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Computational investigation of the oxidation reactions of S3
and S4 with O2
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ABSTRACT
In this work, the reaction pathways and products resulting from the 
reactions 1S3 +

3O2 and 1S4 +
3O2 are investigated using three differ-

ent quantum chemistry methods. The thermochemistry of formation, 
isomerization and degradation reactions for all species involved in 
these systems is evaluated in detail and the corresponding reac-
tion profiles, including reactants, transition states, and products, are 
reported. Enthalpies are calculated at the CBS-QB3, G3, G4 levels of 
theory. Entropy and heat capacity contributions as functions of tem-
perature are determined from the optimized molecular structures, 
moments of inertia and vibrational frequencies. Kinetic parameters 
are obtained using canonical transition state theory (TST) calcula-
tions. All reaction pathways in both systems ultimately lead to 1S2O, 
3SO, 3S, 3S2, and 1SO2 as final products. The calculations indicate 
that analogous reaction types in the two systems exhibit similar rate 
coefficients.
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1. Introduction

Sulfur, the 16th most abundant element in the lithosphere, is widely available and easy to 
store, which has made solid sulfur a common feedstock in industrial processes for decades. 
Among its various applications, the production of sulfuric acid is particularly significant, 
as it remains one of the highest-volume industrial chemicals worldwide. In conventional 
sulfuric acid plants, elemental sulfur is combusted on a large scale, with the released heat 
primarily used for steam and/or electricity generation.

The industrial sulfuric acid production process potentially can be modified for utilizing 
energy from renewable sources. One concept suggests thermal energy from sunlight [1] 
which is integrated via a closed energy cycle involving sulfur as energy carrier. By this, a 
portion of the produced sulfuric acid is thermally split into SO2 and H2O and O2 followed 
by the recovery of elemental sulfur via the disproportionation of SO2 into elemental sulfur, 
O2 and sulfuric acid. The heat of reaction for the endothermic decomposition of H2SO4 is 
supplied by solar energy. Depending on the demand for sulfuric acid and the availability 
of solar energy, the overall process can be shifted from conventional sulfuric acid produc-
tion toward partial or complete sulfur recycling via sulfuric acid decomposition within a 
closed energy conversion cycle. The integration of solar energy utilizes solid particles as a 
heat transfer medium, enabling the storage of solar energy both as thermal energy and as 
chemical energy in solid sulfur. A detailed description of a process based on this concept 
of a closed energy conversion process enabling to generate electricity continuously around 
the clock with energy from a solar-powered plant is provided in [2]. In this process, the 
key reaction step is the combustion of elemental sulfur.

Combustion of elemental sulfur requires high-performance plants that are designed 
and optimized based on validated reaction mechanisms. Since research on sulfur com-
bustion has been primarily motivated by the widely applied Claus process, most reaction 
mechanisms available in the literature focus on sulfur compound reactions coupled with 
hydrocarbon or hydrogen combustion see e.g. references [3–8]. Only a limited number of 
studies address the oxidation of sulfur in the absence of hydrogen or hydrocarbons. There-
fore, the objective of the present study is to contribute to the development of a detailed 
combustion mechanism and to evaluate the corresponding reaction rate coefficients for 
sulfur oxidation under hydrogen- and hydrocarbon-free conditions.

In the following paragraphs studies on the oxidation of sulfur in the absence of hydro-
gen or hydrocarbons from the existing literature are discussed and its main findings related 
to the topic are outlined. Du et al. [9] found that recombination of S atoms occurs stepwise 
from elemental S atoms to the most abundant molecule S8. They report that the scarcely 
investigated reaction S+ S2 → S3 could be a key intermediate step in the formation of 
sulfur aerosols in low-O2 atmospheres. The kinetics of this reaction are reported with Ar 
used as the chaperone molecule in the production of S3 via two complex intermediates: 
SAr + S2 and S2Ar+ S. Francisco [10] examined the mass-dependent and non-mass-
dependent fractionations of elemental sulfur isotopes to exploit the nature of the sulfur 
cycle in the atmosphere. Interpretation of the experimental data required the estimation 
of the energetics of the reaction S+ S2 → S3, which is isoelectronic with O+O2 → O3. 
Key molecular properties of the S potential-energy surface, such as vibrational frequen-
cies and isotopic shifts, were reported. Ab initio results were compared with the available 
experimental results for S2 to evaluate the reliability of the computational results for S3. 
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Figure 1. Addition of O2 on terminal and inner sulfur of 1S3 and 1S4.

Matus et al. [11] reported ab initio electronic structure calculations for S4. Geometric and 
energetic parameters were calculated using single and double coupled-cluster methods. 
The calculated geometry for the ground state singlet structure of S4 is in good agreement 
with the microwave structure determined for S4. Wong and Steudel [12] investigated the 
structures and relative stabilities of eight S4 isomers by G3X(MP2), CCSD(T)/cc-pVTZ 
and MRCI/CASSCF calculations. The cis-planar structure is confirmed to be the global 
minimum of S4. McCarthy et al. [13] observed the rotational spectrum of S4 for the first 
time in an electrical discharge through sulfur vapor.

It is well established that gaseous sulfur exists in a variety of molecular forms, Sx, with 
x ranging from 1 to 8. Each of these species can react with oxygen to generate multiple 
intermediates, which are subsequentially converted to the stable products SO2 and SO3. 
In a series of previous studies, components of a detailed combustion mechanism were 
developed. The starting point was a basic mechanism [14], which represents a slightly 
modified version of a mechanism derived from the work of Glarborg et al. [15]. This 
basic set was subsequently extended to include singlet and triplet species, as well as cis- 
and trans-adducts formed through the reaction of O2 with S2 [16]. Subsequent studies 
treated the formation/decomposition of S1 to S8 species under oxygen-free conditions [17] 
and the oxidation of these species via attack of O2 at the terminal sulfur atoms, followed 
by decomposition of the primary oxidation products [18]. The present work extends this 
investigation to the detailed investigation of oxidation reactions occurring in the systems 
1S3 +

3O2 and 1S4 +
3O2, considering O2 attack of at both terminal and non-terminal S. 

These systems serve as representative models for understanding how O2 may interact with 
terminal and non-terminal sulfur atoms in larger species, S5 to S8. Several studies have 
addressed the formation of S3 and S4; however, to the best of our knowledge, no oxidation 
reactions of S3 and S4 have been reported in the literature.

In the following, the addition of O2 to Sx (x = 3, 4) leading to formation of a peroxy 
radical (Sx +O2 → SxO2) is investigated. The resulting peroxy radicals can subsequently 
undergo various addition and decomposition reactions through multiple competing path-
ways. For both systems, S3 and S4, two reactive sites are accessible for O2 addition. O2
can either add to the terminal sulfur atom or to the inner (non-terminal) sulfur atom, as 
illustrated in Figure 1.

In this article spin multiplicity of atoms and compounds are indicated whenever appro-
priate and necessary. If multiplicity is omitted, the notation comprises the predominantly 
existing electron spin configurations.
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2. Computational methods

Estimation of the energies of compounds resulting from the addition of 3O2 on 1S3 and 
1S4 are obtained with the help of the Gaussian 16 program suite [19]. Results of previ-
ous studies [14,16] brought about that the ab-initio methods CBS-QB3 [20], G3 [21], and 
G4 [22] are suitable for the determination of the thermodynamic and kinetic properties 
of the systems under consideration. CBS-QB3 uses the B3LYP level for the calculation of 
the structures and zero-point vibrational energies. In the Gaussian-4 (G4) method, the 
QCISD(T) approach is replaced by CCSD(T) for the highest level of correlation treatment. 
In addition, two new higher-level corrections are added to try and account for deficiencies 
in the energy calculations.

In the previous study [16] and in order to check the reliability and accuracy of the 
methodology, the heat of reaction 1rH0

298 was calculated for the reactions 3S2 +
3O2 → 2 

3SO and 3S2 +
3O2 →

3S+
1SO2 using the literature values of 3S2, 3O2, 3SO and 1SO2. The 

values were compared with the results obtained with CBS-QB3, G3B3, G4 and W1U [23] 
and showed a good agreement among literature data and the calculations. For the reaction 
S2 +O2 → 2SO, the literature reaction enthalpy is -28.34 kcal mol−1, compared to -27.07, 
-29.28, and -28.54 kcal mol−1 obtained with CBS-QB3, G3, and G4, respectively. Similarly, 
for the reaction S2 +O2 → S+ SO2, the reaction enthalpy derived from literature data is 
-35.43 kcal mol−1, whereas values of -33.21, -33.75, and -35.0 kcal mol−1 were obtained 
using CBS-QB3, G3, and G4, respectively. Furthermore, Ref. [16] reports a systematic com-
parison of eight sulfur species with literature data from Goodarzi et al. [24], demonstrating 
agreement within 2–3 kcal mol−1.

Entropies and heat capacities Cp(T) are calculated for all species (adducts, S0298 inter-
mediates, products and transition state structures) involved in the investigated systems 
S3/S4 +O2. The structures of each compound are illustrated in Table 1, Table 2, Table 3 and 
Table 4. All thermodynamic data are listed in the supplementary material which includes 
also optimized geometries, frequencies and moments of inertia. Entropy and heat capac-
ity calculations are based on the vibration frequencies and moments of inertia obtained 
from the selected optimized structures using the SMCPS code [25] based on formulas from 
statistical mechanics.

3. Results

3.1. Enthalpies of formation

3.1.1. The 1S3 + 3O2 system
3.1.1.1. Attack of O2 at terminal sulfur atom of S3. Standard enthalpies of formation for 
compounds involved in the reaction system 3S3 +

3O2 along with the illustration of their 
structures are reported in Table 1. Standard enthalpies of formation for 1SOO [14], 3S, 3S2
[26], 3SO, 1SO2, and 1SSO [27] used as reference in the work reactions are taken from the 
literature.

Using the three methods of computation, optimized geometries of the different species 
and transition state structures resulting from the addition of O2 on the terminal sulfur 
of S3 were evaluated. For most of the species, the results show agreement across the three 
applied methods, within 3–4 kcal mol−1 for calculated energies which is considered as very 
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Table 1. Attack of O2 at the terminal sulfur atom of S3. Standard enthalpy of formation for species 
(1fH0298) and transition state structures (1HTS) involved in the 1S3 +

3O2 reaction system calculated at 
CBS-QB3, G3 and G4 levels in kcal mol−1, Y means cyclic.

(continued).

good agreement among methods, particularly for sulfur-containing species where elec-
tron correlation effects may be significant. Observed differences in calculated enthalpies 
can be attributed to variations in the geometries. Values selected for further analysis were 
chosen based on careful examination of the geometries; in cases of similar geometries, 
the structure with the lowest calculated energy was favored. Based on these criteria, the 
recommended values for the enthalpies of formation are highlighted in bold in Table 1. 
The attack of triplet oxygen (3O2) at the terminal sulfur atom of S3 results in the forma-
tion of a peroxy radical, S3O2. This intermediate subsequently undergoes bond cleavage 
and rearrangement processes through six distinct reaction pathways, leading to the forma-
tion of several different compounds. As mentioned above, good agreement can be stated 
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Table 1. Continued.

among the three applied computational methods. The G3 calculation for the (TS1) transi-
tion state associated with O-O bond scission in S3O2 shows a deviation of approximately 6 
kcal mol−1 relative to the selected value obtained at the CBS-QB3 level. This discrepancy 
can be attributed to differences in the optimized geometries of the transition state.

Structural analysis indicates that the G3-optimized geometry exhibits a different SS–SO 
dihedral angle compared with the CBS-QB3 and G4 structures. As illustrated in Figure 2, 
the G3 geometry yields a nearly planar arrangement with a dihedral of 0.17°, whereas 
the CBS-QB3 ang G4 optimization gives a slightly twisted structure with a dihedral of 
7.58° and 6.35°, respectively. As shown in Table 1 such variations in transition-state geom-
etry can significantly influence the calculated activation energy. Notably, the CBS-QB3 
and G4 geometries are comparable and lead to similar enthalpy values, whereas the G3 
optimization results in a slightly higher energy.

The calculated energy of the TS3 transition state for the ipso addition of oxygen at the 
G3 level is 71.3 kcal mol−1, which is significantly lower than the value obtained using G4 
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Figure 2. Illustration of the transition state structure TS1 from G3 calculations (left) and CBS-QB3 
(middle) and G4 calculations (right).

optimization (94.2 kcal mol−1). This discrepancy can be attributed to differences in the 
optimized geometries, particularly the (S1–S2–S3–O4) dihedral angle obtained from the 
two methods. The G3-optimized structure exhibits a dihedral angle of 117.32°, whereas 
the G4-optimized geometry yields a larger value of 157.16°, as illustrated in Figure 3. These 
geometric differences likely influence the steric interactions in the transition state, thereby 
affecting the calculated activation energy.

The enthalpies calculated for (TS4) at the CBS-QB3 and G3 levels also exhibit a sub-
stantial deviation, which can be explained by differences in the final optimized geometries. 
Frequency analysis of the G3 transition-state structure indicates a displacement of sulfur 
(S2) nearly parallel to oxygen (O4), with an S2–S1–O3–O4 dihedral angle of 33.5°. This 
motion can be interpreted as an umbrella-type vibration involving the S5–S2–S1 frame-
work. In contrast, the CBS-QB3-optimized geometry shows a distinct displacement of O4 
toward S2 and is characterized by an almost perfectly planar S2–S1–O3–O4 dihedral angle 
of 0.008° (see Figure 4). These pronounced geometric differences in the transition-state 
structures account for the observed variation in the calculated enthalpies. The enthalpy 
calculated at the G4 level is not shown in Figure 4 because the optimized structure and 
dihedral angles are identical to those obtained at the CBS-QB3 level. Moreover, the result-
ing energy values are very similar, with 99.1 kcal mol−1 for G4 compared to 99.0 kcal mol−1

for CBS-QB3.

Figure 3. Illustration of the transition state structure TS3 from G3 calculations (left) and G4 calculations 
(right).

The energy calculated at the G3 level for the transition state structure associated with 
ring formation of 1Y(S3O2), TS5A, deviates significantly from the values obtained with 
the other two methods, see Table 1. Analysis of the vibrational frequencies reveals that the 
CBS-QB3 and G4 calculations correspond to a different transition state than that identified 
at the G3 level.

For CBS-QB3 and G4, the imaginary frequency shows a O – O bond scission (TS5B) 
rather than ring closure requiring less energy than cyclization and explaining the discrep-
ancies of the calculated energy barriers among the methods
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Figure 4. Illustration of the transition state structure TS4 from G3 calculations (left) and CBS-QB3 
calculations (right).

Table 2. Attack of O2 at the central sulfur atom of S3. Standard enthalpy of formation for species 
(1fH0298) and transition state structures (1HTS) involved in the 1S3 +

3O2 reaction system calculated at 
CBS-QB3, G3 and G4 levels in kcal mol−1, Y means cyclic.
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Table 3. Attack of O2 at the terminal sulfur atom of S4. Standard enthalpy of formation (1fH0298) and 
transition state structures (1HTS) resulting from species involved in the 1S4 +

3O2 system calculated at 
CBS-QB3, G3 and G4 levels in kcal mol−1, Y means cyclic.

(continued).
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Table 3. Continued.

3.1.1.2. Attack of O2 at the central sulfur atom of S3. The reactions initiated by the attack 
of 3O2 at the central sulfur atom of 3S3 are illustrated in Table 2 together with the calculated 
enthalpies of formation for the resulting species and transition state structures. Addition 
of 3O2 to the central sulfur atom proceeds via transition state TSB-a, leading to formation 
of a different peroxy radical iso-S3O2.

Among the applied computational methods, the G3 calculation yields the highest 
enthalpy for this step; however, this value is selected because it provides the most reliable 
transition-state geometry. Examination of the vibrational frequencies and their corre-
sponding displacement vectors clearly shows the oxygen and central sulfur atoms moving 
toward each other to form the iso-S3O2 intermediate. This characteristic motion is not 
observed with the other computational methods.
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The resulting iso-S3O2 intermediates subsequently reacts through four different path-
ways, as listed in Table 2. For these subsequent steps, the calculated energies show good 
agreement across the three applied methods

In addition, the calculations indicate that the addition of O2 to 1S3 can proceed via an 
alternative pathway (TSB-b), in which an S–S bond is cleaved, leading to the formation of 
S2O2.

The TSB-b transition-state structures obtained at the G3 and G4 levels clearly show the 
simultaneous approach of O2 toward sulfur and the cleavage of an S–S bond resulting in 
S2O2 formation. In contrast, this characteristic motion is not observed at the CBS-QB3 
level, which explains the difference in the calculated enthalpy at that level of theory. The 
subsequent reactions of S2O2 have been described in Ref. [16].

3.1.2. S4 + 3O2 system
3.1.2.1. Attack of O2 at terminal sulfur atom of S4. Similar to the 1S3 +

3O2 system, two 
sulfur sites are available for oxygen addition in the 1S4 +

3O2 system reaction: the terminal 
and the inner sulfur atom (see Figure 1). Addition of 3O2 at the terminal sulfur atom of 1S4
forms a peroxy radical S4O2 which, analogous to 1S3O2, undergoes subsequent reactions 
(bond scissions and rearrangements) through eight distinct reaction pathways.

Table 3 summarizes the standard enthalpies of formation for all species and transition 
state structures involved in the reactions resulting from addition of 3O2 at the terminal sul-
fur atom. The structures of the identified transition states and their corresponding reaction 
pathways from reactants to intermediates/products are also presented in Table 3. For most 
intermediates and transition states, only small deviations in enthalpy are observed among 
the three applied computational methods, indicating overall good agreement.

Exceptions are TS2, TS2-2, TS3-1, TS5, and TS7, where one of the methods deviates 
by approximately 10.0 kcal mol−1. To determine the most reliable values, the vibrational 
frequencies were carefully examined. For TS2-2, the calculated activation energies are 40.0 
kcal mol−1 (G3) and 51.2 kcal mol−1 (CBS-QB3). As illustrated in Figure 5, the optimized 
geometries obtained by the two methods are quite similar. However, the displacement vec-
tors associated with the imaginary frequency differ: in the G3 calculation (Figure 5, left), 
the motion corresponds to S–S bond dissociation, whereas in the CBS-QB3 result (Figure 5, 
right), the displacement resembles sulfur addition. This difference in the transition mode 
may explain the discrepancy in the calculated energy barriers. The enthalpy calculated at 
the G4 level is not shown in Figure 5 because the optimized structure and dihedral angles 
as well as the calculated energies are identical to those obtained at the CBS-QB3 level.

The displacement vectors for TS2 and TS5 were also examined and used to guide the 
selection of the most reliable calculated energy values. For TS7, the G3-calculated energy is 
preferred because the corresponding imaginary frequency shows both the S-S bond cleav-
age and migration of the oxygen atom to S-4 to form SSO2. In contrast, the CBS-QB3 
structure does not capture this combined motion, see Figure 6. The G4 enthalpy is not 
shown in Figure 6 as its structure, dihedral angles, and energy are identical to CBS-QB3.

3.1.2.2. Attack of O2 at the inner sulfur atom of S4. Table 4 summarizes the species and 
transition-state structures involved in the reactions initiated by the attack of 3O2at the inner 
sulfur atom of 1S4.
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Table 4. Attack of O2 at the inner sulfur atom of S4. Standard enthalpy of formation (1fH0298) and 
transition state structures (1HTS)resulting from species involved in the 1S4 +

3O2 system calculated at 
CBS-QB3, G3 and G4 levels in kcal mol−1, Y means cyclic.

(continued).
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Table 4. Continued.

Figure 5. Illustration of the transition state structure TS2-2 from G3 calculation (left) and CBS-QB3 
calculation (right).

Figure 6. Illustration of the transition state structure TS7 from G3 calculations (left) and CBS-QB3 
calculations (right).

Analogous to the 1S3 +O2 system, addition of 3O2 to the inner sulfur of S4 proceeds via 
two reactions: Direct addition forming an iso-peroxy radical, 3iso-S4O2 via (TSB-a) and 
S–S bond cleavage via (TSB-b), leading to formation of 1S3O2. The subsequent reactions 
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Figure 7. Potential Energy curve of the S-OO bond scission in iso-S4O2.

Figure 8. Illustration of the transition state structure TS2-1 from G3 calculation (left) and CBS-QB3 
calculation (middle) and G4 (right).

of 1S3O2 are described in Table 1, whereas the bond scission and rearrangement reactions 
of 3iso-S4O2 are presented in Table 4.

In addition, a third reaction pathway is identified for this system: An alternative S–S 
bond cleavage (TSB-c) occurs, resulting in the formation of S2 and S2O2. The further 
degradation reactions of S2O2 are described in Ref. [16].

For the subsequent reactions of 3iso-S4O2, seven possible pathways have been identi-
fied (see Table 4). As described above, the recommended enthalpy values were selected 
after examination of the optimized geometries and the associated vibrational frequencies 
of the intermediates and transition states. Consequently, the transition state with the low-
est calculated energy was not automatically chosen in every case; instead, the structure that 
most consistently represents the intended reaction was preferred. For nearly all species, a 
reasonable agreement among the applied computational methods is observed.

Notable exceptions are TSB-b and TS2-1, which exhibit significant deviations in their 
calculated energies. For TSB-b, the G3 result is selected because the corresponding imag-
inary frequency clearly indicates the simultaneous approach of oxygen and S-S bond 
cleavage, consistent with the expected reaction.
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Figure 9. Reaction channels resulting from the attack of O2 at the terminal (right) and central (left) sulfur 
of 1S3.

Surprisingly, no saddle point corresponding to TSB-a could be located. To validate the 
enthalpy for this transition state, a potential energy scan was performed at different S–OO 
bond distance in S4O2, effectively probing the dissociation energy for the reaction S4O2
→ S4 +O2.

The S–OO distance was incrementally increased by 0.05 Å, ranging from 1.67 Å up to 
approximately 4 Å, and each structure was optimized at both G4 and CBS-QB3 levels. The 
resulting potential energy surface, shown in Figure 7, confirms a barrierless association 
of O2. Both the G4 and CBS-QB3 curves are smooth and continuous, and they yield very 
similar energy profiles, with similar barriers of 32.5 kcal mol−1 (G4) and 36.9 kcal mol−1

(CBS-QB3). These values are consistent with the G3-calculated energy barrier of 32.2 kcal 
mol−1 relative to S4 +O2, supporting the reliability of the barrierless calculated TSB-a.

The second transition state exhibiting significant deviations among the computational 
methods is TS2-1. These differences in the calculated energies can be attributed to varia-
tions in the optimized geometries. As shown in Figure 8, the SS-SS dihedral angles differ 
markedly across the methods: –51.84° for G3, 179.96° for CBS-QB3, and 69.22° for G4. 
Such large discrepancies in the dihedral angles significantly affect the electronic inter-
actions and steric strain in the transition state, leading to the observed variations in the 
calculated energy barriers.

3.2. Reactions and potential energy diagrams

3.2.1. The 1S3 + 3O2 reaction system
Figure 9 depicts possible reaction channels for the attack of 3O2 at the terminal sulfur of 
1S3 (right part of the figure) and for the attack at the central sulfur atom (left part of the 
figure). The same products, viz. S2O, SO, S, S2, and SO2, evolve from the reactions. The 
single channels are discussed in the following sections.
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3.2.1.1. Attack of O2 at the terminal sulfur atom of S3. Figure 10 depicts the reaction 
channels for the attack of O2 at the terminal sulfur of S3. The peroxy intermediate S3O2 is 
formed over a barrier of 26.8 kcal mol−1 relative to S3 +O2 at 33.8 kcal mol−1. S3O2 can 
subsequently react through six distinct pathways.

Figure 10. Potential diagram for the attack of 3O2 on the terminal sulfur atom of 1S3. Values represent 
the recommended enthalpies in kcal mol−1 as listed in Table 1. Electron spin multiplicity as given in 
Table 1.

The first subsequent pathway of S3O2 involves O-O (TS1) bond scission with a barrier 
of 21 kcal mol−1 forming S3O which then undergoes S-S bond scission via two different 
reactions. Formation of S2O+ S through TS1-1, with a barrier of 30.7 kcal mol−1 relative 
to S3O and formation of S2 + SO via TS1-2, with a lower barrier of 7.7 kcal mol−1 relative 
to S3O.

The second pathway (TS2) corresponds to the simple dissociation S3O2 into S2 + SOO, 
which occurs over a relatively low barrier of 11.1 kcal mol−1.

The third pathway is controlled by the ipso addition of the oxygen via TS3. Due of the 
high strain in the three-membered ring, the initially formed species S2YSO2 (not shown in 
Figure 10) is highly unstable and rapidly undergoes ring opening to yield the more stable 
S2SO2, which lies at -8.0 kcal mol−1 relative to the reactants (see Figure 10). The energy 
barrier for this reaction is 20.8 kcal mol−1 relative to S3O2. In S2SO2, cleavage of the two 
S–S bonds can proceed via two distinct pathways: a barrierless dissociation to S2 + SO2
(TS3-1), or via a transition state (TS3-2) with an activation barrier of 21.4 kcal mol−1

leading to S+ SSO2. The SSO2 fragment formed in the latter pathway is relatively low at 
-41.9 kcal mol−1 can further dissociate to 2S+ SO2 over a high barrier of ca. 54 kcal mol−1

(TS3-3).
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The fourth reaction pathway proceeds through the formation of a cyclic four-membered 
ring SY(S2O2) in which each oxygen atom is bonded to a different sulfur atom. This occurs 
over a barrier of 48.5 kcal mol−1 (TS4) relative to S3O2. The resulting isomer, lying at 66 
kcal mol−1 SY(S2O2) contains a highly strained Y(SSOO) cycle and can easily undergo ring 
opening (TS4-1) over 26.2 kcal mol−1 yielding to a lower-energy compound SSOSO at -
2.7 kcal mol1. SSOSO dissociates further at different levels of energy to SSO + SO (TS4-2) 
and to S+ cis-OSSO (TS4-3) via 15.9 kcal mol−1 and 23.3 kcal mol−1, respectively.

The G3 method identified the formation of the cyclic Y(S3O2) isomer formed via about 
40.6 kcal mol−1 (TS5A) relative to the peroxy intermediate S3O2 (50.5 kcal mol−1). Two 
successive reactions identified for this Y(S3O2) isomer at 30.9 kcal mol−1, in which both 
oxygen atoms are part of the ring, are observed: A barrierless ring opening (TS5-1) leading 
to the opened 3OS3O isomer at -18.1 kcal mol−1 followed by a S–S bond cleavage (TS5-2) 
requiring only 2.9 kcal mol−1 to form S2O+ SO. Additionally, the G3 calculations identify 
an alternative dissociation of Y(S3O2) via some 18.9 kcal mol−1 (TS5-3) relative to Y(S3O2) 
resulting also in the formation of S2O+ SO. In contrast, CBS-QB3 and G4 calculations 
predict a different transition state structure, TS5B, corresponding to a direct conversion of 
S3O2 to OS3O via a lower barrier at 25.2 kcal mol−1.

The last possible reaction pathway of the S3O2 peroxy involves elimination of a sulfur 
atom (TS6) by overcoming some 22 kcal mol−1 relative to S3O2.

3.2.1.2. Attack of O2 at the central sulfur atom of S3. The attack of O2 at the ventral atom 
of S3 results in the formation of the iso-S3O2 isomer over a barrier of 60.6 kcal mol−1 (TSB-
a) relative to S3 +O2 (see Figure 11). A second pathway involves S–S bond scission (TSB-
b), forming S2O2, which has been previously investigated [16]. This reaction proceeds over 
a slightly higher barrier of 67.5 kcal mol−1 relative to the entrance channel S3 +O2. Four 
channels are opened for subsequent reactions of the iso-S3O2 isomer. Channel-1 involves 
O–O bond scission of iso-S3O2 to form iso-S3O +O. This bond scission (TS1) requires 
27.1 kcal mol−1 relative to the peroxy iso-S3O2. The resulting iso-S3O intermediate can 
then undergo S – S bond cleavage (TS1-1) via a barrier of 32.9 kcal mol−1, leading to the 
formation of the products S2O+ S.

Figure 11. Potential diagram for the attack of O2 at the central sulfur atom of 1S3. Values represent the 
recommended enthalpies in kcal mol−1 as listed in Table 2. Electron spin multiplicity as given in Table 2.
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Channel 2 involves attack of the terminal oxygen on the adjacent sulfur atom via TS2, 
with a barrier of 35.3 kcal mol−1 (see Figure 11). This reaction forms the same strained 
four-membered ring intermediate, SYS2O2, as observed in channel 4 of the oxygen attack at 
the terminal sulfur. The subsequent reactions of this intermediate are described in Table 1 
and in the previous section.

Channel 3 proceeds through ipso-addition of the oxygen via TS3. The resulting SYSO2S 
species, illustrated in Figure 11, contains a three-membered ring and is formed at 50.6 kcal 
mol−1, with a reaction barrier of 34.4 kcal mol−1 above iso-S3O2. This The SYSO2S inter-
mediate undergoes simultaneous cleavage of the weak peroxy O–O bond and elimination 
of one sulfur atom over 49.6 kcal mol−1 (TS3-1), yielding the stable, low-energy prod-
ucts SSO2 + S. The further dissociation of SSO2 (TS3-2) is described in Figure 10 and 
corresponds to TS3-3.

Channel 4 corresponds to the simple elimination of one sulfur atom (TS4), which occurs 
over 32.0 kcal mol−1 relative to S3 +O2 and producing S+ S2O2 (investigated in Ref. [16]).

3.2.2. The 1S4 + 3O2 reaction system
Figure 12 depicts the major channels for the attack of O2 at the terminal sulfur of S4 (right) 
and at the inner sulfur atom (left). The final products are similar to those of the 1S3 +

3O2
reaction system, S2O, SO, S, S2, and SO2. Detailed discussion of the channels is given in 
the following sections.

Figure 12. Reaction channels resulting from the attack of O2 at the terminal (right) and inner (left) sulfur 
of 1S4.

3.2.2.1. Attack of O2 at the terminal sulfur atom of S4. Figure 13 illustrates the possible 
reaction channels following O2 attack at the terminal sulfur of S4. The peroxy intermediate 
S4O2 is formed over a barrier of 36.1 kcal mol−1 relative to S4 +O2 at 34.9 kcal mol−1. 
Notably, O2 addition to S4 requires about 10.0 kcal mol−1 more energy than to S3, see 
above section.
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Figure 13. Potential diagram for the attack of O2 at the terminal sulfur atom of 1S4. Values represent the 
recommended enthalpies in kcal mol−1 as listed in Table 3. Electron spin multiplicity as given in Table 3.

The S4O2 peroxy intermediate can undergo subsequent reactions/bond scissions via 
eight pathways. Similar to S3O2 peroxy, S4O2 undergoes a O-O (TS1) bond scission over 
a 27.2 kcal mol−1 energy barrier relative to S4O2. We note that the O–O bond cleavage 
energy is comparable to that of S3O2 differing by less than 3 kcal mol−1. This cleavage 
produces S4O+O. S4O can then undergo three subsequent S–S bond scissions conduct-
ing to S+ S3O (TS1-1) over 24.3 kcal mol−1, to S2 + S2O (TS1-2) without barrier, and 
to S3 + SO (TS1-3) over 23 kcal mol−1, all relative to S4O (see Table 3). As observed for 
S3O degradation, the energy required to eliminate a single sulfur atom is similar in both 
systems, approximately 22–24 kcal mol−1.

Channel-2 is proceeds via addition of oxygen to the adjacent sulfur atom (TS2) over 
a 50 kcal mol−1 relative to S4O2. As calculated for S3O2, addition of oxygen to a central 
sulfur requires more energy. The resulting isomer S2Y(S2O2) (not illustrated in Figure 13) 
is highly unstable because of its strained ring structure and high internal energy. Conse-
quently, it undergoes an immediate, barrierless ring-opening reaction to yield the more 
stable species S2SOSO, which is 12.4 kcal mol−1 lower in energy. This species can then 
dissociate into products at different levels of energy: S3O+ SO (TS2-1), S+ SSOSO (TS2-
2) and S2 + cis-OSSO (TS2-3) via 37.5 kcal mol−1, 52.4 kcal mol−1 and 15.0 kcal mol−1, 
respectively.

Figure 13 also depicts the third pathway, involving ipso addition of the oxygen via TS3
over a 24.5 kcal mol−1. This barrier is comparable to the ipso addition in S3O2, calculated 
at 20.8 kcal mol−1.

The resulting species, S3YSO2 (not shown in Figure 13), contains a highly strained three-
membered ring. This ring undergoes a barrierless opening to yield the more stable species 
S3SO2, which lies 6.1 kcal mol−1 lower in energy. S3SO2 then degrades via three transition 
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state structures to S3 + SO2 (TS3-1) with no barrier, S2 + SSO2 (TS3-2) over 1.4 kcal mol−1

and S+ S2SO2 (TS3-3) over 22.3 kcal mol−1. Subsequent reactions of the S2SO2 isomer are 
illustrated in Table 1 and Figure 10.

The fourth pathway proceeds via formation of a cyclic six-membered ring Y(S4O2) at 
76.7 kcal mol−1, in which both oxygens are incorporated into the ring. This cyclic isomer 
forms by overcoming a barrier of 26.6 kcal mol−1 (TS4) relative to the peroxy S4O2 inter-
mediate at 52.1 kcal mol−1. The energy required for ring closure of Y(S4O2) is comparable 
to that calculated for Y(S3O2). As observed for the latter, the weak O-O bond in Y(S4O2) 
cleaves without barrier (TS4-1), forming OS4O at -17.8 kcal mol−1. Subsequent S-S bond 
scissions of OS4O, identified only at the G3 level, occurs with a relatively low barrier of 
5.7 kcal mol−1 (TS4-2). Cleavage of the OSS–SSO bond (TS4-2) forms 2S2O whereas scis-
sion of the OSSS–SO results in S3O+ SO (TS4-3). Additionally, a direct barrierless bond 
cleavage of Y(S4O2) (TS4-4) conducts to formation of 2S2O.

The fifth possible reaction pathway for the S4O2 peroxy involves the attack of the oxy-
gen on the inner sulfur atom, as illustrated in Figure 13 and Table 3. This addition (TS5) 
requires 40.8 kcal mol−1 relative to S4O2 and lead to formation of a new isomer SY(S3O2) 
at 46.9 kcal mol−1.

The energy barrier necessary for the formation of a five-membered ring (YS3O2) is sim-
ilar to that required for the closure of S3O2 at 40.6 kcal mol−1. SY(S3O2) subsequently 
undergoes a S – S bond cleavage (TS5-1) over a barrier of 41.5 kcal·mol−1, yielding 
S+Y(S3O2). The further dissociation pathways of Y(S3O2) are discussed in section 2.1.

Channel-6 (TS6) consists of the simple bond cleavage of S4O2 to S3 + SOO over a rela-
tively low barrier of 17 kcal mol−1. This value is comparable to the analogous reaction of 
S3O2 to S2 + SOO at 11 kcal mol−1.

In channel 7 (TS7), S4O2 undergoes a simple bond scission, requiring an energy barrier 
of 33.2 kcal mol−1 to form S S2 + S2O2.

In the final pathway, channel-8 (TS8), elimination of one sulfur atom occurs over 24.7 
kcal mol−1 barrier relative to S4O2 producing S+ S3O2. This barrier is similar to that of 
the corresponding reaction in S3O2, which forms S+ S2O2 with 21.9 kcal mol−1 energy 
barrier.

3.2.2.2. Attack of O2 at the inner sulfur atom of S4. Similar to the S3 +O2 system, oxygen 
can also attack an inner sulfur atom of S4, leading to the formation of an iso-S4O2 isomer 
(see Figure 14 and Table 4). The barrier for this reaction (TSB-a) is 32.2 kcal mol−1 rela-
tive to S4 +O2. This result indicates that O2 addition to S4 is significantly more favorable 
than to S3. A second possible mode of attack of O2 results in sulfur atom elimination and 
formation of S3O2 which is discussed in section 2.1. This reaction proceeds via 67.2 kcal 
mol−1 (TSB-b) relative to S4 +O2, which is comparable to the analogous S3 +O2 reaction 
at 67.9 kcal mol−1. A third reaction resulting from the oxygen attack is governed by the 
second S – S bond cleavage and resulting in S2 + S2O2 (TSB-c). This process requires a 
lower barrier of 50.8 kcal mol−1 relative to S4 +O2.

Eight consecutive reaction channels are possible for the iso-S4O2 isomer. Cleavage of 
the O-O bond in the peroxy iso-S4O2 to form iso-S4O+O (TS1) exhibits a barrier of 31.9 
kcal mol−1 relative to the S4O2 peroxy. This value is similar to that calculated for S3O2, 
which undergoes O-O bond scission over 27.1 kcal mol−1.
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Figure 14. Potential diagram for the attack of O2 at the inner sulfur atom of 1S4. Values represent the 
recommended enthalpies in kcal mol−1 as listed in Table 4. Electron spin multiplicity as given in Table 4.

For iso-S4O, both singlet and triplet compounds could be calculated at 30.4 kcal mol−1

and 38.3 kcal mol−1, respectively. Subsequent S-S bond cleavage of iso-S4O can occur along 
three possible pathways: formation of S2O+ S2 (TS1-1) via a low energy barrier of 2.4 kcal 
mol−1, formation of S3O+ S (TS1-2) via 21.2 kcal mol−1 and formation of iso-S3O+ S 
(TS1-3) via a higher barrier of 43.9 kcal mol−1, all relative to singlet iso-S4O (see Table 4).

Attack of the terminal oxygen at the adjacent centered sulfur atom (TS2), illustrated in 
Figure 14 and Table 4, leads to formation of the isomer SYS2O2S calculated at 74.1 kcal 
mol−1. This species contains a four-membered ring (YSOOS) located at the center of the 
structure. The barrier required for its formation is 55.8 kcal mol−1 relative to iso-S4O2.

SYS2O2S subsequently undergoes ring opening (TS2-1) through a relatively low barrier 
of 13.6 kcal mol−1 forming a new isomer, cis-S(SOSO)S, at 11.8 kcal mol−1. Successive 
dissociation of cis-S(SOSO)S consists of sulfur atom elimination (TS2-2) over 27.4 kcal 
mol−1 to form SSOSO. This intermediate reacts further through two transition state struc-
tures resulting in formation of S+OSSO (TS2-3) over only 2 kcal mol−1 and barrierless 
formation of S2O+ SO (TS2-4).

The third pathway (TS3) includes the formation of a five-membered ring interme-
diate, SY(S3O2), within iso-S4O2, proceeding over 30.5 kcal mol−1 energy barrier. The 
subsequent reactions of SY(S3O2) have been discussed in section 2.1.

Channel-4 involves an oxygen attack at the adjacent terminal sulfur atom (TS4), pro-
ceeding over an energy barrier of 37.0 kcal mol−1 relative to S4O2, and resulting in the 
formation of S2Y(S2O2). This pathway closely parallels the oxygen addition mechanism 
observed in the iso-S3O2 system, where SY(S2O2) is formed through a similar barrier of 
35.3 kcal mol−1.
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The intermediate S2Y(S2O2) produced in this channel is identical to that generated via 
Channel-2 of the subsequent S4O2 reaction. As discussed previously, this isomer is unstable 
and undergoes an immediate, barrierless ring-opening process to form S2SOSO, which 
lies at 12.4 kcal mol−1. The subsequent transformations of this intermediate have been 
described above.

The fifth reaction pathway (TS5) involves an alternative oxygen addition at the 
ipso position, forming the highly unstable intermediate S2Y(SO2)S (not represented in 
Figure 14). Owing to the pronounced three-membered ring strain, this species undergoes 
cleavage of the weak O-O bond to form the significantly more stable isomer S2SO2S, which 
lies lower in energy at 7.4 kcal mol−1. Subsequently, fragmentation occurs via cleavage of 
the adjacent S-S bond (TS5-1), ultimately yielding S2 and SSO2. Although SSO2 is thermo-
dynamically stable (-41.9 kcal mol−1), it may, under suitable conditions dissociate through 
S – S bond cleavage over a 53.4 kcal mol−1 barrier (TS5-2), yielding S+ SO2.

The iso-S4O2 peroxy may also undergo direct S-S bond scission (TS6) forming SSO2
through 24.3 kcal mol−1 energy barrier. The final two pathways identified for iso-S4O2
correspond to simple terminal sulfur eliminations from either end of iso-S4O2 as illustrated 
in Table 4.

In the first case (TS7), sulfur atom loss produces S+ iso-S3O2 and in the second one 
(TS8) leads to S+ S3O2 over 31.5 and 31.2 kcal mol−1, respectively. These dissociation 
channels closely parallel the behavior observed for iso-S3O2, for which fragmentation to 
S+ S2O2 was calculated to occur at 32.0 kcal mol−1. In all cases, sulfur atom elimination 
requires essentially the same activation energy.

3.3. Energy barriers comparisons

Table 5 resumes and compares the energy barriers of the various reaction channels for the 
subsequent reactions of S3O2 with those of S4O2. Overall, the results show that analogous 
reactions exhibit very similar energy barriers in both systems.

The upper part of Table 5 corresponds to the oxygen attack at the terminal sulfur while 
the lower part considers attack of oxygen at the inner sulfur atom.

The only notable difference is observed for the ipso addition of O2 at the inner sul-
fur, where the barrier in the longer chain (S4) is lower by approximately 13 kcal mol−1

compared with S3. These comparisons, resumed in Table 5, indicate that, for structurally 
analogous reactions, the calculated energy barriers are consistent across different chain 
lengths. This observation supports the important conclusion that reaction rate parameters 
derived for S3O2 and S4O2 can be reasonably extended to larger sulfur–oxygen systems 
such as S5O2, S6O2, S7O2 and S8O2.

3.4. Kinetic calculations for 1S2 + 3O2 and 1S4 + 3O2

The reaction rate coefficients of the reactions for the reaction systems 1S2 +
3O2 and 

1S4 +
3O2 were estimated using the ThermKin code [25] and are listed in Table 6, Table 7, 

Table 8 and Table 9 in the modified Arrhenius form,

k = A · Tnexp(−EA/RT)
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Table 5. Comparison of energy barriers for the reaction channels of the S4 +O2 and S3 +O2
reaction systems.

Type of reactions S3O2 (kcal mol−1) S4O2 (kcal mol−1)

Attack of O2 at the terminal sulfur atom
O-O bond dissociation 21.0 27.2
Ring closure: 3-membered ring formation 20.8 24.5
Ring closure: 4-membered ring formation 48.5 50.0
Ring closure: 5-membered ring formation 40.6 40.8
S – S terminal sulfur bond scission 22. 24.7
S – SOO bond dissociation 11.1 17.0

Attack of O2 at the inner sulfur atom
O-O bond dissociation 27.1 31.9
Ring closure: 3-membered ring formation 34.4 21.4
Ring closure: 4-membered ring formation 35.3 37.
S – S terminal sulfur bond scission 32.0 31.5 /31.2
S3 +O2 → S2O2 + S 67.5 –
S4 +O2 → S3O2 + S – 67.2

Table 6. Calculated input parametersa for the reactions used in QRRK calculations: Attack of 
O2 at terminal sulfur atom of S3.
No Reactions A n EA (kcal mol−1)

1S3 + 3O2 → 1S3O2 → Products
1 1S3 +

3O2 →
1S3O2 3.42E+ 05 1.59 26.86

Channel-1
2 1S3O2 →

1S3O+
1O 1.77E+ 12 0.52 21.33

3 1S3O → 1S2O+
3S 3.32E+ 12 0.10 31.24

4 1S3O → 3S2 +
3SO 6.90E+ 14 −.079 8.86

Channel-2
5 1S3O2 →

3S2 +
1SOO 3.03E+ 15 −1.05 12.31

Channel-3
6 1S3O2 →

3S2SO2 1.67E+ 14 −0.89 21.96
7 3S2SO2 →

3S2 +
1SO2 8.44E+ 11 0.53 −0.044

8 3S2SO2 →
3S+

1SSO2 5.73E+ 12 0.084 21.98
9 SSO2 →

3S+
1SO2 2.31E+ 13 0.26 53.98

Channel-4
10 3S3O2 →

3SYS2O2 1.82E+ 14 −0.81 49.53
11 3SYS2O2 →

1SSOSO 5.25E+ 15 −0.65 27.35
12 1SSOSO → 1S2O+

3SO 4.42E+ 15 −1.11 17.16
13 1SSOSO → 3S+

1OSSO 2.88E+ 15 −0.84 24.44
Channel-5

14 3S3O2 →
1YS3O2 2.80E+ 14 −1.02 41.75

15 3S3O2 →
3OS3O 6.08E+ 10 0.52 25.52

16 3OS3O → 3S3O2 1.91E+ 09 0.62 94.46
17 1YS3O2 →

3OS3O 8.59E+ 12 −0.03 −0.76
18 3OS3O → 1S2O+

3SO 2.81E+ 12 −0.28 3.56
19 1YS3O2 →

1S2O+
3SO 4.39E+ 13 −0.10 19.62

Channel-6
20 3S3O2 →

3S+
1S2O2 4.52E+ 15 −1.07 23.22

aThe units of A factors and rate constants, k, are s−1 for unimolecular reactions and cm3 mol−1 s−1 for 
bimolecular reactions. 1X = singlet, 3X = triplet.

ThermKin determines the forward rate constants, k(T), based on the canonical transition 
state theory (CTST). The modified Arrhenius parameters are determined from regression 
analysis with application of the principle of least squares. CTST describes the forward rate 
constant from reactant to the transition state (TS) as a function of the equilibrium between 



24  N. SEBBAR ET AL.

Table 7. Calculated input parametersa for the reactions used in QRRK calculations: Attack of 
O2 at the inner sulfur atom of S3.
No Reactions A n EA (kcal mol−1)

1S3 + 3O2 → iso−1S3O2 → Products
1 1S3 +

3O2 → iso-1S3O2 1.97E+ 08 0.64 61.23
2 1S3 +

3O2 →
1S2O2 +

3S 2.18E+ 06 1.67 67.53
Channel-1

3 iso-1S3O2 → iso-1S3O+
3O 2.57E+ 09 1.68 26.88

4 iso-1S3O → 3S+
1S2O 1.28E+ 16 –0.90 34.10

Channel-2
5 iso-1S3O2 →

3SYS2O2 1.72E+ 13 0.09 35.92
Channel-3

6 iso-1S3O2 →
1SYSO2S 1.73E+ 12 0.28 34.99

7 1SYSO2S → 3S+
1SSO2 1.10E+ 14 0.23 50.19

Channel-4
8 iso-1S3O2 →

3S+
1S2O2 9.42E+ 12 0.14 32.64

aThe units of A factors and rate constants k are s−1 for unimolecular reactions and cm3 mol−1 sec−1 for 
bimolecular reactions. 1X = singlet, 3X = triplet.

Table 8. Calculated input parametersa for the reactions used in QRRK calculations: Attack of 
O2 at the terminal sulfur atom of S4.
No Reactions A n EA (kcal mol−1)

1S4 + 3O2 → 3S4O2 → Products
1 1S4 +

3O2 →
3S4O2 8.19E+ 04 1.67 37.34

Channel-1
2 3S4O2 →

3S4O+
3O 1.22E+ 10 1.19 27.19

3 3S4O → 3S+
1S3O 6.20E+ 10 1.11 24.28

4 3S4O → 2S2 +
1S2O 3.81E+ 09 2.04 1.87

5 3S4O → 1S3 +
3SO 8.92E+ 08 2.44 22.19

Channel-2
6 3S4O2 →

1S2SOSO 1.17E+ 10 0.77 50.3
7 1S2SOSO → 1S3O+

3SO 2.81E+ 16 −0.85 38.70
8 1S2SOSO → 1SSOSO+

3S 8.52E+ 13 0.13 52.97
9 1S2SOSO → 3S2 +

1OSSO 3.30E+ 15 −0.72 16.12
Channel-3

10 3S4O2 →
3S3SO2 5.57E+ 16 −1.22 26.8

11 3S3SO2 →
1S3 +

1SO2 3.79E+ 13 0.17 −1.12
12 3S3SO2 →

3S2 +
1SSO2 3.56E+ 11 0.24 1.84

13 3S3SO2 →
3S+

3S2SO2 1.47E+ 11 0.26 22.76
Channel-4

14 3S4O2 →
3YS4O2 1.48E+ 09 1.20 26.51

15 3YS4O2 →
3OS4O 1.85E+ 11 −0.53 −37.81

16 3OS4O → 21S2O 2.23E+ 09 1.28 4.30
17 3OS4O → 1S3O+

3SO 6.99E+ 09 1.24077 7.52
18 3OS4O → 21S2O 3.82E+ 10 0.33 58.47

Channel-5
19 3S4O2 →

1SYS3O2 2.63E+ 09 1.013 40.72
20 1SYS3O2 →

3S+ YS3O2 3.01E+ 14 −0.48 42.35
Channel-6

21 3S4O2 →
3S3 +

1SOO 1.13E+ 10 0.99 17.00
Channel-7

22 3S4O2 →
3S2 +

1SSO2 8.76E+ 09 1.06 33.09
Channel-8

23 3S4O2 →
3S+

3S3O2 2.40E+ 10 0.94 24.72

aThe units of A factors and rate constants k are s−1 for unimolecular reactions and cm3 mol−1 sec−1 for 
bimolecular reactions. 1X = singlet, 3X = triplet.
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Table 9. Calculated input parametersa for the reactions used in QRRK calculations: Attack of 
O2 at the inner sulfur atom of S4.
No Reactions A n EA (kcal mol−1)

1S4 + 3O2 → iso-3S4O2 → Products
1 1S4 +

3O2 → iso-3S4O2 4.96E+ 08 0.53 41.78
2 1S4 +

3O2 →
1S3O2 +

3S 1.77E+ 08 0.67 68.99
3 1S4 +

3O2 →
1S2O2 +

3S2 2.11E+ 09 0.63 52.74
Channel-1

4 iso-3S4O2 → iso-3S4O+
3O 9.06E+ 09 1.33 31.80

5 iso-3S4O → 2S2O+
3S2 9.58E+ 15 −1.10 3.65

6 iso-3S4O → 1S3O+
3S 4.42E+ 15 −0.92 21.99

7 Iso-3S4O → iso-1S3O+
3S 9.71E+ 13 −0.08 44.55

Channel-2
8 iso-3S4O2 →

1SYS2O2S 9.57E+ 13 −0.96 56.97
9 1SYS2O2S → 1SSOSOS 6.94E+ 12 −0.05 14.23
10 1SSOSOS → 3S+

3SSOSO 1.27E+ 15 −0.92 28.59
11 3SSOSO → 3S+

1OSSO 1.00E+ 15 −1.01 31.92
12 SSOSO → 1S2O+

3SO 5.19E+ 14 −1.03 0.054
Channel-3

13 iso-3S4O2 → SYS3O2 2.06E+ 12 −0.24 31.12
Channel-4

14 iso-3S4O2 → S2YS2O2 1.53E+ 14 −1.20 38.29
Channel-5

15 iso-3S4O2 →
1S2SO2S 3.32E+ 13 −0.79 22.57

16 3S2SO2S =
3S2 +

1SSO2 2.71E+ 11 1.03 −5.44
Channel-6

17 iso-3S4O2 →
3S2 +

1SSO2 3.30E+ 11 −0.17 24.98
Channel-7

18 iso-3S4O2 →
3S+ iso-3S3O2 4.02E+ 12 −0.16 32.23

Channel-8
19 iso-3S4O2 →

3S+
1S3O2 6.84E+ 14 −0.92 32.47

aaThe units of A factors and rate constants k are s−1 for unimolecular reactions and cm3 mol−1 sec−1 for 
bimolecular reactions. 1X = singlet, 3X = triplet.

reactant and TS. For the calculations thermodynamic properties of reactants and transi-
tion states are prerequisite. ThermKin requires the thermodynamic properties to be in the 
NASA polynomial format.

The reaction rate parameters are calculated for the reactions involving the attack of O2
at each S3 and S4. For both compounds attack at the terminal and the inner sulfur atom of 
both S3 and S4 are possible. The reaction rate coefficients are estimated for the following 
systems:

1S3 +
3O2 →

1S3O2 → Products
1S3 +

3O2 → iso−1S3O2 → Products
as well as for the S4 system:
1S4 +

3O2 →
3S4O2 → Products

1S4 +
3O2 → iso−3S4O2 → Products.

In order to compare the reactions involved in the oxidation of S3 and S4, multi-channel 
multi-frequency QRRK [29,30] calculations are performed for k(E) with master equation 
analysis (CHEMASTER code] [31,25]) for the S3 +O2 and S4 +O2 systems. The analysis 
gives estimates of the rate coefficients k(T) for the stabilization of the formed adducts and 
reaction products of the successive reactions at different temperatures and pressures. The 
rate coefficients calculated with ThermKin serve as input for the QRRK analysis. Figure 14 
compares the calculated rate constants as function of temperature calculated for the same 



26  N. SEBBAR ET AL.

Figure 15. Attack of O2 at terminal sulfur of S3 and S4: (a) Comparison of S3O2/S4O2 formation; (b) com-
parison of back reaction to S3 +O2/S4 +O2; (c) comparison of O-O bond scission in S3O2/S4O2; (d) 
comparison of S-S bond scission in S3O2/S4O2; (e) comparison of S-SOO bond scission in S3O2/S4O2; (f ) 
comparison of 3-membered-ring closure; (g) comparison of 4-membered-ring closure; (h) comparison 
of 5-membered-ring closure.
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type of reactions of the S3 +O2 and S4 +O2 systems (attack of O2 at the terminal sulfur 
atom), e.g. Figure 15c illustrates the O-O bond scission for S3 and S4 showing the same 
slope for both cases. For all reactions similarities between S3 +O2 and S4 +O2 systems 
can be recognized.

The reactions listed in Table 6, Table 7, 8 and Table 9 can be incorporated into the 
combustion mechanism of the S2 +O2 system, as developed in previous work [16], along 
with relevant data from literature, e.g. [28,33]. Integration of these reactions contributes to 
constructing a detailed reaction mechanism that can be used to evaluate key combustion 
properties of sulfur, including auto-ignition times, flame propagation velocities, and other 
kinetic characteristics relevant to sulfur oxidation processes

4. Conclusions

The present study investigates plausible reaction pathways arising from the oxidation of the 
small sulfur clusters 1S3 and 1S4, extending our previous work on the 3S2 +

3O2 reaction 
system. Understanding the oxidation of small sulfur species is crucial, as these reactions 
play a key role in sulfur combustion and atmospheric chemistry, influencing both pollutant 
formation and energy release. In these systems, molecular oxygen (3O2) can interact with 
both terminal and internal sulfur atoms of 1S3 and 1S4.

Thermochemical properties were performed with the help of high-level ab initio quan-
tum chemical calculations at CBS-QB3, G3, and G4 levels. These methods provide reliable 
structural and energetic information for all intermediates and transition state structures 
involved in both reaction systems.

For the 1S3 +O2 system, addition of O2 to the terminal sulfur atom produces the inter-
mediate 1S3O2, while addition to the internal sulfur atom yields iso−1S3O2. Similarly, in 
the 1S4 +O2 system, O2 addition to the terminal sulfur leads to 1S4O2, and addition to an 
internal sulfur atom forms iso−3S4O2. These primary intermediates undergo a series of 
subsequent reactions, including bond rearrangements, dissociation and O–S migrations, 
lead to the formation of the final products 1S2O, 3SO, 3S, 3S2, and 1SO2.

This study also presents new reaction rate coefficients for the pathways initiated by O2
addition to S3 and S4. The calculated rates for the formation of primary intermediates show 
consistent trends among analogous reaction types. This consistency is particularly valu-
able, as it allows the extrapolation of kinetic data to larger sulfur species, potentially up to 
S8, which are relevant in combustion and atmospheric processes. Consequently, the results 
of this study provide a solid basis for extending existing detailed reaction mechanisms for 
sulfur combustion.

The data generated in this study can be directly applied to extend existing detailed 
reaction mechanisms for sulfur combustion, providing kinetic information for larger 
systems.
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