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ABSTRACT

Context. The recent interstellar detection of the high-energy O-protonated carbonyl sulfide isomer (HOCS™) toward the molecular
cloud G+0.693-0.027 contrasts with the non-detection of its lower-energy S-protonated counterpart, HSCO, the global minimum in
energy. This raises questions regarding the occurrence of selective formation pathways of these [H,C,S,0]" isomers in space.

Aims. In this work, we aim to explore the most likely gas-phase formation routes for both HOCS* and HSCO" beyond the direct
protonation of OCS (i.e., HCS™ + OH, HCO* + SH, HOC" + SH, and HCO + SH") to help rationalize previous observational results.
Methods. We first explored the thermodynamic feasibility of the aforementioned reactions using high-level double-hybrid
B2PLYPD3/aug-cc-pVTZ and CCSD(T)-F12/cc-pVTZ-F12 computations. For the reaction HCS* + OH, found to be the most ther-
modynamically favorable, we characterized the stationary points on its corresponding potential energy surface (PES). In addition, we
also used a composite approach to refine relative energies and employed the statistical rate theory and master equation simulations to
estimate rate constants and branching ratios.

Results. We show that HOCS" is preferentially formed through the reaction of HCS* with OH, providing a plausible chemical
explanation for its interstellar presence and the non-detection of the low energy isomer. Nevertheless, while the branching ratio
computed at a T ~T';,(G+0.693) = 70-140 K is qualitatively consistent with the observations, its value is two orders of magnitude
larger than the derived HOCS™/HSCO™ lower limit observational ratio (of >2.3). This suggests that if the upper limit of HSCO" is
close to the real abundance, additional formation pathways may also play a significant role in shaping the isomeric ratio.
Conclusions. These results highlight that including all isomers in a given family, along with their isomer-preferential formation

pathways, in astrochemical models, which are in many cases isomer-insensitive, is essential to understand their formation routes.
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1. Introduction

Deciphering the molecular inventory of the interstellar medium
(ISM) and elucidating how it is built up remains a central theme
in modern astrochemistry. Sulfur-bearing molecules, in partic-
ular, provide valuable insights due to their role in stellar nu-
cleosynthesis and the chemical evolution of galaxies (Perdigon
et al|2021), their involvement in atmospheric processes (e.g.,
Krasnopolsky| 2012} (Gomez Martin et al.|[2017}; |Chang et al.
2023), and their potential links to early biochemical pathways,
placing them at the crossroads of astrochemical and astrobiolog-
ical research (Richardson et al.|2013} [Todd!|[2022)).

One of the most recently detected interstellar S-bearing
molecules is oxygen-protonated carbonyl sulfide, HOCS™ (Sanz-
Novo et al| 2024a). This cation was discovered toward
G+0.693-0.027 (hereafter G+0.693), a shock-driven Galactic
center molecular cloud that hosts a remarkably rich inventory of
S-bearing species (Rodriguez-Almeida et al.[202 1} Rey-Montejo
et al.|2024; Sanz-Novo et al.|[2024alb}; [Sanz-Novo et al.|[2025)),
using an ultra-deep molecular line survey collected with the
Yebes 40m and IRAM 30m radio telescopes (Rivilla et al.[2023).
The detection of HOCS* was based on the observation of mul-
tiple a-type K, = 0 transitions, most of which were first identi-
fied in the astronomical data and later confirmed through new
laboratory spectroscopic measurements (Lattanzi et al.[2024).
Interestingly, the detection of molecular ions such as HOCS*

and PO* provides valuable indirect constraints on the cosmic-
ray (CR) ionization rate affecting the cloud, as inferred through
chemical modeling. Specifically, in G+0.693, enhanced CR ion-
ization rates (i.e., 10714-1013 s~!; several orders of magnitude
higher than the canonical Galactic disk value of £ = 1.3x107!7
s~ are required to reproduce their observed abundances using
gas-grain astrochemical models (Rivilla et al.[2022c}; Sanz-Novo
et al.[2024a).

The S-protonated ion, HSCO™, the global minimum in en-
ergy within the [H,C,S,0]* isomeric family, remains unidenti-
fied in the ISM despite being more favored thermodynamically
than the O-protonated form (i.e., 4.9 kcal mol~! or 2466 K lower
in energy than HOCS*; Wheeler et al.[2006}, McCarthy & Thad-
deus|[2007; [Lattanzi et al. 2018) Sanz-Novo et al.| (2024a) de-
rived an HOCS*/HSCO™ lower limit ratio of >2.3, which sug-
gests that the formation of HOCS™ is significantly more efficient
under ISM conditions.

In principle, both isomers may form via ion-molecule reac-
tions that start with the ubiquitous carbonyl sulfide (OCS;|Gold-
smith & Linke|[1981} [Li et al.[[2015; Boogert et al.|2015). In-

' The structural isomers HOCS*, HSCO*, and c-OC(H)S™ contain the

same number of atoms of each element but differ in the arrangement
of their atomic bonds. The latter cyclic species lies at 56.05 kcal mol™!
(30219 K) above HSCO" (Wheeler et al.[2006), yet it remains unde-
tected in the laboratory.
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deed, the models presented by [Sanz-Novo et al.|(2024a) showed
that one of the dominant chemical routes is the direct proto-
nation of OCS, involving protons from diverse sources (e.g.,
H;", HCO", and also CH;" and CH™), in agreement with pre-
vious studies(Turner et al.|[1990; Liu et al.|2002; Vidal et al.
2017; Tinacci et al[2021)). The reaction rate coefficients for these
routes are available in the literature and fall within the typical
range for fast protonation reactions of neutral molecules, i.e.,
1.9 x 107 and 1.1 x 10™° cm™ s~! for the first two reactions
(Rakshit|1982; |/Adams et al.[1978), and slightly slower values of
0.8 x 107 cm™ s7" and 8.5 x 107'% cm™3 57! for the later two
(Smith & Adamsl|{1978). However, we note that these studies do
not distinguish between the O- and S-protonated isomers, as the
measurements are based on mass spectrometry.

Alternatively, as highlighted by |Sanz-Novo et al.| (2024a), if
we consider formation pathways analogous to those proposed for
the isovalent HOCO" (see, e.g., [Fontani et al.|2018; Majumdar|
et al.[2018; [Harada et al.[2022), both HOCS™ and HSCO™ could
also be formed via the following ion—molecule reactions:

HCS* + OH — HOCS*/HSCO" + H, (1)

HCO" + SH — HOCS*/HSCO* + H. 2)

However, reactions E] and E] lack theoretical or experimental
data on their rate coefficients, which prevents us from achiev-
ing a complete picture of the chemistry of their products and
from determining whether a dominant formation of HOCS™ over
HSCO™ does occur in the ISM. Therefore, the aim of this work is
to study the thermodynamic and kinetic feasibility of these two
reactions, using a combination of quantum chemistry and kinetic
calculations.

The importance of studying these reactions is further sup-
ported by the widespread presence and astrochemical interest
of the primary precursors, HCS* and HCO™. Since its first de-
tection toward the star-forming region Sgr B2 (Thaddeus et al.
1981), HCS* has been detected in a wide variety of environ-
ments: translucent molecular clouds; cold molecular clouds;
photo-dominated regions; the gas environment around protostel-
lar objects; and the high-mass star-forming region in the Galactic
disk, in the outer Galaxy, and also in external galaxies (Turner|
1996; Leurini et al.|2006; Muller et al.[2013}; [Potapov et al.[2016j
Fuente et al.[2016; [Martin et al.[2021} [Fontani et al.[2022, [2023)).
Moreover, in G+0.693 HCS™ is ~5 times more abundant than
HOCS*, further supporting its role as plausible precursor (Sanz-
Novo et al.[2024a). In the case of HCO™, this O-bearing cation is
even more ubiquitous (see e.g.,[Buhl & Snyder|1970; Klemperer
1970; Woods et al.| 1975} |Snyder et al.|[1976} Hollis et al.|[1976j
Stark & Wollfl||1979} |Guelin et al.|[1982; [Ziurys et al.[[2009} Na-
jita et al.[2010; Pulliam et al.|2011; Hakobian & Crutcher2012;
Martin et al.|2021} [Fontani et al.|[2022)).

In light of these observational results, it is also worth con-
sidering additional ion—molecule reactions involving chemically
related species that could provide alternative formation pathways
for HOCS™ and HSCO®. In particular, we also explore the fol-
lowing processes, which involve the high-energy isomer of pro-
tonated CO, HOC™, and the radical HCO:

HOC" + SH - HOCS"/HSCO" + H, 3)

HCO + SH" - HOCS*/HSCO" + H. “)
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2. Computational methods

The formation processes analyzed in this study were charac-
terized using ab initio and density functional theory (DFT)
methodologies. At the DFT level, we selected the double-
hybrid B2PLYPD3 functional (Grimme|2006), which includes
the Hartree-Fock exchange and a perturbative second-order cor-
relation part, as well as Grimme’s D3BJ empirical dispersion
term (Grimme et al.|2011])). For these calculations, we chose the
Dunning’s correlation-consistent triple-zeta basis sets, aug-cc-
pVTZ, (Dunning, Jr.|[1989; Kendall et al.|[1992; [Woon & Dun-
ning||1993)), which includes both polarization and diffuse func-
tions on all elements. For ab initio calculations, we selected the
explicitly correlated coupled cluster theory with single and dou-
ble excitations, including triplet excitations through a perturba-
tive treatment, CCSD(T)-F12b (Knizia et al.|2009)), in conjunc-
tion with the cc-pVTZ-F12 basis set (Peterson et al.[2008)).

In addition, a composite approach was employed to achieve
maximum accuracy in the relative energies of the stationary
points located on the potential energy surface (PES) for the re-
actions analyzed kinetically. The calculated energy at the ab ini-
tio CCSD(T)/aug-cc-pV(T+d)Z level, a coupled cluster with sin-
gle and double excitations, including triple excitations through a
perturbative treatment (Raghavachari et al.||{1989; Dunning et al.
2001)), is taken as the reference for this approach. The aug-cc-
pV(T+d)Z adds high-exponent functions for the sulfur atom to
the standard correlation-consistent basis sets. Composite ener-
gies were calculated according to the expression:

E(comp) = E(CBS) + AE(CV),

where E(CBS) corresponds to the complete basis set (CBS)
limit extrapolated value, which considers basis set truncation
errors, computed with an exponential extrapolation scheme
(Halkier et al.[1999) using CCSD(T)/aug-cc-pV(X+d)Z (X =T,
Q, and 5) data. The core-valence (CV) effects are considered
through the term AE(CV). It is estimated as the difference be-
tween a calculation including all electrons (ae) and a frozen-
core (fc) approach, computed using the Dunning’s weighted
correlation-consistent polarized core-valence triple-zeta basis
sets (aug-cc-pwCVTZ; |Peterson & Dunning, Jr.2002):

AE(CV) = E(ae—CCSD(T)/aug—cc—pwCVTZ) -
E(fc—CCSD(T)/aug—cc—pwCVTZ).

At the levels of calculation used in each optimized geometry,
a calculation of harmonic vibrational frequencies was performed
to characterize the stationary points and to determine the zero-
point vibrational energy (ZPVE). Critical points on the PES are
classified as minima if they have all real vibrational frequencies,
and transition states if they possess just one imaginary frequency.
To confirm that transition states connect the desired minima, an
intrinsic reaction coordinate (IRC) was calculated for each one
(Fukui|[1981)) .

For the most viable reaction from a thermodynamic point of
view (see Section 3.1), we estimated rate constants and product
distributions as a function of temperature and pressure by apply-
ing statistical rate theory to the stationary points using the Master
Equation Solver for Multi-Energy well Reactions (MESMER)
program (Glowacki et al.|[2012). Theoretical determination of
rate constants for multiwell reactions involves computing each
elementary step individually. The transition state theory (TST)
was employed to calculate the rate constants for the steps involv-
ing a transition state. Specifically, the microcanonical rate coef-
ficient for these unimolecular elementary steps was determined
using the Rice Ramsperger Kassel Marcus (RRKM) theory (Hol-
brook et al.||]1996; Baer & Hasel|1996). The association rate coef-
ficient corresponding to the entrance channels (barrierless steps)
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was calculated using equation [5} proposed by Georgievskii and
Klippenstein for ion—dipole interactions (Georgievskii & Klip-
penstein|2005)):

kuvrst(T) = 1.125 V2w gd > T3, 5)

where ¢ is the charge of the ion, d is the permanent dipole
moment of the molecule, i represents the reduced mass of the
two reactants (in atomic mass unit), and 7 represents the temper-
ature (in kelvin). This was then treated with the inverse Laplace
transformation (ILT) methodology implemented in MESMER
(Davies et al.||[1986)) . This approximation resolves the challenge
of explicitly defining a transition state for a barrierless process.

Electronic structure calculations were carried out using the
GAUSSIAN 16 (Frisch et al.[2019) and MOLPRO (Werner et al.
2019) program packages, with methods, basis sets, and geometry
optimization procedures implemented in them.

3. Results and discussion

In this section, we present and discuss the results of this work,
beginning with the thermochemical analysis of the proposed gas-
phase ion—molecule reactions that lead to the formation of pro-
tonated OCS isomers. For reactions identified as thermodynam-
ically feasible under ISM conditions, the stationary points on
their corresponding PESs are characterized. These data enable
the determination of kinetic rate coefficients, providing insight
into the relative formation ratios of the HOCS* and HSCO™ iso-
mers.

3.1. Formation of HOCS* and HSCO" isomers

In addition to studying reactions|I]and 2] proposed by[Sanz-Novo
et al.| (2024a), we also considered processes involving HOC™,
the radical HCO, and SH" species (i.e., reactions |3 and , all
of which are known to be present in the ISM. Table [T| shows
the reaction energies derived. In all reactions, we have consid-
ered both protonated isomers of OCS, HOCS*, and HSCO" as
possible products. As shown, for reaction [I]the formation of the
sulfur-protonated isomer, HSCO", is the most thermodynami-
cally favorable process, while for reactions and 4] H,S™ is
the predominant product, along with CO.

Reaction |1 HCS* + OH, is exothermic for the formation of
the two protonated isomers of OCS, while the competing pro-
ton transfer process, from HCS* to OH, is clearly endothermic.
In reaction [2| by contrast, the formation of either HOCS™ or
HSCO™ follows endothermic pathways, while proton transfer,
from HCO™ to SH, is clearly exothermic. Thus, proton transfer
dominates, and reaction [2] does not contribute to the formation
of the target species. On the other hand, for reactions [3] and [4]
the formation of HOCS™ and HSCO™ is exothermic, but the pro-
cess giving CO + H,S™ is energetically more favorable (see Ta-
ble[1). A preliminary study shows that HOCS® and HSCO™ are
expected to be only minor products from the reactions HOC*
+ SH, and HCO™ + SH, as can be seen in the PESs shown
in Appendix A (Fig. [A.]] and Fig. [A.). Furthermore, consid-
ering the relative abundances of the three precursors in G+0.693
(i.e., HCS" is ~2.8 and ~22 times more abundant than HCO and
HOC", respectively; V.M. Rivilla, private communication), the
only source where HOCS™ has been characterized so far, pro-
cesses [3] and [ are unlikely to play a significant role in the for-
mation of HOCS™ and HSCO™.

Table 1. Reaction energies including ZPVE calculated at different levels
of theory (in kcal mol™").

Reactants Products B2PLYPD3/ CCSD(T)-F12/
aug-cc-pVTZ  cc-pVTZ-F12

HCS*+ OH HOCS*+H -15.6 -13.3
HSCO" + H -19.8 -18.1

CS + H,0* 49.0 47.7

HCO* +SH HOCS'+H 5.8 6.7
HSCO" + H 1.6 1.9

CO + H,S* -22.0 -23.1

HOC" +SH HOCS* +H -33.4 -31.0
HSCO" + H -37.6 -35.8

CO + H,S* -61.2 -59.8

HCO + SH* HOCS* +H -42.3 -44.3
HSCO" + H -46.5 -49.2

HCO" + SH -48.1 -51.1

CO + H,S* -70.1 -74.2

Based on the aforementioned reactions and in view of current
results, the formation of HOCS* and HSCO™ is the only viable
process from reaction[I] To see how both species are formed and
determine their formation rate constants, it is necessary to char-
acterize the critical points, intermediates, and transition states on
the corresponding PES. We applied different calculation levels,
described in Section 2, to study the PES of the reaction between
OH and HCS™ (reaction . Fig. (1| shows the reaction pathways
that connect the localized stationary points. The relative energies
for intermediates, products, and transition states computed using
the reactants as a reference are listed in Table[2l

An analysis of the relative energies obtained at the different
levels, summarized in Table E], shows that, as expected, the re-
sults at the correlated CCSD(T)-F12/cc-pVTZ-F12 level agree
more closely with those from the composite calculations than
those obtained at the CCSD(T)/aug-cc-pV(X+d)Z (X = T, Q,
5) levels. Except for intermediate I1, the discrepancies between
the composite and the CCSD(T)-F12/cc-pVTZ-F12 energy dif-
ferences are below 0.4 kcal mol~!. At the B2PLYPD3/aug-cc-
pVTZ level, the same qualitative trend is observed, but the en-
ergy differences relative to the composite values are larger (on
the order of several kcal mol™).

As shown in Table[2] all computational levels employed con-
firm that the sulfur—protonated OCS (HSCO™) is the most favor-
able product from a thermodynamic point of view. An analy-
sis of the reaction pathways leading to both protonated isomers
reveals that their formation takes place via the intermediate de-
noted as I1 (see Fig.[I)). This intermediate can be reached through
two different pathways. In the first path, Ila, the reaction be-
gins with the interaction between HCS* and OH, forming the
ion—molecule complex C1. From this complex, C-O bond for-
mation occurs through the transition state TS1, located 2.7 kcal
mol~! below the reactants at the composite level. The second
path, I1b, starts with the formation of the ion-molecule complex
C2, which evolves to intermediate 12 through the transition state
TS2, where an S-O bond is formed. The TS2 transition state con-
nects C2 with the 12 isomer in the “in” conformation, which sub-
sequently evolves into the slightly more stable “out” conformer
(by 0.2 kcal/mol). This interconversion process involves a bar-
rier of 2.3 kcal/mol, which remains well below the energy of
the reactants (-14.0 kcal/mol). Then, the migration of the OH
group from sulfur to carbon in I2 leads to intermediate I1, via the
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Table 2. Relative energies including ZPVE for the stationary points located for the reaction between HCS™ and OH calculated at different levels

of theory (in kcal mol ™).

B2PLYPD3/ CCSD(T)-F12/ CCSD(T)/ CCSD(T)/ CCSD(T)/ CCSD(T)/ E(comp)
aug-cc-pVTZ cc-pVTZ-F12 (T+d)Z* (Q+d)Z* S+d)zr CBS

HCS*('A’) + OH(ID) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
HOCS*('A") + H(®S) -15.6 -13.3 -11.5 -12.6 -12.8 -12.9 -13.3
HSCO*('A") + H(®S) -19.8 -18.1 -16.6 -17.6 -17.8 -17.8 -18.0
C1 (CA") -11.7 -11.1 -11.2 -11.1 -11.0 -11.0 -11.0
C2(?A") -9.0 -8.7 -8.7 -8.7 -8.7 -8.7 -8.8
I1 CA) -60.5 -63.3 -56.2 -57.0 -57.1 -57.1 -57.2
12 CA) -13.7 -16.5 -13.9 -15.6 -16.2 -16.4 -16.5
I3 CA) -40.7 -38.1 -36.4 -37.7 -38.0 -38.0 -38.1
TSI (*A) 4.8 3.0 2.8 2.8 2.8 2.7 2.7
TS2 (CA) -0.7 -1.2 -0.2 -0.7 -0.8 -0.9 -0.9
TS3 (CA) -8.2 -7.9 -8.0 -7.9 -7.9 -7.9 -8.0
TS4 CA) -10.9 -7.7 -5.8 -6.9 -7.2 -7.3 -7.6
TS5 CA) -14.9 -12.5 -10.7 -11.9 -12.2 -12.3 -12.6
TS6 CA) -14.7 -11.6 -9.6 -10.9 -11.2 -11.3 -11.7
TS7 CA) -9.0 -3.7 2.1 -3.1 34 34 -3.5

* Basis: (T+d)Z = aug-cc-pV(T+d)Z; (Q+d)Z = aug-cc-pV(Q+d)Z; (5+d)Z = aug-cc-pV(5+d)Z.

transition state TS3. Both the TS2 and TS3 transition states are
located below the reactants (0.9 and 8.0 kcal mol~! at the com-
posite level, respectively). These two paths (shown with dashed
and dotted black lines), which give rise to intermediate 11, can
be summarized as

Path Ta: HCS* + OH — C1 2511,

Path Ib: HCS* + OH — €2 25 12 2, 11,

Once intermediate I1 is reached, the elimination of the hy-
drogen atom bonded to the carbon one leads to the formation
of HOCS™. This process occurs through the transition state TS4,
which is located at -7.6 kcal mol~! at the composite level. This
path, highlighted in green, can be summarized as follows:

Path a: I1 =% HOCS* + H.

Alternatively, intermediate I1 can isomerize to intermediate
13 by migration of the hydrogen atom from carbon to sulfur, via
transition state TS3, located 12.6 kcal mol~! below the reactants.
The two products, HOCS™ and HSCO™, can be obtained from
isomer I3 by eliminating the hydrogen bonded to either the sulfur
atom or the oxygen one, respectively. These processes involve
passing through transition states TS6 and TS7, located at -11.7
and -3.5 kcal mol~! from the reactants at the composite level.
Both paths (shown in blue and purple) can be summarized as:

Path b: 11 — I3 =5 HOCS" + H,

Path b2: T1 25 13 2%, HSCO* + H.

Based on the PES analysis, we can conclude that both iso-
mers, HOCS*/HSCO™, can be formed from the reaction of the
hydroxyl radical with HCS™. The barrier to the isomerisation
of HSCO™ to HOCS™, calculated by [Wheeler et al.| (2006), lies
~ 69 kcal/mol higher than the lower energy isomer. This high
barrier hinders the isomerization process from taking place un-
der ISM conditions; thus, if both isomers are indeed formed, they
will coexist. To assess the efficiency of forming both products
and to rationalize their observed abundances in the ISM, kinetic
calculations are required.
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3.2. Rate coefficients for the HCS* + OH reaction

The rate coefficients for the three pathways (al, bl, and b2)
of the HCS* + OH reaction were calculated using the MES-
MER program. As input parameters, we used the composite rel-
ative energies (Table [2), along with the vibrational frequencies
and rotational constants, of all species involved, computed at
the CCSD(T)-F12/cc-pVTZ-F12 level of theory (shown in Ap-
pendix B, Table[B.T)) .

Initially, we performed simulations over a wide range of
densities (10* - 10'* cm™) and temperatures (75 - 300 K), to
cover the hydrogen volume density and kinetic temperature of
the Galactic center molecular cloud G+0.693 (i.e., H, volume
densities of a few times 10* cm™ and T;, = 70-140 K; Requena-
Torres et al.|[2006; Zeng et al.|2018}; |Colzi et al.||2024). We ob-
served that the HCS™ + OH reaction exhibits no pressure de-
pendence for the global rate constant within the investigated gas
density range. Therefore, the gas density was set at 10* cm™,
consistent with that of the gas in G+0.693. A minimum tem-
perature of 75 K was selected since the MESMER program en-
counters difficulties in accurately predicting rate coefficients at
low temperatures when the PES includes deep wells. This diffi-
culty arises from the evaluation of both the forward and reverse
reactions of these wells. At low temperatures, the rates out of the
well become very low, often approaching the precision limits of
the computation.

Table [3] presents the bimolecular global rate coefficients k;
and k,, for the formation of HOCS™ and HSCO™ respectively,
from the reaction of HCS™ with OH. The rate coefficient k; in-
cludes paths a and b1, whereas k, corresponds to pathway b2.
Table [3] also reports the branching ratios corresponding to the
formation of HOCS™ and HSCO".

As shown in Table 3] both k; and k; exhibit a negative tem-
perature dependence over the temperature range considered in
this study, consistent with the presence of negative-energy tran-
sition states on the PES for the reaction HCS™ with OH (Fig. .
Furthermore, the global rate coefficient ki, associated with the
formation of HOCS™, is significantly larger (i.e., by approxi-
mately two orders of magnitude) than k,, which corresponds
to the formation of HSCO™. This behavior is in line with the
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Fig. 1. Relative energies (in kcal mol™") for the stationary points located along the gas phase reaction of HCS" with hydroxyl radical computed
at the composite approach. The ZPV energies are included. Different paths are highlighted with different line styles and colors, as shown in the

energies calculated at the composite approach and a density of 10* cm™) .
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Table 3. Bimolecular rate coefficients, k(T), and branching ratios for the reaction of HCS™ with OH, computed at different temperatures with

T(X)
175 150 125 100 75
k;*/cm® molecule™! s7!  1.35x1071%  1.76x1071  2.48x1071% 3.55x1071° 6.25x107!°
k,*/cm® molecule™ s™' 3.31x107°  4.06x1071%  5.37x10713  7.40x107°  1.24x107'2
[HOCS*]/[HSCO*] 4.08x10? 4.35x10? 4.62x10? 4.81x10? 5.05%x10?
* k; and k, global rate coefficients for the formation of HOCS™* and HSCO™, respectively.
lower activation barriers identified for pathways a and bl, in
contrast to the higher barriers along pathway b2. The differ-

ence between the two rate coefficients is consequently reflected
in the [HOCS™]/[HSCO™"] ratios. Additionally, the branching ra-
tios display a slight inverse linear dependence on temperature,
increasing as the temperature decreases. As a result, the rela-

yond merely the most stable isomer, as other high-energy iso-
tive abundance of the less stable isomer, HOCS™, which is ki-

mers may also exist and be observable in space (see, e.g., recent
interstellar detections of high-energy isomers within the CH,N,
C;H,0, C,H40,, C3H40, and C;HsNO, families; |Loomis et al.
2015; Bermudez et al.[[2018; Mininni et al.|2020; (Cabezas et al.

2021} |Shingledecker et al.|2020; Rivilla et al.|2023; [Sanz-Novo
netically the most favorable, increases slightly at lower temper-

atures. Overall, these theoretical kinetic results indicate that the
reaction preferentially proceeds via the mechanism leading to

the less stable isomer, HOCS*, rather than to the more thermo-

et al.|2025). The [H,C,S,0]* isomeric family provides a further
dynamically favorable product HSCO™.

compelling case, in which HOCS™ has been detected despite be-
ing less stable (4.9 kcal mol~! or 2456 K at the CCSD(T)/CBS
served.

4. Astrochemical implications and conclusions

The focus of recent astrochemical studies has recently shifted to-
ward exploring the entire isomeric landscape of molecules, be-

level) than the global minimum, HSCO™, which is yet to be ob-

This finding, together with the lower limit isomeric ratio
of HOCS*/HSCO" > 2.3 derived toward G+0.693 (Sanz-Novo
et al.|[20244a)), provides strong observational evidence that ther-

modynamics alone cannot account for either the detectability
or the relative abundance of these species. It adds to the grow-

ing list of exceptions to the minimum energy principle (MEP)
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outlined above, which proposed that the most thermodynami-
cally stable isomer should be the most abundant in space (Latte-
lais et al.|2010). We must, therefore, invoke selective formation
chemical routes, i.e., pathways that preferentially lead to the for-
mation of the high-energy isomer (i.e., HOCS™ in this case), as
proposed for other families, such as those yielding selectively
trans methyl formate (CH3;OCHO), cis formic acid (HCOOH),
or glycolamide (HOCH,C(O)NH), a high-energy structural iso-
mer of glycine, among others (Neill et al.|2012; |Garcia de la
Concepcion et al.| 20225 Rivilla et al.[[2023; |Sanz-Novo et al.
2025 Perrero et al.|[2025). In this context, the theoretical ki-
netic results presented here for reaction [I] suggest that this for-
mation pathway is indeed favored for the production of HOCS™,
which clearly predominates over HSCO*. While these results are
in good agreement with the astronomical observations toward
G+0.693, if the detection of HSCO" is confirmed in the near fu-
ture and the derived upper limit for HSCO™ is indeed close to its
actual abundance, this will mean that the ratio of the rate con-
stants (ki/ky) ata T ~ T1;,(G+0.693) = 70-140 K is two orders
of magnitude larger than the derived HOCS*/HSCO" lower limit
observational ratio (of >2.3) (Requena-Torres et al.||2006} Zeng
et al.|[2018}; |Colzi et al.|[2024). Therefore, this scenario would
suggest that additional formation pathways may also play a sig-
nificant role in shaping the isomeric ratio.

Another key reaction is the direct protonation of OCS, pre-
viously suggested by Sanz-Novo et al.|(2024a) as the main con-
tributing pathway. While we cannot rule out a priori that this re-
action may preferentially form the more stable isomer HSCO®,
McCarthy & Thaddeus|(2007) and|Sanz-Novo et al.[(2024a)) pro-
posed an alternative hypothesis based on chemical intuition. It
suggests that the relative orientation of OCS and the protonat-
ing agent (e.g., H;", HCO*, CH;") might play a pivotal role in
directing the direct protonation pathway. If the reaction depends
on the spatial arrangement of the reactants, HOCS™ may domi-
nate over HSCO™ in the ISM due to the higher electronegativity
of O compared to S, making it the more favorable protonation
site (McCarthy & Thaddeus|2007), again in agreement with ob-
servations toward G+0.693.

In addition to finding that reaction [Iis isomer-dependent, the
relevance of this work to understanding the formation of HOCS™*
lies in the fact that reaction [2| - propccosed by |Sanz-Novo et al.
(2024a) - is endothermic for both the O- and S-protonated iso-
mers and therefore inactive under interstellar conditions. Al-
though reactions [3] and [4] proceed exothermically, their primary
outcome is the formation of CO + H,S*, with HOCS™ and
HSCO" arising only as minor by-products. Thus, these routes
can be disregarded as predominant formation channels of either
HOCS™ or HSCO".

In summary, we have found that the high-energy isomer
HOCS" is preferentially formed via the reaction of HCS* and
OH, which helps us rationalize its recent discovery in the
ISM, along with the non-detection of HSCO™ toward G+0.693.
We emphasize the importance of exploring the full isomeric
panorama within a given family from both an experimental (i.e.,
spectroscopic and kinetic investigations) and theoretical point of
view. However, quantum chemical computations on the reactiv-
ity and formation mechanisms of interstellar systems often over-
look the full isomeric landscape. Incorporating all isomers, along
with their specific formation pathways, into astrochemical mod-
els —many of which are still insensitive to isomerism— repre-
sents a critical step toward elucidating their formation routes and
explaining and/or predicting their abundance ratios, which will
be crucial to achieving a more complete picture of the chemistry
of the targeted species in space.
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Appendix A: Complementary figures

Schematic representation of the stationary points characterized on the PESs for the HOC* + SH (3)) and HCO + SH* (EI) reactions,
computed at the B2PLYPD3/aug-cc-pVTZ level.

TS
HOC* + SH
-10.7
HOCS* +H
334
e HSCO* +H
13 376
B i \ﬂ) P
e CO + H,S*
1 : 585 R

),d, =0
-69.8

Fig. A.1. Relative energies (in kcal mol~') for the stationary points located along the gas phase reaction of HOC* and SH computed at the
B2PLYPD3 level. The ZPV energies are included. From intermediate 13, HCOS™ and HSCO™ are obtained following the steps shown in Fig.

H+ CO + SH*
T ATA
HCO + SH*
0.0
TS-C3-I13
L/ HOCS* +H
: 5 423
;807 e « | _HSCO*+H
| s 465
HOO'eSH ¢ o T§;03-9§,_.... N
481 13
c4 g
674 CO + H,S*

------------------------------------------- 70.1

Fig. A.2. Relative energies (in kcal mol™") for the stationary points located along the gas phase reaction of HCO + SH* computed at the B2PLYPD3
level. The ZPV energies are included. From intermediate I3, HCOS™ and HSCO™" are obtained following the steps shown in Fig.
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