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ABSTRACT ARTICLE HISTORY
The reaction of disulfur (3S;) with oxygen 35S, 430, is an important ~ Received 23 September 2024
reaction in sulfur combustion leading to different 'S0, isomers and Accepted 24 February 2025
subsequentintramolecular isomerization reactions. In this work reac- KEYWORDS
. . . 3 3
tion paths and products resulting from the reaction °S; + >0, are Sulfur combustion; oxidation;
investigated computationally using four different quantum chem-  thermochemistry; 5,0,
istry methods. The thermochemistry of the isomerization and disso-
ciation reactions for species involved in this system is evaluated in
detail and reported along with reaction paths and energy barriers.
Enthalpies are calculated on CBS-QB3, G3B3, G4 levels of calculation
and, whenever possible, on W1U levels. Entropy and heat capacity
contributions versus temperature are determined from molecular
structures, moments of inertia and vibrational frequencies. Impor-
tance of the reaction paths and kinetic parameters using bimolecular
chemical activation analysis are estimated as function of temperature
from the calculated thermochemical data. High pressure limit kinetic
parameters are obtained from canonical transition state theory (TST)
calculations. Results show that 'SS(=0) =0, 350, 'S0, and 35 are
the low energy products.!
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1. Introduction

Sulfur is an energy carrier which can be easily handled and stored and, therefore, has gained
in interest for closed energy conversion cycles. The conception of such energy cycles is to
use the heat released from combustion of sulfur to generate electricity and to recover ele-
mental sulfur from the combustion products by providing and integrating energy form
e.g. renewable sources [1]. Processes of this kind benefit from the comparatively low costs
of sulfur which can be inexpensively stored outdoor under ambient conditions and for
long times as well as in large quantities [2,3]. Furthermore, combustion of elemental sul-
fur can be performed on large-scale as part of the industrial production of sulfuric acid,
which is one of the world’s largest-volume industrial chemicals. Most of the existing sulfur
combustion facilities are technically robust and designed to realize large product streams.
Within the projects PEGASUS (Renewable Power Generation by Solar Particle Receiver
Driven Sulfur Storage Cycle [2]) and SULPHURREAL (An innovative thermochemical
cycle based on solid sulfur for integrated long-term storage of solar thermal [3]) a novel
power cycle for electricity production from renewable sources applying a particle receiver
for solar energy combined with a sulfur storage system and a sulfuric acid production sys-
tem is investigated. The process is based on solid particles as heat transfer medium enabling
storage of solar energy as thermal energy and also as chemical energy in solid sulfur, ren-
dering thus a solar power plant capable of round-the-clock electricity production from
renewable sources. The main chemical reaction steps to be integrated into the sulfuric acid
production are first the combustion of sulfur:

S+ O — SO, A Hjog = —70.94kcal - molg)
and the subsequent catalytic conversion to SO3:
SO, + 0.50; — SO3, A Hjgg = —23.65keal - molgyy,

The energy released in the combustion of sulfur is utilized by a combined cycle (gas &
steam turbine) to generate electricity.
Sulfuric acid produced from SO3 via:

SO3 + H,O — H,S04, A, H3og = —25.51kcal - moly; o,
is thermally decomposed at temperatures above 800 °C into SO, O, and H,O:
3H,804 — 3 S0, + 3 Hy0 + 1.5 0, A Higg = +147.48kcal - (3 molgy )
followed by the disproportionation of SO, at temperatures below 200 °C.
380; +2 H,0 — 2 HSO04 + S, A, Hygg = —27.38kcal - molg !

The heat of reaction for the endothermic decomposition of H,SOy4 is provided from
solar energy. The overall process can be shifted from pure sulfuric acid production to par-
tially/complete recycling of sulfur via decomposition of sulfuric acid in the closed energy
conversion cycle depending on the demand of sulfuric acid and the availability of solar
energy. A more detailed description of the conception of the closed energy conversion
process is given in [4].
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For the design and optimization of combustion devices for sulfur providing high power
densities the knowledge of validated reaction mechanisms are prerequisites. Since research
on combustion of sulfur is motivated primarily by the frequently applied Claus-process,
most reaction mechanisms from literature describe the reactions of sulfur compounds
in combination with hydrocarbon or hydrogen combustion. However, only few of them
consider the oxidation of sulfur in the absence of hydrogen or hydrocarbons. The scope
of this study is, therefore, to develop and evaluate rate coefficients of reactions involving
oxygenated sulfur excluding hydrocarbons and hydrogen.

The reaction S, 4+ 30, — 15,0, constituting an important reaction in sulfur combus-
tion, is a complex reaction leading to several intermediates and isomers through different
intramolecular reactions. One of the first theoretical studies to identify the different iso-
mers resulting from this reaction system has been performed by Marsden and Smith [5].
They reported the occurrence of different possible isomers of $,0,, in both singlet and
triplet states. Their calculations resulted in thirteen singlet and six triplet S,O, isomers,
the lowest energy isomer being a singlet. In their ab initio methods, a DZ(P) basis was
used for most calculations and a larger TZ(2)P basis was used for a few selected calcula-
tions. All geometries were fully optimized and the nine most stable singlet isomers were
found to be true local minima on the SCF level of calculations.

Reaction rates for the reaction S+ SO, — 2 SO have been investigated experimen-
tally by Murakami et al. [6] over the temperature range between 1120 and 2800 K. They
measured the time evolution of S atoms behind reflected shock waves. The experiments
resulted in a non-Arrhenius temperature dependence of the rate coefficient. The rate coef-
ficients derived from a conventional transition-state theory calculated on the G2M-(CC1)
level could not explain the experimental observations, however, the authors suggest that
the reaction proceeds only on the triplet surfaces via the intermediate S,0, complex.

Ramirez-Solis et al. [7] performed Born-Oppenheimer DFT molecular dynamics (BO-
DFT-MD) simulations for the three lowest energy isomers of S,0; using the B3APW91/aug-
cc-pVTZ method. Three isomers of S,0, were investigated at room temperature: the
trigonal SS(=0) = O, the cyclic O =Y(SOS) and the ¢is-OSSO.

Two studies report electronic transitions in molecules that may exist in the atmo-
sphere of the Venus [8,9]. Two different S;0, isomers, cis-OSSO and trans-OSSO were
identified as important sulfur reservoirs in the atmosphere of the Venus. Based on obser-
vations of SO [10] and the measured rate coefficient for its self-reaction, they estimated
the formation rate of the two isomers. The rate coeflicient of OSSO formation in the low-
pressure limit was measured to bekg = 4.4 x 1073! molecule™2-cm®-s~! at T = 298 Kand
p = 2-8 Torr of N, with an estimated £50% uncertainty. The barrierless OSSO formation
allowed the authors to estimate a high-pressure limit rate constant with collision theory to
Koo = 1.4 x 107! molecule™'-cm?-s™! at T = 245K.

In a recent study Hochlaf et al. [11] performed accurate ab initio calculations to investi-
gate the electronic structure, relative stability, and spectra of the stable isomers of the S0,
system. Special focus was on the most relevant isomers that could be involved in terrestrial
and planetary atmospheres. The study reports several stable isomers for which geomet-
ric parameters, fragmentation energies, and simple and double ionization energies of the
neutral species were calculated.

Abumounshar et al. [12] report and validate a detailed reaction mechanism for the oxi-
dation of sulfur using experimental data from lab-scale reactors and a sulfur furnace from
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a sulfuric acid plant. The developed model was used to investigate the effect of varying
the relative air flow rates and oxygen enrichment on the exhaust gas temperature and the
concentrations of SO;, SO3, and O, in the furnace. Dominant reaction pathways for the
production of SO, and SOs3, are identified. They report that the air/sulfur ratio monitors
the furnace temperature and can be used to obtain the desired O,/SO; ratio at the furnace
exit for the optimal operation of the subsequent catalytic converter for SO, oxidation to
SOs3 in the sulfuric acid plant.

Goodarzi et al. [13] investigated the reaction pathways of S 4+ SO, on the G3B3//B3LYP/
6-3114++4G(3df,3pd) level considering both triplet and singlet potential energy surfaces.
Their main objective was to understand the reaction mechanism to explain the forma-
tion and decomposition of trans-' 0SSO and cis-!OSSO complexes and to provide further
information about gas phase reaction of S + !SO, on the triplet and singlet potential energy
surfaces. Their calculated results show four sets of products 380 + 380, trans-1 0SSO, cis-
10SSO and 3S; +30,. In a following work Goodarzi et al. [14] investigated the reverse
reaction pathway of S, with oxygen on the triplet and singlet potential energy surface on
the G3B3//B3LYP/6-311++4G(3df,3pd) level calculation.

In this study we investigate the reaction >S; + >0, on high computational level and com-
pare the formation of the intermediate compounds along with the enthalpies with the above
mentioned studies. We also compare the identified reaction channels with those reported
in [13,14], which however show several discrepancies but conduct to the same products.
Kinetic calculations are subsequently performed to estimate rate coefficients of the different
reaction paths.

2. Computational methods

Thermodynamic and kinetic properties of compounds resulting from the reaction
38, + 30, are estimated with the help of computational methods contained in the Gaussian
03 and Gaussian 09 program suite [15]. Based on previous studies [16,17] the calculations
have been conducted using four ab-initio methods: CBS-QB3 [18], G3B3 (G3//B3LYP)
[19,20], G4 [21] and W1 [22]. With CBS-QB3 and G3B3, structures and zero point
vibrational energies are calculated on the B3LYP level.

The Gaussian-4 (G4) theory succeeded the G3 theory and among the improvements the
QCISD(T) method is replaced by the CCSD(T) method 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. The W1 (Weizmann-1) theory, which calculates
energies of compounds containing first-and second-row elements with very high accuracy,
is applied in this study for a number of species.

3. Results
3.1. Enthalpies of formation

Standard enthalpies of formation for compounds resulting from the >S; + >0, reaction as
well as their structures are reported in Table 2. For the calculation of standard enthalpies of
formation, working reactions are employed, see Table 2. Standard enthalpies of formation



JOURNAL OF SULFUR CHEMISTRY e 5

Table 1. Heat of reaction A Hq for 3S; +30; to 2350 and 3S + SO, calculated on CBS-QB3, G3B3,
G4 and W1U levels and compared with literature.

35,430, > 2350 35,430, - 354+ 150,

ArHdog HF kcal-mol~! ArHog HF kcal-mol ™!
Literature —28.336 Literature —35.430
CBS-QB3 —0.044739 —27.074 CBS-QB3 —0.0529 —33.206
G3 —0.046659 —29.279 G3 —0.0537 —33.752
G3B3 —0.045837 —28.763 G3B3 —0.05423 —34.033
G4 —0.045491 —28.546 G4 —0.05579 —35.008
W1uU —0.043526 —27313 W1uU —0.05449 —34.195

for S, 3S; [23],3SO and 'SO,, 1SSO [24] used as reference in the work reactions are taken
from the literature.

To check the reliability and accuracy of the methodology, the heat of reaction A,HY,
was calculated for the reaction 3S, +30, — 2 3SO and 3S, +30, — 35S+ 150, using
the literature values of 3S,, 205, 3SO and SO, and listed in Table 1 (in HF-units and
kcal-mol~1). The values are compared with the results obtained with CBS-QB3, G3B3, G4
and W1U. As it can be seen in Table 1, there is a good agreement among literature data and
the present calculations. We note in both cases that the best agreement is obtained with
G4.

There is relatively little data on oxygenated sulfur compounds available in the litera-
ture for reaction systems without hydrocarbons. As far as the authors are aware, none of
the literature studies on these species report W1U calculations preventing a comparison.
Moreover, there is no study showing that W1U is the most accurate in the case of sulfur
compounds.

In this study, the recommended values for the calculated enthalpy of formation are for
most investigated species those obtained with G4 calculations. This is based on the fact
that.

(i) not all methods could find an optimal geometry or transition state (TST)
(ii) W1U couldn’t find all transition state structures
(iii) several W1U results are somehow higher than those from the other methods and
different from available literature values.
(iv) Whatever the method, if a calculated enthalpy deviates significantly from the
others, the geometry is checked carefully.

Calculated enthalpies of formation listed in Table 2 are compared with available liter-
ature values. Overall, the results show good precision among the four applied methods.
The reaction of 3S, with 2O, leads to three different initial geometric structures (isomers)
resulting from the association paths. Further isomerization results in several additional
structures. The different structures are illustrated in Table 2. Two compounds result from
the direct addition of an O atom to an S atom forming two different !SSOO isomers in
cis and trans configuration. The cis-1SSOO isomer is calculated to be more stable than the
trans one, lower in energy by nearly 10 kcal-mol ™. The enthalpies for cis-!SSOO and trans-
18SOO0 calculated with the G4 method amount to 29.03 kcal mol~! and 38.01 kcal-mol~?,
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Table 2. Standard enthalpy of formation Anggs for singlet species in the 35, + 30, system calculated
on CBS-QB3, G3B3, G4 and W1U levels (when possible) in kcal mol~", Y means cyclic.

Working reactions used for

0 -1
AfHyqg inkeal-mol

Structure AfHSgg calculation CBS-QB3 G3B3 G4 W1U Lit.
Reference data:3S: 66.24; 35,: 30.74; 350: 1.2; 150,: —70.94; 15S0: —13.5;30: 58
7)—0‘ 35, 430, — cis-'SS00 31.56 28.57 29.73 34.68 27.62[13]
A 2350 — cis-'S500 30.10 29.00 29.94 33.66
Cls- - + . 3 X .
9 is-15500 — 3550 430 27.53 24.98 28.69 31.52
cis-15S00 — 150, + 35 29.34 27.18 29.31 3345
Average 29.93 27.43 29.03 33.33
o 35, +30, — trans-'SS00 4272 37.75 38.71 41.70 37.06[13]
7 e®
2350 — trans-'SS00 4246 38.18 38.92 40.68
trans-'5500 — 1550+ 30 38.69 34.16 36.12 38.54
trans-'5500 — 150, + 35 40.49 36.36 38.29 40.47
Average 41.09 36.61 38.01 40.35
L] f 35, 430, — cis-10SS0 —29.26 —2826  —2961  —30.95 —2923[13]
> 2350 — cis-'0SSO —29.53 —27.83 —30.40 —31.97 —24.07 (8]
¢is-10550 — 150, + 35 —31.49 —29.65 —30.03 —32.19
Average —30.09 —28.58 —29.68 —-31.70
4 355430, — trans-'0SSO —26.46 —2523  —2651  —27.75 —26.22[13]
WJ 2350 — trans-'0SSO —27.92 —24.80 —26.30 —28.77 —21.89[8]
[ trans-'0550 — 150, + 35 —28.68 —26.62 —26.93 —28.98 —28.96 [6]
Average —27.37 —2555  —2658  —28.50
° /, 35, 430, — cis-'S0S0 —-7.76 —8.90 —9.92 —7.01 —9.72[13]
2@ 2350 — cis-'S050 —9.22 —8.48 —9.71 —8.03 —5.06 [8]
¢is-15050 — 150, + 35 —9.98 —10.30 —10.34 —8.24
Average —8.59 —9.23 —9.99 —-7.76
o 35, 430, — trans-'S0S0 -0.77 —247 -276 -038 —244113]
P 2350 — trans-'S0OSO -2.23 —2.04 —2.55 —141
trans-'50S0 — 150, + 35 —2.99 —3.87 —3.19 —1.62
Average -1.18 —2.79 —284 -1.14 —1.4818]
9 150, +35— 155(=0)=0 —42.39 —40.10 —41.61 —4227 —39.34[13]
oo 1SS0 +30— 's5(=0)=0 —44.19 —42.29 —43.78 —44.20 —36.021[8]
Average —43.29 —4120 —4269  —43.24 —39.32[6]
o 150, +35 - 1Y(550) =0 —24.08 —2254  —2418  —2447 —21.89[13]
* 1550430 — 'Y(550) =0 —25.88 —24.74 —26.35 —26.40 —18.13[8]
Average —24.98 —2364  —2527  —2544 —22.4016]
f 150, + 35— 'Y(S00) =S 25.82 27.51 25.98 25.99 G326.32
‘f P 1550430 — 'Y(S00) =S 24.01 25.32 23.80 24.06 24.91
Average 24.92 26.42 24.89 25.02 25.61
? ° 35, +30, - 1Y(SS00) 57.08 57.92 55.42 57.08
) ‘J 2350 — 1Y(S500) 56.82 58.35 55.63 56.06
1Y(SS00) + 350 — 150, + 1SS0 53.52 53.51 53.26 55.26
1Y(SS00) — 550+ 30 53.05 5433 52.82 53.92
Average 55.12 56.03 54.28 55.58

respectively. We note the excellent agreement of our calculated G3B3 value with the G3B3

values of Goodarzi et al. [13].

Further reactions/isomerizations of the cis- and trans-1SSOO isomers formed from the
reaction >S; + 30, lead to cis-! OSSO and trans-1 OSSO at approximately the same energy
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of —29.68kcal-mol™! and —26.58 kcal-mol™!, respectively. Data on these two isomers
including standard enthalpies from refs. [8,13] were also reported in refs. [5-7]. Literature
values are listed in Tables 2 and 3 for comparison with the present calculations. Table 2
shows that the calculated G3B3 and G4 values are in good agreement with the values
reported in reference [13] for the cis-' OSSO and trans-! OSSO isomers. We note a deviation
of 5kcal-mol~! from the data in ref. [8]. It is important to point out that no experimental
data is available to validate the accuracy of the values.

A different set of isomers, cis-!SOSO and trans-SOSO are formed at higher energy of
—10.0kcal-mol~! and —2.84 kcal-mol~!, respectively. These values are in good agreement
with values of ref. [13]. Formation of a cyclic compound 'Y(SSO) = O occurs at a rela-
tively low energy of —25.27 kcal-mol~! despite its strained 3-membered ring. Among the
identified isomers, !SS(=0) = O is at the lowest energy with —42.69 kcal-mol~!. For each
of these isomers, the energy of the triplet configuration has also been calculated. The data
show that all energies of the triplet state isomers are significantly higher than that of the
singlets.

The remaining three isomers reported in this study are cyclic structures, ! Y(SOO) = S
at 24.89 kcal-mol~! and !Y(SSOO) at a higher energy of 54.28 kcal-mol~!. We note that
Marsden and Smith [5] have also identified and reported the optimized geometries of these
cyclic structures, however, the authors are not aware of any studies that have estimated the
enthalpies of these compounds. Examination of the CBS-QB3, G3B3 and G4 optimized
geometries (bond length and angle) are in very good agreement with those reported in ref.
[5]. Comparisons of the geometries are reported in the supplemental material.

Table 3 lists the standard enthalpies AH ¢ of 18 transition state structures in the
38, + 30, reaction system. The structures of the identified transition states are also illus-
trated in Table 3 along with the paths from reactant to product/intermediate. Exept for one
transition state (TS3-8, see Table 3), the results of G4 calculations are recommended val-
ues. The enthalpies of the transition states are calculated from both the reactant and the
product side. Comparison to literature values was possible for a number of TS-structures.
These include TS3-1, TS3-8, TS3-9, TS3-11, and T3-12 where good agreement is obtained
with refs. [8,13], showing a deviation of 3-4 kcal-mol™!. Unfortunately and in contrast to
the compounds listed in Table 2, the calculation of four transition state structures could
not be identified and evaluated with the W1U method.

To verify the calculated energy of the transition states (trans- and cis-configurations) of
the reaction system 38, + 30, an additional series of calculations has been executed. Using
different estimated geometries, frequency calculations have been performed at different
given S-O bond lengths until an imaginary frequency was found. For each calculation,
the S-O length value was frozen. With the help of GaussView each structure has been
examined and several structures were selected for a full ab-initio energy calculation. In
the example illustrated in Table 4, CBS-QB3 calculations resulted in the lowest energy
for the transition state structure for cis-!SSOO formation at 2.35 A S-O bond length. The
energy calculated at 2.35 A is then used for the determination of the TS enthalpy. The same
calculations were made for G3B3, G4 and W1U as far as computational capacities were
available.

The calculations have further brought about that the cis-configuration adduct of >0,
on 3S, is lower by ca. 10kcal-mol~! and therefore energetically more favorable than the
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Table 3. Calculated enthalpies at 298K for transition state structures in the 35, 430, system in
keal-mol™" (AHy).

AHy in keal-mol™"

Transition state Reactants — TS
structure TS — Products CBS-QB3 G3B3 G4 W1U
35, 430, — trans-S500 — Products
o ‘8 35,430, - 1781 4044 41.59 4358 4520
1781 — trans-'SS00 38.81 40.45 42.88 43.85
Average 39.63 41.02 4323 44.53
ogq trans-'SS00 — 17§7-1 41.73 44.41 42.77 47.05
39 1751-1 > 'Y(S00) =S 40.23 43.06 4197 46.12
Average 40.98 4373 4237 46.58
b 1Y(S00) =S — 1751-2 34.75 25.70 30.51 37.22
‘/J‘ 1512 > 3475 25.70 30.51 37.22
[ 3 155(=0) =0
Average 34.75 25.70 30.51 37.22
Q 1sS(=0)=0— 2077 19.93 2156 23.63
) 9 17151-3
® 1751-3 — 150, + 35 21.68 21.03 22.64 24.60
Average 21.23 20.48 22.10 24.12
35, 430, — 'Y(SS00) — Products
29 35,430, - 1152 77.29 8221 7574 -
R 1752 — Y(SS00) 75.32 80.32 74.61
Average 76.31 81.27 75.17
0 1Y(5500) — '72-1 61.22 62.18 60.25 61.17
Lo\ 1752-1 — cis-'0S50 62.35 63.75 60.69 61.92
9 9 Average 61.79 6297 60.47 61.55
35, ) 30, — ¢is-15500 — Products
? 9 35,430, > 783 40.44 42,58 40.49 4425
: 1753 — cis-15500 38.81 4144 39.79 42.89
4 Average 39.63 42.01 40.14 4357
o cis-15S00 — 1753-1 93.87 95.13 94.50 94.38
I, 1753-1 - 1SS0 +30 91.46 92.68 9261 92.57
ﬂ Average 92.66 93.91 93.55 93.48
Ref. [13]:99.22
¥ ] cis-'5S00 — 1753-2 28.52 - 32.58 -
. 1753-2 - 1Y(S00) =S 27.03 30.77
' Average 27.78 31.17
2 Y(S00) =S — '753-3 3475 25.70 30.51 37.22
b}‘ 1783-3 > 34.75 25.70 30.51 37.22
o 155(=0)=0
Average 34.75 25.70 30.51 37.22
® 155(=0)=0— 20.77 19.93 21.56 23.63
JJ 9 1753-4
17583-4 — 150, + 35 21.68 21.03 22.64 24.60
Average 21.23 20.48 2210 24.12
B cis-1S500 — 1753-5 66.37 72.84 67.91 70.76
4 J/O 1753-5 — cis-'0550 67.17 73.66 68.54 71.36
Average 66.77 73.25 68.23 71.06

(continued).
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Transition state

Reactants — TS TS

AHyg inkeal-mol™"

structure — Products CBS-QB3 G3B3 G4 W1U
Calculated with Rotor cis-105S0 — '753-6 -223 —3.62[8]
1753-6 — trans-' 0550
° trans-105S0 — 1753-7 2.62 3.88 3.30 -
) 9 1753-7 - 2350 3.28 463 3.58
°® Average 295 426 3.44
-@ cis-10550 — 1753-8 3.85 8.30 —1.42 9.38
> f 1753-8 — 'Y(SS0) =0 1.55 6.13 —1.93 7.93
d Average 2.70 7.22 —1.68 8.65
Ref. [13]: 5.59; Ref. [8]:
420
9 1Y(550) = 0 — 1753-9 533 463 421 6.19
‘() ...... Y 1753-9 - 533 463 421 6.19
1SS(=0)=0
Average 533 4.63 421 6.19
Ref.[13]:5.6
L 1S5(=0)=0— 2077 19.93 2156 23.63
) 9 1753-10
9 1753-10 — 50, + 35 21.68 21.03 22.64 24.60
Average 21.23 20.48 22.10 24.12
° 1Y(S50) =0 — -3.62 —3.64 —371 —153
2 1753-11
-9 1753-11 — —091 —1.47 —2.28 —0.08
trans-"S0S0
Average —2.26 —2.55 -3.00 —0.80
Ref. [13]: - 1.69; Ref.
[8]:-1.36
o’ ° trans-'S0S0 — 6.09 5.91 410 6.05
7o 1753-12
1753-12 — cis-'S0SO 5.67 5.91 410 6.05
Average 5.88 5.91 4.10 6.05
Ref. [13]: 5.53; Ref. [8]:
9.51
%9 cis-'5050 — '753-13 -342 218 —241 -
@ 1753-13 — 2350 —2.92 —143 —2.13
9 Average —321 —1.80 —227
!) cis-'S0S0 — 1753-14 2275 2298 24.29 G321.04
! 1753-14 - 150, +35 2135 21.91 2393 20.62
o 9 Average 22.05 22.44 24.11 20.83

Table 4. Calculation of transition state 'TS3 energy for cis-'SSOO formation on CBS-QB3

level.
(BS-QB3
Selected S-0in A 2.0 235 25
Energy in Hartrees —946.272836 —945,573903 —945.564148 —945.563494

trans aduct. The same calculations have been performed for the transitions state structure

of TS3-7 for the dissociation of trans-1OSSO to 23SO.

TS3-1 and TS3-5 (see Table 3) exhibit similar structures, in which O-O bond scis-
sion is taking place, but the corresponding enthalpies of these transition states differ by
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Energy in kcal mol”

0 50 100 150 200 250 300 350
Dihedral angle of the OS-SO bond in °

Figure 1. Rotational barrier of '05SO about 0S-SO bond. The cis- and trans- structures are illustrated
in Figure 2.

26 kcal-mol~!. In TS3-5, one oxygen undergoes an intramolecular isomerization by mov-
ing to the sulfur atom to form cis-!OSSO, while in TS3-1, a bond scission is observed
resulting in !SSO and an oxygen atom.

Further calculations have been performed for the determination of the energy barrier
necessary for the conversion of cis-1OSSO to trans-'OSSO (TS$3-6) via internal rotation.
The potential barrier versus torsion angle for internal rotation of OS-SO on the B3LYP/6-
31G(d,p) level was calculated. The potential energy as a function of dihedral angle is
determined by rotating the molecule about the S-S bond from 0° to 360° at 15° inter-
vals and by optimizing each new structure as illustrated in Figure 1. The barriers for
internal rotation are calculated from the differences between the maxima and the min-
ima of the total energy of the structures. The highest rotation barrier relative to cis-! OSSO
is at 7.4kcal-mol~! so that the energy barrier of the transition state TS3-6 is therefore
—22.3 kcal-mol ™.

The TS3-2 transition state structure resulting from the further reaction of cis-!SSOO
exhibits two sets of values corresponding to the applied methods. 27.78 and 31.17
kcal-mol~! have been calculated on CBS-QB3 and G4 level, respectively, while G3B3 and
W1U calculations have identified a different structure at a higher energy which is not con-
sidered in this study. Examination of the reaction that converts the trans-1SSOO to the
cyclic 1Y(SOO) = S isomer (TS1-1) results in a low barrier of some 4 kcal-mol~!. There-
fore and by analogy, for the reaction of the cis-!SSOO structure (in which the bond lengths
are similar) to the 'Y(SOO) = S isomer, we recommend the lower barrier obtained with
G4 and CBS-QB3. To support this choice, reaction enthalpies have been examined. Table 5
lists the reaction enthalpies of reactions cis-'SSOO — TS§3-2 (R1) and trans-'SSOO —
TS1-1 (R2) for the four methods. The results show similar reaction enthalpies for R1 and
R2 when using both G4 and CBS-QB3.
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Table 5. Reaction enthalpy comparisons in kcal-mol~".

R1: cis-1S500 — T§3-2 R2: trans-'SS00 — TS1-1
CBS-QB3 1.408 0.636
G3B3 —30.742 7.796
G4 —25 4763
Ww1u —23.918 6.615

A
100| kcal mol™

TS3-1
93.5

80 TS2
752 Y(SSOO)

TS1-2

§SO0+0
T83-3 ¢

1 305 46 TS3-14
24.1
WA TS1-3
- Au.sf ¢ U
Y(S00)=S TS3-10
221
cis-SS00
250
0 2.4
S0,+S
47
-20 Q ’
cis-0SSO
29.7
-40
|
$S(=0)=0 $S(=0)=0
PN (=0) (=0)

Figure 2. Potential diagram for reactions of the 3S; 4- 30, reaction system. Values represent the recom-
mended enthalpies in kcal-mol~" as listed in Tables 2 and 3. Electron spin multiplicity as given in Tables
2and3.

In comparison, the corresponding reaction enthalpies estimated with G3B3 and W1U
exhibit a large difference between R1 and R2. These observations support the enthalpy of
TS3-2 of 31.2 kcal mol ™! being similar to that of TS1-1.

3.2. Reactions and potential energy diagram for the 3S; + 30, reaction system

Figure 2 illustrates the major channels for the 3S; + 30, reactions. There are three initial
addition reactions, each path having a significant energy barrier: Addition of an oxygen
atom to one sulfur atom with the oxygen molecule in cis or trans position to the terminal
sulfur atom leads to ¢is-1SSOO and trans-1SSOO intermediates, respectively, with barriers
of 9.1 and 12.2 kcal-mol ™! relative to the entrance channel which is at 31 kcal-mol~!. The
third path involves the formation of a cyclic 1Y(SSOO) with each oxygen bonding to a
different sulfur over a barrier of 44.2 kcal-mol ™! relative to the entrance channel. The cis-
and trans-isomers as well as 'Y(SSOO) recombine at different levels of energy to form
the stable 'SS(=0) =0 (SSO,) molecule or dissociate to 2 3SO. The different reaction
pathways are detailed in Table 3 and discussed in the following sections.
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3.2.1. Addition of 320, to 3S, and trans-15SO0 formation

The trans-'SSOO isomer is formed after overcoming approximately 12 kcal-mol~! (TS1)
relative to the entrance channel (at 31 kcal-mol~!) and opening the double bond of the
35, molecule. A successive reaction identified for this trans-1SSOO isomer formed at
38 kcal-mol~! consists in a ring closure (TS1-1) delivering the 3-membered 1Y(SO0) = S
molecule at 24.9 kcal-mol ™!, in which the two oxygens are part of the ring. The strained
cyclic 'Y(SOO) = S opens the ring by breaking the O-O bond (TS1-2) over a low barrier
of ca. 6 kcal-mol™! relative to the 'Y(SOO) = S isomer. This low barrier is partially due
to release of the strain in the three membered ring. The new compound is a stable low-
energy compound !(SS(= O) = O) formed with an excess energy of 68 kcal-mol ™! relative
to cyclic isomer 'Y(SOO) = S. This path has not been reported in the literature.

We note that Goodazi et al. [13] report trans-!SOSO formation from trans-!SSOO,
however, their calculations show that this reaction occurs over two relatively high, dou-
ble barriers of 149 kcal-mol™! and 132kcal-mol™! or 113 kcal-mol™! relative to trans-
1SSOO0. This path is not considered in this study. Further dissociation of the stable
1SS( = O) = O isomer (TS1-3) leads to 1SO, + 3S over a high barrier of 65 kcal mol™!
over to 1SS( = O) = O.

3.2.2. Addition of 303 on 3S; to form a cyclic 4-membered ' Y(SSO0) isomer

Figure 2 illustrates the formation of a 4-membered ring from the simultaneous addition
of each oxygen atom onto each sulfur atom. The barrier for this reaction is calculated to
be 44.2 kcal-mol™! (TS2), relative to the entrance channel at 31 kcal-mol~!. This isomer
is relatively unstable at 54.3 kcal-mol~! and undergoes ring opening by cleaving the O-O
bond (TS2-1) over a low barrier of 6.2 kcal-mol ™!, relative to the cyclic ! Y(SSOO), result-
ing in a more stable cis-! OSSO at —29.7 kcal-mol~!. Two further reaction pathways of the
formed cis-!OSSO isomer are discussed in section 2.3 below.

3.2.3. Addition of 30, to 3S, and cis-1SSOO formation

The addition of 30, to 3S, in a cis-configuration occurs with a barrier of 9.1 kcal-mol~!
(TS3) above the entrance channel which lies at 31 kcal-mol™!; the cis-1SSOO radical
formed is evaluated at 29 kcal-mol~! which is slightly lower than that of the entrance
channel. Figure 2 and Table 3 illustrate the reaction paths and corresponding energies.

One forward reaction of this cis-'SSOO isomer has been identified through (TS3-1)
where the imaginary frequency shows the terminal oxygen leaving the cis-'SSOO rad-
ical resulting in !SSO + 20 at 46 kcal-mol™!. This dissociation reaction requiring ca.
63 kcal-mol~! above the entrance channel was readily identified with all the calculation
methods used. The calculated enthalpy value as well as the geometry of this transition
state structure (TS3-1) are in good agreement with the literature value reported in [13]
(see Table 3).

A different path for the cis-'SSOO peroxide consists of an intramolecular attack of the
terminal oxygen on the centered sulfur atom almost without barrier, viz. 2.2 kcal-mol~!
(TS3-2) above cis-'SSOO, calculated on G4 level. This pathway involves the formation
of a 3-membered ring, bonding the terminal oxygen atom to the sulfur. The result-
ing cyclic compound formed through this intramolecular addition, ('Y(SO0) = S) at
24.9 kcal-mol ™! is the same isomer as that formed through trans-1SSOO isomer ring clo-
sure. Marsden and Smith [5] have identified and reported this cyclic isomer. Examination
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of the geometries (bond lengths and angles) show that the S = S bond length is 1.89 A
calculated with CBS-QB3 and G4 versus 1.86 A in ref. [5]. The S-O bond lengths from
G4/CBS-QB3 calculations are 1.67 A and 1.70 A, respectively, versus 1.675 in [5]. The SSO
angle with 113.6 degrees for both methods is also in good agreement with 113.0 degrees
from literature. The OSO angles calculated in this study are 52.47/53.3 degrees, deviating
by ca. 2.5 degrees from that of Ref. [5] with 55.1 degrees. This cyclic 'Y(SOO) = S com-
pound will then open the SOO-ring via cleavage of the O-O bond (TS3-3) leading to the
stable !SS( = O) = O at —42.7 kcal-mol ™! and releasing an excess of energy. The available
energy forces for the dissociation reaction to ' SO, + 3S through a ca. 65 kcal-mol~! barrier
(TS3-4) relative to 'SS( = O) = O.

In the third channel the cis-!SSOO isomer undergoes an oxygen-intramolecular atom
transfer, in which the terminal oxygen moves to the terminal sulfur forming a cis-
10SSO isomer. To take place, this transition state structure (TS3-5) requires an energy
of 39.2 kcal-mol~! above the cis-SSOO compound. The formation of the cis-!OSSO at
—29.7 kcal-mol™! is exothermic by ca. 59 kcal-mol~! and provides excess of energy for
the cis-!OSSO to react further.

Two successive paths are available to the cis-!OSSO isomer: The first one is a rearrange-
ment over a small barrier (TS3-6) of 7.4 kcal-mol™! to trans-'OSSO which can further
dissociate to 2 3SO molecules (TS3-7). The second reaction path of the cis-' OSSO leads
to a O-S bond formation over a 36.9 kcal-mol~! barrier (TS3-8) relative to cis-!OSSO to
a new stable cyclic compound ! Y(SSO) = O at —25.3 kcal-mol~!. This barrier is in agree-
ment with the value reported in Ref. [13]. 1Y(SSO) = O undergoes further ring opening
via two paths: Cleavage of the S-O bond over some 30 kcal-mol ™! energy barrier (TS3-9)
over 1Y(SSO) = O to form the stable !SS( = O) = O compound which may dissociate
to 1SO, +3S (TS3-10). Alternately, 1Y(SSO) = O can cleave the S-S bond over a 22.3
kcal-mol~! barrier (TS3-11) to form a trans-'SOSO isomer. This last radical rearranges
(TS3-12) to the formation of cis-1SOSO lying at —10 kcal-mol™!. Cis-1SOSO dissociates
via two paths: One governed by a barrierless dissociation to 2 3SO (TS$3-13) and the second
through an energy barrier of 34.1 kcal-mol ™! relative to cis-!SOSO (TS3-14) to the set of
products !SO; +3S.

3.3. Kinetic calculations for3S, + 30,

Multi-channel, multi-frequency QRRK [25,26] calculations are performed for k(E) with
master equation analysis CHEMASTER code [27,28] for the *S; 4+ 30, reaction system
to estimate rate coefficients and to determine important reaction paths as a function of
temperature and pressure.

Three wells are considered for the formation of intermediates in the reaction of
38, +20,: the ring formation, the addition to the trans-configuration and the addition
to the cis-configuration. These three intermediates undergo isomerization or dissociation
reactions as illustrated in Figure 2. The calculations provide sets of rate coeflicients k(T)
for the stabilization of the formed adducts and reaction products of successive reactions at
different temperatures and pressures.

Tables 6-8 list calculated high-pressure-limit kinetic parameters for the reactions illus-
trated in Figure 2. The input data to the QRRK / Master Equation analysis are reaction
equations together with enthalpies, frequencies, moment of inertia, see [28]. Both forward
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Table 6. Reaction rate coefficients from QRRK calculations?; 35, +30, —

1Y(SS00) channel.
Reactions A n Ea (kcal-mol~")
35,430, — 'Y(SS00) — Products

35, 430, — 'Y(S500) 2.76E + 04 2.11 4434
1Y(SS00) — 35, +30, 1.66E+ 13 0.21 2143
1Y(SS00) — cis-'0SSO 6.89E + 12 0.022 6.78
cis-10550 — 'Y(SS00) 435E 411 0.21 90.62
cis-10550 — trans-'0SSO 3.09E+18 —2.01 9.26
cis-10550 — 'Y(SS0) =0 3.94E + 11 0.39 28.36
1Y(SS0) = 0 — cis-'0SS0 2.05E+12 0.28 2273
Y(5S0)=0— 'S5(=0)=0 3.99E + 12 0.21 29.97
155(=0)=0— "Y(S50) =0 1.28E+ 12 0.43 47.32
155(=0)=0— 150, +35 9.83E+16 —0.79 65.98
trans-150S0 — 'Y(SS0O) = 0 1.12E412 0.19 0.31
trans-150S0 — cis-150SO 2.05E 4+ 12 0.16 742
Cis-'S0S0 — trans-' SOSO 2.10E+12 0.22 14.48
cis-15050 — 2350 1.09E + 12 0.23 8.09
cis-150S0 — 150, + 35 2.16E+13 —0.01 34.58
trans-10550 — cis-'0SS0 3.09E +18 —2.01 9.26
trans-10550 — 2350 420E+18 —2.04 31.90

aThe units of A factors and rate constants k are s~ for unimolecular reactions and cm? mol~"
sec™! for bimolecular reactions. 'X = singlet, 3X = triplet.

Table 7. Reaction rate coefficients from QRRK calculations?: 3S, + 30,
— trans-'5S00 channel.

Reactions A n Ea (kcal-mol™")
35, 430, — trans-1SS00 — Products
35, 430, — trans-'SS00 7.82E 406 1.09 13.02
trans-15500 — 35, + 30, 9.64E + 14 —0.80 6.33
trans-15500 — 1Y(S00) =S 211E+12 0.13 4.88
1Y(S00) = S — trans-'5500 6.24E + 12 0.15 18.03
1Y(S00) =5 — 'S5(=0)=0 1.52E+13 0.14 6.18
155(=0)=0— "Y(S00) =S 222E+12 0.50 73.62
155(=0)=0— '50, 43S 9.83E+16 —0.79 65.98

aThe units of A factors and rate constants k are s~' for unimolecular reactions and cm?
mol~" sec! for bimolecular reactions. 'X = singlet; 3X = triplet.

and backward reactions are given in Tables 6-8. Data reported in the study of Frandsen
et al. [8] are also used to calculate the corresponding kinetic parameters and are listed in
Table 8 as well for comparison.

Figures 3-5 illustrate the calculated temperature dependent rate coefficients resulting
from the master equation predictions for the formation and consecutive reactions of cis-
18500, 1Y(SSO0) and trans-'SSOO intermediates at a constant pressure of 1 atm.

The reaction rate coeflicients at P = 1 atm represented in Figure 3 illustrate the forma-
tion of cis-!SSOO and the final products from consecutive reactions of the cis-!SSOO inter-
mediate. The reaction rate coefficients for the formation of all species except for the forma-
tion of cis-!SSOO gain in importance as temperature increases. Since !SS( = 0) = 0,3SO
and SO, + 3S are each formed through two different channels, the sum of rate coefficients
of both channels is given in Figure 3.
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Table 8. Reaction rate coefficients from QRRK calculations®: 35, +30, — cis-

15500 channel.

Reactions A n Ea(kcalmol=")
35, +30, — cis-1SS00 — Products

35, 430, — cis-'S500 1.78E + 04 2.1 9.26
cis-15500 — 35, + 30, 2.05E+12 0.29 11.53
cis-15500 — 1Y(S00) =S 1.70E+ 12 .25088 2.62
cis-15500 — cis-'0SSO 237E412 0.26 39.67
cis-'5500 — 1550 +30 3.94E+12 0.24 64.98
Y(S00) = S — cis-'SS00 537E+12 0.20 6.81
1Y(S00) =S —'55(=0) =0 1.5E+13 0.14 6.18
15S(=0)=0— "Y(S00) =S 222E+12 0.50 73.62
155(=0)=0— 150, + 35 9.83E+16 —0.79 65.98
cis-10550 — cis-1SS00 7.84E 411 0.37 98.33
cis-10550 — 1Y(SS0) =0 3.94E + 11 0.39 28.36
cis-10550 — trans-'0SSO 3.09E+18 —2.01 9.26
Ref. [8] 1.94E + 18 —1.90 22.28
Y(SS0) = 0 — cis-'S0S0 1.73E+ 12 0.38 23.98
1Y(SS0) = O — trans-'SOSO 2.05E + 12 0.28 2272
Ref. [8] 1.31E+ 12 0.43 17.17
TY(550)=0— 'S5(=0)=0 3.99E + 12 0.210.36 29.97
Ref. [8] 225E+412 30.45
trans-15050 — 'Y(SS0) = O 1.12E+ 12 0.19 0.307
Ref. [8] 2.88E+ 11 0.36 0.523
trans-150S0 — cis-1S0SO 2.05E + 12 0.16 7.42
Ref. [8] 3.22E411 0.41 1135
cis-1S0S0 — trans-'S0SO 2.10E + 12 0.22 14.48
Ref. [8] 6.77E+ 11 0.46 14.94
cis-15050 — 2350 1.10E + 12 0.23 8.09
cis-'5050 — 150, + 35 2.17E413 —0.009 34.58
trans-10550 — cis-'0SS0 3.09E+18 —2.01 9.257
Ref. [8] 1.75E+18 —1.96 20.10
trans-10550 — 2350 4.20E+18 -2.04 31.90

aThe units of A factors and rate constants k are s~ for unimolecular reactions and cm3 mol " sec™"

for bimolecular reactions. 'X = singlet; 3X = triplet.

At low temperature, the overall rate coefficient for the formation of !SO, + 3S from the
cis-'SSOOQ is by orders of magnitude higher than the remaining ones. We note that the rate
coefficient for the formation of the adduct cis-! SSOO is lower by some orders of magnitude
with decreasing tendency for the rate coefficients for the formation of 'SS( = O) = O and
the dissociation reaction channel to 2 3SO. Due to the high barrier, the rate coefficients for
the set of reactions leading to !SSO + 2O are very low.

As the temperature increases, the rate coefficients for the 1SO; + >S and 3SO formation
reactions increase significantly, however, the rate coefficients of the channels to !SO, +3S
remain noticeably the highest. The rate coefficients for !SS( = O) = O formation reactions
are also at comparable magnitude in this system, and increase with temperature as well. The
rate coefficient for the dissociation of ¢is-1SSOO to 1SSO + 30 is, as expected, the lowest
one due to the highest chemical activation energy of 93.5 kcal-mol ™!, even as temperature
increases. As the temperature increases, we note the stabilization of ¢is-1SSOO, that may
be explained by its fast conversion to cis-! OSSO and !SS( = O) = O, both lying at a much
lower energy level.

Figure 4 illustrates the rate coefficients for the formation of 1Y(SSOO) and products
from consecutive reactions of this intermediate at P = latm. At low temperature, the rate
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Figure 3. Calculated temperature-dependent rate coefficients for the formation of cis-'SSOO from

35, + 30, and consecutive reactions at 1 atm.

15

10

o

log k (cm3 Imol s)

—®—sum’so

—®—Sum 1so2 +%s 7]

1

1.4

1.2

1000/T (1/K)

1.6

Figure 4. Calculated temperature-dependent rate coefficients for the formation of 'Y(SS00) from
35, + 30, and consecutive reactions at P = 1 atm.

coefficients for the set of reactions leading to 3SO as well as the 1SO; + 3S are similar and
the highest ones, both increasing as the temperature increases. It can be seen that the rate
coefficients for the formation of the 'Y(SSOO) adduct are lower. This can be explained
as above by its facility to rearrange to the more energy-favorable cis-! OSSO through only
6.2 kcal-mol ™! energy barrier. The rate coefficient for the formation of 1SS( = O) = O via
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Figure 5. Calculated temperature-dependent rate coefficients for the formation of trans-'SSOO from
35, + 30, and consecutive reactions at 1atm.

the sequential pathway is much lower due to two high barriers TS3-8 and TS3-9 for the
isomerization reactions.

The pathway to the formation of the trans-'SSOO isomers as illustrated in Figure 2
consists first of the formation of 'Y(SOO) = S which releases an excess of energy by
rearranging to a low energy 'SS( = O) = O isomer. This available energy allows the dis-
sociation reation of !SS( = O) = O to 'SO, +3S. Figure 5 exhibits that the reaction rate
coefficient for the consecutive reaction of the trans-'SSOO isomer to SO, + S is bay far
the largest one. As the temperature increases, the rate coefficient of this reaction increases
as well. The rate coefficient for the production of trans-'SSOO is lower and remains
approximately constant with temperature. This is due to the direct isomerization reac-
tion to 'Y(SO0) = O. !SS( = O) = O and 'Y(SOO) = S are in this reaction path two
intermediates, the rate coefficient for the formation of which is by orders of magnitude
smaller.

4, Conclusions

This study investigates the thermochemistry of species and identifies the reactions paths
resulting from the 3S, + 20, association. Enthalpies for a series of sulfur-oxygen com-
pounds formed via the reactions in the 38, +30, system as well as transition state struc-
tures are calculated with the help of ab initio quantum chemistry calculations at CBS-QB3,
G3B3, G4 and whenever possible at W1U levels. Reaction pathways describing the for-
mation of the initial intermediates cis-!SSOO, 'Y(SSOO) and trans-1SSOO formed from
35, 4+ 30, as well as those describing successive reactions of the intermediate isomers are
reported along with the rate coefficients of the reactions involved and identified in this
system. Knowledge of the kinetic parameters and the products formed in this system as a
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function of temperature and pressure is important for understanding and reaction model-
ing sulfur combustion. The rate coefficients of the reactions leading to SO, +*S and SO
are by orders of magnitude the highest ones in the reaction system and increase steeply
with increasing temperature. The results contribute to the development of detailed reaction
mechanisms for sulfur combustion for use in energy generation.

Note

1. Inthisarticle spin multiplicity of atoms and compounds are indicated whenever appropriate and
necessary. If multiplicity is omitted, the notation comprises the predominantly existing electron
spin configurations.
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