
Atmospheric Environment 315 (2023) 119990

Available online 1 August 2023
1352-2310/© 2023 Elsevier Ltd. All rights reserved.

Atmospheric degradation of dimethyl sulfone mediated by •OH, •Cl and 
NO3

•, and the C-centered dimethyl sulfone radical + 3O2 reaction: A 
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• Detailed theoretical mechanistic and 
kinetic study of CH3S(O)2CH3 +

•OH/ 
•Cl/NO3

•

• Energetics and kinetics report of 
CH3S(O)2C•H2 +

3O2 reaction 
• Computed rate coefficients agree well 

with known experimental values. 
• CH3S(O)2CH3 oxidation results in for-

mation of multiple greenhouse gases. 
• CH3S(O)2CH3 oxidation products may 

contribute to global warming.  
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A B S T R A C T   

Mechanistic and kinetics studies of the gas phase reactions of dimethyl sulfone (DMS(O)2; CH3S(O)2CH3) 
mediated by hydroxyl radical (•OH), chlorine atom (•Cl) and nitrate radical (NO3

•) have been extensively 
investigated using quantum chemistry calculations along with kinetic modeling. The reaction of DMS(O)2 +

•OH/ 
•Cl/NO3

• can in principle undergo abstraction and substitution pathways. The results revealed the dominant path 
to be abstraction of an H-atom from the methyl group of DMS(O)2 by •OH, •Cl and NO3

•, with barriers of 2.1, 4.2, 
and 9.8 kcal mol− 1 respectively relative to their starting reactants, to produce •CH2S(O)2CH3. The barrier heights 
for the substitution paths involved in the DMS(O)2 +

•OH, DMS(O)2 +
•Cl and DMS(O)2 + NO3

• reactions were 
found to be very high (>30 kcal mol− 1) and therefore inaccessible under tropospheric conditions. The rate co-
efficients for all possible H-atom abstractions associated with the DMS(O)2 +

•OH, DMS(O)2 +
•Cl and DMS(O)2 

+ NO3
• reactions were calculated using Master equation solver for multi-energy well reactions (MESMER) code in 

the temperature range of 200–320 K and 1 atm. The overall rate coefficients for the reaction of DMS(O)2 initiated 
by OH radical, Cl atom and NO3 radical at 298 K and 1 atm were estimated to be 4.6 × 10− 13, 9.1 × 10− 14 and 
3.7 × 10− 15 cm3 molecule− 1 s− 1, respectively. The atmospheric lifetime of DMS(O)2 with respect to its reactions 
with •OH, •Cl and NO3

• was also estimated. The major product •CH2S(O)2CH3 further reacts with ground state 
molecular oxygen (3O2) to form the CH3S(O)2CH2OO• adduct. Computational methods also showed that the rate 
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of unimolecular isomerization of the CH3S(O)2CH2OO• adduct is slow compared to its reactions with NO and 
hydroperoxyl (HO2) radical. Ultimately, the CH3S(O)2CH2OO• adduct leads to formation of formic acid, sulfur 
dioxide, formaldehyde, methanol, carbon dioxide, sulfene, and OH radical as final products under high NO and 
HO2 radical atmospheric conditions.   

1. Introduction 

The oceans represent an important source of volatile organosulfur 
compounds (VOSCs) and strongly influence the global sulfur cycle 
(Bentley and Chasteen, 2004; Brimblecombe, 2013; Sievert et al., 2007). 
Dimethyl sulfide (DMS; CH3SCH3) is a biogenic source of sulfur, mainly 
produced by phytoplankton. The global DMS flux in the atmosphere is 
estimated to be 28.1 Tg S per year, about 50% of which is attributed to 
anthropogenic contributions (Edtbauer et al., 2020; Webb et al., 2019). 
Thus, DMS is an important contributor to the global sulfur budget. The 
fate of DMS and its transformation mechanisms are very complex and 
still not fully understood (Ayers and Gillett, 2000; Barnes et al., 2006; 
Chen et al., 2018; Mardyukov and Schreiner, 2018). The reaction of DMS 
with OH radical is considered to be the dominant loss process (Khan 
et al., 2016). Several studies indicate that the tropospheric oxidation of 
DMS produces sulfur dioxide (SO2), sulfuric acid (H2SO4), meth-
anesulfonic acid and dimethyl sulfoxide (DMSO) as products (Cox et al., 
1997; Jensen et al., 1991; Tyndall and Ravishankara, 1991; Yin et al., 
1990). Some studies indicate that dimethyl sulfone (DMS(O)2; 
CH3S(O)2CH3) is an important product formed from the oxidation of 
DMS with OH radical (Arsene et al., 2001; Barnes et al., 2006). It is also 
reported that DMS(O)2 is produced from the oxidation of DMSO with 
BrO and NO3 radicals (Barnes et al., 2006). This compound has been 
detected in gas phase and rainwater samples (Berresheim et al., 1993; 
Davis et al., 1998; Harvey and Lang, 1986; Watts et al., 1990). In a 
recent study, the concentration of DMS(O)2 in the Arabian Sea region 
was found to range between 40 and 120 parts per trillion (ppt) (Edtbauer 
et al., 2020). This suggests that DMS(O)2 is a ubiquitous molecule in the 
atmosphere. However, its fate under tropospheric conditions is not fully 
understood. 

Because the major oxidative degradation of volatile organic com-
pounds (VOCs) in the troposphere is known to be their reaction with OH 
radical (Ball, 2000; Riedel and Lassey, 2008), the reaction of DMS(O)2 
with •OH is expected to be a major gas phase removal process in the 
troposphere. Similar to other VOSCs, atmospheric removal of DMS(O)2 
may proceed by other mechanisms including photolysis, and degrada-
tion initiated by •OH, NO3

•, and •Cl. Once released into the atmosphere, 
DMS(O)2 may be expected to interact with OH radicals during the 
daytime. NO3 radicals are an important species present in nighttime 
atmospheres. Ozone (O3) concentrations in the atmosphere range be-
tween 5 and 50 parts per billion (ppb) at night. The reaction of O3 + NO2 
leads to formation of NO3 radicals, whose concentrations can reach 1 ppt 
(Khan et al., 2008; Nøjgaard, 2010). Therefore, atmospheric NO3 radical 
can be an important nighttime oxidant in polluted areas with high NOx 
levels (Draper et al., 2015; Lee et al., 2016; Rollins et al., 2012). In 
addition, Cl atoms are another important species present at 

concentrations that range from 1 to 10% that of OH radical levels under 
marine boundary layer (MBL) conditions, as well as in polluted indus-
trial areas (Nicovich et al., 2015; Wingenter et al., 2005). Also, rate 
coefficients for the reaction of Cl atoms with VOCs are reported to be 
almost an order of magnitude larger than the corresponding OH radical 
reactions (Atkinson et al., 1989; Wang et al., 2002; Xie et al., 2015). This 
suggests that Cl atom reactions are also important at MBLs, and in 
polluted marine and industrial areas. 

Reports of the oxidation of DMS(O)2 initiated by the •OH, •Cl and 
NO3

• under tropospheric conditions are very limited. The kinetics and 
products of the gas phase oxidation of DMS(O)2 mediated by •OH, NO3

•, 
and Cl atom have been studied using the relative rate technique (Fal-
be-Hansen et al., 2000). The rate coefficients for these reactions at 298 K 
were reported to be k(DMSO2 +

•OH) =<3.0 × 10− 13; k(DMSO2 + NO3
•) 

= <2.0 × 10− 15; and k(DMSO2 +
•Cl) = (2.4 ± 0.8) × 10− 14 cm3 mol-

ecule− 1 s− 1 (Falbe-Hansen et al., 2000). To date, no studies investigating 
the mechanism and kinetics of the gas phase oxidation of DMS(O)2 
mediated by •OH, •Cl and NO3

• under tropospheric conditions have 
appeared. Therefore, to investigate the transformation process of 
DMS(O)2 in the troposphere, we performed high level ab initio/DFT 
electronic structure calculations on its reactions with these major at-
mospheric oxidants. In addition, since the experimentally measured rate 
coefficients for these reactions were reported at 298 K only, we 
computed the rate coefficients for these reactions in the atmospherically 
relevant temperature range between 200 and 320 K. This range was 
selected because while the reactions have been explored experimentally 
using the relative rate technique at 298 K, kinetics information about the 
reaction over the full range of atmospherically relevant temperatures, 
which is essential in order to accomplish atmospheric modeling, remains 
unknown. Thus, it was anticipated that this study would provide 
important information about the atmospheric chemistry of DMS(O)2 in 
the presence of •OH, •Cl and NO3

•. Using the rate coefficient results, we 
estimated the atmospheric lifetime of DMS(O)2 in the studied temper-
ature range. From the results, we propose a transformation mechanism 
for the degradation of DMS(O)2 in the atmosphere. 

The oxidation of DMS(O)2 in the presence of OH radical, Cl atom and 
NO3 radical can in principle undergo H-atom abstraction and substitu-
tion pathways (see eqns. 1 and 2). The abstraction of an H-atom from the 
methyl group of DMS(O)2 by any atmospheric oxidant (X) to form 
products (C-atom centered DMS(O)2 radical + Y) is shown in eqn. 1. On 
the other hand, the substitution path would proceed by addition of X to 
the S-atom of the -S(O)2 group, followed by H3C—S(O)2 single bond 
rupture leading to formation of products (•CH3 + CH3S(O)2X) as shown 
in eqn. 2. In eqns. 1 and 2, X can be OH radical, Cl atom or NO3 radical, 
and Y can be H2O, HCl or HNO3, respectively.  
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We investigated the reactions illustrated in eqns. 1 and 2 by char-
acterizing the corresponding intermediate pre-reactive and product 
complexes (PRCs and PCs), transition states (TSs), and products on the 
potential energy surface (PES) profiles using a combination of ab initio/ 
DFT electronic structure calculations along with kinetic modeling. The 
results of this work provide greater insight into the atmospheric chem-
istry of DMS(O)2 under tropospheric conditions. 

2. Computational details 

We used quantum chemical calculations to better understand the 
degradation mechanism of DMS(O)2 mediated by •OH, •Cl and NO3

•. The 
calculations were performed by following three major steps. In the first 
step, the M06-2X hybrid density functional (Zhao and Truhlar, 2008) 
along with the aug-cc-pV(T+d)Z basis set (Jr. et al., 2001) was used for 
geometry optimization of all the key stationary points on the PESs 
associated with the reactions of DMS(O)2 +

•OH, DMS(O)2 +
•Cl and 

DMS(O)2 + NO3
•. Reaction mechanisms, hydrogen bonding interactions, 

and calculation of the energetics and kinetics have been successfully 
computed using this level of theory for various important atmospheric 
reactions (Arathala and Musah, 2022, 2023; Chen et al., 2021; Xie et al., 
2015). Various studies of oxidation reactions of several atmospheric 
molecules initiated by •Cl and NO3

•, have used the M06-2X method for 
geometry optimization (Anglada and Solé, 2017; Arathala and Musah, 
2021; Lily et al., 2020; Maguta et al., 2016; Rao et al., 2018). All of these 
reports indicate that this level of theory provides accurate structures and 
energies that reveal the nature of these reactions under atmospheric 
conditions. In addition, an extra set of tight d–functions were added in 
the aug-cc-pV(T+d)Z basis set in order to better simulate bonding in the 
S-containing compounds (Kurtén et al., 2011; Wilson and Dunning, 
2004). Harmonic vibrational frequency calculations were performed at 
the same level of theory to verify that all the stationary points on the 
PESs represented local minima or transition states. To optimize all the 
transition states, we used the command OPT = TS developed in the 
Gaussian 16 program (Frisch et al., 2016). In the second step, Intrinsic 
Reaction Coordinate (IRC) calculations were performed at the same 
M06-2X/aug-cc-pV(T+d)Z level for each of the TSs obtained in this work 
to determine whether they were connected with their respective PRCs 
and PCs (Fukui, 1981). In the third step, we performed CCSD 
(T)/aug-cc-pV(T+d)Z level single point energy calculations on all the 
stationary points optimized at the M06-2X/aug-cc-pV(T+d)Z level to 
refine the energies for all the possible paths (Noga and Bartlett, 1987). 
Finally, single point energies for all the stationary points obtained at the 
CCSD(T)/aug-cc-pV(T+d)Z level were corrected with zero-point en-
ergies (ZPE) obtained at the M06-2X/aug-cc-pV(T+d)Z level (defined as 
CCSD(T)//M06-2X). The computed electronic energies and ZPE’s for all 
of the stationary points associated with the reactions of DMS(O)2 +

•OH, 
DMS(O)2 +

•Cl and DMS(O)2 + NO3
• obtained at various levels are 

displayed in Table S1. 

3. Results and discussion 

3.1. Electronic structure calculations and energetics 

The C-atoms of both methyl groups of DMS(O)2 are attached to the 
S-atom of the -S(O)2 moiety. However, due to the spatial orientations of 
the methyl group hydrogens with respect to the -S(O)2 group, not all the 

hydrogen atoms that are attached to the same carbon are equivalent. For 
a given methyl group, the two hydrogens that are oriented away from 
the O-atoms of the S(O)2 group are equivalent, while the third hydrogen 
which is oriented towards the O-atoms of S(O)2 represent a second type 
of hydrogen. Thus, H-abstraction (eqn. 1) can take place by more than 
one pathway. The transition state labelled TS1 corresponds to OH 
radical abstraction of either of the two hydrogens that are oriented away 
from the O-atoms of the S(O)2 group. TS2 corresponds to abstraction by 
OH radical of the H-atom that is oriented towards the O-atoms of the 
S(O)2 group. The substitution pathway (eqn. 2) involved in the DMS(O)2 
+ OH radical reaction is associated with TS3. Similarly, the transition 
states for the H-abstraction and substitution paths associated with the 
DMS(O)2 + Cl atom reaction are labelled TS4, TS5, and TS6; and the 
transition states associated with the H-abstraction and substitution paths 
for the DMS(O)2 + NO3 radical reaction are labelled TS7, TS8, and TS9, 
respectively. 

Optimized geometries of the reactants, PRCs, TSs, PCs and products 
for the hydrogen atom abstraction and substitution paths involved in the 
reaction of DMS(O)2 +

•OH, DMS(O)2 +
•Cl and DMS(O)2 + NO3

• are 
shown in Fig. 1, Fig. S1 and Fig. S2, respectively. Important bond lengths 
computed at the M06-2X/aug-cc-pV(T+d)Z level are provided in the 
structures of these figures. The harmonic vibrational frequencies, rota-
tional constants for all the stationary points, imaginary frequencies of 
the various TSs and the optimized geometries of all of the stationary 
points involved in the title reactions are displayed in Tables S2–S5. 

The zero-point corrected CCSD(T)//M06-2X level calculated PES 
profiles involving all of the key stationary points for the possible 
H-abstraction and substitution paths associated with the reaction of 
DMS(O)2 +

•OH; DMS(O)2 +
•Cl; and DMS(O)2 + NO3

• are shown in 
Figs. 2a, 3a and 4a. The energies of all the minima and transition states 
displayed in the figures were estimated relative to the energies of the 
corresponding separated reactants at the ZPE corrected CCSD(T)//M06- 
2X level. The data from Figs. 2a, 3a and 4a suggest that the interaction of 
any atmospheric oxidant such as OH radical, Cl atom or NO3 radical with 
the DMS(O)2 molecule initially forms stable PRCs through hydrogen 
bonding. This can be clearly seen at each entrance channel of their 
reaction PESs (see Figs. 2a, 3a and 4a). In the next step, the PRCs 
proceed to form their respective PCs through their corresponding TSs. 
Finally, the PCs undergo unimolecular decomposition to form final 
products (see the exit channels in Figs. 2a, 3a and 4a). 

3.1.1. DMS(O)2 + OH radical 
We found two different hydrogen bonded complexes (PRC1 and 

PRC2) between the DMS(O)2 molecule and OH radical (see Figs. 1 and 
2a), with respective binding energies of − 5.7 and − 5.1 kcal mol− 1. PRC1 
and PRC2 have cyclic structures with three intramolecular hydrogen 
bonds. The structure of PRC1 indicates a strong hydrogen bond between 
a hydrogen atom of OH and one of the O-atoms of the S(O)2 group with a 
bond length of 1.95 Å, and two other weak hydrogen bonds between the 
H-atoms of the two methyl groups and the O-atom of the OH radical 
(with corresponding bond distances computed to be 2.42 and 2.63 
Å—see Fig. 1). In PRC2, a strong H-bond between the H-atom of OH and 
one of the O-atoms of the S(O)2 group (with a bond distance found to be 
1.93 Å), and two other weak H-bonds between the O-atom of OH and the 
other two H-atoms of the same methyl group (with their respective 
computed bond lengths of 2.49 and 2.76 Å) were observed. PRC1 was 
found to be the most stable with a binding energy of − 5.7 kcal mol− 1. 
The zero-point corrected CCSD(T)//M06-2X level calculations indicated 
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that the energy difference between PRC1 and PRC2 was ⁓-0.6 kcal 
mol− 1. Similar to the structure of PRC2, we also noted that an analogous 
pre-reactive complex was reported in the reaction of methane sulfon-
amide with OH radical (Arathala and Musah, 2022). The binding energy 
for this complex was reported to be − 5.0 kcal mol− 1 using the same 
computational methods (Arathala and Musah, 2022). This suggests that 
the binding energy of PRC2 agrees well with the values for the PRC 
reported for the methane sulfonamide + OH radical reaction (Arathala 
and Musah, 2022). 

Three transition states (TS1, TS2 and TS3) were found for the H-atom 

abstraction and substitution paths involved in the DMS(O)2 + OH 
radical reaction (see Fig. 2a). TS1 and TS2 are formed from the corre-
sponding PRC1 and PRC2 complexes with barrier heights of 2.1 and 3.7 
kcal mol− 1 above the starting reactants, respectively. The structures of 
TS1 and TS2 clearly indicate that abstraction of an H-atom from the 
methyl group by OH radical occurs in a hydrogen bonded six-membered 
ring like configuration. The results show that the barrier height of TS1 is 
⁓1.6 kcal mol− 1 lower than that of TS2. This suggests that H-abstraction 
from the methyl group of DMS(O)2 that proceeds via TS1 is the dominant 
reaction compared to the other possible path. We noted that the same 

Fig. 1. Optimized geometries of the pre-reactive complexes (PRCs), transition states (TSs), product complexes (PCs), and products (Ps) for the H-abstraction and 
substitution paths involved in the reaction of dimethyl sulfone + OH radical obtained at the M06-2X/aug-cc-pV(T+d)Z level. The bond lengths (in Å) shown on the 
structures were computed at the M06-2X/aug-cc-pV(T+d)Z level. The C, S, H, and O-atoms are shown respectively with black, yellow, white, and red colors. 
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complex (PRC2) proceeds to form TS3 for the substitution path involved 
in the DMS(O)2 + OH radical reaction. The structure of TS3 suggests that 
the O-atom of the OH radical attacks the S-atom of S(O)2, which is fol-
lowed by S—CH3 single bond cleavage. The barrier height for formation 
of TS3 was computed to be 27.5 kcal mol− 1 above that of the starting 
reactants. Based on the computed barriers heights, the formation of TS3 
is less favorable due to its high barrier when compared to the possible H- 
abstraction paths. Therefore, TS1 formation was determined to have a 
lower barrier and to be more dominant when compared to the other 
possible H-atom abstraction and substitution paths. 

Product complexes (PC1, PC2 and PC3) formed from their respective 

transition states were identified on the PES profiles at − 19.8, − 17.0 and 
− 18.2 kcal mol− 1 relative to the energy of the starting DMS(O)2 + OH 
radical reactants (see Fig. 2a). PC1 is stabilized by two hydrogen bonds 
between the H-atoms of the -CH2 and -CH3 moieties and the O-atom of 
molecular water, with corresponding bond lengths of 2.47 and 2.45 Å, 
and a strong H-bond between an H-atom of water and one of the O-atoms 
of the S(O)2, with a bond distance computed to be 1.98 Å (see Fig. 1). 
The complex PC2 is stabilized by two H-bonds between the O-atoms of 
S(O)2 and the H-atoms of water with corresponding bond distances of 
2.40 and 2.36 Å (see Fig. 1). Finally, these two complexes undergo 
unimolecular dissociation to form the same bimolecular products (i.e., 

Fig. 2. The CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level calculated: (a) ZPE-corrected relative energies; and (b) Gibbs free energy profiles for the 
abstraction and substitution paths involving the DMS(O)2 + OH radical reaction to form their respective products. The symbols PRC1 and PRC2; TS1, TS2, and TS3; 
and PC1, PC2, and PC3; refer to pre-reactive complexes; transition states; and post-reactive complexes respectively. 
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•CH2S(O)2CH3 + H2O). Similarly, PC3 is stabilized by interactions be-
tween the two oxygen atoms of the S(O)2 moiety and the two H-atoms of 
the methyl group, with bond lengths of 2.77 and 2.84 Å respectively (see 
Fig. 1). This then proceeds to form products (CH3S(O)2OH + •CH3) with 
an energy of − 16.9 kcal mol− 1 relative to the energy of the starting 
reactants. The PES profiles of the DMS(O)2 + OH radical reaction sug-
gest that formation of TS3 (substitution path) is less favorable due to its 
very high barrier compared to the barrier height values of the H- 
abstraction paths. Therefore, H-abstraction via PRC1, TS1, and PC1 to 
form •CH2S(O)2CH3 + H2O products was determined to have the lowest 
barrier and to be the dominant reaction path when compared to the 
other possible H-atom abstraction and substitution paths. 

Fig. 2b shows the Gibbs free energies of all the stationary points for 
the H-atom abstraction and substitution paths associated with the 
DMS(O)2 +

•OH reaction, calculated at the CCSD(T)/aug-cc-pV(T+d) 
Z//M06-2X/aug-cc-pV(T+d)Z level. The Gibbs free energy barriers for 

all possible paths involved in these reactions were calculated as the 
Gibbs free energy differences between the corresponding reactants 
and transition states. The Gibbs free energy barrier values for the 
DMS(O)2 +

•OH reaction via TS1, TS2, and TS3 were found to be 10.7, 
12.1, and 36.9 kcal mol− 1 respectively (see Fig. 2b). These results imply 
that H-abstraction from the methyl group through TS1 is the most 
favorable route. 

3.1.2. DMS(O)2 + Cl atom 
In this case, two pre-reactive complexes (PRC3 and PRC4) were 

found from association of a DMS(O)2 molecule and a Cl atom at the 
entrance channels of the H-abstraction and substitution paths (see 
Fig. 3a and Fig. S1). The complex PRC3 is stabilized by two weak 
hydrogen bond interactions between the Cl atom and two of the H-atoms 
of the methyl group, with corresponding bond distances of 2.84 and 
2.82 Å (see Fig. S1). The complex PRC4 is stabilized by a 2-center-3- 

Fig. 3. The CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level calculated: (a) ZPE-corrected relative energies; and (b) Gibbs free energy profiles for the 
abstraction and substitution paths associated with the DMS(O)2 + Cl atom reaction to form their respective products. The symbols PRC3 and PRC4; TS4, TS5, and 
TS6; and PC4, PC5, and PC6; refer to pre-reactive complexes; transition states; and post-reactive complexes respectively. 
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electron (2c-3e) bond between the lone pair electrons on the O-atom of 
DMS(O)2 and a single electron occupied p-orbital of the Cl atom, with a 
bond length of 2.62 Å. A weak hydrogen bond is also present between an 
H-atom of the methyl group and the Cl atom, and its bond distance is 
predicted to be 2.90 Å (see Fig. S1). The binding energies of PRC3 and 
PRC4 were estimated to be − 0.8 and − 3.9 kcal mol− 1 at the CCSD(T)// 
M06-2X level. Due to the presence of strong van der Waals interactions 
in PRC4 compared to PRC3, the former complex is ⁓3.0 kcal mol− 1 

more stable than the latter. 
These PRCs further lead to the formation of TS4 and TS5 with barrier 

heights of 4.2 and 7.3 kcal mol− 1, respectively, above the starting re-
actants. The structures of TS4 and TS5 show how the Cl atom can ab-
stract an H-atom from the methyl group of DMS(O)2. TS4 has a lower 
barrier height (⁓3.0 kcal mol− 1) compared to the other possible H- 
abstraction that proceeds via TS5. These TSs further proceed to form 
PC4 and PC5 at − 4.8 and − 3.7 kcal mol− 1 on the PESs. The PC4 
structure indicates that the C-atom centered DMS(O)2 radical and mo-
lecular HCl are held together by three H-bonds: one between the H-atom 
of HCl and one of the O-atoms of S(O)2; one between an H-atom of the 
methyl group and the Cl atom of HCl; and one between the H-atom of the 
methylene group and the Cl atom of HCl; with corresponding bond 
distances of 1.90, 2.96 and 2.97 Å, respectively. The PC5 structure re-
veals that the C-atom centered DMS(O)2 radical and molecular HCl, bind 
via an H-bond between the H-atom of HCl and one of the O-atoms of the 
S(O)2 group, with an H–O bond length computed to be 1.92 Å. Due to the 
presence of strong H-bonds, complex PC4 was found to be ⁓1.0 kcal 
mol− 1 more stable than the complex PC5. PC4 and PC5 further undergo 
dissociation to form the same pair of products (•CH2S(O)2CH3 + HCl) on 
the PES at 1.2 kcal mol− 1. The complex PRC4 also forms a transition 
state (TS6) for the substitution path involved in the DMS(O)2 + Cl atom 
reaction, with a barrier height of 38.1 kcal mol− 1 on the PES. The 
structure of TS6 suggests Cl atom addition to the S-atom of S(O)2, fol-
lowed by cleavage of the S–CH3 bond. The reaction further proceeds to 
form PC6 which has two hydrogen bonds between the O-atoms of S(O)2 
and the H-atoms of the methyl group, with H–O bond lengths of 2.81 and 
2.87 Å. It further leads to products (i.e., CH3S(O)2Cl + •CH3) at 4.5 kcal 
mol− 1 above the starting reactants. The reaction barrier for the substi-
tution channel was found to be 38.1 kcal mol− 1 which is high compared 
to the barriers of the H-atom abstraction channels. Therefore, this re-
action is energetically less favorable when compared to the H-atom 
abstraction paths. 

Fig. 3b shows the Gibbs free energies of all the stationary points for 
the H-atom abstraction and substitution paths associated with the 
DMS(O)2 +

•Cl reaction, calculated at the CCSD(T)/aug-cc-pV(T+d)Z// 
M06-2X/aug-cc-pV(T+d)Z level. The Gibbs free energy barriers for the 
DMS(O)2 +

•Cl reactions that proceed via TS4, TS5, and TS6 were found 
to be 11.0, 13.8, and 46.0 kcal mol− 1 respectively. These Gibbs free 
energy barriers reveal that H-abstraction from the methyl group via TS4 
is the most dominant path. 

3.1.3. DMS(O)2 + NO3 radical 
Similar to the results cited above, the association of DMS(O)2 and 

NO3 radical forms two different stable complexes (PRC5 and PRC6) with 
binding energies of − 2.2 and − 5.8 kcal mol− 1, respectively (see Fig. 4a 
and Fig. S2). PRC5 is stabilized by four hydrogen bonds between the 
DMS(O)2 and NO3 radical, with bond lengths of 2.76, 2.77, 2.80 and 
2.80 Å, while PRC6 is stabilized by interactions between: (1) one of the 
O-atoms of S(O)2 and the N-atom of the NO3 radical with an O–N bond 
distance of 2.76 Å; and a hydrogen bond between an H-atom of the 
methyl group and one of the O-atoms of the NO3 radical, with an H–O 
bond distance predicted to be 2.53 Å (see Fig. S2). The complex PRC6 is 
more stable by ⁓3.6 kcal mol− 1 compared to the value for PRC5 (see 
Fig. 4a). These PRCs proceed further to form TS7 and TS8 with barrier 
heights of 9.8 and 12.7 kcal mol− 1 relative to the starting DMS(O)2 and 
NO3 radical reactants. The H-atom abstraction by NO3 radical from the 
methyl group of DMS(O)2 is illustrated in the structures of TS7 and TS8 

shown in Fig. S2. From Fig. 4a, the barrier height for the formation of 
TS7 was found to be almost 3.0 kcal mol− 1 lower than the value of TS8. 
These H-abstraction paths lead to formation of hydrogen bonded cyclic 
product complexes (PC7 and PC8) at − 13.6 and − 11.5 kcal mol− 1 below 
the reactants, and then finally to formation of the same pair of products 
(i.e., •CH2S(O)2CH3 + HNO3). The substitution path involved in the 
DMS(O)2 + NO3 radical reaction also starts from PRC6, which then leads 
to the formation of TS9, with a barrier height of 36.3 kcal mol− 1 above 
the reactants. This then connects to PC9 at 0.5 kcal mol− 1 and then to 
generation of CH3S(O)2ONO2 +

•CH3 products. The results suggest that 
this reaction path has a high barrier compared to the other possible H- 
abstraction paths. Therefore, abstraction of an H-atom from the methyl 
group via PRC5, TS7, and PC7 to form •CH2S(O)2CH3 + HNO3 products 
was found to have a lower barrier (and therefore be the more dominant 
reaction) compared to other possible abstraction and substitution paths. 

Fig. 4b shows the Gibbs free energies of all the stationary points for 
the H-atom abstraction and substitution paths associated with the 
DMS(O)2 + NO3

• reaction, calculated at the CCSD(T)/aug-cc-pV(T+d) 
Z//M06-2X/aug-cc-pV(T+d)Z level. The calculated Gibbs free energy 
barriers for the DMS(O)2 + NO3

• reaction via TS7, TS8, and TS9 were 
estimated to be 20.4, 22.7, and 48.5 kcal mol− 1 respectively (see 
Fig. 4b). These results suggest the H-abstraction from the methyl group 
via TS7 is the most favorable compared to other paths. 

Based on the PESs shown in Figs. 2–4, we concluded that the barrier 
heights and Gibbs free energy barriers for the substitution paths asso-
ciated with the DMS(O)2 +

•OH, DMS(O)2 + Cl atom, and DMS(O)2 +

NO3 radical are too high to be accessible under tropospheric conditions. 
Therefore, these reaction paths were not considered for further kinetic 
calculations. 

3.2. Subsequent reactions of CH3S(O)2C•H2 

As described above, the energetics results suggested that the atmo-
spheric trasformation of DMS(O)2 that is initiated by OH radical, Cl 
atom, and NO3 radical proceeds via H-atom abstraction from the methyl 
group to form CH3S(O)2C•H2 as a major product. Under tropospheric 
conditions, it is anticipated that the removal process for this radical 
could involve self-dissociation and/or its reaction with molecular oxy-
gen (3O2). We performed calculations to optimize the relavant geome-
tries and corresponding harmonic vibrational frequency calculations for 
all of the stationary points involved in the self-dissociation of 
CH3S(O)2C•H2, as well as the H-atom abstraction and addition paths of 
the CH3S(O)2C•H2 +

3O2 reaction at the same M06-2X/aug-cc-pV(T+d)Z 
level used for the other calculations in this work. Single point energy 
calculations for all the stationary points were performed at the CCSD(T)/ 
aug-cc-pV(T+d)Z level on the M06-2X level-optimized geometries. The 
self-dissociation of CH3S(O)2C•H2 leading to the formation of sulfene 
(CH2––S(O)2) + methyl radical (•CH3) products is shown in eqn. 3 and 
the corresponding PES profile is shown in Fig. S3. In Fig. S3, the relative 
energies and Gibbs free energies are shown without and with paren-
theses, respectively, and correspond to values computed at the CCSD 
(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level. The PES pro-
file for this reaction proceeds through the stationary points TS10 and 
PC10, which then lead to products (sulfene + methyl radical). The 
barrier height and Gibbs free energy barrier for this reaction was found 
to be ⁓35.9 kcal mol− 1 (see Fig. S3). The high barrier height and Gibbs 
free energy barrier for the self-dissociation of CH3S(O)2C•H2 indicate 
that it is not energetically feasible under tropospheric conditions. 
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3.3. PES profiles for the CH3S(O)2C•H2 +
3O2 reaction 

The zero point corrected CCSD(T)//M06-2X level calculated poten-
tial energy profiles and Gibbs free energy profiles calculated at the CCSD 
(T)//M06-2X level for the abstraction channels associated with the 
CH3S(O)2C•H2 +

3O2 reaction are shown in Fig. 5 and Fig. S4, respec-
tively. The results in Fig. 5 show that abstraction of an H-atom from the 
-CH2 group by molecular oxygen proceeds via TS11 with a barrier height 

of 57.1 kcal mol− 1 to form PC11, which leads to the formation of 
CH3S(O)2C•H (P1) + HO2 radical. On the other hand, although all three 
of its hydrogens are attached to the same carbon atom, two distinct 
H-abstraction transition states are possible for the methyl group 
H-atoms. This is because two of the methyl group hydrogens are ori-
ented towards the two oxygens of the S(O)2 group, with the third ori-
ented away from it. Therefore, two different transition states are 
possible. Accordingly, H-atom abstraction from the methyl group by O2 

Fig. 4. The CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level calculated: (a) ZPE-corrected relative energies; and (b) Gibbs free energy profiles for the 
abstraction and substitution paths involving DMS(O)2 + NO3 radical to form their respective products. The symbols PRC5 and PRC6; TS7, TS8, and TS9; and PC7, PC8 
and PC9; refer to pre-reactive complexes; transition states; and post-reactive complexes respectively. 
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Fig. 5. The potentail energy diagram for the three possible H-atom abstraction paths involved in the CH3S(O)2C
•H2 +

3O2 reaction, obtained at the CCSD(T)/aug-cc- 
pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level. The symbols TS11, TS12, and TS13; and PC11, PC12, and PC13; and P1 and P2; represent transition states; product 
complexes; and products respectively. 

Fig. 6. The CCSD(T)/aug-cc-pV(T+d)Z//M06-2X/aug-cc-pV(T+d)Z level calculated potential energy profiles for the CH3S(O)2C
•H2 +

3O2 reaction leading to 
formation of various products. The symbol RO2 represents the CH3S(O)2CH2OO radical adduct; TS14, TS14a, TS14b and TS15 represent transition states; and 
P3 (

•CH2S(O)2CH2OOH), P3a (HC(O)S(O)2CH2OOH), and P4 (CH3S(O)2C(O)H) represent products. 
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through TS12 and TS13 to form the corresponding PC12 and PC13 can 
occur, leading to formation of the same cyc-C2H2SO2 (P2) + HO2 
products on the PES (at 4.0 kcal mol− 1). The barrier heights for TS12 and 
TS13 using the present level of calculations were computed to be 45.1 
and 40.3 kcal mol− 1. From Fig. S4, the Gibbs free energy barriers for 
TS11, TS12 and TS13 were computed to be 65.9, 54.5, and 51.4 kcal 
mol− 1 at the CCSD(T)//M06-2X level. These reaction barriers and Gibbs 
free energy barriers are too high to be achievable under tropospheric 
conditions. Therfore, we did not consider these three abstraction paths 
for any further kinetics calculations, and have perfomed the calculations 
only for the sake of completeness. 

The reaction of CH3S(O)2C•H2 +
3O2 can also proceed through an 

addition mechanism as previously mentioned. The zero point corrected 
CCSD(T)//M06-2X level computed PES profile and Gibbs free energy 
profiles calculated at the CCSD(T)//M06-2X level for the addition of oxygen 
to the C-atom of CH3S(O)2C•H2 are shown in Fig. 6 and Fig. S5, respectively. 
Initially, atmospheric 3O2 attacks the C-centered radical carbon of 
CH3S(O)2C•H2 to form a stable barrierless CH3S(O)2CH2OO• adduct 
(i.e., RO2, where R = CH3S(O)2CH2) with an energy that is 28.4 kcal mol− 1 

below the CH3S(O)2C•H2 + O2 separated reactants. We first performed 
calculations to determine the more stable conformer of this RO2 adduct. The 
process revealed a total of about 26 conformations, the most stable of which 
is shown in Fig. 6 (located at − 28.4 kcal mol− 1 on the PES). This excess 
energy can facilitate further subsequent reactions of this radical such as 
intramolecular hydrogen shifts, elimination reactions, or the reverse reac-
tion leading back to the starting CH3S(O)2C•H2 +

3O2 reactants. We note 
that the binding energy for this CH3S(O)2CH2OO• adduct is in close 
agreement with the value for the NH2S(O)2CH2OO• adduct formed from 
addition of O2 to NH2S(O)2C•H2 (reported to be − 27.8 kcal mol− 1 using the 
same computational level (Arathala and Musah, 2023). In addition, we 
found that CH3S(O)2CH2OO• was less stable by ⁓1.2 kcal mol− 1 when 
compared to the value for the CH3S(O)CH2OO• adduct. The reported 
binding energy for the CH3S(O)CH2OO• adduct was − 29.6 kcal mol− 1 at the 
CBS-QB3 level (Asatryan and Bozzelli, 2008). From Fig. 6 and Fig. S5, it can 
be seen that an intramolecular hydrogen shift from the methyl group to the 
terminal oxygen atom of the peroxy radical through TS14 leads to a QOOH 
radical product (P3; where Q = •CH2S(O)2CH2OOH) with a barrier height of 
− 0.5 kcal mol− 1 and a Gibbs free energy barrier of 11.3 kcal mol− 1. It is 
expected that the formed QOOH radical will further react with a second 
molecular oxygen (3O2) under tropospheric conditions to produce a stable 
R’O2 radical (where R’ = HOOCH2S(O)2CH2OO•) with an energy of − 26.4 
kcal mol− 1 below the QOOH (P3) + O2 separated reactants. It further un-
dergoes OH radical elimination through a concerted mechanism via TS14a 
and a hydrogen atom shift from the -CH2 group to the terminal O-atom of 
R’O2 via TS14b, to produce products P3a (HC(O)S(O)2CH2OOH) + OH 
radical) with corresponding barrier heights of 3.1 and − 18.9 kcal mol− 1, 
and corresponding Gibbs free energy barriers of 24.6 and 
3.8 kcal mol− 1 respectively, relative to the energy of starting separated 
CH3S(O)2C•H2 +

3O2 reactants. The reaction that proceeds via TS14a to 
form products P3a +OH radical is not expected to be an important process. 
However, an intramolecular hydrogen shift via TS14b to produce products 
P3a + OH radical may be important, since the barrier height for this reac-
tion path is ⁓22 kcal mol− 1 lower compared to the OH radical elimination 
path that proceeds via TS14a (see Fig. 6). 

It was also found that the RO2 radical undergoes a concerted elimi-
nation process involving C–H and O–O single bond rupture, followed by 
simultaneous double bond formation between the C- and O-atoms via 
TS15 (see the structure of TS15 in Fig. 6) leading to CH3S(O)2C(O)H (P4) 
+

•OH with a barrier of ⁓14.2 kcal mol− 1 and a Gibbs free energy 
barrier of 25.3 kcal mol− 1 above the starting CH3S(O)2C•H2 +

3O2 
separated reactants. Based on the results, the reaction of CH3S(O)2C•H2 
+ 3O2 proceeds first by O2 addition, followed by two hydrogen atom 
shift reaction steps (i.e., RO2 → TS14 → QOOH (P3)); and R’O2 → TS14b 
→ HC(O)S(O)2CH2OOH (P3a) + OH radical). These paths may be 
important processes under tropospheric conditions. 

4. Theoretical kinetic analysis 

Rate coefficient calculations were performed for the abstraction 
paths involved in the DMS(O)2 +

•OH; DMS(O)2 +
•Cl; and DMS(O)2 +

NO3
• reactions, and the subsequent reaction of CH3S(O)2C•H2 with 3O2, 

using the Master equation solver for multi-energy well reactions (Mes-
mer v5.2) software (Glowacki et al., 2012). The form of the 
energy-grained master equation used in this work by the Mesmer code is 
discussed in detail in our previous work (Arathala and Musah, 2019) and 
in various studies reported by other groups (Glowacki et al., 2012; 
Parandaman et al., 2018; Piletic et al., 2017). Basically, the energy of the 
isomer adducts on the PESs are divided into grains that are used as the 
basis of the chemical master equation model. The form of the 
energy-grained master equation used in this work is given in eq (4). 

d
dt

p=Mp (4)  

In eq (4), the symbol p is a vector containing the populations, and the 
symbol M is a matrix that determines the grain population evaluation 
due to collisional energy transfer. The collisional energy transfer is 
described using an exponential down model. The zero point corrected 
energies for all of the stationary points on the PESs (see Figs. 2a and 3a, 
4a and 6), rotational constants and vibrational frequencies were taken 
from the present calculations to provide input for the Mesmer rate 
calculations. 

The single exponential down model with an average transfer energy 
of ΔEd = 200 cm− 1 was used to simulate the collision energy transfer 
between the intermediates (PRCs and PCs) and bath gas (N2) for the 
reactions involving DMS(O)2 with •OH/•Cl/NO3

• as well as for the 
CH3S(O)2C•H2 +

3O2 reaction. This value was choosen based on the 
observation of similar reactions reported in the literature that used the 
presently studied atmospheric oxidants (Bunkan et al., 2015; Hyttinen 
et al., 2016; Ma et al., 2018; Parandaman et al., 2018; Xie et al., 2015). 
Lennard-Jones (L-J) interaction potentials were also required for 
calculating the collision frequencies. Therefore, we used the L-J 
parameters provided in Table S6 for the PRCs and PCs involved in the 
DMS(O)2 +

•OH/•Cl/NO3
• reactions, as well as for the RO2 radical 

adduct involved in the CH3S(O)2C•H2 +
3O2 reaction. The L-J parame-

ters for the various complexes and the RO2 radical adduct were based on 
those of the nearest sized alkane (Jasper and Miller, 2014) and for the 
bath gas, N2 was used in the calculations with the corresponding L-J 
parameters of σ = 3.9 Å and ε = 48 K (Glowacki et al., 2012). 

For the reactions of DMS(O)2 +
•OH/•Cl/NO3

•, as well as for the 
CH3S(O)2C•H2 +

3O2 reaction, RRKM theory was used to calculate 
microcanonical rate coefficients for the reaction steps that procced 
through a transititon state with a well defined barrier (Glowacki et al., 
2012). To account for the impact of tunneling on the reaction rates, the 
Eckart tunneling correction was used (Miller, 1979). As shown previ-
ously for the interaction of a structural analog of DMS(O)2 (i.e., methane 
sulfonamide (MSAM)) with •OH/•Cl/NO3

• (Arathala and Musah, 2022, 
2023), the reaction of CH3S(O)2C•H2 with 3O2 to form the corresponding 
complexes is a barrierless process. Accordingly, we used the Inverse 
Laplace Transform (ILT) method implemented in Mesmer for barrierless 
reactions (Glowacki et al., 2012). The Arrhenius pre-exponential 
factor used in the ILT approach for the DMS(O)2 +

•OH/•Cl/NO3
• and 

CH3S(O)2C•H2 + O2 barrierless reactions was 1.0 × 10− 11 cm3 

molecule− 1 s− 1 (see Figs. 2a, 3a and 4a, and 6). We set a value of 0 kcal 
mol− 1 for the activation energy and a value of 0.1 for the modified 
Arrhenius parameter for all the barrierless reaction paths that were used 
to calculate rate coefficients in the present work. 

The simulated reaction profiles provided in the Mesmer calculations 
were treated according to the logarithmic transformation of the pseudo- 
first order reaction rate law as given in eqn. (5). 

ln
(
[X]

[X]0

)

= − k′t (5) 
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In eqn. (5), the symbol k′ is the pseudo-first order rate coefficient and X is 
the deficient reactant for the respective reaction. Plotting the above 
equation from the beginning of the simulation until the total con-
sumption of the deficient reactant showed linear trends for all the title 
reactions. The bimolecular reaction rate coefficient was estimated by 
dividing the slope of the linear fit (k′) with the concentration of the 
excess reactant. For the reactions involving DMS(O)2 +

•OH, DMS(O)2 +
•Cl, and DMS(O)2 + NO3

•, the reactant DMS(O)2 was assumed to have a 
larger concentration relative to oxidants such as •OH, •Cl, and NO3

•

under atmospheric conditions. In the case of the CH3S(O)2C•H2 +
3O2 

reaction, the concentration of 3O2 in the atmosphere is in significant 
excess compared to that of CH3S(O)2C•H2. Thus, in the present calcu-
lations, 3O2 and CH3S(O)2C•H2 were treated as excess and deficient re-
actants respectively. 

4.1. Kinetics 

Using all the required parameters provided in the theoretical kinetic 
analysis section of the Mesmer kinetic code, we obtained the rate co-
efficients for the two possible H-abstraction paths involved in the re-
actions of DMS(O)2 +

•OH; DMS(O)2 +
•Cl; and DMS(O)2 + NO3

• in the 
temperature range of 200–320 K and at 1 atm pressure (which are 
relavant to tropospheric conditions). The results are displayed in 
Table 1. The rate coefficient values in this temperature range can be 
helpful for atmospheric modeling calculations that can be useful for 
evaluation of atmospheric lifetimes. The computed rate coefficients for 
the reaction of DMS(O)2 + OH radical indicate that the H-atom 
abstraction by OH radical via TS1 is ⁓1–2 orders of magnitude larger 
than the same reaction via TS2 in the temperatures between 200 and 
320 K. For example, the calculated rate coefficients via TS1 and TS2 at 
298 K were found to be 4.5 × 10− 13 and 1.1 × 10− 14 cm3 molecule− 1 s− 1, 
respectively. The rate coefficients for the H-abstraction via TS4 associ-
ated with the DMS(O)2 + Cl atom reaction was predicted to be 2–4 or-
ders of magnitude larger compared to H-abstraction via TS5 in the 
temperature range between 200 and 320 K. The obtained site specific H- 
abstraction rate coefficient via TS4 at 298 K was found to be 9.1 × 10− 14 

cm3 molecule− 1 s− 1, which is ⁓2 orders of magnitude larger, compared 
to the value for TS5, whose rate coefficient was found to be 1.3 × 10− 16 

cm3 molecule− 1 s− 1 at the same temperature. Similarly, the rate coef-
ficient for the abstraction path associated with the DMS(O)2 + NO3 
radical reaction via TS7 was calculated to be ⁓2 orders of magnitude 
larger compared to the values of the same reaction via TS8 in the present 
studied temeprature range. For example, at 298 K, the estimated rate 
coefficient for the H-abstraction path via TS7 and TS8 respectively were 

found to be 3.7 × 10− 15 and 2.2 × 10− 17 cm3 molecule− 1 s− 1. 
The data in Table 1 were plotted to show the comparison between the 

different site-specific rate coefficients as a function of temperature for 
the DMS(O)2 +

•OH, DMS(O)2 +
•Cl and DMS(O)2 + NO3

• reactions (see 
Fig. 7). The results in Fig. 7 show that the rate coefficient trend for the 
DMS(O)2 +

•OH reaction via TS1 exhibits a negative temperature 
dependance (i.e., the rate coefficient decreases with increasing tem-
perature). Via TS2, it was found to exhibit a positive temperature 
dependance (i.e., the rate coefficient increased with increasing tem-
perature) in the studied temperature range. The rate coefficient trend for 
the DMS(O)2 +

•Cl reaction through TS4 was found to be slightly curved, 
with a negative temperature dependance above 200 K and a positive 
temperature dependance above 240 K. However, in the case of TS5, a 
positive temperature dependance was observed throughout the range of 
studied temperatures. The results also indicate that the variation of the 
rate coefficients with temperature for the DMS(O)2 + NO3

• reactions via 
TS7 and TS8 was almost independent of temperature. 

We estimated the overall rate coefficients for the DMS(O)2 + OH 
radical, DMS(O)2 + Cl atom, and DMS(O)2 + NO3 radical reactions for 
the site specific hydrogen abstraction channels in the studied tempera-
ture range (eqns (6)–(8)). 

kOH
total = kTS1 + kTS2 (6)  

kCl
total = kTS4 + kTS5 (7)  

kNO3
total = kTS7 + kTS8 (8)  

In eqns (6)–(8), kOH
total, kCl

total, and kNO3
total are the overall rate coefficients for 

the reactions of DMS(O)2 + OH radical, DMS(O)2 + Cl atom, and 
DMS(O)2 + NO3 radical, respectively. The symbols kTS1, kTS2, kTS4, kTS5, 
kTS7 and kTS8 are the individual H-atom abstraction path rate coefficients 
associated with TS1, TS2, TS4, TS5, TS7 and TS8, respectively. The 
obtained overall rate coefficients for the present three title reactions are 
provided in Table 1 and plotted in Fig. 7. The results indicate that the 
overall rate coefficients for the reaction of DMS(O)2 with OH radical 
decreases with increasing temperature in the presently studied 
temperature range. The calculated overall rate coefficient for the 
DMS(O)2 + OH radical at 298 K was found to be 4.6 × 10− 13 cm3 

molecule− 1 s− 1, which agrees resonably with the experimentally deter-
mined rate coefficient (3.0 × 10− 13 cm3 molecule− 1 s− 1) at the same 
temperature (Falbe-Hansen et al., 2000). The overall rate coefficients for 
the reaction of DMS(O)2 + Cl atom in the studied temperature range 
were found to increase with increasing temperature. For example, at 200 
and 320 K, the overall rate coefficients for this reaction were found to be 

Table 1 
Rate coeffiicents for the H-abstraction channels and the overall reaction of DMS(O)2 +

•OH; DMS(O)2 +
•Cl; and DMS(O)2 + NO3

• in the temperature range between 
200 and 320 K and 1 atm pressure.a  

T (K) DMS(O)2 + OH radical DMS(O)2 + Cl atom DMS(O)2 + NO3 radical 

TS1b TS2 k(OH)c TS4b TS5 k(Cl)c TS7b TS8 k(NO3)c 

200 2.55 × 10− 12 1.63 × 10− 14 2.56 × 10− 12 8.41 × 10− 14 1.34 × 10− 18 8.41 × 10− 14 3.52 × 10− 15 2.74 × 10− 17 3.55 × 10− 15 

220 1.69 × 10− 12 1.44 × 10− 14 1.71 × 10− 12 7.26 × 10− 14 4.00 × 10− 18 7.26 × 10− 14 3.53 × 10− 15 2.66 × 10− 17 3.56 × 10− 15 

240 1.14 × 10− 12 1.29 × 10− 14 1.16 × 10− 12 6.90 × 10− 14 1.10 × 10− 17 6.90 × 10− 14 3.55 × 10− 15 2.56 × 10− 17 3.58 × 10− 15 

250 9.51 × 10− 13 1.23 × 10− 14 9.64 × 10− 13 6.94 × 10− 14 1.78 × 10− 17 6.95 × 10− 14 3.57 × 10− 15 2.50 × 10− 17 3.59 × 10− 15 

260 7.98 × 10− 13 1.18 × 10− 14 8.10 × 10− 13 7.12 × 10− 14 2.81 × 10− 17 7.12 × 10− 14 3.59 × 10− 15 2.43 × 10− 17 3.61 × 10− 15 

280 5.78 × 10− 13 1.10 × 10− 14 5.89 × 10− 13 7.88 × 10− 14 6.63 × 10− 17 7.89 × 10− 14 3.63 × 10− 15 2.30 × 10− 17 3.65 × 10− 15 

298 4.48 × 10− 13 1.07 × 10− 14 4.59 × 10− 13 9.06 × 10− 14 1.34 × 10− 16 9.08 × 10− 14 3.67 × 10− 15 2.17 × 10− 17 3.69 × 10− 15 

300 4.37 × 10− 13 1.07 × 10− 14 4.47 × 10− 13 9.23 × 10− 14 1.45 × 10− 16 9.24 × 10− 14 3.67 × 10− 15 2.16 × 10− 17 3.70 × 10− 15 

320 3.43 × 10− 13 1.06 × 10− 14 3.54 × 10− 13 1.13 × 10− 13 2.95 × 10− 16 1.13 × 10− 13 3.73 × 10− 15 2.04 × 10− 17 3.75 × 10− 15  

a All rate coefficients are in units of cm3 molecule− 1 s− 1. 
b The degeneracy of TS1, TS4, and TS7 is 2 and hence the rate coefficients for these TSs were multiplied by 2. 
c k(OH), k(Cl), and k(NO3) are the overall rate coefficients for the DMS(O)2 + OH radical; DMS(O)2 + Cl atom; and DMS(O)2 + NO3 radical reactions respectively, 

obtained by additing the corresponding site-specific rate coefficients at each temperature. 
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8.4 × 10− 14 and 1.1 × 10− 13 cm3 molecule− 1 s− 1, respectively. The rate 
coefficient for this reaction at 298 K was reported to be (2.4 ± 0.8) ×
10− 14 cm3 molecule− 1 s− 1, which is ⁓4 times smaller compared to the 
value of the present calculated rate coefficient (9.1 × 10− 14 cm3 mole-
cule− 1 s− 1) at the same temperature (Falbe-Hansen et al., 2000). In 
addition, the overall rate coefficient results for the reaction of 
DMS(O)2 + NO3 radical suggest that they are independent of tempera-
ture in the present studied temeprature range. For example, the obtained 
overall rate coefficients for this reaction at 200 and 300 K were found to 
be 3.6 × 10− 15 and 3.7 × 10− 15 cm3 molecule− 1 s− 1, respectively. Also, 
the overall rate coefficient obtained at 298 K for this reaction agrees 
with the previously reported value (2.0 × 10− 15 cm3 molecule− 1 s− 1) 
(Falbe-Hansen et al., 2000). The rate coefficient data in Table 1 suggest 
that OH radical is more reactive than the Cl atom and NO3 radical for the 
oxidation of DMS(O)2 in the temperatures between 200 and 320 K. 

It is important to compare the results obtained at the M06-2X level to 
those obtained using the CCSD(T)//M06-2X level, because the results 
reported at the M06-2X level sometimes exhibit better agreement with 
experimental data than those acquired at the higher CCSD(T) level 
(Zavala-Oseguera et al., 2009). Thus, at the M06-2X/aug-cc-pV(T+d)Z 
level, we calculated the rate coefficients using the energies of all the 
stationary points for the abstraction paths associated with the DMS(O)2 
+

•OH, DMS(O)2 +
•Cl, and DMS(O)2 + NO3

• reactions (see Table S7). In 
this regard, the same methodology described in the theoretical kinetic 
analysis section for estimating the rate coefficients using M06-2X 
calculated energies was used. The obtained rate coefficients (in cm3 

molecule− 1 s− 1) for each site-specific reaction, as well as the overall 
reaction rate coefficients in the temperature range of 200–320 K and at 
1 atm pressure for the title reactions are displayed in Table S8. The re-
sults indicate that the trend in rate coefficients for all site-specific re-
actions and the overall title reactions were similar to those obtained 
using the CCSD(T)//M06-2X level calculated energies. 

To gain further insights from the rate coefficients obtained using 
energies computed at various levels, we compared the overall rate co-
efficients obtained using the M06-2X and CCSD(T)//M06-2X ap-
proaches with the experimentally reported rate coefficients for the title 
reactions. The overall rate coefficients for the DMS(O)2 +

•OH reaction 
using the M06-2X level were found to be ⁓2 times larger than the values 
obtained at the CCSD(T)//M06-2X level in the temperatures between 
200 and 320 K. For example, the overall rate coefficients for this reaction 
at 298 K for the M06-2X and CCSD(T)//M06-2X levels were found to be 
1.2 × 10− 12 and 4.6 × 10− 13 cm3 molecule− 1 s− 1, respectively. The 
results also suggest that the overall rate coefficient for this reaction at 
298 K using the M06-2X level is ⁓4 times larger than the experimentally 
reported one (3.0 × 10− 13 cm3 molecule− 1 s− 1) at the same temperature. 

In the case of the DMS(O)2 +
•Cl reaction, the overall rate coefficient 

calculated at the M06-2X level is ⁓3–8 times larger than the values 
obtained at the CCSD(T)//M06-2X level in the present studied temper-
ature range. For example, the overall rate coefficient obtained using 
M06-2X at 298 K was found to be 2.9 × 10− 13 cm3 molecule− 1 s− 1, 
which is ⁓3 times larger than the value obtained at the CCSD(T)//M06- 
2X level (9.1 × 10− 14 cm3 molecule− 1 s− 1) and ⁓12 times larger than 

Fig. 7. Comparison between the calculated site-specific rate coefficients and the overall rate coefficients for the DMS(O)2 +
•OH, DMS(O)2 +

•Cl and DMS(O)2 + NO3
•

reactions over the temperature range of 200–320 K and at 1 atm pressure. The symbols k(TS1), k(TS2), k(TS4), k(TS5), k(TS7) and k(TS8) are the rate coefficients for 
the individual H-atom abstraction paths associated with TS1, TS2, TS4, TS5, TS7 and TS8, respectively. 
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the reported experimentally obtained value (2.4 × 10− 14 cm3 mole-
cule− 1 s− 1) at the same temperature. 

In addition, we also compared the overall rate coefficient for the 
DMS(O)2 + NO3

• reaction at the M06-2X level with the value computed 
at the CCSD(T)//M06-2X level. It is found that the values obtained at the 
M06-2X level agreed well with those obtained at the CCSD(T)//M06-2X 
level in the entire studied temperature range. For example, the overall 
rate coefficient calculated at the M06-2X and CCSD(T)//M06-2X levels 
at 298 K were found to be 2.2 × 10− 15 and 3.7 × 10− 15 cm3 molecule− 1 

s− 1, respectively. Also, the overall rate coefficient using the M06-2X 
level was found to be in good agreement with the experimentally 
determined value (2.0 × 10− 15 cm3 molecule− 1 s− 1). In conclusion, the 
overall rate coefficients calculated using CCSD(T)//M06-2X energies 
agree well with the experimentally measured rate coefficients for the 
DMS(O)2 +

•OH and DMS(O)2 +
•Cl reactions, whereas in case of the 

DMS(O)2 + NO3
• reaction, the overall rate coefficients obtained using 

both M06-2X and CCSD(T)//M06-2X level energies agreed with the 
experimentally reported value. 

4.2. Atmospheric lifetime 

Atmospheric transformation of any compound is governed by its 
photolysis, and/or its reactions mediated by •OH, •Cl, and NO3

•, as well 
as with ozone (O3). However, the rates of photolysis and the reaction of 
DMS(O)2 with O3 are expected to be slow, because the rates of these 
reactions for methane sulfonamide, a structural analog of DMS(O)2, 
have been shown to be slow under tropospheric conditions (Arathala 
and Musah, 2022; Berasategui et al., 2020a). Therefore, it was antici-
pated that these DMS(O)2 removal processes are a negligible sink in the 
troposphere, and that DMS(O)2 degradation mainly depends on its re-
actions with •OH, •Cl and NO3

•. 
The lifetime of DMS(O)2 in the presence of •OH, •Cl and NO3

• under 
atmospheric conditions can be expressed using eqn. (9) (Kumar and 
Rajakumar, 2019; Kurylo and Orkin, 2003; Mishra et al., 2016): 

1
τeff

=
1

τOH
+

1
τCl

+
1

τNO3

(9)  

where τeff represents the cumulative atmospheric lifetime of the 
DMS(O)2 molecule. The symbols τOH , τCl, and τNO3 represent the life-
times of DMS(O)2 with respect to its reactions with •OH, •Cl and NO3

•, 
respectively. The present calculated rate coefficients for the reactions of 
DMS(O)2 with •OH, •Cl and NO3

• were estimated in the temperatures 
between 200 and 320 K (see Table 1), using concentrations of [OH] =
1.0 × 106 molecules cm− 3; [Cl] = 1.3 × 105 atoms cm− 3; and [NO3] =
5.0 × 108 molecules cm− 3 for calculating the lifetime of DMS(O)2 
(Atkinson, 2000; Logan, 1985; Rao et al., 2018; Spicer et al., 1998). The 
calculation results suggest that the lifetimes of DMS(O)2 with respect to 
its reactions with •OH, •Cl and NO3

• are 5–35, 5–1050, and 6–6.5 days, 
respectively in the temperature range between 200 and 320 K. The cu-
mulative atmospheric lifetime (τcum) was estimated from the reactions of 
DMS(O)2 with •OH, •Cl and NO3

• using eqn. (9). In eqn. (9), the atmo-
spheric lifetimes of DMS(O)2 with respect to its reactions with •OH, •Cl 
and NO3

• are defined as τOH = 1 /(kOH[OH]), τCl = 1 /(kCl[Cl]), and 
τNO3 = 1 /(kNO3 [NO3]), respectively. The symbols kOH, kCl, and kNO3 

represent the overall rate coefficients calculated for the DMS(O)2 +
•OH, 

DMS(O)2 +
•Cl and DMS(O)2 + NO3

• reactions. The [OH], [Cl], and 
[NO3] represent the average atmospheric concentrations of •OH, •Cl and 
NO3

•. The τcum was calculated in the temperature range of 200–320 K. 
The overall rate coefficients estimated for the DMS(O)2 +

•OH, DMS(O)2 
+

•Cl and DMS(O)2 + NO3
• reactions are given in Table 1, and the 

average atmospheric concentrations of •OH, •Cl and NO3
• radicals given 

above were used in the calculations. By combing all the contributions 
from the •OH, •Cl, and NO3

• reactions, the cumulative atmospheric 
lifetime of DMS(O)2 was found to be ⁓3–5 days in the present studied 
temperature range. This result suggests that the atmospheric lifetime of 

the title molecule is very short in the studied temperature range and as 
such, its impact on global warming is negligible. However, the final 
products formed from the subsequent reactions of the initially formed 
CH3S(O)2C•H2 product with respect to its reactions with O2, may have 
significant effects on acid rain formation and climate change. Therefore, 
to gain more insights from the kinetics of this reaction, we performed 
rate coefficient calculations for the two different reaction paths acces-
sible for the CH3S(O)2C•H2 +

3O2 reaction under the same studied 
temperature range. 

Mesmer kinetic code was used to calculate the rate coefficients for 
the CH3S(O)2C•H2 +

3O2 reaction. Fig. 6 suggests that two reaction 
pathways are possible: CH3S(O)2C•H2 + 3O2 ↔ RO2 → P3; and 
CH3S(O)2C•H2 +

3O2 ↔ RO2 → P4 +
•OH. We calculated the reaction rate 

coefficients for these two paths using Mesmer (Glowacki et al., 2012) in 
the temperature range of 200–300 K and at 1 atm. The obtained rate 
coefficients (in cm3 molecule− 1 s− 1) for the reactions proceeding via 
TS14 and TS15 to form their respective products P3 and P4 + OH radical 
are displayed in Table S9, and Fig. 8 shows how the rate coefficients for 
the CH3S(O)2C•H2 +

3O2 → P3 (•CH2S(O)2CH2OOH) reaction through 
TS14 and CH3S(O)2C•H2 +

3O2 → P4 (CH3S(O)2C(O)H + •OH reaction 
through TS15 vary between 200 and 300 K. The results suggest that the 
formation of QOOH radical (P3) through TS14 is ⁓11–13 orders of 
magnitude faster compared to the other path that leads to the formation 
of products P4 + OH radical via TS15. For example, at 298 K, the rate 
coefficients calculated for the formation of QOOH radical and P4 + OH 
radical from the CH3S(O)2C•H2 +

3O2 reaction were estimated to be 
9.00 × 10− 12 and 4.3 × 10− 23 cm3 molecule− 1 s− 1, respectively. Thus, 
the present results indicate that the CH3S(O)2C•H2 +

3O2 reaction 
mainly proceeds via formation of the QOOH radical (P3) under atmo-
spheric conditions, when compared to the other possible path leading to 
P4 + OH radical. 

To determine whether there might be competition between self- 
dissociation of CH3S(O)2C•H2 and the CH3S(O)2C•H2 +

3O2 reaction, 
we calculated rate coefficient for the self-dissociation reaction of 
CH3S(O)2C•H2 provided in eqn. 3, for the corresponding PES profile (see 
Fig. S3) using Mesmer code (Glowacki et al., 2012). The rate coefficient 
for the self-dissociation of CH3S(O)2C•H2 to form sulfene + methyl 
radical was found to be 8.2 × 10− 16 s− 1 at 298 K. For comparison, we 
calculated the effective rate coefficient for the CH3S(O)2C•H2 +

3O2 
reaction by using its bimolecular rate coefficient and the average at-
mospheric concentration of O2 at 298 K. The effective rate coefficient for 
the CH3S(O)2C•H2 +

3O2 reaction was estimated to be ⁓9.0 × 106 s− 1. 
To compute this value, we used the calculated bimolecular rate coeffi-
cient determined in this work for the reaction of CH3S(O)2C•H2 +

3O2 
at 298 K (9.0 × 10− 12 cm3 molecule− 1 s− 1) and a concentration of 
[O2] = ⁓1 × 1018 molecules cm− 3 (Hyttinen et al., 2016). The results 
suggest that the O2 + CH3S(O)2C•H2 reaction is almost 20 orders of 
magnitude faster than the self-dissociation of CH3S(O)2C•H2 at 298 K. 

Several studies indicate that the important competitive pathways for 
the unimolecular degradation of RO2 radicals are those associated with 
their reactions with HO2 and NO radicals (Atkinson and Arey, 2003; 
Boyd et al., 2003; Fu et al., 2022; Orlando and Tyndall, 2012). There-
fore, we considered the bimolecular reactions of CH3S(O)2CH2OO 
radical with both, leading to the formation of the corresponding hy-
droperoxide + O2 and alkoxy radical + NO2 products respectively (see 
eqns. 10 and 11). 
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The competition between the bimolecular and unimolecular re-
actions can be determined from the kinetics of these reactions. At 298 K, 
the rate coefficients for the typical RO2 + HO2 and RO2 + NO reactions 
are reported to be 1.7 × 10− 11 and 1.2 × 10− 13 cm3 molecule− 1 s− 1 

(Atkinson and Arey, 2003; Boyd et al., 2003). If the CH3S(O)2CH2OO 
radical + HO2 and CH3S(O)2CH2OO radical + NO reactions are treated 
as pseudo-first order by considering the concentration of HO2 and NO to 
be ⁓40 ppt and 100 ppt respectively (under urban atmospheric condi-
tions in the afternoon, in indoor air and in remote areas) (Fu et al., 2022; 
Hofzumahaus et al., 2009; Lelieveld et al., 2008; Newland et al., 2021; 
Pagonis et al., 2019), then the obtained first order rate coefficients for 
the CH3S(O)2CH2OO radical + HO2 and CH3S(O)2CH2OO radical + NO 
reactions are computed to be 0.017 and 0.02 s− 1, respectively. In 
addition, we calculated the first order rate coefficients for the 
RO2 (CH3S(O)2CH2OO) radical isomerizations via TS14 and TS15, and 
found them to be 1.5 × 10− 6 and 2.4 × 10− 14 s− 1, respectively. These 
results suggest that the bimolecular RO2 + HO2 and RO2 + NO reactions 

are ⁓4–12 orders of magnitude faster than the corresponding unim-
olecular RO2 isomerizations at high NO and HO2 radical concentrations. 

4.3. Reaction mechanism 

Based on the aforementioned results and reactions reported in the 
literature, we propose a detailed mechanism for the atmospheric trans-
formation of DMS(O)2 initiated by •OH/•Cl/NO3

• (presented in Fig. 9). 
The data from this work reveal that atmospheric •OH/•Cl/NO3

• abstract 
an H-atom from a methyl group of DMS(O)2 to form a C-centered 
DMS(O)2 radical and molecular water, HCl and HNO3 respectively as 
primary reaction products. Under oxygen-rich conditions in the tropo-
sphere, the C-centered DMS(O)2 radical reacts with O2 to produce the 
RO2 (i.e., CH3S(O)2CH2OO) radical. This mechanism is illustrated with 
the black colored arrows in Fig. 9. The present energetics and rate results 
indicate that the RO2 radical undergoes auto-oxidation via a 
hydrogen atom shift from the methyl group to the terminal O-atom, 
leading to formation of the QOOH radical (i.e., •CH2S(O)2CH2OOH). 
This auto-oxidation mechanism is illustrated with red arrows 
in Fig. 9. The fate of the QOOH radical involves its reaction with another 
3O2 under tropospheric conditions to produce a R’O2 radical 
(i.e., •OOCH2S(O)2CH2OOH) adduct. The subsequent reaction of this 
R’O2 radical was found to be transfer of a hydrogen atom from 
the -CH2 group to the terminal O-atom of the R’O2 radical to form 

Fig. 8. Comparison of the rate coefficients (cm3 molecule− 1 s− 1) for the CH3S(O)2C
•H2 +

3O2 → P3 (•CH2S(O)2CH2OOH) reaction through TS14 and the 
CH3S(O)2C

•H2 +
3O2 → P4 (CH3S(O)2C(O)H) + •OH reaction through TS15 over the temperature range between 200 and 300 K. 
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HOOCH2S(O)2C•HOOH. This radical product then undergoes elimina-
tion of OH radical to form HOOCH2S(O)2C(O)H as the final product. In 
addition, RO2 radicals may also react with NO and HO2 radicals in urban 
atmospheres, indoor air and remote areas, where significant concentra-
tions of NO and HO2 radicals are present. 

The RO2 +NO and RO2 +HO2 mechanisms are illustrated with violet 
and orange colors, respectively. Initially, RO2 radical reacts with NO, 
leading to the production of CH3S(O)2CH2O• (see eqn. 11). The trans-
formation of this radical proceeds by two different paths: one involves 
H-atom abstraction by O2 to form the products HO2 + CH3S(O)2C(O)H, 

Fig. 9. Atmospheric oxidation mechanism for the reaction of DMS(O)2 initiated by the •OH, NO3
• and •Cl, followed by subsequent reactions of CH3S(O)2C

•H2 in the 
presence of 3O2, HO2 radical, and NO, leading to the formation of HOOH2CS(O)2C(O)H, •OH, SO2, HC(O)OH, H2C(O), CO2, CH3OH, O2 and CH2=SO2. These final 
products which are formed under tropospheric conditions are indicated in blue. 
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the latter of which then reacts with OH radical. Two H-abstraction paths 
are available for the reaction of CH3S(O)2C(O)H + OH radical (see eqs 
(12) and (13))  

CH3S(O)2C(O)H + •OH → •CH2S(O)2C(O)H + H2O                          (12)  

CH3S(O)2C(O)H + •OH → CH3S(O)2C•(O) + H2O                            (13) 

The energy barriers for the H-atom abstraction by OH radical from 
the methyl group (eq (12)) and the aldehydic group (eq (13)) are re-
ported to be 3.7 and − 2.4 kcal mol− 1, respectively (Galano et al., 2004). 
We used the energy barriers for the CH3C(O)C(O)H + •OH reaction 
(Galano et al., 2004) for comparison. These values suggest that the 
barrier for hydrogen abstraction from the methyl in CH3S(O)2C(O)H is 
higher by ⁓6 kcal mol− 1 compared to the value for hydrogen abstrac-
tion from the aldehydic group. Therefore, abstraction of an H-atom from 
the -C(O)H of CH3S(O)2C(O)H to produce CH3S(O)2C•(O) + H2O prod-
ucts (eq (13)) has the lowest barrier and is the major reaction compared 
to the other possible path. The formed CH3S(O)2C•(O) reacts with at-
mospheric O2 to form CH3S(O)2C(O)OO• which then further undergoes a 
1,5-hydrogen shift followed by C-S single bond scission to form the 
products sulfene (CH2––S(O)2) + •C(O)OOH. The •C(O)OOH product 
undergoes carbon dioxide (CO2) extrusion with release of OH radical 
through O–O single bond scission. The oxidation of CH3S(O)2C(O)H also 
proceeds via intramolecular transfer of the methyl group to the C-atom 
of -C(O)H, followed by S–C single bond fission leading to the formation 
of SO2 + acetaldehyde (CH3C(O)H) (see eqn (14)).  

CH3S(O)2C(O)H → CH3C(O)H + SO2                                             (14) 

The energy calculations performed in the present work at the M06- 
2X/aug-cc-pV(T+d)Z level indicate that the barrier height for this re-
action (eqn (14)) is ⁓50.0 kcal mol− 1. This suggests that the formation 
of SO2 + CH3C(O)H is not energetically feasible under atmospheric 
conditions. The second path involves C–S bond rupture of the 
CH3S(O)2CH2O radical resulting in formation of CH3S•(O)2 + formal-
dehyde (CH2O). 

Similarly, RO2 reacts with HO2 radical via the reaction shown in eqn. 
10 to form the corresponding hydroperoxide (CH3S(O)2CH2OOH). The 
fate of this molecule is initiated with H-atom abstraction by OH radical 
through the reaction paths shown in eqn (15), (16) and (17).  

CH3S(O)2CH2OOH + •OH → CH3S(O)2CH2OO•
+ H2O                    (15)  

CH3S(O)2CH2OOH + •OH → •CH2S(O)2CH2OOH + H2O                  (16)  

CH3S(O)2CH2OOH + •OH → CH3S(O)2C•HOOH + H2O                   (17) 

The rate coefficients for the H-atom abstraction from the peroxide (eqn. 
(15)), methyl (eqn. (16)) and methylene groups (eqn. (17)) are expected to 
be ⁓1.0–2.0 × 10− 14 cm3 molecule− 1 s− 1 at 298 K (Berasategui et al., 
2020b). This value of rate coefficient was adapted from the theoretically 
calculated rate coefficient reported for the reaction of CH3C(O)OOH with 
OH radical at 298 K for comparison (Berasategui et al., 2020b). These 
results indicate that the reactions shown in eqn. (15), (16) and (17) 
proceed at almost the same rate. Equation (15) represents a reproduction 
of the RO2 radical (i.e., CH3S(O)2CH2OO•) through the reaction of 
CH3S(O)2CH2OOH with •OH. The •CH2S(O)2CH2OOH formed (see eqn. 
(16)) undergoes C–S single bond scission leading to CH2––S(O)2 
(i.e., sulfene) +•CH2OOH as products (presented in eqn. (18)). Further, the 
•CH2OOH product formed in this reaction undergoes O–O bond cleavage 
leading to the formation of •OH +H2C(O) via eqn. (19) (Berasategui et al., 
2020b).  
•CH2S(O)2CH2OOH → CH2––S(O)2 +

•CH2OOH                              (18)  
•CH2OOH → •OH + H2C(O)                                                           (19) 

The CH3S(O)2C•HOOH formed (see eqn. (17)) undergoes an OH-shift to 
the radical center on the C-atom to form the product CH3S(O)2CH(OH)O•, 
which then further undergoes C–S single bond scission to produce the 
products HC(O)OH + CH3S•(O)2 (Berasategui et al., 2020a). The fate of 
CH3S•(O)2 is reported to be the formation of SO2 and methyl radical 
through C-S bond fission (Chen et al., 2021). The formed methyl radical 
reacts further with 3O2 to produce CH3OO radical. The fate of this radical is 
reported to occur through self-reaction to form CH3OH + H2C(O) + O2 
(Atkinson et al., 2006). Subsequent reactions of CH3OO radical with HO2 
and OH radical lead to HC(O)OH as the final product (Atkinson et al., 
2006). Overall, DMS(O)2 released into the atmosphere can react with 
•OH, •Cl, and NO3

•, and in the presence of O2, NO, and HO2 radicals, serves 
as a precursor for the formation of HOOH2CS(O)2C(O)H, OH radical, 
CO2, O2, CH2––SO2, H2C(O), HC(O)OH, SO2, and CH3OH as final 
products. 

5. Conclusions 

Using extensive computational calculations and chemical kinetic 
modeling, we investigated the energies and kinetics of the atmospheric 
oxidation of DMS(O)2 with •OH, •Cl and NO3

•, as well as the fate of the C- 
centered DMS(O)2 product radical that is formed in all three cases, when 
it is intercepted by 3O2. Our main findings in this work are summarized 
as follows:  

(i) The energetics and kinetics calculations show that the channel 
involving abstraction of an H-atom from CH3 by •OH, •Cl, or NO3

•

(in contrast to addition to the sulfur of DMS(O2)), leading to the 
formation of CH3S(O)2C•H2, is the dominant path.  

(ii) Under atmospheric conditions where the concentrations of NO 
and HO2 radical are low, the formed CH3S(O)2C•H2 radical reacts 
with O2 to form RO2 radical, which then proceeds via an auto- 
oxidation mechanism to form HOOH2CS(O)2CHO + OH radical 
as products.  

(iii) Under rich NO and HO2 conditions, such as occurs in urban areas, 
the formed CH3S(O)2C•H2 can further react with O2, followed by 
subsequent reactions with NO or HO2 to form CH2O + CH3OH +
HC(O)OH + SO2 + O2 + CO2 + CH2––SO2 as final products.  

(iv) The cumulative atmospheric lifetime of DMS(O)2 with respect to 
its interactions with •OH, •Cl, and NO3

• is estimated to be 3–5 
days, indicating that this compound is shot-lived in the 
atmosphere.  

(v) The final reaction products generated in NO- and HO2– rich areas 
may have significant effects on air quality and climate change in 
the Earth’s atmosphere. 
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