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ABSTRACT: The mechanisms, energetics, and kinetics of the gas-phase reactions
of terrestrial plant-derived dimethyl thiosulfinate (DMTS) with the atmospheric
oxidants OH and Cl radicals were investigated using high-level ab initio
calculations. The results show that the addition of OH and Cl radicals to the
sulfinyl [−S(O)] of DMTS, followed by S(O)−S single bond cleavage to
form methanesulfinic acid + CH3S

• and methanesulfinyl chloride + CH3S
•,

respectively, are the more dominant reactions. The barrier heights for the reactions
with OH and Cl radicals were found to be −5.6 and −12.7 kcal/mol relative to the
energies of the starting reactants, respectively, when computed at the CCSD(T)/
aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of theory. The rate constants for all possible pathways of DMTS + •OH/•Cl
reactions were investigated using the MESMER kinetics code over the temperature range between 200 and 300 K. The
calculated global rate constants for the DMTS + •OH and DMTS + •Cl reactions at 300 K were found to be 1.42 × 10−11 and
3.72 × 10−11 cm3 molecule−1 s−1, respectively. In addition, the thermochemistry of all possible paths and branching ratios was
determined. The atmospheric chemistry implications of the DMTS + •OH/•Cl reactions are discussed.

1. INTRODUCTION
Volatile organosulfur compounds (VOSCs) are important
trace molecules in the atmosphere, with significant potential to
impact climate.1−3 They have been shown to be involved in
global warming, acid precipitation, and cloud formation.4 The
emission of the VOSCs released from natural sources is
estimated to be 0.47−2.2 Tmol S year−1.5 Natural source
contributors to the atmospheric sulfur burden include
volcanoes, plant and animal decay, marine algae, inland bodies
of water, soil, bacteria, and so on.4 Various models have been
made to develop a global sulfur cycle, but all of them
underestimate the significant quantities of biogenic sulfur
required to balance the global sulfur cycle.6

Of the various sources of atmospheric sulfur, information
regarding the biogenic sulfur emissions from the oceans and
their fate in the atmosphere is the most well-understood.4,7

Knowledge of terrestrial biogenic VOSC sources represents the
largest uncertainty in the global atmospheric sulfur budget.7 In
particular, emission of VOSCs from living vascular plants and
their atmospheric removal are not well understood.8 Several
sulfur-containing compounds are released from both living and
decomposing plant leaves, as well as from many fungi. Bacteria
also release these compounds during plant decomposi-
tion.1,9−12 The highest mean emission rate of 62 μg S m−2

h−1 was reported for organic sulfur species emitted from a
terrestrial plant.13 Such VOSCs likely undergo degradation
mediated by atmospheric oxidants such as OH and Cl radicals,
ozone (O3), NOx, and oxygen (O2). Several studies have
reported the emission of thiosulfinates from Allium genus

plants.13−16 The simplest of these is dimethyl thiosulfinate
(DMTS), which is found in onion (Allium cepa), garlic (Allium
sativum), and shallot (Allium fistulosum), among other plants.14

In principle, upon release into the atmosphere, DMTS can
undergo oxidation by OH radicals during the day time.17−19 It
is also anticipated to react with Cl radicals, which at present
occur at concentrations on the order of 104 to 105 atoms cm−3

over the marine boundary layer.20−22 Therefore, an under-
standing of the reactions of DMTS with OH and Cl radicals is
important for the determination of the atmospheric fate of
such molecules and to gain an understanding of the extent to
which they may impact the atmospheric sulfur burden.
The various possible pathways involving direct hydrogen

abstraction and substitution reaction channels of DMTS +
•OH/•Cl can be represented schematically as shown in
reactions 1−5. To the best of our knowledge, the gas-phase
reaction mechanisms, energetics, and kinetics of DMTS with
these atmospheric oxidants have not been investigated by
experimental or theoretical methods. In the present work, we
investigated the details of the gas-phase reactions of DMTS
with OH and Cl radicals using high-level ab initio electronic
structure methods. In addition, the kinetics of reactions 1−5
using the potential energy surfaces (PESs) determined from ab
initio calculations, coupled with the master equation solver for
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multi-energy well reactions (MESMER) kinetics code23 over
the temperature range between 200 and 300 K and at 760 Torr
pressure were also investigated. The results not only provide
insight into the mechanisms and energetics of DMTS
oxidation reactions with OH and Cl radicals, but also confirm
that DMTS can rapidly react with •OH and •Cl in the gas
phase under atmospheric conditions to generate methanesul-
finic acid and methanesulfinyl chloride, respectively. These
molecules ultimately degrade further to furnish SO2, form-
aldehyde, and thioformaldehyde.

2. COMPUTATIONAL METHODS
Quantum chemistry calculations on the gas-phase reactions of
DMTS with •OH and •Cl were carried out using the Gaussian-
09 program suite.24 All stationary points on the PES were fully
optimized using both density functional theory (DFT) and
second-order Møller−Plesset perturbation theory (MP2).25

The calculations with the DFT method were investigated using
the M06-2X hybrid meta density functional, which has been
shown to produce reliable results for developing reaction
mechanism and rate constant calculations.26−30 We used the
large 6-311++G(3df,3pd) Pople type basis set with both levels
of theory to acquire accurate geometries, energies, and
harmonic vibrational frequencies. The advantage of using the
large basis set in the present calculations is that it reduces the
basis set superposition error (BSSE), which occurs as a
consequence of the fact that full (100%) counterpoise (CP)
corrections often underestimate the binding energies of
dimeric complexes.31−33 The OPT = TS keyword developed
in Gaussian-09 was used to locate all of the transition states
(TSs) observed in this work. The existence of TSs, reactant
complexes (RCs), and product complexes (PCs) on the PES
was further confirmed by intrinsic reaction coordinate (IRC)
calculations carried out at the M06-2X/6-311++G(2d,2p) level
for the TSs optimized at the same level of theory. The IRC
plots for all TSs (TS1 to TS19) are shown in Figure S2 of the
Supporting Information. The figures clearly show that the TSs
lead to the corresponding observed RCs and PCs. The
obtained TS geometries were further optimized at both M06-
2X and MP2 levels of theory with a 6-311++G(3df,3pd) basis
set. The reactants, RCs, PCs, and products were identified with
no imaginary frequencies, and all TSs were identified with one
imaginary vibrational frequency. In addition, the energies of all
calculated stationary points were further refined by calculating
the single-point energies using the coupled cluster single and
double substitution method with a perturbative treatment of
triple excitation [CCSD(T)]34 in conjunction with the aug-cc-

pVTZ basis set on both MP2/6-311++G(3df,3pd)- and M06-
2X/6-311++G(3df,3pd)-level optimized geometries. The
calculated total electronic energies (Etotal) and zero-point
energy (ZPE)-corrected electronic energies [Etotal(ZPE)] for
the reactants, products, TSs, and RCs obtained at the various
levels of theory are given in Tables S1 and S2. The relative
energies, geometries, vibrational frequencies, and rotational
constants are listed in Tables S3−S8 of the Supporting
Information. The relative energies of all stationary points
obtained at various levels of theory are displayed in Table S3.
The data from Table S3 clearly suggest that the maximum
deviation of energies between M06-2X and MP2 calculation
levels is in the range of ∼1−4.5 and 2−9 kcal/mol for DMTS
+ •OH and DMTS + •Cl reactions, respectively. However, the
energies obtained for the CCSD(T)//M06-2X and CCSD-
(T)//MP2 methods are in good agreement with one another,
with a maximum deviation in the range of ∼0−2 kcal/mol for
both reaction systems (see Table S3). Therefore, CCSD(T)//
M06-2X energies are used throughout the discussion in the
manuscript, unless otherwise stated.
The present electronic structure calculations were carried

out without the BSSE correction. Large basis sets were used in
the present work. The main advantage of using the large basis
sets is to reduce the BSSE, which various studies32,33 have
suggested can reduce the BSSE correction. Furthermore, it is
important to note from these studies that a CP correction
method for the accomplishment of the BSSE correction is not
recommended,32,33,35 in part because it has been shown that
CPs tend to overestimate the BSSE values.33 Therefore, we did
not perform electronic structure calculations with a BSSE
correction in this work. However, we did carry out detailed
conformational analyses of the reactants, intermediates, TSs,
and products present in the DMTS + •OH and DMTS + •Cl
reactions. The highly stable conformers derived from these
numerous calculations (global minima) were used in all PESs.
Other possible conformers are given in Supporting Informa-
tion Figure S3.

3. THEORETICAL KINETIC ANALYSIS
The rate constant calculations for the various reaction
pathways involved in the DMTS + •OH/•Cl reaction systems
were conducted using MESMER (v.5.1).23 Various studies
have successfully used this kinetics code to investigate the rates
of •OH/•Cl reactions with numerous compounds.28,36−39 The
master equation approach was used for describing the
nonequilibrium kinetics involving various reaction complexes
(wells) on the PES. These calculations provide microcanonical
rate constants for all forward and reverse reactions involving
multiple energy wells. Over the course of a given reaction, the
reaction dynamics may be influenced by molecular collisions
due to energy dissipative processes, which can be accounted
for by performing the rate calculations using the MESMER
kinetics code.23 The form of the energy-grained master
equation used in the present work has been discussed in the
literature,23 and only a brief presentation is given here. The
collisional energy transfer (CET) in the grained phase space
and the interconversion between species (reactants, wells, and
products) are described with a set of coupled differential
equations. The form of the master equation used in this work
is given as

=
t

p Mp
d
d (6)
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In eq 6, p is a vector containing the populations, and M is a
matrix that determines the grain population evaluation due to
CET. The CET was described using an exponential down
model parameterized with the appropriate Lennard-Jones (L-J)
parameters. The essential inputs such as vibrational frequen-
cies, rotational constants, and ZPE-corrected energies of the
various stationary points on the PES for the MESMER
calculation were taken from the computational calculations. In
solving the master equation, a matrix describing the population
evolution within and between potential energy wells was
diagonalized, yielding a set of eigenvalues. MESMER code
utilizes the Bartis−Widom method40−43 to obtain phenom-
enological rate constants using the eigenvalues and eigenvec-
tors of the system. In the DMTS + •OH and DMTS + •Cl
reaction pathways, the initial association of reactants and the
reversible dissociation of products were found to be barrierless.
The calculation for barrierless reaction rate constants is always
challenging because the location of the TS is not fixed, and it
varies along the reaction coordinate as a function of energy.
For these kinds of association reaction steps, MESMER uses
the inverse Laplace transform (ILT) approach to calculate the
rate constants. The Arrhenius pre-exponential factor used in
the MESMER ILT method was set to 2.0 × 10−11 cm3

molecule−1 s−1 for the entrance and exit channels of the
DMTS + •OH/•Cl reaction pathways. This was done because
the rate constant calculations using MESMER should be
closely matched with the experimental values obtained for the
analogous CH3−S(O)−CH3 +

•OH/•Cl reactions.44,45 The
activation energy and a modified Arrhenius parameter were set
to 0 kcal mol−1, and 0.1, respectively. Using these values, the
association of •OH/•Cl with the DMTS to form the
corresponding RCs occurs on the time scale of about some
tens of nanoseconds. We also varied the Arrhenius pre-
exponential factor value by up to 1−2 orders of magnitude and
found that the rate constant changes by ∼3 times.

4. RESULTS AND DISCUSSION
The conformational analysis of DMTS was performed by
internal rotation of the S(O)−S single bond. Two stable
conformers, which differed primarily in terms of the relative
orientation of the methyl groups, were observed.46,47 The
geometries of the stable conformers optimized on the MP2/6-
311++G(3df,3pd) level of calculation are shown in Figure 1.

The obtained stable forms are labelled as cis and trans
conformers. Their energies differ by ∼1 kcal/mol at the MP2/
6-311++G(3df,3pd) level with the cis being more stable than
the trans. This result, both in terms of the energy difference
and the greater stability of the cis isomer, is consistent with
observations in previous studies performed at the HF/6-31G*
and MP2/6-311G** levels.46,47 The greater stability of the cis

form may be due to an intramolecular O···H hydrogen bond
(2.33 Å)46 between the sulfinyl (SO) oxygen and a
hydrogen atom of the S-methyl group, as shown in Figure 1.
Subsequent studies of the •OH/•Cl-promoted oxidation of
DMTS were investigated using only the more stable cis
conformer.

4.1. DMTS + •OH Reaction Pathways. The reaction
DMTS + •OH proceeds by both hydrogen abstraction and
•OH addition pathways. In principle, the abstraction channels
involve all six hydrogen atoms from the two methyl groups,
indicating six different pathways. However, the present
calculations show that the three hydrogens of the −CH3

group attached to the −S(O) moiety of DMTS are not
equivalent due to hydrogen bonding interactions between the
OH radical and various DMTS hydrogens. Hence, abstraction
of hydrogen by •OH proceeds through TSs denoted by TS1,
TS2, and TS3 (Figure 2a). Similarly, the abstraction of

Figure 1. Optimized stable conformers for DMTS calculated at the
MP2/6-311++G(3df,3pd) level of theory.

Figure 2. Potential energy profiles for: (a) the DMTS + •OH reaction
channels leading to the formation of •CH2−S(O)−S−CH3 + H2O;
(b) the DMTS + •OH reaction channels leading to the formation of
CH3−S(O)−S−CH2

• + H2O; and (c) various addition channels
involved in DMTS + •OH leading to the formation of various
products. Energies of the stationary points obtained at the CCSD(T)/
aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of theory are
shown. The symbols RCn (n = 1−5) refer to RCs, TSn (n = 1−9)
refer to TSs, and PCn (n = 1−9) refer to PCs.
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hydrogens from the −S(CH3) group reveals that two are
equivalent and one is different. Therefore, two different TSs
were found, designated as TS4 and TS5 (Figure 2b). In
summary, five distinct hydrogen abstraction TSs were found.
On the other hand, pathways involving •OH radical addition to
the sulfinyl [−S(O)] group, followed by liberation of either
•S−CH3 or

•CH3 from bond cleavage on either side of S(
O), are denoted by TSs TS6 and TS7, respectively (Figure 2c).
Overall, this results in a substitution reaction. Other
possibilities include •OH addition either above or below the

plane of the −S− atom of DMTS through TSs denoted by TS8
and TS9 (Figure 2c). Therefore, a total of five abstraction and
four substitution reactions are possible for the DMTS + •OH
reaction system. Conformational analysis was performed on
the RCs, TSs, PCs, and products involved in the present work.
They are presented in Figures 3 and S3. Various conformers of
the RCs (RC1−RC10) were found for all paths involved in the
DMTS + •OH reaction. The RCs (RC1, RC2, RC3, RC4, and
RC5) were involved in the PESs as connections between the
corresponding TSs and PCs, as shown in Figures 2−4. The

Figure 3. Optimized geometries of the reactants, RCs, TSs, PCs, and products for the DMTS + OH radical reaction obtained at the M06-2X/6-
311++G(3df,3pd) level of theory. The yellow, black, blue, and red colors represent sulfur, carbon, hydrogen, and oxygen atoms, respectively.
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binding energies of the other remaining RCs (RC6, RC7, RC8,
RC9, and RC10) were smaller than those of RC1, RC2, RC3,
RC4, and RC5 computed at the M06-2X/6-311++G(3df,3pd)
level given in Table S3, and therefore, these RCs were not
considered in the rate constant calculations.
The potential energy profiles for the abstraction and

substitution pathways of DMTS + •OH are also shown in
Figure 2a−c. The relative energies including the ZPEs
obtained for all stationary points using the CCSD(T)/aug-
cc-pVTZ//MP2/6-311++G(3df,3pd) and CCSD(T)/aug-cc-
pVTZ//M06-2X/6-311++G(3df,3pd) levels of theory are
summarized in Table S3 of the Supporting Information. The
optimized structures of the reactants, TSs, RCs, and PCs of
both abstraction and substitution pathways obtained at the
M06-2X/6-311++G(3df,3pd) level are shown in Figure 3. The
stationary point energies were computed using both CCSD-
(T)//MP2 and CCSD(T)//M06-2X levels of theory. The
ZPE-corrected energies of all stationary points on the PESs are
shown with respect to the energies of the separated reactants.
The five possible abstraction pathways for the DMTS + •OH
reaction commence with the formation of van der waals RCs
(RC1−RC2) via hydrogen bonds between DMTS and the
abstracting •OH radical (shown in Figures 2a,b and 3). The
binding energies of the formed RCs (RC1−RC2) are shown in
Figure 2a,b and Table S3. The most stable was found to be

RC1 with a binding energy of 6.5 kcal/mol relative to the
energy of the separated reactants. The formed RCs undergo
•OH radical-mediated hydrogen abstraction through TSs
(TS1−TS5) to form the corresponding PCs (PC1−PC5).
Our calculations suggest that for all cases except for TS5, the
hydrogen abstraction TSs are located above the reactants. In
the case of TS5, an energy barrier of 1.7 kcal/mol lower than
that of the separated reactants was observed. The final
products [•CH2S(O)SCH3/H2O and CH3S(O)SCH2

•/
H2O] were formed by the unimolecular dissociation of their
corresponding PCs, as shown in Figure 2a,b.
Similarly, the PESs for the substitution pathways of DMTS +

•OH are shown in Figure 2c. The addition of •OH to the
sulfinyl [S(O)] sulfur atom, followed by −S(O)−S single
bond fission proceeds through the formation of RC3, with a
binding energy that is 6.9 kcal/mol below that of the separated
reactants. The TS (TS6) that forms between RC3 and PC6
exhibits an energy barrier of −5.6 kcal/mol relative to that of
the separated reactants. Once PC6 forms, unimolecular
dissociation occurs to furnish methanesulfinic acid [CH3−
S(O)−OH] and methylthiyl radical (CH3S

•) as products.
The other reaction pathway involves addition of •OH to the
sulfinyl sulfur atom of DMTS, followed by S−C bond cleavage,
which proceeds via the formation of RC4 and is located 0.3
kcal/mol below the energy of the reactants. This then proceeds
through TS7 with an energy barrier of 0.3 kcal/mol above the
separated DMTS and •OH reactants. TS7 leads to the
formation of PC7, which then decomposes to form CH3SS-
(O)OH + •CH3 as products. The other two important
reaction pathways of •OH involve addition above and below
the plane of the −S− atom of DMTS, followed by S(O)−S
bond cleavage to form RC2 and RC5, with binding energies of
5.5 and 5.4 kcal/mol below the energy of the reactants,
respectively. These two reactions then proceed through TSs
(TS8 and TS9) with corresponding energy barriers of −2.1
and 0 kcal/mol, respectively (relative to the energy of the
separated reactants) and then to the formation of their
respective PCs (PC8 and PC9). This results in dissociation to
form CH3SOH + CH3S

•(O) as products (Figure 2c). We
observed only one alternative TS conformer (TS9a) for the
OH addition above the plane of the sulfur atom of DMTS
(followed by S(O)−S bond cleavage), with a barrier height
of −1.3 kcal/mol relative to the separated reactants at the
CCSD(T)/M06-2X level. This TS (TS9a) is different from
TS9 in terms of the orientation of the OH radical (see Figure
3). The energy difference between TS9 and TS9a was found to
be 1.3 kcal/mol at the CCSD(T)//M06-2X level. Therefore,
the global minimum TS (TS9a) was used in the rate constant
calculation. In addition, conformational analysis of PCs and
products was also performed at both levels of theory. The most
stable conformers are shown in Figure 3 and were considered
in the PES as well as kinetics calculations, and the other
possible conformers are shown in Figure S3.
To predict the spontaneous behavior of the reaction,

standard enthalpies and standard Gibbs free energies were
calculated at the M06-2X/6-311++G(3df,3pd) level of theory,
and the values are provided in Table 1. The standard
enthalpies for the TS6, TS8, and TS9 substitution channels
were calculated to be −30.5, −30.5, and −25.3 kcal/mol,
respectively, and were found to be the most exothermic when
compared to the other reaction pathways. The Gibbs free
energies were calculated to be −33.1, −33.1, and −26.7 kcal/

Figure 4. Potential energy profiles for: (a) the DMTS + •Cl reaction
paths leading to the formation of •CH2−S(O)−S−CH3 + HCl; (b)
the DMTS + •Cl reaction paths leading to the formation of CH3−
S(O)−S−CH2

• + HCl; and (c) various addition paths involved in
the DMTS + •Cl reaction leading to the formation of various
products. The energies of the stationary points obtained at the
CCSD(T)/aug-cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of
theory are shown. The terms RCn (n = 11−18) refer to RCs, TSn
(n = 10−19) refers to TSs, and PCn (n = 10−19) refers to PCs.
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mol, respectively, which suggests that these reactions are the
most feasible of the possible range of reaction paths.
4.2. DMTS + •Cl Reaction Pathways. Like the DMTS +

•OH reactions, the atmospheric oxidation of DMTS in the
presence of •Cl also follows substitution and abstraction
channels. The presence of the six hydrogens of the two methyl
groups provides the possibility of hydrogen abstraction by six
different pathways. The present calculations show that the two
−CH3 groups are not equivalent. Hence, abstraction of
hydrogens by •Cl proceeds through six different TSs denoted
as TS10, TS11, and TS12 [for the CH3−S(O) hydrogens
see Figure 4a] and TS13, TS14, and TS15 (for the −S−CH3
hydrogenssee Figure 4b). Several substitution reaction
channels exist for •Cl. Addition at the sulfur atom of the
sulfinyl group [−S(O)] results in cleavage of the bond on
either side of it (i.e., S−S or S−C). The corresponding TSs are
designated as TS16 and TS17 (Figure 4c). Other reaction
paths include the addition of •Cl above and below the plane of
the sulfur (−S−) atom of DMTS, followed by simultaneous
S(O)−S single bond cleavage, which proceeds through TSs
TS18 and TS19 (Figure 4c). Therefore, a total of six
abstraction and four substitution reaction paths are possible
for the reaction of •Cl with DMTS.
The PESs involving all stationary points and their

corresponding energies obtained at the CCSD(T)//M06-2X
level for the DMTS + •Cl reaction pathways are shown in
Figure 4a−c, and their relative energies computed at the
CCSD(T)//M06-2X and CCSD(T)//MP2 levels are listed in
Table S3 of the Supporting Information. The optimized
geometries and structural parameters of all stationary points
optimized at the M06-2X/6-311++G(3df,3pd) level are shown
in Figure S1. The RCs RC12, RC13, RC17, and RC18 in the
DMTS + •Cl reaction were found to be more stable than the
separated reactants by about −14 kcal/mol. This is due to the
formation of a 2-center−3−electron (2c−3e) bond between
the lone pair electrons of the sulfur atom of DMTS and the
single electron occupied p-orbital of the Cl radical. This
interaction can be clearly seen in the RCs (R12, R13, RC17,
and R18) shown in Figure S1 and are indicated with a dashed
line by a relatively weak bond (rS−Cl = 2.55 Å). These types of
2c−3e bond complexes have previously been reported in the
literature for the reaction of various amines with the Cl
radical.37,48−51 The present DMTS + •Cl reaction pathways
also form similar kinds of 2c−3e bond complexes by
interactions between the sulfur atom of DMTS and the Cl
radical. Figure 4a shows the three RCs found for the

abstraction by •Cl of hydrogen from the methyl group
attached to the sulfinyl moiety of DMTS (RC11, RC12, and
RC13) with binding energies of 5.6, 14.8 and 14.9 kcal/mol,
respectively. These reactions start from the barrierless RCs to
form PCs PC10, PC11, and PC12 via TSs TS10, TS11, and
TS12, with barrier heights of 2.8, 1.8, and 1.6 kcal/mol,
respectively. The PCs undergo unimolecular decomposition to
form •CH2S(O)SCH3 + HCl products. Similarly, abstrac-
tion by •Cl of hydrogen from the other methyl group of
DMTS forms reaction complexes RC13 and RC14, with
binding energies of 6.5 and 14.9 kcal/mol (Figure 4b),
respectively. These three H-abstraction channels then proceed
through TS13, TS14, and TS15 to form PCs PC13, PC14, and
PC15, respectively. The computed barrier heights for the
formation of TS13, TS14, and TS15 were −6.1, −3.8, and 0.7
kcal/mol relative to the starting reactants, respectively.
CH3S(O)SCH2

• + HCl products are formed from the
decomposition of the PCs.
The other four important pathways involve the addition of

the Cl radical to the sulfur atoms of the −S(O) and
−S(CH3) moieties of DMTS, as shown in Figure 4c. The first
two commence with barrierless RCs (RC15 and RC16), with
binding energies of 13.4 and 11.6 kcal/mol, respectively,
relative to the separated reactants. The Cl radical adds to the
sulfur atom of DMTS, which leads to either S(O)−S or S−
C bond scission through TS16 and TS17, with energy barriers
of −12.7 and 5.4 kcal/mol relative to the separated reactants,
respectively. The TSs then continue to form CH3S

• +
CH3S(O)Cl and CH3SS(O)Cl + •CH3 product pairs
through PCs PC16 and PC17, respectively. The remaining two
channels correspond to the addition of the Cl radical below
and above the plane of the sulfur atom of DMTS, with
concomitant cleavage of the S(O)−S single bond (TS18 and
TS19), with barrier heights of −1.6 and −2.9 kcal/mol,
respectively, relative to the energy of the original reactants.
These TSs are formed from RCs RC17 and RC18, with
energies that were 14.9 and 13.5 kcal/mol lower than those of
the separated reactants. The TSs then proceed through the
formation of PCs PC18 and PC19 to form CH3SCl +
CH3S

•(O) as substitution products (Figure 4c).
To predict the feasibility of the DMTS + •Cl reaction

pathways, we also calculated the standard enthalpies and
standard Gibbs free energies at the M06-2X/6-311++G-
(3df,3pd) level of theory. The results, listed in Table 2,

Table 1. Enthalpy of Reaction (ΔH° (298 K)) and Gibb’s
Free Energy (ΔG° (298 K)) for all Possible Channels of the
DMTS + •OH Reactions at 298 K, Computed at the M06-
2X/6-311++G(3df,3pd) Level of Theory

TSa ΔH° (kcal mol−1) ΔG° (kcal mol−1)

TS1 −17.3 −18.8
TS2 −17.3 −18.8
TS3 −17.3 −18.8
TS4 −22.3 −23.8
TS5 −22.3 −23.8
TS6 −25.3 −26.7
TS7 −14.5 −16.6
TS8 −30.5 −33.1
TS9 −30.5 −33.1

aThe TSs are presented in Figures 2 and 3.

Table 2. Enthalpies of Reaction (ΔH° (298 K)) and Gibb’s
Free Energies (ΔG° (298 K)) for all Possible Channels of
the DMTS + •Cl Reaction at 298 K, Computed at the M06-
2X/6-311++G(3df,3pd) Level of Theory

TSa ΔH° (kcal mol−1) ΔG° (kcal mol−1)

TS10 −2.8 −5.4
TS11 −2.8 −5.4
TS12 −2.8 −5.4
TS13 −7.8 −10.1
TS14 −7.8 −10.1
TS15 −7.8 −10.1
TS16 −11.8 −15.1
TS17 1.6 −2.5
TS18 −25.1 −29.5
TS19 −25.1 −29.5

aThe TSs are presented in Figures 4 and S1.
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suggest that the substitution reaction channels are more
exothermic and more highly feasible when compared to the
abstraction paths. For example, the TS16, TS18, and TS19
substitution pathways were found to be the most exothermic
with standard enthalpies of −25.1, −25.1, and −11.8 kcal/mol,
respectively. The corresponding respective Gibbs free energies
were found to be −29.5, −29.5, and −15.1 kcal/mol.
Therefore, these are the most feasible reactions when
compared to other paths.
On the basis of the energetics and thermochemistry data, we

conclude that addition of •OH/•Cl to the sulfur atom of the
S(O) group of DMTS, followed by S(O)−S bond
cleavage to form CH3S

• + CH3S(O)−OH/Cl (i.e. the
addition channel leading ultimately to a substitution reaction),
exhibits the lowest barrier and is the most predominant
reaction, relative to all other possible reaction paths explored in
this work.
4.3. Kinetics. In order to examine the atmospheric fate of

DMTS in its interactions with OH and Cl radicals, we
calculated the reaction rate constants using the MESMER
kinetics code.23 The essential input parameters for the rate
constant calculations were derived using the CCSD(T)/aug-
cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of theory. The
rate constants were calculated in the temperature range of
200−300 K and at 760 Torr pressure. MESMER calculations
also require L-J parameters for the RCs, PCs, and bath gas. We
used the same L-J parameters for all of the complexes involved
in the DMTS + •OH and DMTS + •Cl reactions. For example,
the L-J parameters for both the RCs and PCs associated with
DMTS + •OH reaction pathways were set to the same values
because they are similar in size. The selected values were those
corresponding to the same sized methyl acetate (σ = 4.94 Å
and ε = 469.8 K).52 However, we also used L-J parameters
based on alkanes of a size similar to the DMTS + •OH and
DMTS + •Cl reaction complexes. The calculations revealed
that the rate constants obtained using L-J parameters based on
methyl acetate and alkanes were within <2% of one another,
thus confirming the validity of the use of either. We used
nitrogen (N2) as the bath gas, and its L-J parameter was set to
σ = 3.9 Å and ε = 48 K.23 The CET process was assumed to be
an exponential down model, with the average energy transfer in
the downward direction set to ⟨ΔE⟩d = 200 cm−1 for both
DMTS + •OH and DMTS + •Cl reaction systems. This value
was chosen based on studies of similar reactions reported in
the literature.53,54 Variations between 100 and 300 cm−1

resulted in <3% changes in the rate constants.
PESs for the DMTS + •OH and DMTS + •Cl reaction

systems were comprised of three segments involving reactants
that proceeded first through the formation of an RC. This then
underwent a unimolecular reaction over a well-defined barrier
to form a TS and then to form the PC. The formed PC
underwent decomposition to yield the final products. In all
PESs, the entrance channel as well as the reverse of the exit
channel were barrierless, and the rate constants calculated with
MESMER used the ILT approach for the association reaction
steps. The rate constants for the unimolecular reaction from a
RC to a PC through a well-defined barrier with a TS was
handled using the Rice−Ramsperger−Kassel−Marcus theory.
In addition, the present MESMER calculations applied an
Eckart tunneling correction to the reaction rates. The entire
reaction was considered to be pseudo-first-order, as OH and Cl
radicals occur at concentrations that are several orders of
magnitude lower than the DMTS concentration in the

atmosphere.13,20−22,55 The obtained bimolecular rate constants
(cm3 molecule−1 s−1) over the temperature range of 200−300
K and at 760 Torr for all of the reaction pathways involving
DMTS + •OH and DMTS + •Cl are listed in Tables S9 and
S10, respectively. Presented in Figure 5a,b are the calculated

rate constant data for all reaction pathways of DMTS +
•OH/•Cl, plotted as a function of temperature (over the
range of 200−300 K) at a pressure of 760 Torr. Rate constant
data from Figure 5a,b and Tables S9 and S10 suggest that TS6
and TS16 corresponding to the DMTS + •OH and DMTS +
•Cl reactions, respectively, are the major pathways, when
compared to other possible reaction channels. For example, at
300 K, the rate constants for the DMTS + •OH and DMTS +
•Cl reactions were calculated to be 9.4 × 10−12 and 1.0 × 10−11

cm3 molecule−1 s−1, respectively, whereas all other channels
were ∼1−5 orders of magnitude smaller. It should be noted
that even the energy barrier of reaction channel R3 for DMTS
+ •Cl is ∼7 kcal/mol lower than that of the DMTS + •OH
reaction, but the calculated rate constants have similar
approximate values. This is likely due to the location of the
products for the DMTS + •Cl reaction. Their appearance
above the TS indicates that the rate constant depends mainly
on the energy of the products on the PES, and it is
independent of the barrier height. Tunneling contributions

Figure 5. Calculated temperature-dependent rate constants of
reaction pathways 1−5 for (a) the DMTS + •OH reactions and (b)
the DMTS + •Cl reactions over the temperature range of 200−300 K
and at 760 Torr pressure.
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were included in the rate constants for the DMTS + •OH/•Cl
reactions by using the Eckart tunneling method. The presence
and absence of tunneling in the rate constants between 200
and 300 K temperatures are displayed in Supporting
Information Tables S9−S12. The data for the DMTS + •OH
reaction pathways from Tables S9 and S11 suggest that the rate
constants were increased by ∼1−2 orders of magnitude in the
presence of tunneling for the abstraction reactions (TS1, TS2,
TS3, TS4, and TS5), and no significant changes were observed
for the substitution reactions (TS6, TS7, TS8, and TS9).
In the case of the DMTS + •Cl reactions, because of

tunneling, rate constants were increased by ∼2−4 times (see
Tables S10 and S12) for reactions TS10, TS11, TS12, TS15,
TS18, and TS19, and no effect on the other reaction paths was
observed. The main reason for the observation of little or no
tunneling effect on the DMTS + •OH/•Cl reaction paths is
that the imaginary frequencies of these TSs were found to be
below 500 cm−1 (see Table S4). The bimolecular rate
constants over the temperatures from 200 to 300 K and the
bath gas pressures that were varied between 100, 760, and
7600 Torr for both DMTS + •OH/•Cl reaction pathways were
computed. The calculated rate constants at 100 and 760 Torr
are given in Tables S9, S10 and S13, S14. The data from these
tables suggest that the rate constants are independent of
pressure over the studied temperature range.
The global rate constants for the reaction of DMTS + •OH

and DMTS + •Cl were calculated from the sum of the rate
constants of the individual reaction pathways (i.e., ktotal

DMTS+OH =
k1 + k2 + k3 + 2k4 + k5 + k6 + k7 + k8 + k9 and ktotal

DMTS+Cl = k10 +
k11 + k12 + k13 + k14 + k15 + k16 + k17 + k18 + k19, respectively).
The results are listed in Tables S9 and S10. One apparent
trend in the global rate constants for both reactions is that they
are nearly independent of temperature, as is clear from the data
presented in Tables S10 and S11.
There are no experimental or theoretical rate constants

available for comparison with the present results. Therefore,
the calculated rate constants in this work were compared with
the experimentally measured rate constants of the reactions of
analogous molecules with OH and Cl radicals and are given in
Table 3. The data from Table 3 suggest that the DMTS + •OH
reaction rate constant at 300 K is ∼7 and ∼18 times smaller
than the value of CH3−S(O)−CH3 +

•OH and CH3−S−S−
CH3 +

•OH reactions,44,56 respectively, and is ∼3 times higher
than the value for the CH3−S−CH3 +

•OH reaction.57 In the
case of the DMTS + •Cl reaction, the global rate constant at
300 K closely matches the value for CH3−S(O)−CH3 +

•Cl
and is ∼5 and 10 times smaller than the value for CH3−S−S−
CH3 + •Cl and CH3−S−CH3 + •Cl reactions,45,58,59

respectively.
4.4. Branching Ratio. Branching ratios were calculated to

determine the contribution from each reaction pathway to the

global rate constant in the 200−300 K temperature range. The
branching ratios of the various channels associated with DMTS
reactions with both •OH and •Cl are shown in Figure 6a,b, and

the values are given in Tables S15 and S16 of the Supporting
Information. The branching ratios were calculated as (k1/k),
(k2/k), (k3/k), (k4/k), (k5/k), (k6/k), (k7/k), (k8/k), and (k9/
k), where kn (n = 1−9) is the site specific rate constant and k is
the global rate constant. From Figure 6a, it is readily apparent
that the reaction pathway associated with TS6 is kinetically
more dominant, and its branching ratio increases with
increases in temperature. The contributions from the reaction
pathways TS1, TS2, TS3, TS4, and TS7 were negligible in the
studied temperature range. The contributions of the other
remaining reactions (TS5, TS8, and TS9) decreased with
increasing temperature. For example, at 300 K, the values of
the branching ratios for all possible paths were calculated to be

Table 3. Comparison of the Rate Constant Data for the Reaction of OH and Cl Radicals with Various Sulfur Compounds
Including DMTS + •OH/•Cl Reactions at 300 K

molecule kOH (cm3 molecule−1 s−1) kCl (cm
3 molecule−1 s−1) references

CH3−S(O)−S−CH3 1.32 × 10−11 3.72 × 10−11 this work
CH3−S(O)−CH3 8.70 × 10−1144 2.05 × 10−1145 Urbanski et al.44

Riffault et al.45

CH3−S−S−CH3 2.41 × 10−1056 2.02 × 10−1058 Domine et al.56

Kambanis et al.58

CH3−S−CH3 5.38 × 10−1257 4.20 × 10−1059 Albu et al.57

Enami et al.59

Figure 6. Calculated branching ratios vs temperature for (a) the
DMTS + •OH reactions and (b) the DMTS + •Cl reactions over the
temperature range of 200−300 K.
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(k1/k) = 0.54%, (k2/k) = 0.28%, (k3/k) = 1.38%, (k4/k) =
1.50%, (k5/k) = 13.52%, (k6/k) = 66.43%, (k7/k) = 0.23%,
(k8/k) = 9.63%, and (k9/k) = 6.77%.
Similarly, for the DMTS + •Cl reaction, the branching ratios

were calculated as (k10/k), (k11/k), (k12/k), (k13/k), (k14/k),
(k15/k), (k16/k), (k17/k), (k18/k), and (k19/k), where kn (n =
10−19) is the individual pathway rate constant and k is the
global rate constant. From Figure 6b, it is observed that the
reaction pathways proceeding through TS13, TS14, and TS16
are the most favorable. The branching ratio for these reactions
slowly decreases with increasing temperature, and the
contribution from TS19 to the global rate constant increases
with temperature between 200 and 300 K. The contributions
of the other possible reactions (TS10, TS11, TS12, TS15,
TS17, and TS19) were found to be negligible. For example, the
values of the branching ratios at 300 K were calculated to be
(k10/k) = 0.29%, (k11/k) = 0.25%, (k12/k) = 0.24%, (k13/k) =
26.74%, (k14/k) = 26.23%, (k15/k) = 5.26%, (k16/k) = 26.85%,
(k17/k) = 0%, (k18/k) = 1.73%, and (k19/k) = 12.40%.
From the present calculations, reaction 3, which formed

methanesulfinic acid + CH3S
• from DMTS + •OH, was found

to be major. Once these products are released into the
atmosphere, they would be expected to undergo further
degradation through reactions with •OH/•Cl as well as with
molecular oxygen (O2), NO, and H2O. Detailed theoretical
studies have already been reported on the atmospheric
oxidation of methanesulfinic acid and the methanethiyl
(CH3S) radical.60,61 These studies suggest that the oxidation
of methanesulfinic acid and CH3S

• results in the formation of
SO2 under atmospheric conditions. On the basis of the results
of this work, we have proposed the most plausible reaction

sequence for the oxidative decomposition of DMTS under
atmospheric conditions (shown in Figure 7). Addition of
hydroxyl radical to the S(O) sulfur results in formation of
methanesulfinic acid [CH3S(O)OH] and CH3S

•. Abstrac-
tion by •OH of the hydrogen atom from the oxygen of the
methanesulfinic acid yields CH3SO2

•, which loses SO2 with the
release of •CH3. Interception of CH3S

• by atmospheric O2 has
two main possible fates reported in previous work.61 The
adduct can rearrange to extrude SO2 and

•CH3 (pathway a) or
rearrange with the release of thioformaldehyde and a peroxyl
radical (pathway b). The reaction of the formed •CH3 radicals
with O2 in the atmosphere leads to the formation of
formaldehyde and •OH radicals as final products. Similar to
the reaction with O2, the CH3S radical reacts with atmospheric
NO by two reaction pathways: (1) addition of NO to the
sulfur atom of the CH3S radical, leading to the formation of
CH3SNO and (2) formation of thioformaldehyde + HNO
through direct hydrogen abstraction by NO from the CH3S
radical. The NO and O2 oxidation reactions in the atmosphere
may compete with one another, and NO reactions may be
dominant in urban areas, where the atmospheric NO
concentration reaches ∼5 ppb levels.48 The other possible
atmospheric oxidation of the CH3S radical is the reaction with
water to form CH3SH + •OH as products.

4.5. Atmospheric Implications. The calculated global
rate constant for the DMTS + •OH reaction at 300 K is
ktotal
DMTS+OH = 1.42 × 10−11 cm3 molecule−1 s−1, which is a factor
of 3 lower than the ktotal

DMTS+Cl = 3.72 × 10−11 cm3 molecule−1 s−1

of the DMTS + •Cl reaction. The ktotal
DMTS+OH is very close to the

value of the experimentally measured rate constant of the
CH3−S−CH3 +

•OH reaction and smaller than the values for

Figure 7. Atmospheric degradation mechanisms for the reactions of DMTS with OH radicals in the presence of oxygen, NO, and H2O.
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the CH3−S(O)−CH3 +
•OH and CH3−S−S−CH3 +

•OH
reactions.44,56,57 The concentration of Cl radicals in the marine
boundary layer is estimated to be 1−10% of the concentration
of OH radicals. Using these concentration ranges, the
atmospheric removal of DMTS promoted by the Cl radical
can be estimated by using the formula kCl[Cl]/kOH[OH], and
it is calculated to be 3−30% that of the contribution of the
DMTS + •OH reaction at 300 K. The tropospheric lifetime of
DMTS + •OH is calculated to be 0.82 days, and the lifetime of
DMTS, by considering both OH and Cl radicals, is calculated
to be 0.61−0.81 days. Therefore, the tropospheric lifetimes of
DMTS will be overestimated by 3−34% if the role of •Cl is
ignored in the atmospheric removal of DMTS, especially when
considering the huge area of the oceans and the continental
urban areas.62 The atmospheric lifetime of any given
compound is mainly dependent on the rate at which it reacts
with oxidizing species such as OH and Cl radicals in the earth’s
atmosphere. The cumulative atmospheric lifetime of DMTS
was calculated with respect to its reactions with •OH and •Cl
using eq 7.

τ τ τ
= +1 1 1

eff OH Cl (7)

where τeff is the DMTS cumulative lifetime and τOH and τCl are
the lifetimes of DMTS because of its reaction with OH and Cl
radicals, respectively. The typical atmospheric concentrations
of [OH] and [Cl] are 1 × 106 molecules cm−3 and 1.3 × 105

atoms cm−3, respectively, and these values were used in the
present calculations.21,22,55 The rate constant data presented in
Table 4 suggest that the reaction of DMTS with Cl radicals is

approximately 3 times faster than their reaction with OH
radicals at 300 K. Nevertheless, the main degradation process
occurs through its reaction with OH radicals. This is primarily
due to the significantly higher atmospheric concentration of
OH radicals compared to Cl radical levels. The calculated
effective life time of DMTS based on the kinetics of its reaction
with •OH is ∼0.82 days, and for the DMTS + •Cl reaction, it is
∼2.39 days. As the effective lifetime of DMTS in its reactions
with OH and Cl radicals is very short, their contribution to
global warming would be negligible. However, DMTS
emissions from plants have the potential to contribute to
global warming and formation of aerosols through oxidative
decomposition to the greenhouse gases SO2, formaldehyde,
and thioformaldehyde.

5. CONCLUSIONS
In this work, the gas-phase oxidation of DMTS in the presence
of •OH and •Cl were examined at the CCSD(T)//MP2 and
CCSD(T)//M06-2X computational method levels. The most
dominant reaction was identified to be the addition of an
oxidant to the sulfinyl sulfur, followed by simultaneous
cleavage of the S(O)−S single bond to form CH3S

• and

methanesulfinic acid. The rate constants for all possible paths
of DMTS + •OH and DMTS + •Cl were calculated using
MESMER code in the 200−300 K temperature range. The
computed global rate constants for DMTS + •OH and DMTS
+ •Cl at 300 K and 760 Torr were 1.42 × 10−11 and 3.72 ×
10−11 cm3 molecule−1 s−1, respectively. Thermochemistry and
branching ratio calculations were performed to determine the
most feasible pathway of DMTS + •OH/•Cl reactions. The
cumulative atmospheric lifetime of the test molecule was
estimated to be 0.6 days. Therefore, its influence on global
warming was predicted to be insignificant because of its very
short atmospheric lifetime. The formed major reaction
products CH3S

• and methanesulfinic acid undergo further
oxidation in the presence of •OH/•Cl radicals and atmospheric
oxygen (O2), NO, and H2O to generate sulfur dioxide (SO2),
formaldehyde, methanethiol, and thioformaldehyde as end
products in the atmosphere.
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