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The decomposition mechanism of methanethiol (CH3SH) under pyrolysis conditions has been investi-
gated using electronic structure calculations at the CCSD(T)-F12/cc-pVTQoo Z-F12//CCSD(T)-F12/cc-
pVDZ-F12 level of theory for several potential energy surfaces such as CHzSH + SH, CH3zSH + CHj3,
CH,S + SH, CH,S + CHs and CS + SH. Pressure dependent reaction rates for the associated reactions
have been deduced from energies, frequencies and geometries calculations by solving the master
equation for each surface. Complex behavior is observed for these systems with very low to submerged
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with phase space theory. Comparison with available experimental data shows that the resulting
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1. Introduction

High temperature kinetics of sulfur-bearing compounds in the
gas phase are relevant to a wide span of applications, ranging
from practical industrial applications of combustion, up to
theoretical research on photochemistry and atmospheric
chemistry." In combustion applications, the Claus process
is the standard method to purify natural gas and extract sulfur
from gases containing hydrogen sulfide, such as sour shale gas,
to produce elemental sulfur for the chemical industry.” This
process involves the oxidation of hydrogen sulfide (H,S), which
is the main sulfur-bearing species in natural gas, but other
contaminants such as methanethiol CH;SH can also be present
in concentrations sufficient to impair sulfur yields.”> The highly
exothermic nature of this oxidation leads to high temperatures in
the reactor and to the thermal decomposition of these sulfur-
bearing compounds. Research for optimizing this process has also
been increasing in popularity due to the recent interest in biogas
production as a renewable energy source. This type of gas also
contains high amounts of sulfur compounds in the form of H,S
and CH;SH that need to be removed for its use in gas turbines.®’

The kinetics of CH;SH have also been previously explored by
atmospheric chemists, because of its crucial role in the sulfur
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mechanism robustly predicts the abundance of the main species over the full temperature range.

cycle on Earth. It involves sulfur emissions from organic sulfur
compounds of living organisms in the oceans, released in the
form of gases such as CH3;SH and CH3SCH; (dimethylsulfide or
DMS), the latter constituting its main form in the atmo-
sphere.®® These molecules have a very short residence time
in the atmosphere (about 1 day) because they are quite rapidly
oxidized by atmospheric molecular oxygen, which promptly
reacts with the CH3S and CH3;SCH, radicals produced by the
reaction of CH3;SH and DMS with other radicals produced by
photochemistry such as the hydroxyl radical (OH).'*"?

These reactions happen on Earth at relatively low tempera-
tures, but the need for high temperature data has been increas-
ing these past few years in the field of astrophysics, in
particular in exoplanet atmospheric studies, due to the recent
observational evidence of high-temperature photochemistry.
Since the launch of the James Webb Space Telescope in
December 2021, the exoplanet atmospheric chemistry commu-
nity has reported multiple detections of sulfur, notably in the
warm atmospheres of planets such as WASP-39 b and WASP-
107 b.**'* The observations of these 2 planets constitute the
very first detections of sulfur element in exoplanet atmo-
spheres. Surprisingly, sulfur dioxide (SO,), the highly oxidized
state of sulfur, has been detected, whereas its presence was not
expected according to chemical equilibrium predictions. The
presence of SO, has been explained through a pathway initiated
by photochemistry.'*'® Multiple sulfur kinetic networks have
been used to try to model the atmosphere of these planets and
reproduce the observational data,"*'®'° but these networks
only include sulfur chemistry as an S/O/H system, although in
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hydrogen dominated atmospheres such as the ones expected
for WASP-39 b and WASP-107 b, carbon and nitrogen are also
present in higher concentrations than sulfur, in the form of
CH, and NHj. Photochemistry of these two species could
couple to photochemistry of sulfur compounds through C/H/S
species, of which CH3SH is the simplest representative. To our
knowledge, this coupling remains to this day an unexplored
area of sulfur chemistry in exoplanets and has not been
included in any chemical network used to model these atmo-
spheres. Hence, this possibility should at least be explored
and appropriately modeled to improve our confidence in the
predictions of these networks.

This work aims to develop and validate a detailed kinetic
model for the pyrolysis of CH3SH, using high-level ab initio
calculations, such as CCSD(T)-F12 and CASPT2-F12, to calculate
the rate constants of key reactions of the mechanism. First,
we discuss in Section 2 how we identify the most sensitive
reactions for the validation of the kinetic model against pyrolysis
speciation data. Then, we present in Section 3.3 the results of our
calculations and simulate experimental pyrolysis data from the
literature with this kinetic model in Section 3.4. The final section
concludes with a discussion of the implications of this work.

2. Methodology

Detailed kinetic models for the pyrolysis of CH;SH are scarce in
the literature. Recently, Colom-Diaz et al. (2021)*° proposed a
mechanism validated against their experimental data mea-
sured in a jet stirred reactor. This model is based on a previous
work from the group® that models CH;SH oxidation and
validates it against species abundance profiles obtained in a
plug flow reactor. Other works on C/S species such as CS, exist,
for example in Glarborg et al (2014),>> but usually without
including C/H/S species. For C/H/S species, Alzueta et al
(2019)** and Colom-Diaz et al. (2021)*° proposed a mechanism
used to simulate their experiments from CH3;SH combustion
and pyrolysis in flow and jet-stirred reactors. If their model is
able to capture the oxidation behavior of CH;SH, the pyrolysis
mechanism still needs to be improved. However, given the lack
of available data on the rate constants of reactions involving
C/H/S species, the accurate modeling of CH3SH pyrolysis and
especially its decomposition products over wide ranges of
temperatures is a very complex and delicate task.

In consequence, we chose to build the C/H/S mechanism
from scratch, using exhaustive analogies with equivalent oxy-
genated species to build a strong core for the mechanism. This
is applied to CH3SH and its primary pyrolysis products such as
CH.,S, CS, and their corresponding radicals. Enthalpy differ-
ences were considered in the activation energies of these
reactions when the original or new reaction was implemented
in the endothermic direction. For example when implementing
the CH;3SH + HS, — CH,SH + H,S, reaction, because the analog
reaction CH;OH + HO, — CH,OH + H,0, was already imple-
mented in the endothermic direction in our C/H/O/N core, we
subtracted its enthalpy difference at 1000 K (about 9.9 keal mol )
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from its activation energy (18.8 kcal mol~ ") and added the enthalpy
difference of the analogous sulfur reaction (26.4 kcal mol ") to yield
its activation energy (35.3 kcal mol ). This was done system-
atically to avoid bias in the activation energy when the reaction
enthalpy differs too much from those of the analog reaction
available. In contrast to CH3;SH chemistry, H,S and C,-C,
chemistry were included based on extensive validations done
against literature data. This was done starting from a full C/H/
O/N mechanism from a previous work,>® in which we integrated
an S/H/O sub-mechanism from Stagni et al. (2022)** without
replacing our H/O submechanism. The references for the C/H/
O reactions used for the C/H/S analogies are directly taken from
the C/H/O core mechanism of Veillet et al. (2024),>* and is
based on the work of Burke et al. (2016).>® This resulted in over
120 analogies, which can be found in the text file of the
mechanism in the SI. For thermodynamic data, we used NASA
polynomials from Glarborg et al. (2014)** for C/S and O/C/S
species, from Colom-Diaz et al (2021)*° and Sirjean et al
(2017)*® for C/H/S species and Stagni et al. (2022)** for S/H
and S/H/O species. Available experimental data on CH3;SH
pyrolysis were then simulated with the resulting kinetic model
and compared with its predictions. Formation pathway and
sensitivity analyses were performed to target key reactions and
further improve the model by computing their corresponding
rates with state of the art ab initio methods.

3. Results

3.1. Target experimental data

After building the core of the C/H/S kinetic mechanism on
these analogies, we simulated experimental data from the
literature using the open source kinetic solver Cantera.”” The
simulated conditions were taken from the pyrolysis experi-
ments of Alzueta et al. (2019), listed as Set 1 in their work,
and performed at atmospheric pressure between 800 K and
1400 K in a turbulent flow reactor with a temperature-dependent
residence time of 1946

T K]
composed of 983 ppm of CH3SH and 42 ppm of O,, resulting in
an effective oxidizer-to-fuel equivalence ratio of 0.014. The remain-
ing bath gas used for dilution was N,. At the exit of the flow
reactor, the abundance of CH3;SH, CH,, CO, CS,, H,, H,S and SO,
was measured. These data have been used to validate our mecha-
nism performances and suggest improvements with ab initio
calculations by looking at the discrepancies between experimental
data and our modeling. More specifically, we performed sensitiv-
ity and formation pathway analyses using Cantera to identify key
reactions involved in the formation of major species. Simulations
were performed with an ideal plug flow reactor and fixed tem-
perature, as the high dilution and temperature control should
prevent deviations from the target temperature.

seconds. The input gas mixture was

3.2. Decomposition mechanism

Results from sensitivity and formation pathway analyses under
the conditions around 1400 K suggested the decomposition

This journal is © the Owner Societies 2026
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Fig. 1 Thermal decomposition mechanism for CHzSH.

mechanism shown in Fig. 1. In the first step of the decom-
position, CH3SH gets thermally dissociated into CH; and SH
radicals. In our mechanism, this reaction has been approxi-
mated by analogy with the pressure dependent CH;OH —
CH; + OH reaction from Jasper et al. (2007).>® As detailed in
Section 2, this means that the pre-exponential and temperature
exponent parameters of the Arrhenius expression were
assumed identical with CH;0H — CHj; + OH but the activation
energy was modified by adding the reaction enthalpy difference
to CH3SH — CH; + SH, which was computed from each species
NASA polynomials in the thermochemical data. This assumes
that the enthalpy and entropy difference of the loose transition
state to the reactant, the geometry of the corresponding divid-
ing surface, its rotational and vibrational partition functions
and their temperature dependence are all identical between
these reactions, with the exception of the translational mode in
the reaction coordinate which is assumed to be the only varying
parameter resulting in the previously described modification of
the activation energy. The parameters for the pressure depen-
dence of the reaction rate are also assumed to be identical to
CH;0H — CH; + OH with this approach, resulting in the same
Troe parameters (A = —0.4748, T5 = 35580 K, Ty = 1116 K, and
T, = 9023 K) and Arrhenius coefficients for high pressure
(4 =2.084 x 10"® s7', n = —0.615, and E = 74000 cal mol )
and low pressure (1.500 x 10** em® mol ' s™', n = —6.995, and
E = 79000 cal mol™'). These assumptions are strong but seem
reasonable due to the very similar geometry between CH;OH
and CH;SH, and their validity was later confirmed by their good
agreement with available experimental data and subsequent
theoretical calculations (VRC-TST and ILT) that were beyond
the scope of this work and will be the focus of a future
publication. Briefly, these results showed that VRC-TST and
our analogy usually agreed at least qualitatively, staying within
the same order of magnitude in the whole P-T range studied
(1000-10"° bar, 200-5000 K), with up to a factor of 7 in the
fall-off region, and significantly better agreement for low tem-
peratures (below 1000 K). For high temperatures, ILT showed
similar agreement but disagrees with our analogy and VRC-TST

This journal is © the Owner Societies 2026
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for low temperatures, predicting a rate constant up to 5 orders
of magnitude lower at 300 K and an unphysical reverse
rate for the recombination reaction CH; + SH — CH3SH
(10*® em® mol™* s %) in the high pressure limit, which hints
towards numerical issues in the procedure. The approximate
nature of this analogy should therefore be kept in mind when
using the present rate constant far from the experimental
conditions for which its accuracy has been confirmed.

Following the CH3SH dissociation, the CH; and SH radicals
produced then react with CH3;SH through H-abstraction
reactions, mainly CH3;SH + CH; — CH3S + CH, and CH,;SH +
SH — CH,3S + H,S, as CH3S has a lower energy than its CH,SH
isomer, contrary to their CH; O and CH,OH analogs. Addition
on the S lone pair has been investigated, but no stable structure
was found. The resulting radicals CH3;S and CH,SH can then
undergo a B-scission through CH3;S — CH,S + H and CH,SH —
CH,S + H or react with CH; and SH radicals through the
disproportionation reactions CH3S + CH; — CH,S + CHy,
CH,SH + CH; — CH,S + CH,, CH,S + SH — CH,S + H,S and
CH,SH + SH — CH,S + H,S. The latter reactions are highly
favored by reaction enthalpies at 1000 K (calculated based on
thermodynamic data from our mechanism) of —56.4, —68.1,
—42.0, and —53.6 kcal mol™", respectively. For CH,SH + CH;
and CH3S + CHj3, the C,H, + H,S exit channel was also
considered, but requires multiple isomerization and is
not favorable in terms of entropy (respectively —13.4 and
—4.0 cal mol™* K ' for the C,H, + H,S exit channel in
comparison to —16.3 and —6.9 cal mol™ " K™' for the CH,S +
CH, exit channel at 1000 K), while being about the same in
enthalpy (1.4 kcal mol ™" lower for C,H, + H,S). For the CH,S +
SH and CH,SH + SH pathways, the other possible exit channel
is CH, + S, which has an enthalpy lower by 10.1 kcal mol %, but
no transition state was found for this reaction on the triplet
surface.

These reactions all create the intermediate species CH,S,
that can then undergo either an H-abstraction through CH,S +
CH; — CHS + CH,, CH,S + SH — CHS + H,S or an addition on
each side of the C-S double bond with the CH; and SH radicals.
Formation and consumption of CH,S is found to be a major
kinetic bottleneck that controls both the relative and absolute
proportions of the major pyrolysis end products. The descrip-
tion of its reactions with CH; and SH is thus crucial, as the
pressure dependence of the branching ratios between the
different exit channels heavily depends on the enthalpy differ-
ence for each channel. This effect cannot be easily corrected for
due to the vastly different behavior of SH radicals in compar-
ison to OH radicals in regard to double bond addition, as
shown by Degirmenci et al. (2016).>° Radicals with an unpaired
electron localized on the sulfur atom also are subject to way
lower barriers and higher enthalpy differences when the double
bond also involves an S atom. As a result, OH and CHj;
additions on CH,O are usually minor reaction pathways in
comparison to the H-abstraction and are supposed to approach
the high pressure limit for its rate constant. However, this may
not be true on the potential energy surface of the S analog,
especially at the high temperatures imposed during pyrolysis
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which favors the dissociation of the adduct. This is especially
crucial because if the H-abstraction dominates, the formation
of CHS will lead to end products such as CS,, which is formed
almost exclusively from CHS through the CS intermediate
species by the reactions CHS + CH; — CS + CH,4, CHS + SH
— CS + H,S and then by the ipso-addition CS + SH — CS, + H.
Otherwise, if the addition dominates, other exit channels such
as CH,S + SH —» CH; + S, or CH,S + CH; —» C,H, + SH leads
to products with a broken C-S bond and may prevent the
formation of CS,.

3.3. Ab initio calculations

To improve the core C/H/S mechanism that was built using
analogies, we identified five crucial potential energy surfaces
from key reactions mentioned in the previous section: CH;SH +
SH, CH,SH + CHj,, CH,S + SH, CH,S + CH3, and CS + SH. For
each of them, all the geometries and vibrational frequencies
were computed at the CCSD(T)-F12/cc-pVDZ-F12 level of theory
using the Molpro software.** > Energies were extrapolated to
the CCSD(T)-F12 complete basis set limit from cc-pVTZ-F12 and
cc-pVQZ-F12 energy calculations. Pressure-dependent phenom-
enological rate constants were then deduced using the Master
Equation solver MESS.*® Internal rotors were corrected from the
partition function using the 1D hindered rotor model
with scans at the B2PLYPD3/cc-pVDZ level of theory with the
Gaussian 16 software. Thermodynamical data in the NASA 7
polynomial format were computed using the atomization
method with the Thermrot** software and energies/frequencies/
geometries as previously mentioned. For reactions involving
H-atom transfer, tunneling corrections were applied using an
asymmetric Eckart potential. Computed geometries, vibrational
frequencies, torsional potentials, and the parameters used to
solve the master equation are available in the SI in the form of
MESS and Thermrot inputs. We detail hereafter the calculations
for each reaction.

3.3.1. CH3SH + SH and CH3SH + CH;. Because of the
importance and sensitivity of the first H-abstractions with
CH,SH, we decided to compute the full potential energy surface
for CH;SH + SH and CH;SH + CHj;. Two different exit channels
were identified for each surface: CH;S + H,S, CH,SH + H,S for
CH,SH + SH, and CH,S + CH,, CH,SH + CH, for CH,SH + CHs,
each corresponding to a different H-abstraction site. The corres-
ponding potential energy surfaces are shown in Fig. 2 and 3.

For CH;SH + SH, the formation of two van der Waals
complexes was found to have a significant impact on the kinetics
at low temperatures. Indeed, this van der Waals interaction results
in an almost submerged barrier for CH;SH + SH — CH3S + H,S,
which features a barrier height lower than the depth of the pre-
reactive complex that crucially affects the perceived barrier height
when including the effect of tunneling. To account for the
formation of this pre-reactive complex, phase space theory, imple-
mented in the MESS code®® was used for the barrierless formation
of the entrance channel complex, based on a 1-dimensional
potential between the centers of mass of the two reactants
calculated at the B2PLYPD3/aug-CC-pVIZ level of theory. The
resulting rate constants for these reactions are shown in Fig. 4,
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Fig. 2 Potential energy surface of the CHsSH + SH reaction at the
CCSD(T)-F12/CBS//CCSD(T)-F12/cc-pVDZ-F12 level of theory.
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Fig. 3 Potential energy surface of the CH3SH + CHs reaction at the
CCSD(T)-F12/CBS//CCSD(T)-F12/cc-pVDZ-F12 level of theory.

N —— CHsSH + SH <=> CH3S + H,S

1004 N —— CH3SH + SH <=> CH,SH + H,S
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1000/ T (K)

Fig. 4 Computed rate coefficients for the CHzSH + SH abstractions.
Analogies with the CHsOH + OH equivalents from Xu et al. (2007)%° are
shown in dashed lines.

compared to the previously obtained values from the analog
reaction CH3;0H + OH. The effect of bond dissociation energy
differences between CH;S-H (—86.8 keal mol ') and CH; O-H
(—105.2 keal mol %) are clearly seen for the reaction CH;SH + SH
— CH;S + H,S. The exit channel CH;3S + H,S is highly favored over
CH,SH + H,S at low temperatures, although at high temperatures
(1000-2000 K) both reactions contribute significantly to the total
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abstraction rate constant. This behavior is clearly in contrast with
their oxygenated analog, where CH,OH + OH is always the
preferred exit channel for all the plotted temperature range.
Differences in the slope of the curves also show variations in
the activation energy between the two systems, particularly for the
reaction yielding CH,SH. For the similar CH;SH + CH;
H-abstraction reactions, the entrance channel complex had
a negligible energy in comparison to the activation energy
(0.5 keal mol™" at the CCSD(T)-F12/CBS//CCSD(T)-F12/cc-pVDZ-
F12 level of theory). Thus, for these reactions the rate constant
were computed using Thermrot,> and only considering the
reactants, the transition states and the products. The resulting
rate constants for this potential energy surface are shown in Fig. 5,
as well as the rate constants determined by analogy with the
CH;0H + CH; equivalents. We observe the same behavior as
previously stated with CH;SH + SH, with the exit channel CH,;S +
CH, dominating at low temperatures while CH,SH + CH, only
significantly contributes at very high temperatures. However, its
amplitude is different, as the ratio between each corresponding
rate at 500 K is around one order of magnitude for the CH;SH +
SH surface, and around three orders of magnitude for the CH;SH
+ CH; surface. Comparison with the oxygen analog also shows the
inverse behavior between CH;SH and CH;OH, the latter favoring
the CH,OH exit channel. This has a huge impact on the accuracy
of the analogy for the CH;SH + CH3 — CH3S + CH, reaction, but
surprisingly has little impact on the rate constant of CH;SH +
CH, — CH,SH + CH,.

3.3.2. CH,S + SH and CH,S + CHj;. As explained in
Section 2, the reactions of CH,S with SH and CH; and the
competition between addition and H-abstraction play a crucial
role in controlling the products. In consequence, we decided to
compute the full potential energy surface for both cases.

For CH,S + SH, we considered the H-abstraction to CHS +
H,S and the additions on the double bond, both on the sulfur
atom, forming CH,S,H and on the carbon atom, forming
HSCH,S. We also considered isomerizations both by H and
SH transfers, adding the respective pathways CH,S,H — CHj3S,
and HSCH,S — CH,S,H. For the exit channels, we considered
the B-scissions CH;S, — CH; + S, and HSCH,S — SCHSH + H.

102 —— CH3SH + CH; <=> CH3S + CH,
R —— CH3SH + CHs <=> CH,SH + CH,
\\\‘
10%° 4 *
Q)
3
£ 108
€
S
4
106 4
104 4 \\\\\\
S
0.5 1.0 1.5 2.0 2.5 3.0

1000 /T (K)

Fig. 5 Computed rates coefficients for the CHzSH + CH3z H-abstractions.
Analogies with the CH3OH + CH3 equivalents from Alecu et al. (2012)%° are
shown in dashed lines.
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Due to the barrierless behavior of the CH; + S, exit channel, its
inclusion required using multireference methods. This was
done using Phase Space Theory together with a C-S bond scan
at the CASPT2(11e,80)/cc-pVDZ//CASSCF(11e,80)/cc-pVDZ level
of theory. The contributing determinants to the wavefunction
during this relaxed scan are shown in Fig. S1 (SI). The resulting
full potential energy surface is shown in Fig. 6.

The first issue was the transition state TS, of the addition on
the sulfur atom, which has an energy lower than the entry
channel by 4.2 kcal mol . When doing the intrinsic reaction
coordinate scan to search for the geometry of the van der Waals
complex W,; at the B2PLYPD3/cc-pVDZ level of theory, we
noticed the formation of two van der Waals complexes with
peculiar geometry, as shown in Fig. 7. The first one (VAW 1) is
found to have a very close geometry to the transition state, with
a S-S distance of 2.92 A in comparison to 2.67 A for the
transition state. The S-H bond of the SH radical is not in
the same plane as the CH,S molecule, and this structure seems
almost covalently bound given the orientation of the SH frag-
ment. The second one (VAW2, W, in Fig. 6) is more in line with
the expected geometry for such a system, with SH and CH,S
in the same plane, and the H atom oriented towards the S atom
of CH,S and a more distant position of the SH fragment. The
first one was found to have a lower energy in our preliminary
B2PLYPD3/cc-pVDZ calculations. We also tried comparing the
energies of the two geometries with the CCSD/cc-pVDZ level of
theory to confirm this relationship, but we obtained the oppo-
site result, with no van der Waals complex with similar geo-
metry to the first one and the second one behind the
configuration minimizing the energy of the system. To try to
understand the discrepancies between these results, we also
tried to optimize the geometries with Gaussian counterpoise
correction of the basis set superposition error, but we did not
find significant contribution to justify these changes.
To account for the van der Waals complex formation, we
therefore decided to use phase space theory with the second
geometry complex based on a 1-dimensional potential between
the centers of mass of the two reactants calculated at the
B2PLYPD3/aug-CC-pVDZ level of theory. Moreover, the subse-
quent calculations we performed at the CCSD(T)-F12/CBS//
CCSD(T)-F12/cc-pVDZ-F12 level of theory exhibited convergence
issues for both the transition state of the addition on the sulfur
atom and the van der Waals complex (TS, and W; in Fig. 6
respectively), which forced us to investigate on the matter. For
these calculations, the T, diagnostic37 was found to be above
0.05, which induced important oscillations in the CCSD itera-
tive solver of Molpro, that were not solvable with a level shift
nor incrementing the number of maximum steps. Therefore,
given this extreme contribution of the triplets to the total
energy, we used CASPT2 calculations. To determine the relevant
active space size, we first performed a single point energy
calculation in CASSCF with all the valence electrons included
and 3 unoccupied valence orbitals, which resulted in 19 elec-
trons in 13 orbitals, and looked at the occupation of the lower
energy orbitals. From there, it was found that the LUMO was
occupied at around 10%, and when looking at the Slater
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Fig. 7 B2PLYPD3/cc-pVDZ geometries of the two van der Waals com-
plexes found for the addition reaction CH,S + SH — CH,S;H. The first one
is the minimum at this level of theory, while at the CCSD/cc-pVDZ level,
the second one is the minimum. CCSD(T)-F12/cc-pVDZ-F12 calculations
on this second geometry indicated a T; diagnostic above 0.05 that
prevented convergence of the wavefunction.

determinants composition of the wavefunction, this occupation
was mainly caused by an excited electron pair occupying this
level, which contributed with a negative amplitude of around
—0.15. Other determinants formed by the unpairing of elec-
trons were also found to contribute to the LUMO occupation,
but also for the next orbital (LUMO+1), which was occupied at
around 3%. As the involved electron pairs were the two doubly
occupied orbitals with the highest energy, we decided to
include these orbitals in the active space, as well as the singly
occupied orbital and the next two unoccupied orbitals, which
resulted in an active space of 5 electrons in 5 orbitals.

We performed a relaxed scan of the S-S bond length from 2
to 11 A in CASPT2(5e,50)/cc-pVDZ to capture the full van der
Waals interaction. We also recomputed the same scan from 2 to
3.6 A with both CASPT2(5e,50)-F12/cc-pVTZ-F12//CASPT2(5€,50)/
cc-pvVDZ and CCSD(T)-F12/cc-pVDZ-F12 level of theories to focus
on the transition state position. The results of this comparison are
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Fig. 8 Relaxed scan of the S-S bond length in the CH,S + SH potential
energy surface with the CASPT2(5e,50)/cc-pVDZ level of theory.

shown in Fig. 8 and 9. The position of the two minima on the
potential energy surface is clearly visible on the full scan with
CASPT2(5¢,50)/cc-pVDZ, but contrary to B2PLYPD3/cc-pVDZ,
CCSD(T)-F12/cc-pVDZ-F12 and also CASPT2(5e,50)-F12/cc-pVIZ-
F12//CASPT2(5¢,50)/cc-pVDZ calculations, the second geometry
with both fragments in the same plane (VAW 2) is of lower energy.
However, this seems to be caused by an insufficient basis set size,
as the energy calculations with CASPT2(5e,50)-F12/cc-pVTZ-F12
using geometries from CASPT2(5e,50)/cc-pVDZ calculations
results in this geometry (VAW 2) being higher in energy than
the out-of-plane geometry (VAW 1). Also, with the CASPT2(5e,
50)-F12/cc-pVTZ-F12 level of theory, the transition state seems
to be of higher energy than the CH,S + SH asymptote, which is
not true anymore with all the other levels of theory previously
mentioned. This can be seen on the second, finer close-range
scan that was performed in Fig. 9, together with the transition
state position that is very sensitive to the level of theory used.
Another notable difference between CASPT2(5e,50)/cc-pVDZ
and CCSD(T)-F12/cc-pVDZ-F12 geometry optimization is that
the former has available analytical gradients in Molpro, while
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the second uses the analytical gradient from the Alaska
program.®® Different options for computing the numerical gradi-
ents were tested (finer step size, tighter convergence criteria,
different coordinate system...) and the energy and position of
the transition state seem to be quite dependent on these para-
meters, indicating that the flat geometry of the potential energy
surface might result in a loose transition state and convergence to
geometries far from its real one. However, for the default para-
meters, the relatively good agreement with geometries from the
CASPT2(5¢e,50)/cc-pVDZ analytical gradient seems to indicate that
the precision of the results from numerical gradients might be
sufficient for the purposes of this kinetic study.

For the reaction rate calculations, we therefore used the
CCSD(T)-F12/cc-pVDZ-F12 geometries and energies, while
using the coplanar van der Waals complex geometry obtained
(Vvdw 2) for its Phase Space Theory treatment. The resulting
branching ratio for each exit channel and the rates at 1 bar are
shown in Fig. 10 and 11 respectively.

CH,S + SH

= CH:S:H
= CHS+H,S Q o) 0
& HSCH,S ‘9"0{ “ 0 ,\QD
CH; +5: ) 9
= CH:S:
SCHSH + H o 6\00

Fig. 10 Computed branching ratio for the CH,S + SH potential energy
surface in Fig. 6.
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For the full pressure and temperature range (10~ °~100 bar,
300-2500 K), we see that mainly two exit channels are relevant:
the H-abstraction CHS + H,S and the addition on the sulfur
atom yielding CH,S,H. At high pressures and low temperatures,
stabilization of the HSCH,S radical also contributes signifi-
cantly to the total reaction rate. At 1 bar, which corresponds to
the pressure in the experiments of Colom-Diaz et al. (2021),”°
we see that the H-abstraction dominates above 1000 K, while
under this value, the addition on the sulfur atom dominates,
stabilizing on the CH,S,H radical, but also to a lesser extent on
the HSCH,S radical, which contributes increasingly at higher
temperatures. The addition on the sulfur atom followed by the
isomerization and stabilization to CH;S,, however, is negligi-
ble. B-scission exit channels such as CH; + S, are never the
favored reaction, but can possibly occur in multiple steps after
the addition at low temperatures (<1000 K). For the SCHSH +
H exit channels, its high energy transition state prevents it
from any significant contribution, and thus is assumed to be
negligible.

For the CH,S + CH; potential energy surface, we considered
the H-abstraction yielding to CHS + CH, (TS3, P,) and both the
addition on the carbon atom to CH3;CH,S (TS;, W,) and
the addition on the sulfur atom to CH,SCHj; (TS,, W,).
We also considered the isomerizations by H atom transfer
CH3;CH,S — CH,CH,SH (TSs;) and CH; fragment transfer
CH,SCH; — CH3CH,S (TS,). The B-scission exit channel to
C,H, + SH (TSs, P3) was also considered. The resulting
potential energy surface is shown in Fig. 12. Branching ratios
and reaction rates are shown in Fig. 13 and 14 respectively. For
the full pressure-temperature range computed, we can see
that mainly three exit channels dominate: either the -scission
C,H,; + SH at low temperatures and low pressures, the
H-abstraction to CHS + CH, at high temperatures and low
pressures, or the addition on the sulfur atom to CH,SCH; at
high pressures and low temperatures. At 1 bar, we see that the
H-abstraction to CHS + CH, only becomes dominant above
1600 K, while under 1200 K the addition on the sulfur atom
to CH,SCH; dominates. Between these temperatures, the
exit channel to the B-scission C,H, + SH is the major process
that happens directly from the CH,S + SH input channel.
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In comparison to the CH,S + SH reaction rates, we can also see
that the reactivity is a bit lower as the reaction rates only

Phys. Chem. Chem. Phys.

Reaction Coordinate
12 Potential energy surface of the CH,S + CHj3 reaction at the CCSD(T)-F12/CBS//CCSD(T)-F12/cc-pVDZ-F12 level of theory.

exceed 10" cm® mol ! s™* for the H-abstraction above 1700 K,
but the reaction enthalpy is also greater, which should result
in slower reversed reactions.

3.3.3. CS + SH. Due to the formation of CHS radicals and
their abstraction to CS, the next crucial reaction towards the
formation of CS, is CS + SH. This reaction has been investigated
with the same methodology described in Section 3.3, and the
full resulting potential energy surface is shown in Fig. 15.
We identified one addition site on the carbon atom to form
the SCSH radical (W, through TS;), which can then undergo a
B-scission to the CS, + H products (P, through TS,) to form the
ipso-addition CS + SH — CS, + H. This radical can also undergo
an isomerization to the more stable SCHS radical (W, through
TS,) due to a resonance between the S atoms bearing the
unpaired electron. This radical can also undergo a B-scission
to the products CS, + H (P, through TS;). The evaluation of
the energy of the addition transition state revealed a very low
barrier, under the energy of the CS + SH products. The
formation of a van der Waals complex with a linear geometry
was identified (W;) and treated with Phase Space Theory.
The electronic energy of this complex was found to be about
0.5 kcal mol™" under the transition state energy, but when
adding the zero point energy of both structures their energy
difference becomes lower than the computation accuracy (com-
puted difference of 0.02 kcal mol '). The corresponding
branching ratios and reaction rates for this potential energy
surface are shown in Fig. 16 and 17 from the CS + SH
perspective and in Fig. 18 and 19 from the CS, + H perspective,
respectively. For the CS + SH entry point, there is only one
relevant pathway, which is the ipso-addition CS + SH — CS, + H
that has a branching ratio of one over the whole range of
pressures and temperatures used for the calculation. This
results from its reaction rate being over 6 orders of magnitude
higher than the two other reactions that stabilizes the radicals
SCSH and SCHS, and is itself due to a combination of two
factors. First, the rate for this reaction is effectively restricted by
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Fig. 16 Computed branching ratio for the CS + SH potential energy
surface in Fig. 15.

the collision limit, as the limiting step is the formation of the
van der Waals complex due to the energy barrier of the transi-
tion state for the addition being lower than the CS + SH energy.
The energy difference between this barrier and the complex is
so low that it cannot be stabilized even at low temperatures and
high pressures, given that it is lower than thermal energy even
at 200 K. Second, the B-scission transition state is lower than
the CS + SH energy by around 19 kcal mol " and the low well
depth of about 18 kcal mol™" under this transition state
prevents the resulting radical from being stabilized at any
pressure explored here. Conversely, if we look at CS, + H as
the entrance channel, the SCSH — CS + SH B-scission has to
overcome the reverse reaction enthalpy, which creates a region
at low temperatures (<1000 K at atmospheric pressure) where
the addition product SCSH is stabilized, while the ipso-addition
CS, + H — CS + SH only dominates at high temperatures. The
other addition to SCHS, while favorable in enthalpy in
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Fig. 18 Computed branching ratio for the CS + SH potential energy
surface in Fig. 15 from the perspective of the CS, + H entrance channel.

comparison to SCSH, is never dominant because of the higher
energy of transition state for this pathway.
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3.4. Comparison with experimental data

From the calculations in Section 3.3, we included in the
mechanism every rate constant shown in Fig. 4, 5, 11, 14 and
17 in addition to each dominant pathway from other entrance
channels that didn’t correspond to a reverse reaction of these.
The performance of the mechanism developed is tested against
the experimental data on CH3;SH pyrolysis of Alzueta et al
(2019)*" in Fig. 20, and the corresponding sensitivity and rate of
production analysis for T = 1400 K are given in Fig. S2 and S3
(SI) respectively. For CH3SH consumption, the mechanism
perfectly reproduces the experimental data mainly thanks
to the analogy used for the CH3;SH thermal decomposition
CH3;SH — CHj; + SH, which used the differences in reaction
enthalpies to compute the activation energy. This major initia-
tion reaction is, as expected, the most sensitive reaction for
every species. The production of CH, is in good agreement with
the experimental data, as the mechanism correctly reproduces
the shape of the temperature dependence, but underestimates
its abundance by about 100 ppm over 1000 K. Fig. S3 (SI) shows
that CH, is mainly produced by the reaction CH; + H,S —
CH, + SH, although it is not a sensitive reaction. The most
sensitive reaction excluding the initiation is CH; + CH3SH —
CH3;S + CH,, which has been computed in Section 3.3. The
reevaluation of this rate constant is the main cause of the
improvement of the simulations over the Colom-Diaz et al.
(2021)*° mechanism. As we already extensively investigated
both the abstractions and the additions on CH,S, we know it
is not the cause of the underestimated abundance of CH,.
Fig. S4 (SI) gives an idea of the species to which the remaining
carbon is distributed. Among the species CH,S CS,, C,Hg, C,H,
and C,H, that all bear carbon atoms, CH,S and C,Hg are
intermediate species that do not contribute to the final carbon
balance. The overabundance of the CS, is also too small to fully
explain the difference, and does not correspond to the same
temperature range as the under-abundance of CH,, which it
cannot explain between 1000 and 1200 K. Therefore, the issue
probably lies in C,H, and C,H,, which have significant abun-
dances of 80 and 60 ppm respectively at the end of the
simulation. As these species contain 2 carbon atoms, together
they represent a potential of 280 ppm of CH, if hydrogen is
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supplied from another source. As previously seen in Section 3.3
and observed by Degirmenci et al. (2016),%° the addition of SH
radicals on double bonds is highly favored in comparison to
OH, and could potentially be the cause of C,H, and C,H,
decomposition to CH, above 1000 K. Further study of the full
potential energy surface of C,H, + SH and C,H, + SH with both
H-abstraction and addition considered would be needed, but is
out of the scope of this work. The production of CS, matches
also quite well the experimental data, despite overestimating its
abundance by around 50 ppm over 1250 K. Its main production
pathway is the reaction CS + SH — CS, + H and to a lesser
extent the reaction CS + S, — CS, + S. The most sensitive
reactions besides the initiation are the H-abstraction CH,S +
SH — CHS + H,S and the ipso-addition CS + SH — CS, + H,
which we computed in Section 3.3, and believe to be the cause
of improvement over the mechanism of Colom-Diaz et al.
(2021).”° Improvement in the CS, abundance above 1200 K could
probably be achieved by considering other reactions of CS, which
is very reactive in contrast to CO, despite being a closed-shell
molecule. This could include the study of the full CS + CH;3
potential energy surface, or reactions with other abundant closed-
shell species such as CH;SH, H,, H,S and CH,. The abundance of
H,S is also well reproduced with a slight underestimation similar
to CHy, although its magnitude is closer to 50 ppm. At 1400 K, H,S
seems to approach thermochemical equilibrium, with production
mainly coming from H-abstractions on CH,S and CH;SH through
the reactions CH,S + SH — CHS + H,S and CH;SH + SH — CH;S
+ H,S. On the opposite side, destruction reactions are mainly
H-abstractions on H,S by the H and CH; radicals through the
reactions H,S + H - H, + SH and H,S + CH; —» CH, + SH.
Sensitive reactions are mainly H-abstraction on CH;SH by SH
radicals for both channels CH;SH + SH — CH3;S + H,S and
CH3SH + SH — CH,SH + H,S, and to a lesser extent the non-
thermal addition/isomerisation/beta-scission reaction CH,S +
SH — CH; + S, that were all computed in Section 3.3. The
massive improvement over the Colom-Diaz et al. (2021)*° mecha-
nism is therefore believed to be mainly due to the accurate
computation of the H-abstraction reactions on CH;SH by SH
radicals with the treatment of the van der Waals complex in
Section 3.3. The abundance of H, is almost perfectly reproduced.
In comparison, the Colom-Diaz et al. (2021)*° mechanism over-
estimates H, by a factor of 2, and underestimates H,S and CH, by
more than a factor of 3. Its formation mainly involves H-
abstraction on H,S, CH,S and CH;SH by the H atom through
the reactions H,S + H — H, + SH, CH,S + H —» CHS + H, and
CH3;SH + H —» CH;S + H,. When looking at the most sensitive
reactions, the H-abstraction on CH3SH is the most significant,
along with the thermal decomposition of the CH,S radical
through the beta-scission CH3;S — CH,S + H. This reaction has
seen its activation energy adjusted by preliminary B2PLYPD3/cc-
pVDZ calculations, which are believed to be a source of improve-
ment over the Colom-Diaz et al. (2021)*° mechanism. As some
residual oxygen was left in the experimental conditions, CO was
also measured in the original data set, and although the tempera-
ture dependence doesn’t match the experimental data perfectly,
the order of magnitude is well reproduced with the present
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Fig. 20 Comparison between the present work (yellow) and Colom-Diaz et al. (2021)?° (blue) mechanisms on experimental CHzSH pyrolysis data from

Alzueta et al. (2019).2

mechanism. This species is produced exclusively through the
thermal decomposition of HCO through the reaction HCO —
CO + H, which seems to be produced by the oxidation mechanism
through the addition of O, and its non-thermal decomposition to
CH,O through the reaction CH,S + O, - CH,O + SO and the
H-abstraction of CH,O through the reaction CH,O + SH — HCO +
H,S. These reactions were also analogies with activation energies
approximated thanks to B2PLYPD3/cc-pVDZ calculations. Further

This journal is © the Owner Societies 2026

work would be needed on the oxidation mechanism, but this kind
of study is outside the scope of this work.

4. Conclusions

We have presented here an extensive theoretical study of the
kinetics of CH;SH pyrolysis. A reaction mechanism was built
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upon available reaction sub-mechanisms from the literature for
H/O/S and C/S kinetics, and using analogies with oxygenated
molecules for the basic C/H/S coupling. Sensitivity and rates
of production analysis were then obtained to determine key
reactions of CH3SH + SH, CH3SH + CHj3;, CH,S + SH, CH,S +
CHj;, and CS + SH for which theoretical reactions rates were
calculated. Pressure dependence and pre-reactive complex for-
mation were treated using master equation and phase space
theory methods together with a CCSD(T)-F12/CBS//CCSD(T)-
F12/cc-pVDZ-F12 level of theory. Multireference effects were
also investigated using CASPT2 calculations. Additions on
CH,S are found to have a significant contribution in contrast
to the case of CH,0, due to the very low energy of the transition
states. This often causes transition states with negative energies
relative to the enthalpy asymptotes and creates cases where pre-
reactive complex treatment is necessary. Available experimental
data have been compared to kinetics simulations, and the
developed mechanism exhibits robust behavior that correctly
reproduces the experimental data.
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