forms, it is a key component of
interstellar dust grains, which are the major UV photons absorp-
tion source and whose surfaces provide a site for heterogenous
interstellar chemistry to take place (Li & Draine 2001; Draine
2003; Herbst et al. 2005). Thus far, more than 20 Si-bearing
molecules have been detected in several astronomical sources,
ranging from diatomics up to molecules containing eight atoms

* M. Michielan and L. Mancini contributed equally to the present
work.
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(Miiller et al. 2001), including organosilicon compounds (e.g.
SiH,;CN, CH,SiH,, (Cernicharo et al. 2017)) as well as inorganic
molecules, such as SiO, SiS, SiC (Cernicharo et al. 1989), ¢-SiC_
(with n = 2, 3) (Massalkhi et al. 2023; Apponi et al. 1999), SiC,
(Ohishi et al. 1989), SiN (Turner 1987; Schilke et al. 2003), SiH,
(Goldhaber & Betz 1984), and SiCSi (Cernicharo et al. 2015).
By analysing the sources where these molecules are observed, it
is clear that the regions where gas-phase Si-bearing molecules
are abundant are those where silicate grains are either partially
destroyed by shocks (e.g. those created by protostellar ejections)
or they have not yet formed (e.g. in evolved stars). In addition,
atomic silicon has been detected in protostellar shocks (Gry et al.
1999) and in the coma of comet 67P/Churyumov-Gerasimenko,
likely originating by evaporation from (nano)grains present in
the cometary coma (Rubin et al. 2022). Finally, ionised atomic
Si has been detected in the surroundings of young stellar objects
(Lorenzetti et al. 1999). Silicon and silicates (SiO, Si0O,) are also
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expected to be present in the tenuous, but potentially observable
(e.g. with the sensitivity provided by James Webb Space Tele-
scope) atmospheres of the so-called ’lava worlds’, which are a
class of rocky exoplanets orbiting so close to their stars that they
reach dayside temperatures high enough to melt their silicate
crusts (Zilinskas et al. 2022, 2023).

Silicon sulphide (SiS) was first detected in the circumstellar
shell IRC+10216 (Morris et al. 1975), in Sgr B2 and Orion A
(Dickinson & Kuiper 1981; Turner 1987), as well as in the
shocked gas of the low-mass protostellar outflow L1157-Bl
(Podio et al. 2017). In shocked regions, SiO (silicon monoxide) is
widely observed, whereas SiS has been detected only toward the
above-mentioned sources. In Sgr B2 and Orion A, the SiO/SiS
abundance ratio is about 200:1, while in L1157-B1 it is about 25.
The reason for this enhancement of SiS in L1157-B1 has not yet
been explained.

More generally, the origin of interstellar SiS is still a mat-
ter of debate. Several formation routes have been explored in
dedicated experimental or theoretical works, with most of the
attention focussed on neutral-neutral reactions. Some examples
are: 1) SiH + S — SiS + H (Rosi et al. 2018; Galvio et al. 2023);
2) SiH + S, — SiS + HS (Rosi et al. 2018); 3) Si + H,S — SiS +
H; (explored from an experimental and theoretical point of view
by Doddipatla et al. 2021); 4) Si + SH — SiS + H (Rosi et al.
2019; Mota et al. 2021, 2022); 5) SH + SiH — SiS + H,; 6) S
+ SiC, with the possible formation of either SiS + C or CS + Si
(Mendoza, Edgar et al. 2024); 7) Si + SO with the possible for-
mation of either SiS + O or SiO + S (Zanchet et al. 2018), SiH,
+ SH and SiH, + H,S (Fortenberry & McGuire 2024); and 8)
the radiative association of Si with S by Andreazza & Marinho
(2007).

Much less is known about possible formation routes based on
ion-molecule reactions. The only SiS formation pathway consid-
ered in Klnetic Database for Astrochemistry (KIDA, Wakelam
et al. 2024; Wakelam et al. 2015) and UMIST Database for
Astrochemistry (UDfA, Millar et al. 2024) is the electron recom-
bination of protonated SiS. Overall, HSiS* is assumed to be
mainly produced either in the sequence of reactions: (1) Si* +
OCS — SiS* + CO followed by SiS™ + H, — HSiS* + H or
via (2) Si* + H, — SiHJ (radiative association) followed by
S + SiHJ — HSiS* + H. However, laboratory experiments have
shown that SiS* and Si* do not react with H, (Wlodek et al.
1987; Wlodek & Bohme 1989). Therefore, at present, KIDA and
UMIST do not contain efficient HSiS* formation routes (even
though other formation routes of SiHJ are present in the network
of reactions). A feasible formation route of HSiS* was recently
reported by Mancini et al. (2022), who characterised the S* +
SiH, reaction via quantum chemistry, but its results have not yet
been tested in models.

Quite surprisingly, the Si* + H,S reaction was never consid-
ered in astrochemical models, notwithstanding the experiments
carried out by Glosik et al. (1995), which demonstrated that
this reaction is an efficient source of HSiS*. In fact, the reac-
tions of Si* with H,S and other simple molecules were the
subject of experimental investigations in the past, using flow
tube techniques (see Wlodek & Bohme 1989; Glosik et al. 1995)
and the rate coefficients as a function of temperature (or col-
lision energy) were obtained. However, due to the relatively
high pressure and number density of those experiments, multi-
ple collisions can occur (as evidenced by the identification of the
adduct) and some uncertainty remains. In this work, we report
the first experimental determination by the guided ion beam
(GIB) technique of the total reactive cross sections (CSs) and
branching ratios (BRs) as a function of the collision energy in
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the 0.1 — 10 eV range for the Si* + H,S reaction. This tech-
nique allows us to better reproduce the low number density
conditions of the ISM by operating under almost single-collision
conditions. In addition, theoretical calculations of the reaction
potential energy surface (PES) have been carried out at the
coupled-cluster level of theory (CCSD(T)) and statistical RRKM
calculations of the BRs have been obtained. Theoretical predic-
tions assist the interpretation of the experimental results and help
to identify the protonated isomer measured at m/z 61 (SiSH* vs
HSiS*) and to assess whether SiS* + H, is also a minor chan-
nel, as the experimental results suggest. A phenomenological
treatment of the reaction mechanism has also been developed
to overcome simple capture models and successfully reproduce
the main experimental findings. The most relevant features driv-
ing the reactivity at the low temperatures typical of interstellar
environments have been elucidated in such a way.

Finally, we have also considered, as a possible alternative
to electron-ion recombination, the formation of neutral SiS via
proton-transfer from SiSH* to ammonia. This possibility was
recently discussed anew in Taquet et al. (2016) in the context of
the synthesis of interstellar complex organic molecules, starting
from their protonated counterparts.

2. Theoretical methods
2.1. Electronic structure calculations

The potential energy surfaces for the reactions of Si* + H, S and
SiSH* + NH, were investigated by adopting a computational
strategy previously used for the characterisation of similar sys-
tems (Balucani et al. 2009; Leonori et al. 2013; Mancini et al.
2021; Vanuzzo et al. 2022b,a). A first analysis of the PES was
performed through density functional theory calculations, with
the hybrid functional B3LYP (Becke 1993; Stephens et al. 1994)
in conjunction with the correlation consistent valence polarised
set aug-cc-pV(T+d)Z (Dunning Jr 1989; Kendall et al. 1992;
Woon & Dunning Jr 1993) to locate the relevant stationary
points. Harmonic vibrational frequencies were computed at the
same level of theory to check on the nature of each stationary
point; namely, a minimum if all the frequencies were real or a
saddle point if one of the frequencies was imaginary. The assign-
ment of the identified transition states was performed through
intrinsic reaction coordinate (IRC) calculations (Gonzalez &
Schlegel 1989, 1990). Geometry optimisation and harmonic
vibrational frequency calculations were then performed using
the more accurate coupled cluster theory, including single and
double excitations, as well as a perturbative estimate of con-
nected triples CCSD(T) (Bartlett 1981; Raghavachari et al. 1989;
Olsen et al. 1996), with the same basis set aug-cc-pV(T+d)Z.
The zero-point energy (ZPE) correction was added for both the
B3LYP and the CCSD(T) calculations. Finally, more accurate
single-point energy calculations were performed at the CCSD(T)
level, corrected with a Density Fitted (DF)MP2 extrapolation
to the complete basis set (CBS) and with corrections for core
electron excitations. In particular, the energies were computed
as follows:

E(CCSD(T)/aug-cc-pVTZ) + E(1) + E(2), (1
with

E(1) = E(CCSD(T,core)/cc-pVTZ) — E(CCSD(T)/cc-pVTZ),
E(2) = E(DF-MP2/CBS) — E(DF-MP2/aug-cc-pVTZ),
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and where E(DF-MP2/CBS) is defined as:

E(DF-MP2/CBS) = E[(DF-MP2)/aug-cc-pVQZ)]
+ 0.5772 « [E(DF-MP2/aug-cc-pVQZ)  (2)
+ —E(DF-MP2/aug-cc-pVTZ)].

The E(DF-MP2/CBS) extrapolation was performed using
Martin’s two-parameter scheme (Martin 1996). Since the accu-
racy of our best-computed value should not be better than the
‘chemical accuracy’ of 1 kcal mol~!, we rounded all the reported
energies to 1 kJ mol~'. All calculations have been performed
using GAUSSIANO9 (Frisch et al. 2009) and Molpro (Werner
et al. 2020), while the analysis of vibrational frequencies was
carried out using Avogadro (Hanwell et al. 2012).

2.2. Kinetics calculations

A kinetic characterisation of the two systems was performed by
combining capture theory with Rice-Ramsperger-Kassel-Marcus
(RRKM) calculations, as done in previous works (Balucani
et al. 2009; Skouteris et al. 2019; Marchione et al. 2022; Giani
et al. 2023). The initial bimolecular association step was treated
using capture theory, assuming an entrance potential V(R) of
the form:

Cm

VR) = -2,

3)

where R is the distance between the Si* ion and the centre-
of-mass of the H,S reactant, C,, is the interaction coefficient
between the two species, and m is equal to 4 for ion-neutral
processes. When polar molecules are involved, the anisotropic
long-range electrostatic ion-permanent dipole (or ion-permanent
quadrupole) components (described below and in Sect. 4.3 and
4.4) must be properly taken into account since it can chan-
nel the reactants into specific capture angular cones that might
be unfavourable to the success of the reaction. Following the
same computational approach used in a previous investigation
(Marchione et al. 2022), the values of the potential V(R) as a
function of the distance between the two interacting particles
were evaluated through a semi-empirical model (see last part
of Section 2.2 for details), taking into account the long-range
attraction between the two reactants.

Once the first adduct was formed, the microcanonical rate
coefficient of each subsequent unimolecular process at a fixed
total energy, €, was evaluated according to:

N(e)
hp(e)’

where N(e€) represents the number of states open at the transition
state at an energy €, p(€) represents the reactant density of states
at the same energy, and 4 is Planck’s constant. Finally, when no
clear transition state is present, variational transition state the-
ory (Klippenstein 1992) was used. More in detail, the results of
a series of ab initio calculations, performed along the reaction
coordinate, were introduced in the RRKM analysis, and the tran-
sition state was chosen as the point yielding the lowest value
of the rate constant. Subsequently, a Markov (stochastic) matrix
was set, including the results of the unimolecular calculations
for all reaction pathways, as done in previous work (Balucani
et al. 2009, 2012; Vanuzzo et al. 2022b; Balucani et al. 2023).
The matrix was subsequently raised to a high enough power
to achieve convergence, allowing us to derive the branching

K(e) =

“)

ratios and rate constants for all product channels in the desired
temperature range.

Once the rate constant for each reaction channel was
obtained as a function of temperature, we derived the «, 8
and vy parameters used to express k(T) in astrochemical models
according to:

SR

kKT) =« (ETO)B exp~

(%)

The global long-range non-covalent intermolecular potential,
V(R), controlling the reaction at each separation distance, R, is
defined as a combination of an electrostatic term, V,,., and a
non-electrostatic term, V,ejec:

V(R) = Veiee(R) + Vieree(R). (6)

Here, V,.(R) can be assumed to play a minor role when, due
to a small interaction anisotropy, all relative configurations con-
tribute and the repulsive and attractive parts of V,,..(R) are
balanced. This approximation was preliminarily applied to the
Si* plus H,S system, considering the low value of the H,S
permanent electric dipole moment ©=0.977 D (Viswanathan &
Dyke 1984; Russell 2022). However, such a treatment is valid
only if the reaction is considered to occur at thermal and hyper-
thermal energies. For the low temperature range, the model must
be extended, as described in Sect. 4.4.

To evaluate the efficiency of capture, only the role of a radial
dependent V,...(R) ought to be taken into account. The for-
mulation of V,...(R), which represents a balance between size
repulsion with induction and dispersion attractions, is done using
an Improved Lennard-Jones (ILJ) function (Pirani et al. 2008)
formulated as:

Rm )n(R)

ot

)]

Vietece(R) = ViLy(R) = Ep [
(7

where &, and R,, are, respectively, the depth and location of
the average potential well, R is the already defined centre-of-
mass separation distance, and the term n(R) is dependent on the
distance R, defined as:

2
n(R) =B, + 4(%) ) (®

m

The parameter 3, is related to the hardness of the two inter-
acting fragments and was set equal to 7.0, while g, and R,
depend on the charge and polarizability of the two interacting
partners. The relevant value for the long-range attraction coef-
ficient C4 can be extracted from the asymptotic behaviour of
the attractive (negative) term in Eq. (7), which is exploiting the
relation: C4 = g, - R} . Considering the charge of Si* (¢ = +1)
and the isotropic polarizability values of 2.82 and 3.71 A3 for
Si* (as resulting from the B3LYP/aug-cc-pV(T+d)Z calculations
performed ad hoc) and H,S (Olney et al. 1997; Russell 2022),
respectively, and applying the method described in Falcinelli
et al. (2023) and references therein, we evaluated £, = 147 meV,

R,,=3.83 A, and C4=3.15-10* meV-A*. A correct evaluation of Cs
is of utmost importance for calculating the capture probability.
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3. Experimental methods
3.1. Generation of the ion beam

In terms of absolute CSs and BRs, data for the Si* plus H,S
reaction were collected using the Gas-phase Experiment for
Measurements on Ion-Neutral Interactions (GEMINI) set-up at
the University of Trento (Ascenzi et al. 2007; Franceschi et al.
2007; Richardson et al. 2022; Mancini et al. 2024). The GEMINI
set-up is a tandem mass spectrometer composed of two octopoles
(O) and two quadrupole mass filters (Q) in a O-Q-O-Q config-
uration that allows for the investigation of bimolecular reactions
of mass-selected ions. Data as a function of the collision energy
(Ecy) were derived by measuring the yields of both parent and
product ions; Si* ions were produced by electron ionisation of
a mixture of SiCl, and D, (in a concentration of 10% and 90%,
respectively) at electron energies in the range of 55-60 eV. Elec-
trons were emitted by a tungsten filament with the emission
current stabilised by an electronic feedback mechanism. The gas
mixture is introduced into the ion source by a variable leak valve
(Agilent Technologies/Varian model 951-5106) in the 10-°-10~*
mbar pressure range. The gas chosen for the dilution of SiCl,
is D,, even though the best fragmentation to Si* is given by a
mixture with Ar. This choice is based on the need to ensure that
the reaction is carried out with the reactant ions in the electronic
ground state, which in the case of Si* is the doublet state, 2P.
About 5.3 eV above, the Si* ion has a metastable first excited
state (*P), with lifetimes spanning from 104 to 811 us according
to the J sublevels (Calamai et al. 1993). The presence of D, in
the mixture effectively helps to scavenge such electronic excited
states. In fact, as reported by Wlodek et al. (1987); Wlodek &
Bohme (1989), the Si* + D, — SiD* + D reaction is endother-
mic by about 1.2 eV for Si*(?P) and exothermic for the *P excited
state; for this reaction, the same authors give a constant rate value
equal to (7.7 £2.3)x10719 cm? s7! at T = 293 + 2 K. The amount
of excited state of Si* has been estimated by measuring the atten-
uation of the parent ion beam and the SiD* product as a function
of the D, pressure in the first octopole at a fixed Ecy. In this
way, a ~10% of residual Si*(*P) in the ion beam has been found.
Following the ionisation and dissociation of the precursor, ions
pass through the first octopole, which acts as an ion guide, before
being mass selected by the first quadrupole. Reactions occur in
the second octopole, which is surrounded by a 10 cm long scat-
tering cell. The pressure of the neutral gas in the scattering cell
surrounding the second octopole is monitored by a spinning rotor
gauge (SRG2 MKS Instruments, MA. USA).

3.2. Determination of absolute cross sections as a function
of the collision energy

The experimental total reactive CS o, at fixed collision energy,
is determined by the relation:

Z Ip = Ip(1 - eXp(—O'mr”gl))a ©)

where Ip, and I are the measured transmitted intensities of the
product and reactant ions, respectively, n, is the gas density of
the reaction partner in the scattering cell and [/ is the effective
path length. CSs for the individual product channels, o p, were
obtained using the equation:

Op=Ciot* (IP/ Z IP)~
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Fig. 1. Typical normalized trend for the parent ion (blue squares) as a
function of the octopole DC voltage. In this case, the red dotted trend
represents the first derivative of the experimental points, while the black
solid curve, with FWHM ~1.15 V in the laboratory frame, gives the best
fit of the red data points.

For low gas densities (i.e. pressures), Eq. (9) is reduced to the
thin target limit:

ZIP/IO = (r,,,,rzgl. (11)

Thus, at low pressures the slope of the intensity ratio, Ip /Iy,
versus the gas density yields the product CS. Knowing the effec-
tive path length (i.e. effective cell length) is pivotal for the
conversion from relative to absolute CS. Thus, calibration exper-
iments have been performed on the Ar* + D, system, which is
the subject of previous studies using a similar set-up (Ervin &
Armentrout 1985). Further details are reported in Appendix A.
In this way, an effective cell length value of 11.4 +4.0 cm was
obtained, with the magnitude of the uncertainty resulting from
a combination of the uncertainties in the literature CSs used
in the calibration and in our measurement procedure. To carry
out the CS measurements, the cell was filled with H,S (synthe-
sised in our laboratory as described in Appendix B and purified
through several freeze-thaw cycles) at variable pressures in the
range of 1077 to 10~* mbar, corresponding to a molecular density
ranging from 10'° to 10'?> molecules cm™~>. The chosen pressure
interval further helps to limit the impact of secondary reactions,
while still providing an accurate pressure measurement and a
dynamic range of 107! to 102 A2 for absolute CSs. Data were
acquired over two months, with an uncertainty of ~30%. The
collision energy in the laboratory frame is dependent on both
the reagent ion charge (+1 in the case of this work) and the dif-
ference between the ion source and reaction cell potentials. The
retarding potential method was applied to the reagent ion beam
(Teloy & Gerlich 1974) to determine the maximum of the first
derivative of the reagent ion yield, which defines the zero of the
kinetic energy, as shown in Fig. 1. In this way, we have estimated
an average reagent ion beam full width half maximum (FWHM)
of ~0.35 eV in the centre-of-mass (CM) frame. By varying the
voltages of the second octopole and all subsequent optics, we
are able to scan a collision energy range from about 0.1 to 10 eV
in the CM frame (E¢y). The conversion from laboratory to CM
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Table 1. Reaction enthalpies (AH) for the products of the reaction of Si* with H,S from the literature and our calculations.

Reaction AH (eV, 298 K)@  AH (eV)®  AH (eV, 298 K)©
Si++HZS — SiSH*+H —-0.64 +0.10 -045+0.43 -0.52 +£0.04
Si++HZS — HSiS*+H +0.13 £ 0.43 +0.10 + 0.04
Si++HZS — SiS* + H, -1.24 £0.10 -1.13 £0.43 -0.89 £ 0.04
SiSH++H23 — SiS + H3S+ —0.06 £ 0.01

Notes. As estimated from literature values for the formation enthalpies of reagents and products, taken from Ruscic & Bross (2020); Linstrom
& Mallard (2024). ®Data from Bruna & Grein (1992). ©OQur calculations.

frame is performed through the usual equation:

m
M+m’

Ecy = Epp - (12)

where Ej,;, is the collision energy in the laboratory frame, while
m, and M are the masses of the neutral target and the parent ion,
respectively.

4. Results

4.1. Experimental reactive cross sections and branching
ratios

After collecting mass spectra at different gas pressures of H,S,
the observed product ions from Si* reacting with H, S have been
identified at m/z 60 (SiS*) and 61 (SiSH*/HSiS*). An additional
signal has been found at m/z 35 and identified as the product of
the secondary reaction of the m/z 61 ion with H, S, forming H, S*.
Although this last product could not be completely removed, its
intensity has been reduced as much as possible by injecting a
highly diluted H,S / He mixture into the reaction cell (in a con-
centration of about 1.5% of H,S). According to Fox et al. (1989),
the formation of H,S* due to the reaction of SiSH* with H,S is

a fast process, with a rate of k = 2.9 X 10~%m? s~'. The m/z
61 ion yield was then corrected by considering the amount of
m/z 35.

The reaction of Si* with H,S was studied previously using
the Selected Ion Flow Drift Tube (SIFDT) technique, with a
reported rate constant for the m/z 61 product channel of 6.8 X
10719 ¢cm?® s~! molecule™! at a temperature of 298 K (Glosik et al.
1995). However, the formation of the m/z 60 product (SiS*) was
not reported in that study. In our experiment, the largely domi-
nant product is the one at m/z 61, associated with the SiSH* ion,
while the m/z 60 ion (SiS*) represents a minor channel. An addi-
tional contribution to the m/z 61 signal from the HSiS* isomer (a
reaction pathway that is endothermic by +10 kJ mol ™!, according
to our calculations; see Sect. 4.2) cannot be ruled out, consider-
ing the energy spread of the parent ion beam and the uncertainty
intrinsic in the calculations. A summary of the possible reaction
pathways is reported in Table 1.

The absolute reactive CSs for the different channels have
been retrieved by acquiring several measurements of product ion
intensities, SiS* and SiSH*/HSiS", against the H,S pressure in
the collision cell at 0.1 eV in the CM frame (see Appendix C).
The CS trends for the product channels have been recorded as
a function of E¢y and the results are shown in Fig. 2, where
the data for the m/z 61 ion (black squares in the figure) include
the correction for the contribution from the secondary reac-
tion product. For both products, we observe a decrease in CS

100

= m/z61-SiSH’
m/z 60 - SiS"

-
o

Cross section (A%

0.1
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0.1 1 9
Collision energy, E , (eV)

Fig. 2. Experimental cross-section (CS) for the reaction channels as a
function of the collision energy Ecy. The black solid squares are the
absolute CSs for the main channel at m/z 61 (SiSH*/HSiS*), while the
blue up-pointing triangles refer to the SiS* product, at m/z 60.

with increasing Ecy (with values in the range from 0.05 to
40 Az), with a difference in the shape of the trend that could
be attributed to a difference in the mechanistic aspects of the
formation pathways (see the discussion in Section 4.2).

To experimentally observe the contribution of the electron-
ically excited state of Si* to the total CS, the reaction has also
been investigated using a mixture of SiCl,/Ar to generate Si
ions, instead of the SiCl,/D, mixture. In this way, an ion beam
containing approximately 60% of Si* in the excited *P state
can be produced, with the amount of excited state in the beam
determined with the procedure described in the discussion on
experimental methods in Sect. 3.1. Despite the fact that a sig-
nificant change was expected in terms of reactivity (i.e. CS), the
difference in the total CS estimated at the same E¢ys (e.g. 0.1 eV)
remains within the error bars. In fact, the obtained total absolute
CS is 26.8 + 7.9 A? for the reaction involving ~60% of Si* in
its excited state, against a value of 39.4 + 10.3 A2 for the reac-
tion having just 10% of Si* in the *P state. The smaller total CS
with the increase of concentration of Si*(*P) is a consequence
of its smaller reactivity with respect to the reaction involving the
ground 2p state. This can, in turn, be rationalised when consider-
ing the spin multiplicity in the case of the reactions of the ground
and excited states. In particular, while the reaction involving
Si*(?P) proceeds adiabatically throughout a doublet PES (see
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Fig. 3. Total CSs for the reaction of Si* with H,S as a function of
collision energy Ecy. The black filled diamonds are the experimental
data, the blue filled triangles and the red open diamonds are the CSs
as estimated from simple capture models, (i.e. Langevin’s and the aver-
age dipole orientation model, respectively). The red and green dashed
curves are from our fitted model to extract the true CS from the exper-
imental data: the red curve represents the fitting function, obtained by
modelling the effective CS, as in Eq. (14); while the green dashed line
represents the form of the true CS extracted as a result of the fitting pro-
cedure. Further details are discussed in Sect. 4.4.

Section 4.2), the Si*(*P) reaction needs to switch from the initial
quartet to the doublet state, thus becoming spin-forbidden and
requiring inter-system crossing to occur.

The determined experimental BRs are (95 +2)% for the main
product, and SiSH*/HSiS* and (5 + 1)% for SiS*. The total CS
as a function of Ecy, obtained by summing up over the two
channels, is reported in Fig. 3 as black diamonds. A detailed
discussion of the other results shown in the figure is given in
Sect. 4.4.

4.2. Electronic structure calculations of the reaction potential
energy surface

The global doublet PES obtained for the Si*(*P)+H,S('A;)
reaction is reported in Fig. 4. For simplicity, only the more accu-
rate results (i.e. the CCSD(T)/CBS//CCSD(T)/aug-cc-pV(T+d)Z
results) are shown, while the data obtained at the different levels
of theory are reported in Appendix D.

The PES results in Fig. 4 suggest that the first step of the
reaction is represented by the barrier-less addition of the Si*
cation to the sulphur atom of the H,S molecule. This leads to
the formation of the MIN1 intermediate, which is Characterisgd
by the presence of a new Si-S o-bond (bond length = 2.375 A)
perpendicular to the H,S molecular plane. MIN1 (more stable
than the reactants by 175 kJ mol~!) can directly undergo a S-H
bond fission, giving rise to the products 'SiSH* + H (the super-
scripts on the left side indicate the multiplicity of the state) in
a barrier-less exit channel that is exothermic by —50 kJ mol™!
with respect to the reactants. In addition, MIN1 can undergo
an H,-elimination accompanied by the production of 28iS* (the
enthalpy of reaction for this channel is —85 kJ mol~! at our best
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AHo? (kJ mol-1) ° )‘,L
(%) ¢
.
Si*(2P) + SHa('A1) & H + 1HSiS

Fig. 4. Schematic representation of the PES obtained for the
Si*(P)+H,S ('A)) reaction with energies (in kJ mol™') evaluated at
the CCSD(T)/CBS//CCSD(T)/aug-cc-pV(T+d)Z level of theory. Data
obtained at the CCSD(T)/aug-cc-pV(T+d)Z level of theory are reported
(in blue) in parenthesis.

level of theory). This channel proceeds through a very high bar-
rier of 163 kJ mol~' (TS4), which is typical for a three-centre
H, elimination channel. However, TS4 is submerged, based on
its location at —12 kJ mol~! with respect to the reactant energy
asymptote. Finally, MIN1 can also isomerise to MIN2 via H-
migration by overcoming a barrier of 73 kJ mol~' (TSI located
at —102 kJ mol~"). MIN2 (located at — 213 kJ mol~') can directly
undergo a Si—H bond fission, forming the ISiSH* cation, in a
barrier-less process. Additionally, a four-centre H, elimination
can take place, overcoming a barrier (TS5) of 133 kJ mol~!. The
rotation of MIN2 around the Si-S axes, via a small barrier of
35 kJ mol™" (TS2), leads to the formation of the MIN3 inter-
mediate (222 kJ mol~"). Once formed, MIN3 can undergo: 1)
a Si-H bond fission leading to 'SiSH* in a barrier-less channel;
or 2) an S—H bond fission leading to the "HSiS* isomer in a
slightly endothermic channel (+10 kJ mol~!). Therefore, its con-
tribution is expected to be negligible under the low-temperature
conditions of the interstellar medium; finally, MIN3 can also 3)
isomerise to MIN4 (=213 kJ mol™!) via an additional H-atom
transfer by overcoming a barrier of 126 kJ mol~!' (TS3). MIN4
can only evolve to the 'SiSH*+H products by the barrier-less
fission of one of the two Si—H bonds. The geometry of all the
stationary points, together with the cartesian coordinates and
harmonic vibrational frequencies, are reported in Appendix E.

4.3. Stereodynamic considerations

Some selectivities are expected to arise from the electronic
configuration of reagents and from the strength, range, and
anisotropy of the long-range interaction components driving the
reactants toward the formation of the reaction precursor state.
In particular, in its ground electronic state Si*(>P) is an open-
shell species with a half-filled 3p orbital and two empty 3p
orbitals capable of accepting an electronic charge from the other
reagent, giving rise to a weak chemical bond. On the other hand,
H,S is a polar molecule with an electric dipole moment of u =
0.977 D and an appreciable quadrupole moment, indicating an
anisotropic distribution of its outer electronic charge. The elec-
tronic configuration, determining most of the properties of H,S,
consists of: two o chemical bonds, formed by the 1s orbitals of
each H atom with each of the half-filled 3p orbitals (3p, and
3p,) of the S atom; a lone pair occupying the 3p, orbital, aligned
perpendicularly to the molecular plane; and another lone pair in
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an orbital lying in the molecular plane, aligned along the C; axis
and with most of the density on the opposite side of the H bonds.
This representation is reported in Fig. 1 of Falcinelli et al. (2016).
In the same paper, the authors performed kinetic energy mea-
surements of emitted electrons in photo-ionisation and Penning
ionisation experiments, demonstrating that the HOMO orbital
of H,S has a 3p, character. Starting from H,S in its ground
electronic state, the removal of an electron from the lone pair
lying in the molecular plane, leading to the formation of the first
excited electronic state of H,S™, requires an energy of ~3 eV
(~290 kJ mol™"). This additional information suggests that any
reaction of H,S, as the present one evolving along the ground
electronic state PES, is triggered by the involvement of the 3p,
lone pair (consistent with the geometry of the adduct indicated
as MIN1 in Fig. 4) that is accompanied by a stereoselective con-
straint on the reactivity. This implies that the reaction occurs
within a limited range of suitable angles, distributed around the
axis perpendicular to the plane in which H,S lies. The stereody-
namics of H,S Penning ionisation reaction with Ne* as reported
in Falcinelli et al. (2016), suggests an opening of the effective
relative angular cone, controlling the acceptance of reactants, of
about 20% with respect to the global approach on the sphere.
By using the same approach for the Si* + H,S reaction, we can
reduce the capture CS and rate coefficient, evaluated from the
spherically averaged attraction coefficient, by about 80%.

4.4. From experimental CSs to rate constants

In Fig. 3, the experimental CSs are compared with predictions
from standard capture models (Tsikritea et al. 2022), such as the
Langevin one describing the interaction between a point-charge
ion and a polarizable but non-polar neutral (red open diamonds)
and the Average Dipole Orientation (ADO) model (Bass et al.
1975; Su et al. 1978) (blue line). The latter considers the average
orientation of the dipole of the neutral species with respect to
the ion, by introducing a scaling parameter, c, that can be esti-
mated from the values of the dipole moment and polarizability
of the molecular reaction partner (a value of ¢ = 0.145 is used for
the present system). Notably, neither model reproduces the abso-
lute values and the trends of the experimental CSs as a function
of collision energy. This comparison suggests that the stereo-
dynamical effects (Sect. 4.3), which cannot be accounted for in
capture models, may play a role in the reaction.

When extracting CSs from guided ion beam experiments, it
is important to consider the effect of the experimental ion energy
distributions, since these can obscure some features of the true
CSs, especially at low collision energies (Ervin & Armentrout
1985). In our experiments, the Si* beam has a width (FWHM)
of 0.35 eV in the CM frame and the temperature of the gas in
the scattering cell can be assumed 7 = 305 K (due to RF heating
inside the octopole ion guide). In this case, we have FWHM >
kpT, which means that the Doppler broadening contribution (due
to the random thermal motion of the reactant molecules in the
scattering cell) to the overall energy spread of the beam is negli-
gible. Under this condition, the energy distribution f(E, Ecys) of
the ion beam is given by

1 —(E = Ecu)*
exp
’\/2 . 6 -7 2 * (52
where E is the actual relative collision energy, ¢ is the standard
deviation of the distribution (i.e. FWHM ~ 2.3556; in this work,

0 = 0.15), and E¢)s is the nominal CM collision energy. As a
result of the ion energy distribution, the phenomenological CS as

J(E,Ecm) = , (13)

b)

energy barrier £, (meV)

0 2‘0 4‘0 6‘0 8‘0 1(‘)0 150 1;0 1é0 1;0

0 angle (deg)
Fig. 5. a) Schematic representation of the Si*—H, S reactive system. The
H,S molecule is bound within the xz plane, while the Si* ion moves
within the yz plane, at a fixed distance from the molecule (i.e. the equi-
librium Si-S bond length R = 3.8 A) and with an angle, 6, with respect
to the xz plane. As the ion moves, it probes the electrostatic potential
from z = —R to z = +R. b) Energy barrier (E7) as a function of 8: the
electrostatic potential increases as the ion moves from 6 = 0° to 180°
in the yz plane, with an increase of the repulsive contribution given by
the hydrogen atoms. The barrier is obtained as a difference between the
effective potential calculated at @ = 6" and 6 = 0°. The inset is an expan-
sion of the yellow area in the main graph.

a function of the ion energy (hereafter denoted as effective CS,
0err(Ecm)) differs from the true CS as a function of the relative
collision energy; here denoted as o"(E). The form of the convo-
lution of o(E) that takes into account the ion energy distribution
while neglecting the Doppler broadening has been adapted from
Chantry (1971); Ervin & Armentrout (1985); Tosi et al. (1994)
and can be expressed as:

Ueff(ECM)=f0 o(E)f(E,Ecy)dE- (14)

Since the direct deconvolution of o s¢(Ecy) does not result in a
unique form for o°(E), the functional form of the true CS needs
to be inferred. To this purpose, o(E) has been modelled follow-
ing the work of Ervin & Armentrout (1985) and modifying it
by using a Fermi-Dirac function to reproduce the experimental
trend at high collision energies:

(E-Ery 1

E 1+exp(%).

o(E)=09- (15)

Here, 0 is an energy-independent scaling factor, E7 is a thresh-
old energy factor, n is the parameter controlling the power-like
part of the function, and E’, E” are parameters that allow for an
improved adjustment of the fitting function in the high-collision
energy range. Such a function is represented in Fig. 3 as the red
curve, where the guess for the true CS function is also reported
(green dashed curve) together with the experimental total CSs
(black diamonds). According to the proposed model for the true
CS (and in agreement with the experimental observation), the CS
sharply decreases and eventually falls below our detection sen-
sitivity at high Ecys values. This behaviour is attributed to the
shortening of the collision time as E¢y, increases, making the
electronic rearrangement not fast enough for the reaction to pro-
ceed. Conversely, as Ecy decreases, the system tends to access
more stable, though less reactive, configurations. In the modelled
CS, this effect is incorporated by introducing a threshold energy,
E7, whose value depends on the relative orientation of the Si*
ion with respect to H,S. As shown in Fig. 5, the barrier (E7)
is estimated by considering only the electrostatic component,
which accounts for the majority of the long-range interaction
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Fig. 6. Schematic representation of the stereo-dynamical effect of the
collision between the two reaction partners, Si* and H, S, in two limiting
cases: a) for an approach at § = 90° (i.e. perpendicular to the principal
C, axis), the ion probes the interaction with the HOMO orbital of the
H,S molecule, favouring the formation of the MIN1 intermediate; b) as
the ion approaches along the nodal plane (f = 0°), no orbital overlap
exists, thus leading to a non-reactive collision.

anisotropy. Although the reaction pathways leading to the prod-
ucts are exothermic and barrier-less, the E7 term represents an
effective energy threshold for the reaction to occur, intrinsically
dictated by the stereodynamics of the process. As suggested by
the PES in Fig. 4, the obtained reaction product is subdued to the
evolution of the MIN1 intermediate, whose formation probabil-
ity depends on the geometry of the precursor complex formed by
collisions between the Si* ion and H,S. When the ion collides
perpendicularly (6 = 90°) or at a non-zero angle with respect to
the C, principal axis (Fig. 6), the formation of the intermedi-
ate is favoured. in contrast, non-reactive collisions occur when
the ion approaches along the major C; axis of H,S (6 = 0°). As
the collision angle varies from 0° to 180°, the magnitude of E7
increases due to the repulsive contributions from the hydrogen
atoms lying in the molecular plane. Therefore, Er represents the
energy barrier that must be overcome to enable the transition of
the precursor complex from its most stable, non-reactive configu-
ration (6 = 0°) to the activated complex, where significant orbital
overlap occurs between the atomic orbital of Si* and the HOMO
of H,S, which is aligned perpendicularly to the molecular plane
(see Fig. 6).

After extrapolating the true CS, the conversion to rate con-
stant k as a function of temperature 7' can be done by averaging
the true CS on the Maxwell-Boltzmann distribution, so that

1 1/2 2 3/2 Ao
KT =[—] (== f o(E)- E - exp(—E/kgT)dE. (16)
U kgT 0

Using this approach and adjusting the fitting function, we
obtained the best fit for threshold energy (E7) values spanning 2
to 20 meV and rate constant value ranging from k = 6.7 x 1071°
to 4.1 x 1079%m3 s~! molecule™" at 300 K, which is in excel-
lent agreement with the experimental value reported by Glosik
et al. (1995). Reasonable fitting results were obtained for E; =
2 meV with parameters oy = 23.8 AZ, n=0.51, E’ =3.6 eV, and
E” = 1.6 eV. For different E7 values, the optimisation of the fit-
ting function can be easily achieved by slightly readjusting these
parameters. However, when E7 exceeds approximately 20 meV,
a rapid decrease in the estimated rate constant is observed. This
behaviour allows us to propose such a value as an upper limit for
the threshold energy.
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4.5. RRKM product branching ratios and rate constants

The RRKM calculations were performed for a range of tempera-
tures, spanning from 10 to 300 K. Within this temperature range,
the largely dominant channel is the one leading to 'SiSH* +
H, with a BR of approximately 98%. The SiS* + H, channel
accounts only for the 1.5% of the total reactive flux. These results
are in line with the PES characteristics shown in Fig. 4: once
formed, MINT1 can either dissociate into H + SiSH* in a barrier-
less channel or undergo a three-centre H, elimination, a process
that is associated with a large barrier of 163 kJ mol~!. Isomerisa-
tion to MIN2 is characterised by a smaller barrier of 73 kJ mol~!.
The values of the unimolecular rate constants as a function of
energy (€) for the various steps are reported in Fig. 7. The uni-
molecular rate constant for the MIN1 — MIN2 isomerisation
process (equal to 2.7 x 10'? s71), together with the direct decom-
position of MIN1 leading to SiSH* + H (which shows a rate
constant of 1.4 x 10'? s1), appear to be several orders of magni-
tude higher than the rate constant associated with the H, forming
channel (equal to 1.9 x 10° s™). Such a difference in the rate
constants, together with the fate of MIN2, determines the pre-
dominance of the H-displacement process over the H, formation
channel. Moreover, as mentioned in Sect. 4.3, the acceptance
angular cone of the reactants has been taken into account by
reducing the calculated CS by approximately 80%, allowing us
to reproduce the experimental rate constant value measured at
300 K. The main result is that the total rate constants are largely
independent from temperature, due to the intrinsic nature of the
method that combines the assumption of ion-molecule capture
(see the next section) with RRKM theory.

The BRs derived from the present RRKM investigation were
calculated for the two exothermic channels and are almost insen-
sitive to temperature changes within the 10-300 K range. As the
temperature increases, a minor increase is noticeable in the BRs
of the H, + 2SiS* products, whose contribution may become
non-trivial at higher temperatures. The derived BR values, along
with the calculated rate constant at three different temperatures,
are reported in Table 2. A possible explanation for the discrep-
ancy between the BRs obtained from the calculations and the
experiments (where a BR=(5 + 1)% was found for the SiS*+H,
channel) could lie in the uncertainty intrinsic to the energetics
calculations (particularly for TS4 and TS5). These uncertainties
may significantly affect the unimolecular rate constants for the
pathways MINI — SiS*+H, and MIN2 — SiS™+H,. In fact,
considering an uncertainty of 5 kJ mol~! in the barrier associ-
ated with TS5, a slight increase (around 0.7%) in the BR for
the H,-forming channel was observed. Therefore, accounting for
the uncertainty in the electronic structure calculations improves
the agreement between theoretical predictions and experimental
results.

4.6. Comparison with rate constants from capture models

By comparing the rate constants k(7) obtained with our estimate
from experimental CSs (Sect. 4.4) and from RRKM calculations
(Sect. 4.5) with the range of available standard capture models
(Su & Chesnavich 1982; Kosmas 1984), we observed a mis-
match both in the trend and the rate constant values, as reported
in Fig. 8. The predictions according to the capture models indeed
diverge as the temperature approaches 10 K, due to the absence
of an energy threshold.
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Table 2. Rate coefficients k(T') and branching ratios (BR) for the Si* (2P)+H2$ ('A)) reaction at different temperatures (T') from RRKM calculations.

Reaction 10K 100 K 300 K
KT) BR K(T) BR KT) BR
cm?® 7! % cm?’ 7! % cm® 7! %
Si++HZS — SiSH*+H 548 %1079 986 548x107'0 986 548x107'9 985

Si*+H,S—SiS*+H,

293 x 10712 1.4

77 %1072 14 83 x 1072 15

1013_:
1012_:
v.z 1011_: MIN1-SiS+-:-H2
Xx ——MIN1 - SiSH' +H
. ——MIN2-SiS" +H,
10
107 3 ——MIN2- SiSH’ + H
. -==-= MIN3-SiSH" +H
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Fig. 7. Unimolecular rate constants for the exothermic channels as a
function of energy (e€). Top panel: processes leading to products via
decomposition from the various intermediates. Bottom panel: processes
leading to the interconversion of intermediates.

All the capture models presented here involve the role of the
permanent electric dipole of H,S and demonstrate an increase in
the rate coefficient as the temperature decreases (with the excep-
tion of Langevin’s model, which does not include a dependence
on T). This can be ascribed to the enhanced capture efficiency
due to the contribution of the ion-permanent dipole attraction
at lower temperatures. In fact, capture models assume that the
most effective configuration for reactivity involves the positive
atomic ion approaching along the direction of the electric dipole
moment of the neutral partner. For H,S, the dipole moment
vector lies in its molecular plane and is aligned along the C,

10° =
:P\
~— o
4 \o\.\.\.
4 —e—
— '\v\v\v .~.\O-._._ ooy
' | —V—y-y__. 0000,
mg v "V—V—v—v-v.y,v“ N:
° 9 0000000000000 ORI~
= 10° 4
8 ] ¢
g g
8 1 Estimate from CSs
o 1 RRKM calc.
w® i —o— Langevin
o —vw— ADO with ¢=0.145
10 —e— Su-Chesnavich
10 E Kosmas 1984
1 O Glosik et al. 1995
L] L} L) L) L) L] LI l L) L}
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Temperature (K)

Fig. 8. Total rate constants, k, as a function of temperature, 7', for the
reaction Si* with H,S estimated using various capture models and our
results. Extrapolated rates from our experimental CSs (with E7=2 meV;
see Sect. 4.4) are shown as orange open triangles, while RRKM calcula-
tions (see Sect. 4.5) are shown as cyan filled stars. The other trends are:
red open diamonds showing the Langevin model; blue solid triangles
showing the scaled averaged dipole orientation (ADO) model with a ¢
value of 0.145; black solid circles showing the Su and Chesnavich model
derived from an empirical fit of variational transition state theory and
classical trajectory calculations for point charged ions and polar neu-
trals (Su & Chesnavich 1982); green solid squares showing the average
cosf method (Kosmas 1984); black open circle showing the measured
datapoint by Glosik et al. (1995), with the relative +£30% error bar.

axis. However, based on the electronic symmetry considerations
discussed in Sect. 4.2, while the presence of an electric dipole
moment may increase the capture CS, the resulting precursor
state (where Si* approaches H,S along its axis from the sulphur
side) cannot evolve towards the transition state of the reaction, as
it possesses a different symmetry. Consequently, reactivity along
the ground PES is hindered by a decrease in temperature, which
contrasts with the predictions of standard capture models and of
the RRKM calculation. We therefore suggest using the total rate
constant estimated from the experimental CSs, for which values
of the a, 8, and y coefficients, following the KIDA database
formalism of Eq. (5), are given in Table 3. Due to the character-
istic trend of the rate constant, a satisfactory fit is best obtained
by separating results into two temperature ranges: 10-30 K and
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Table 3. Total rate constant coefficients (a, 3, and y) and BRs for the
reaction Si*(CP) + H,S('A)).

Temperature (K) @ a@ B %

10-30 146x 10719 —0.98 40.32

31-300 723 %1079 0.04 18.51
Reaction BR %®
Si++st — SiSH*+H  95-98.6
Si*+H,S—SiS™+H, 1.4-5

Notes. Values of the a, 8 and y coefficients, following the KIDA
database formalism of Eq. (5), refer to the sum of the two reaction chan-
nels and refer to the two temperature ranges 10-30 and 31-300 K. ®The
BRs are given as lower and upper limit values.

31-300 K. For the BRs among the two product channels, our
experimental and theoretical results allow us to define a lower
and upper limit, as reported in the lower part of Table 3.

4.7 The SiSH*('A;) + NH,(" A1) reaction

The formation of SiS in the ISM through the reaction between
SiSH* and NH, is a possible alternative to electron recombi-
nation of protonated SiS, a process already considered in the
available databases to covert protonated SiS into the observed
neutral species (Wakelam et al. 2024; Wakelam et al. 2015;
Millar et al. 2024). Adopting the same approach as above (see
last part of Sect. 2.2), the resulting long-range attraction coef-
ficient C4= is 22.3 eV-A*. This value is lower than that for the
Si* + H,S reaction because of the lower polarizability of NH,

2.16 A3) compared to H,S (3.71 A3). Conversely, the role of
the electrostatic contribution, arising from charge-electric dipole
interaction, is larger for NH; (the dipole is 1.47 D to be com-
pared with 0.977 D for H,S). For the SiSH* + NH3 reaction,
the estimated Cy,yr includes the contribution of the anisotropic
ion-permanent dipole. The overall C4.rs coefficient value is

125.2 eV A* when considering the most attractive configura-
tion, which is the one with the SiSH" ion approaching the NH,
molecule with its protonated site pointing towards the nitrogen
atom. Among all the possible configurations, this is by far the
most relevant.

A schematic representation of the PES for the reaction of
SiSH*('A;) with NH3(1A1) is reported in Fig. 9, while the
optimised geometries of intermediates and products are given
in Appendix E. The reaction is exothermic by 147 kJ mol!
at the CCSD(T)/CBS level of theory (143 kJ mol~! at the
CCSD(T)/aug-cc-pV(T+d)Z level). The process is characterised
by the barrierless formation of an intermediate (MINS), which is
stabilised by 203 kJ mol~" (200 kJ mol~', at the CCSD(T)/aug-
cc-pV(T+d)Z level) relative to the reactants. We note that no
van der Waals complexes have been identified in the entrance
channel. The ammonia molecule interacts with the H atom of
the molecular ion in a geometrical configuration similar to the
one leading to the formation of neutral SiS by proton transfer. In
most of the other configurations, the electrostatic ion-permanent
dipole term changes in value and sign, often resulting in a repul-
sive contribution that hinders the approach of the reactants. The
subsequent dissociation of MINS into SiS and NH,,* is a barrier-
less process. Since the intermediate can directly isomerise to
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1SiS + NHa4*

Fig. 9. Schematic representation of the potential energy surface
obtained for the SiSH*('A;)+NH;('A;) reaction with energies (in
kJ mol~") evaluated at the CCSD(T)/CBS//CCSD(T)/aug-cc-pV(T+d)Z
level of theory. Data obtained at the CCSD(T)/aug-cc-pV(T+d)Z level
of theory are reported (in blue) within the parenthesis.

form the products with no barrier, the back dissociation is neg-
ligible. As a result, the rate coefficient was found to be equal to
2.7 %107 cm?® s7! and independent on temperature.

The rate constant value so obtained is very close to the 2.7 X
10~° cm? value derived from the combined variational transition-
state theory-classical trajectory study (Su & Chesnavich 1982;
Fox et al. 1989). However it is about a factor three larger than
the experimental value of 9.7 + 2.9 x 107! ¢cm® measured at
295+2 K (Fox et al. 1989). Based on such value, in the UMIST
database! (Millar et al. 2024) the reaction is reported with coef-
ficients @ = 9.7x 1071% cm? 57!, 8=—0.5, and y=0. In the absence
of additional information on the stereoselectivity involved in this
reaction and considering that the RRKM capture model tend to
overestimate the rate coefficient, we propose to assume a rate
constant independent of temperature. This is demonstrated in
our calculations, scaled on the experimental value at 295 K.
Hence, we suggest revising the UMIST values to @ = 9.7 X
10719 ¢cm? 57!, 8=0, and y=0.

5. Discussion and astrophysical implications

5.1. Formation of SiS from Si* followed by the proton transfer
fo NH3

Absolute CSs and BRs for the reaction of Si*(*P) with hydro-
gen sulphide (H,S) have been measured as a function of the
collision energy in the range between 0.1-10 eV. The Si* ions
have been generated via electron impact ionisation (EI) of SiCl,.
Two signals were identified at m/z 61 and 60 to be assigned to
SiSH*/HSiS* and SiS*, with branching ratios of (95 + 2)% and
(5 = 1)%, respectively. From a comparison between the experi-
mental CSs and those derived by simple capture models, a strong
mismatch was observed in both trends and magnitudes, suggest-
ing that such models are not suitable to describe the investigated
reaction. Experimental data has been combined with theoreti-
cal calculations of stationary points and transition states (at the
CCSD(T)/CBS//CCSD(T)/aug-cc-pV(T+d)Z level of theory) to
shed light on reaction pathways and structures of the products.

I https://umistdatabase.uk
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The kinetic data for the reaction (i.e. rate constants and branch-
ing ratios) have been computed through the RRKM method, in
the 10-300 K temperature range.

According to calculations, the extent of the reaction depends
on the formation of an intermediate, which lies 175 kJ mol™!
below the reactants. A deeper look at its structure reveals that the
reaction occurs when the Si* ion collides with the neutral target
perpendicularly (or more generally, with a non-zero angle) rela-
tive to the principal C; axis of the H,S molecule (i.e. along the
HOMO orbital), highlighting a significant stereo-dynamic con-
tribution to the reaction. Stereochemistry thus acts as a limiting
factor for reactivity, making the collision geometry between the
ion and the molecule a critical parameter. This constraint has
been modelled as an energy threshold (E7) dependent on the rel-
ative angle between the reactants, with values spanning from 0
to 376 meV in the 0° to 180° range, as shown in Fig. 5.

The analytical form of the true CS as a function of collision
energy was derived from the total experimental CS by construct-
ing a fitting function that accounts for both the stereo-dynamical
effects and the observed trend. Subsequently, the true CS has
been used to calculate rate constants as a function of tempera-
ture, k(T). For E7 in the 2-20 meV range, corresponding to an
approach angle of the reactants (6) confined in the 35°-65° inter-
val, the retrieved k(300) is in good agreement with the SIFDT
measurements (Glosik et al. 1995) and with the RRKM calcula-
tions performed in this study. For higher E7 values, a significant
decrease in k(T) was observed, diverging from the theoretical
predictions and the rate constants reported in the literature. The
rate constant as a function of temperature has been extrapolated
in the 10-300 K range, with the values monotonically increasing
with temperature from k = 7.0 x 107" t0 7.0 x 1071% cm? 57!, in
contrast with the capture model predictions, showing an increase
with decreasing temperature.

Once the SiSH* ion formed, the formation of SiS has been
hereby proposed and theoretically investigated as the product of
the proton transfer reaction of SiSH* with NHj;, as an alternative
to the electron recombination of SiS* in ammonia-rich regions.
According to the PES reported in Fig. 9, the reactants partici-
pate in the formation of a relatively stable intermediate, in which
the H atom of the SiSH* ion points toward the N atom in the
ammonia molecule. Subsequently, neutral SiS is formed after the
proton transfer is completed. The rate constant has been calcu-
lated using a capture approach and found to be independent on
temperature. The obtained rate has been rescaled on the experi-
mental data measured at room temperature to get the parameters
@ =9.7x10""cm?s7!, 8=0, and y=0.

5.2. Astrophysical implications

The new reactions reported in this study may explain the
enhancement of the SiS abundance in the low-mass protostellar
shocked region L1157-B1 (Podio et al. 2017). Here, the cosmic-
ray ionisation rate in L1157-B1 is enhanced with respect to the
average one, implying a greater extent of ionisation of the gas
(Podio et al. 2014) and making the ionic route of SiS formation a
viable one. This ionisation enhancement is likely caused by the
violent shocks along the L1157 molecular outflow (e.g. Padovani
et al. 2015; Gaches & Offner 2018). In this respect, we notice
that the Podio et al. (2014) study provided the average gas ioni-
sation over the entire L1157-B1 shocked region, whereas the SiS
abundance is only enhanced in a small region within L1157-B1
(Podio et al. 2017), probably where the shock is more violent
and, possibly, the ionisation larger.

In addition, the large abundance of ammonia measured
towards L.1157-B1 (Tafalla & Bachiller 1995) can also contribute

to the enhancement of SiS in the small L1157-B1 region men-
tioned above. In the UMIST and KIDA databases, in absence
of specific measurements, the branching ratio of the possible
products of the SiSH* recombination (HS + Si and SiS + H) is
assumed to be 1:1 with a total rate coefficient of 3x 1077 cm? s~
and dependence with temperature of -0.5, which implies a rate
of about 5.8 x 107 cm? s~! at the estimated temperature (80 K)
of the L1157-B1 shocked region. Using our new estimate of the
SiSH* proton transfer to ammonia (9.7 X 10719 cm? s7!; see
above), the ratio between the two processes (proton transfer over
recombination) is 2 x 1073 [NH;]/[e]. Considering that the aver-
age electron abundance [e] in L1157-B1 is ~1077 (Podio et al.
2014) and that of ammonia ~107> (Tafalla & Bachiller 1995),
the two processes are characterised by a comparable degree of
importance, if the recombination rate reported in the databases
is accurate.

In summary, in addition to the neutral-neutral reactions
evoked in the literature (e.g. Mendoza, Edgar et al. 2024, and the
other references reported in the introduction), ionic routes could
also contribute or even dominate the formation of SiS in shocked
regions. To explore this possibility, an estimation of whether the
ionic routes are more or less important in the formation of SiS
a dedicated modelling that goes beyond the scope of this work
will be necessary.

6. Conclusions

This study provides experimental values of the absolute cross-
sections (CSs) and product branching rations (BRs) for the
ion-molecule reaction between Si* and H,S. The CSs and BRs
were measured, across a wide range of collision energies, using
the GEMINI guided ion-beam set-up. The analysis of the exper-
imental findings displays some of the inadequacies of standard
capture models, usually adopted in astrochemical simulations.
An empirical function, formulated taking into account basic
stereo-dynamical constraints (see Eq. (15)), has been proposed
and used for the description of the collision energy dependence
of the total reactive CS, from which the temperature dependence
of the total rate coefficient k(T) can be derived. In parallel, the
theoretical investigation of the multi-dimensional SiH,S* poten-
tial energy surface casts light on the energetic evolution of the
various reaction channels and on their relative role. Theoreti-
cal calculations were performed on the potential energy surface
and on the kinetics of the proton transfer reaction between
SiSH* and NH,;, leading to neutral SiS. In conclusion, this study
demonstrates that:

— The reaction Si* + H,S is an efficient formation route of
SiSH* and should be considered in astrochemical models
of shocked regions, where atomic Si is released by the
dust grains and, given its low ionisation energy, it is easily
converted into Si*.

— Among SiSH* and HSiS* ionic products, SiSH* is the more
stable isomer, with an appreciable difference in the enthalpy
of formation of ~60 kJ mol~!. Therefore, we can presume
that it will also be preferentially formed in the other for-
mation routes already considered in the main astrochemical
databases. Therefore, SiISH" is the relevant interstellar ion
and an important precursor for SiS formation.

— The proton exchange reaction between SiSH* and ammo-
nia is indeed a very efficient way to convert the protonated
species into neutral SiS and might even rival electron-ion
recombination in ammonia-rich regions.

— SiS* is a minor product of the reaction Si* + H,S and its
yield becomes non-negligible at high temperatures or at the
high total energy of the reaction transition state.
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Appendix A: Collision cell calibration

As discussed in the section on ’experimental methods’ of this
work, to convert relative CSs to absolute CSs, we performed
calibration measurements on the Ar* + D, system, for which
absolute CSs were already determined (Ervin & Armentrout
1985). We measured the ArD* product intensity as a function
of the D, density in the collision cell. The datapoints have been
fitted with a linear regression to get the effective length of the
collision cell, which in our case resulted to be 11.4 + 4.0 cm, see
Fig. A.l.
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Fig. A.1. Experimental trends obtained for the ArD* products from the

calibration reaction as a function of the D, density in the collision cell,

measured at a collision energy Ecy= 0.2 eV. The dashed lines represent
the linear fits applied to the experimental data points.

Appendix B: Synthesis and purification of H,S

The synthesis of H,S has been performed and optimised by mak-
ing FeS (iron sulphide, 99.9% - Sigma-Aldrich) react with HC1
(Hydrochloric acid, fuming - Merck) and with H,SO, (Sulphuric
acid, 98%, Merck) according to the following reactions:

FeS + HCl — FeCl, + H,S
FeS + H,S0, — FeSO, + H,S -

(B.1)
(B.2)

We tested reaction (B.1) first because the reaction with HCI
is one of the most used ways to get H,S upon reaction with FeS.
However, the quantity of HCI* (m/z 36) and H,O" (m/z 18), and
also SIOH* (m/z 45) as the result of the reaction of Si* with H,O
we were getting as parasitic signals (with a potential bias on the
measured CSs). To get a cleaner H,S we performed the reaction
with H,SO, (B.2), which allowed us to produce H,S with almost
no contamination ascribable to water. The amount of water trans-
ferred into the gas bottle has been further reduced after sending
H,S through a tube filled with CaCl, beads. To avoid air entering
the reaction flask, the synthesis was performed in a set-up under
vacuum (see Fig. B.1). Nonetheless, when injecting H,SO,,, pos-
sible air contamination could have been introduced. To make
sure no air was present during the measurements, we purified
H,S after four pump-freeze-thaw cycles before injection into the
scattering cell.

Fig. B.1. Experimental set-up used for the synthesis of H,S.

Appendix C: Absolute reactive CS measurement
as a function of pressure

We measured the 1/ ratio as a function of the density of the
neutral reactant (H,S), at a chosen collision energy (Ecy) value
(e.g. 0.1 eV). Fitting the datapoints with a line, we are able to
extract the value of the absolute reactive CS (see Fig. C.1). This
measurement is repeated at different E¢y, values, and then used
to readjust the experimental trend for the CSs as a function of
the collision energy. This accounts for sudden pressure changes
in the reaction cell, allowing us to be more accurate with the
description of the trend of the CSs.
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Fig. C.1. Experimental trends obtained for the products of the reaction

of Si* with H,S at Ecy= 0.1 eV. The dashed lines represent the linear
fits applied to the experimental data points.
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Appendix D: Energy analysis of the stationary
points for the Si* + H,S reaction

The potential energy surface (PES) for the Si* + H,S reaction
was investigated performing a first analysis at the B3LYP/aug-
cc-pV(T+d)Z level of theory. Subsequently the data were refined
at the more accurate CCSD(T)/aug-cc-pV(T+d)Z level and
the energy of all the stationary points were evaluated at the
CCSD(T)/CBS level of theory. In Table D.1 we report the
enthalpy changes and barrier heights for the various reaction
channels identified in the PES at all the three levels of theory
considered in the analysis.

Appendix E: Geometrical parameters of the
identified stationary points for the Si* + H,S and
SiSH* + NH, reactions

In Figs. E.1, E.2, and E.3, we report the geometry and the
cartesian coordinates of all the stationary points (including min-
ima, transition states, reactants, and products) identified in the
potential energy surface for the Si* + H,S and SiSH* + NH,
reactions. Since very small (almost negligible) deviations were
noticed between the geometries obtained at the two different lev-
els of theory (see Section 2.1 for details), we report only the data
obtained through the B3LYP/aug-cc-pV(T+d)Z calculations.

SHa(1A1)
s 0.00000  0.00000  0.10307 1212.1047
H 0.00000  0.96929  -0.82458 2691.0133
H 0.00000 -0.96929  -0.82458 2703.6514
MINA
/ Si -0.05294  1.35723  0.00000 273.4833; 476.1802
S -0.05294 -1.01972 0.00000 522.9026; 1191.7109
H 079410  -1.34287  1.00145  2617.2461; 2626.3266
. H 079410  -1.34287  -1.00145
MINZ
Si 1.06627 -0.11290 0.00002 418.4650; 561.7214
S 098555 -0.05471  -0.00002 597.8225; 776.9305
H 185591  1.15478  -0.00023  2116.4938; 2597.8443
H  -1.01485 130116  0.00022
MING
Si 1.06567 -0.12584  -0.00000 474.0223; 547.6310
S 096864  0.11386  -0.00000 596.7672; 835.7511
H 184499  1.14626  0.00003  2133.6845; 2614.6552
H -1.26619 -1.20625 0.00003
MIN4
Si -0.00000  0.97026  0.00000 474.2307; 606.1208
& s 000000 -1.05783  0.00000 621.7867; 883.4359
H 0.00005 1.67079 1.29191 2250.6000; 2308.8099
H 0.00005 167079  -1.29191

Fig. E.1. Geometry, cartesian coordinates (in black) and harmonic
vibrational frequencies (in blue) of the stationary points identified in
the PES for the Si* + H,S reaction.
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TS1
Si 125283 001797  -0.02951
S 101083 010748 001945 942 2255i; 335.8198;
H 000218 -092916 070937  454.711; 1011.8436.
H  -1.36761 -1.04232 -0.60733 14775498 2570.1980.

TS2
Si -1.089843 -006216 -D.09766 5716229 504.3773;
S 100194 -005685 006114  563.2453 612.8245
H  -1.81317 065929  1.00862 20380958 2567.9093.
H 103405 112050 -0.61967

T3
Si 098206 004702 -0.00003 1495 0617i 227.8000
S 089778 -007208  0.00000 6903; 684.
H 216364 0.84638  0.00019 17807697 21537844
H  -003339 134447  0.00014

TS4

‘ Si -1.25148 004547 000000  14D0.9534i; 471.2141;
S 090786 -0.18548 000000  518.9770. 530.7647.
‘ H 149750  1.16562  0.48877 13328132 21816284

H 149749 116562  -0.48878

HSiS
Si -0.00001 002315 000000  421.9627; 809.7279;
S -0.00001 -D.OS7E1  0.00000 20543926
H 000020 239761  0.00000

1SiSH"
Si 004392 113181 000000  511.8683; 609.0224;
S 004392 -093383  0.00000 2556.5015.
H  -1.31770  -0.90408  0.00000

O—?

Fig. E.2. Geometry, cartesian coordinates (in black) and harmonic
vibrational frequencies (in blue) of the stationary points identified in
the PES for the Si* + H,S reaction.
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Table D.1. Enthalpy changes (AHg) and Barrier Heights, expressed in kJ mol™!, evaluated at the three different levels of theory for the Si* + H,S
reaction

Reaction channel \ CCSD(T)//B3LYP \ CCSD(T) \ CCSD(T)/CBS
AHg Barrier AHg Barrier AHg Barrier
KImol™! kImol™ | kmol™! kImol™' | kJmol™! kJmol™'
Si*+H,S — MINI \ -168 - \ -168 - \ -175 -
MIN1—-MIN2 \ -32 77 \ -32 77 \ -38 73
MIN1—-H,+?SiS* | 96 165 | 96 167 | 90 163
MIN2—MIN3 \ -9 35 \ -9 35 \ -9 35
MIN2-H+'SiSH* | 159 -] 159 -] 163 -
MIN3—-MIN4 \ 9 129 \ 9 129 \ 9 126
MIN3—H+'SiSH* \ 168 - \ 168 - \ 172 -
MIN4—H+!SiSH* \ 219 - \ 219 - \ 223 -

Si 0.00000 0.00000 -1.02572 708.6381.
s 0.00000 0.00000 0.89751

0.00000 0.00000 0.37145 4417.1146.
0.00000 0.00000 -0.37145

T

0.00000 -0.00000 0.11207  1025.5945; 1663 4650;
-0.74893 -0.57097 -0.26149 1663.5269: 3462.4504:
-0.12003 0.93408 -0.26149 3588.1843: 3558.3872.
0.56594 -0.36309 -0.26150

III=E

2.07580 0.26651 0.00000 18.2964; 21.1382;

0.22037 -0.36885 -0.00005 182 .8173; 229 8548:

-1.92460 0.06817 -0.00082 235.6532 707.5588:

28i5*
H:z
NHa
MINS
0_‘-_‘ -2.96498 0.19816 0.00008 14450069 1492.5188;
18i8
s 0.00000 0.00000 0.90441 7447154
) Si 0.00000 0.00000  -1.03381
NHa*

ITTIZzIOy

-3.21578 0.96136 -0.63080 1493.9010: 1714.2581:
-3.41334 -0.66444 -0.31425 1714.7761; 2985.2758.
-3.280186 0.41984 0.94817

-0.00000 0.00000 0.00000 1484 6966; 1484.7004;
0.27672 -0.01091 -0.98593  1484.84091:1722.7731:
0.43305 0.79754 0.46896 1722.9016; 3366.9728;
0.30277 -0.86911 044915 3467.2563; 3467 4027;
-1.01850 0.08247 0.06780 3467 4186.

IIIIZ

Fig. E.3. Geometry, cartesian coordinates (in black) and harmonic
vibrational frequencies (in blue) of the stationary points identified in
the PES for the Si* + H,S and SiSH* + NH; reactions.
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