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Silicon monosulfide (SiS) is an important molecule in astrochemistry likely linked to dust production
through the formation of sulfide particles. This work presents the vacuum ultraviolet photoionisation of
SiS formed in situ in a discharge flow reactor, in particular the threshold photoelectron spectrum
covering the first three electronic states of the SiS* cation. The rich vibronic structure is assigned with
the support of ab initio calculations and a spin orbit coupling constant of —323 + 41 cm™tis measured
for the ground state. Adiabatic ionisation energies (10.453 + 0.003, 10.515 + 0.003 and 13.802 +
0.003 eV for the ground, first and second excited state, respectively) and vibrational frequencies are also
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1. Introduction

Silicon monosulfide (SiS) is an important molecule in astrochem-
istry which has been proposed as a precursor of sulfide grains,
either by direct nucleation and/or via reactions leading to metal
sulfides, which are a known component of dust."™ In particular,
an observational study in the circumstellar envelopes of carbon-
rich asymptotic giant branch stars pointed SiS as a good candidate
to act as a gas phase precursor of dust.” However, more constraints
on its abundance distribution are needed to confirm this hypoth-
esis. This requires establishing the relative importance of all
possible processes including condensation onto grains and the
chemical and photochemical reactivity.

In this context, modelling the abundance of SiS and SiS* in
VUV-irradiated environments necessitates accurate ionisation
energies (IEs) and dissociation thresholds, as well as spectro-
scopic information, while the latter can also be of interest for
benchmarking theoretical methods and identifying and quan-
tifying reaction products in laboratory experiments.’

Due to the experimental challenges linked to the in situ
production of the SiS molecule, there exists only a single
measurement of its photoelectron spectrum (PES), yielding an
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dissociation energy (4.09 + 0.01 eV).

adiabatic ionisation energy (AIE) of 10.38 4 0.02 eV.® However,
SiS was produced in an oven at a temperature of 1200 K along
with other side products, resulting in broad and overlapping
bands that reduced the measurements accuracy. In addition,
the contributions from impurities had to be subtracted. The
electronic spectrum of SiS has also been studied theoretically,
providing the IEs” and spectroscopic constants for its low-lying
states.””® These calculations predict a spin orbit splitting in the
ground state of SiS* of —365 cm™'.® The present work provides the
threshold photoelectron spectrum of pure SiS covering ionisations
from the three outermost molecular orbitals (8o, 9o, 3m) to
improve the accuracy of existing thermochemical values and
spectroscopic constants with the support of ab initio calculations.

2. Methodologies
2.1. Experimental

The experiments were performed at the synchrotron SOLEIL on
the undulator-based DESIRS beamline.’ The molecule of inter-
est was produced by combining a microwave (MW) discharge
with a flow-tube reactor. This setup has been described in detail
elsewhere and will be only outlined briefly here.'® The flow-tube
is composed of a main tube reactor and a collinear sliding
injector. The fluorine atoms are produced by MW discharge of a
mixture of F, (Air liquide 5% in He) and He (Air liquide
99.995%) which is then fed into the main reactor, while the
precursors SiH, (Messer 0.8% in He) and H,S (air liquide
99.5%) enter through the injector. The position of the injector
relative to the end of the reactor defines the reaction time.
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The total pressure in the reactor is 3.5 x 10~° mbar for a total
flow of around 1000 sccm (standard cubic centimeter per
minute). The concentrations of fluorine, silane and hydrogen
sulfide are estimated to be around 2 x 10,1 x 10'* and 2 x
10" ecm™ respectively. The F atoms can react with the pre-
cursors by successive H-abstraction reactions to generate SiH,
(x =0-3) and H,S (y = 0-1). These molecules may react together
as well, producing a wide variety of species. The experimental
conditions, including precursors concentration and injector
distance, are optimised for the production of SiS. The gas
mixture from the reactor is skimmed twice'" before entering
the interaction chamber to cross the VUV beam with a right
angle in the center of the double imaging photoelectron/
photoion spectrometer DELICIOUS IIL.'* The beamline is set
to provide a monochromatized, linearly polarized light. A gas
filter,"> located upstream the monochromator, is filled with
argon to ensure a high spectral purity by cutting off the
harmonics from the undulator spectrum.

After interaction with the VUV beam, the resulting electrons
and ions are accelerated in opposite directions by an electric DC
field of F = 44 V cm™ ' towards a velocity map imaging (VMI) and
an imaging linear time-of-flight (iTOF) detector, respectively. This
extraction field induces a downshift of the ionisation energies of
5 meV, following the well-established formula 6v/F (cm™*).** All
values given below were therefore shifted up accordingly. The data
were recorded in a double imaging photoelectron-photoion coin-
cidence (i*PEPICO) acquisition scheme. This allows the simulta-
neous recording of mass-selected photoelectron images from
which photoelectron spectra can be extracted for each mass, and
at each photon energy by Abel transform." The threshold photo-
toelectron signal is obtained by integrating along constant ionic
state lines up to an electron kinetic energy of 20 meV, according to
a previously described methodology."®

The spectra were recorded by scanning the photon energy in
the 9.9 to 11.2 eV and 13.4 to 14.5 eV intervals with a 5 meV
step, and were normalised by the recorded photon flux. A loss
of about 30% of signal over a few hours could be noticed, and
attributed to the polymerisation of the reactants leading to
skimmer clogging. This effect was corrected by recording a fast
scan with larger energy step, for which the conditions were
stable over time, as previously described."”

The absolute energy calibration was achieved with the HS and
atomic sulfur ionisation energies as well as sulfur autoionisation
absorptions between 10.59 and 10.73 eV for the first energy range,
and with Ar 3p® 3d (3/2) and 3p° 3d (1/2) absorption lines from the
gas filter and the ionisation energy of the S atom (3s*3p°[*Py,,]
final ion state) for the second energy range. This led to an absolute
energy scale accuracy of 2.5 meV over the full range. The photon
resolution was 0.72 A (6 meV at 10 eV and 11 meV at 13.5 eV) for
both scans. The total (electron + photon) energy resolution was
13 meV and 14 meV for the lower and higher energy scans,
respectively, as measured from the atomic signals.

The ion image was used to select only ions possessing a velocity
component along the molecular axis, therefore discarding con-
tribution from the ionisation chamber background (as previously
described). Furthermore, the ion image analysis provided an
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estimation of the translational temperature of around 240 K,
which is assumed equal to the rotational temperature.'®

2.2. Computational

The ab initio calculations on the electronic states of SiS and SiS"
were carried out using first the internally contracted multireference
configuration interaction method with Davidson correction (MRCI + Q)
with complete active space self-consistent field (CASSCF) wave-
functions, and also using the coupled cluster method (R)CCSD(T).
The CASSCF and MRCI calculations were performed at full valence,
namely with 10 (9 for SiS") electrons distributed in 8 orbitals with
the 1s, 2s and 2p orbitals of silicon and sulfur atoms kept doubly
occupied. All calculations were performed using the MOLPRO 2015
package."® Single point calculations were performed with the AVAZ
(n =T, Q, 5, and 6) basis set for the equilibrium geometries and
anharmonic frequencies (using the DIATOMIC routine in MOLPRO
where the potential curves were fitted with a polynomial of 10th
order, allowing the spectroscopic constants to be calculated (w,
WeXe, and wyYe)). The spin-orbit matrix elements and eigenstates
were computed at MRCI level using the Breit-Pauli (BP) operator.
Complete basis set (CBS) extrapolations were carried out using the
AVnZ (n = T, Q, 5, and 6) basis set series. For CASSCF/MRCI
calculations the CASSCF and dynamical correlation (Emrcrg —
Ecasscr) energies were extrapolated using the Ecassce(CBS) + A x
e 7" and Ec,(CBS) + C x n ™ functions, respectively. The calculated
energies reported in this paper correspond to Ecassce(CBS) +
Econ(CBS). For (R)CCSD(T) calculations the energies were extrapo-
lated using Ec,{(CBS) + C x n~* function. At the MRCI and CCSD(T)
levels, the equilibrium distances were extrapolated using the expres-
sion r,(CBS) + C x n* function. The anharmonic constants (X,
and wey.) could not be extrapolated because their trend could not be
fitted. Indeed, the values depend slightly on the basis used (ie.
without regular progression) and here it was preferred to keep the
values obtained with the largest basis set (AV6Z). It should be noted
that the second B”X" state cannot be calculated at CCSD(T) level
because only the first state of a given symmetry can be calculated
using this method. Therefore, only the values calculated at MRCI
level are reported in Table 1 for this state.

The Franck-Condon (FC) calculations presented in this
study were performed using the ezSpectrum software,*® with ab
initio MOLPRO output files generated using the AV6Z basis set for
all states. The simulations were scaled by estimating the relative
partial ionisation cross sections of SiS and considering the
experimental resolution. A vibrational temperature of 1000 K
was considered for the Franck-Condon harmonic simulation.
Note that in threshold photoelectron spectroscopy, autoionisation
might affect vibrational branching ratios® so that the chosen
temperature should be taken as an estimate that best fits the
experimental spectrum.

3. Results and discussion
3.1. Composition of the reactor

The mass spectrum obtained from the integration of the TOF
between 9.9 and 10.9 eV for the SiH, + H,S + F system is

This journal is © the Owner Societies 2025
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Table 1 Experimental and calculated ionisation energies of SiS and spectroscopic constants for the X+ 2I1z/5, X* 2Ty, AT 22+ and B* 2L states of SiS*

State T, (em™) re (A) e (cm™) OeXe (cm ™) IE (eV) Ref.

X' 21y, 83999 + 30 635 + 30 10.453 + 0.003 Exp
2.065 595.23 2.50 10.365 Calc MRCI
2.066 601.18 2.20 10.440 Calc CCSD(T)
2.05 + 0.01 700 + 30 10.38 + 0.02 Exp.*°
2.085 576 10.2 calc.?
3.936 547.2% 10.43 cale.”

X" 2Ty,, 84338 + 20 597 + 28 10.493 + 0.003 Exp
2.065 595.23 2.50 10.403 Calc MRCI
2.066 601.18 2.20 10.478 Calc CCSD(T)
2.087 576 2.50 10.35 Calc®

AT 2T 10.515 + 0.003 Exp
1.917 720.88 3.32 10.661 Calc MRCI
1.918 729.26 2.34 10.517 Calc CCSD(T)

10.53 + 0.02 Exp®

1.934 704 10.35 Calc?

B 2x* 111050 + 37 551 + 45 13.802 + 0.003 Exp
2.017 572.15 4.57 13.660 Calc MRCI
2.05 + 0.01 655 + 30 13.73 + 0.03 Exp.°
2.048 535 13.55 calc.?

Values from this work are in bold.  The spin-orbit splitting was not resolved in this experiment. ? The spin-orbit coupling was not taken into

account in the calculations. Calculations with MP2 level of theory except

presented in Fig. 1. This integration range was selected to
remain below the SiH, ionisation energy (about 11 eV) for clarity
since it overlaps with the *2S atom peak in our mass spectra.
Under these experimental conditions, the SiS molecule was
produced efficiently, with a good signal-to-noise ratio (SNR)
compared to the precursors. Its formation can occur through
several possible pathways, including S + SiH, S, + SiH, or SH +
SiH, all of which have been reported as exothermic in the
literature.>*>* Beyond m/z 60, numerous heavier molecules
with masses up to m/z 256 amu were also detected, as seen in
Fig. S5 and S6 of the ESL.{ These species do not interfere with
the molecule of interest due to the selectivity of the PEPICO
technique, as mentioned previously. Moreover, the sharp TOF
peaks indicate ions formed from genuine neutral species,
excluding the possibility of contribution from fragments.

60
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50 - H,S(x=0-2)

40

30

10°% ion counts

20

SiH, (x=1-3) | ss

0 i L 1 ’11 ‘11
L e e e
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energy / eV

Fig.1 TOF mass spectra integrated between 9.9 and 10.9 eV photon
energy for the F + SiH4 + H,S system.
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for * which was calculated with HF.

3.2. Threshold photoelectron spectra

The mass-selected threshold photoelectron spectra (TPES) at
m/z 60 are shown in Fig. 2 over two photon energy ranges:
9.9-11.2 eV and 13.5-14.5 €V, along with the simulated spectra. They
correspond to three ionising transitions originating from the X '=*
ground state of SiS. Note that the corresponding ion yields are
available in supplementary note 1 (Fig. S1 and S2, ESIT).

The spectrum corresponding to the 9.9-11.2 eV energy
region is shown in Fig. 3. Two overlapping bands could be
assigned to the X" *IT « X '=" and A" >X" « X 'Z* ionising
transitions. Several hot bands and sequence bands could be

10 10.5 11 13.5 14

TS R S T T T T S R S B2 T S S T B R R

r A2 (1=0) — X 'TH(v=0)

X U3 (v=0)[|«—X 'S (v=0)
X 2Myp(v=0) <X '£F(v=0)

B 2 (v*=0) — X '2*(v=0)

SRS V.V SRR

intensity
(=}
|

—  exp.
calc.

LA S S S B S B E S B 7 s p

10 10.5 11 13.5 14

T T T T

energy / eV

Fig. 2 Experimental TPES of SiS (black trace) in comparison with Franck—
Condon simulations (green trace) in both 9.9-11.2 and 13.5-14.5 eV
energy ranges. See text for details.
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Fig. 3 Mass-selected experimental TPES of SiS in the vicinity of X* 2TT « X
I+ and A" 22 « X =" jonising transitions (black trace). The Franck—
Condon simulation for the individual X* ?IT and A* 2% are shown in blue
and pink respectively. The sum of both is plotted in green in comparison
with the black experimental trace. The X* 2IIs/, corresponds to the blue
dashed line while the X* 2[1, corresponds to the orange one. The
simulation for the ground state includes the calculated spin—orbit coupling
constant of —304.36 cm ™. See text for details.

also identified, originating from v = 1 and v = 2 vibrational
states of the neutral, arising from the exothermicity of H
abstraction reactions which leads to vibrationally and even
electronically excited neutral species in the reactor.>® The
spin-orbit splitting of the X" *I1 state could be resolved, leading
to the assignment of the X' *I1, and X' °I1;, states, both
exhibiting a clear vibrational structure.

For the X" *II state, precise measurements of the adiabatic
ionisation energies (AIE) of both spin components were obtained
as 10.453 £ 0.003 eV and 10.493 + 0.003 eV, respectively. These
values are in good agreement with the calculations in this work
(Table 1) but are slightly higher than those reported in previous
experimental and theoretical studies.®”® The earlier experimental
work by Cockett et al.® was conducted at high temperatures
(~1200 K) using a pyrolysis oven, leading to broad and over-
lapping spectral lines that affected the measured IE. Conse-
quently, the two spin components could not be resolved, and
the (0, 0) transition overlapped with hot bands. In contrast, the
present spectrum clearly distinguishes the (0, 0) transition, resulting
in a more robust measurement of the AIE. The dissociation energy
(Do°) of X" 15, can be derived under the assumption that SiS(X 'Z")
dissociates into Si(*P,) and S(*P,), while SiS*(X" *I1;,) dissociates
into Si*(*Py,) and S(*P,). The dissociation energy of SiS(X 'Z*) was
measured to be 6.39 4 0.13 €V,?® and the ionisation energy of the Si
atom was determined to be 8.15168 + 0.00003 eV.”” Using the
updated IE of SiS, this yields a D,° value of 4.09 + 0.01 eV through
the Born-Haber cycle. Note that the precision of the dissociation
energy of the cation SiS" is ultimately limited here by the uncertainty
of the dissociation energy of the neutral SiS.
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The simulation is found to reproduce well the spectrum
except for the intensity of the (0, 0) transition of both spin
components which appears more intense than predicted.
Although the discrepancy could be due to the accuracy of the
calculated equilibrium distances, it likely stems from autoionisa-
tion resonances affecting the shape of the TPES due to their large
cross-sections and potentially different wavefunction overlaps to
the final state. Indeed, such autoionisation processes have been
used to map regions of the cation molecular potential that are not
accessible by direct ionisation.?® The contribution from direct and
indirect ionisation can be distinguished by comparing different
integration regions, as demonstrated in the case of coronene.”® For
similar integration regions, partial cross-sections are not expected
to change since they vary smoothly, within eVs, while the auto-
ionisation signal will vary rather sharply.

Supplementary notes 1-3 (ESIt) show the ion yield, a compar-
ison between two integration regions to obtain the TPES from the
PES matrix and the full PES matrix, respectively. Although the ion
yield does not show evidence of autoionisations, perhaps due to
their short lifetimes, the dependence of the vibrational branching
ratios on the electron energy integration interval points to their
presence, while the PES matrix in Fig. S4 (ESIt) clearly shows an
enhanced intensity in the constant ionic state corresponding to
X"°TI(v" = 0) « X '=*(v = 0) ending abruptly at the threshold of the
A" ?%", related to Rydberg series converging towards this state.

The average experimental spin-orbit splitting of —323 =+
41 cm™ " was found between the two X" *I1 components. The
uncertainty is given within 2¢. It appears in reasonable agreement
with the previous calculation of —365 cm™* (ref. 8) and is fully
consistent with the present calculated value of —304.36 cm ™.

The first excited A" >Z* state shows a vibrational structure
dominated by the adiabatic transition and the v' =1 « v =0
ionising transition to the X" *I1,,, state. Sequence bands transi-
tions to the A" ?X" state (' =1 < v=1and v" =2 « v=2) may also
contribute to the non-symmetric profile of the line. With the
help of the calculated spectrum, the adiabatic transition could
be assigned at 10.515 £ 0.003 eV. This value is consistent with
the previous measurement of 10.53 + 0.02 eV,° and agrees well
with the calculated IE at 10.517 eV from this work using
CCSD(T) method.

The higher energy spectrum between 13.5-14.5 €V is pre-
sented in Fig. 4, which includes the B °Z* « X 'X* transition
up to v = 3 as well as two hot bands originated from the v = 1
and v = 2 of the X '=" neutral state. An experimental value of
13.802 £ 0.003 eV was found for the AIE, which compares well
with the calculation performed in this work (Table 1). There is
overall a good agreement between the simulation and the
experimental spectrum barring a slight discrepancy for the
intensity ratios of the hot bands owing to the inability to fit
the full spectrum with a single vibrational temperature, most
likely due to the effect of autoionisation, as discussed for the X"
and A" states.

The vibrational progression of each state was fitted to extract
the spectroscopic constants according to E = T, + we(v + 1/2) —
weXo(v + 1/2)*. The results are presented in Table 1. The lines
were fitted up to v" = 4 and v* = 3 for the X" *IT and B 2X" states,

This journal is © the Owner Societies 2025
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Fig. 4 Mass-selected experimental TPES of SiS in the vicinity of B 2T «

X 1=* transition (black trace) compared to Franck—Condon simulations
(green trace).

respectively, as the signal was too weak afterwards. For the X"
*I1,,, state, the v" =1 line could not be fitted as it overlaps with the
A" ?Z" state. The anharmonicity constant, denoted by wex., could
not be extracted from the experimental data due to the limited
number of lines available for analysis. Note that through theore-
tical calculations, the value of w.x. was found to be smaller than
5 cm™ " for all states, well below our experimental precision.
Overall, the values of . and the computed r, are found to be
consistent with the available literature, although slightly higher
values of w. were observed by Cockett et al.’® The transitions
energies within the cation states can be deduced and compared
with the values computed by Chattopadhyaya and Das® by
subtracting the different IE of the excited state with the ground
state X" *I1;),. The energy difference with the X" *II;/, and B*
%" states shows excellent agreement, with experimental values
of 322 em™" (0.040 eV) and 27 011 ecm ™" (3.349 eV), compared to
the computed values of 365 cm™* (0.045 eV) and 27113 cm ™ *
(3.361 eV), respectively. In contrast, the A* ?2" state exhibits a
larger discrepancy, with an experimental value of 540 cm™*
(0.067 eV) compared to the computed 1203 cm ™" (0.149 eV).

Conclusions

The silicon monosulfide photoelectron spectrum comprising
transitions to the ground and first two excited electronic states
of the cation has been recorded using a double imaging
photoelectron-photoion spectrometer in conjunction with syn-
chrotron radiation. The radical was produced by successive H
abstractions of two precursors, silane and hydrogen sulfide,
which can further react in a flow tube reactor. Comparison to
ab initio calculations allowed the assignment of the vibronic
transitions yielding spectroscopic constants for the ground and
second excited state of the cation, including the spin-orbit

This journal is © the Owner Societies 2025
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splitting value of the ground state. This provides a refined
measurement of the adiabatic ionisation energies as well as an
updated dissociation energy in the ground state of the cation.
The photoelectron spectrum in this work acts as a fingerprint
that can be used to detect SiS by advanced mass spectrometry®
in gas phase reaction studies, and can also provide the founda-
tion for recording laser-based, high-resolution zero kinetic
energy (ZEKE) spectra, suitable for identifying molecules in

space, as recently exemplified by the detection of CH;".*°
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