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ABSTRACT: The gas phase mechanism of the chlorine atom
(•Cl)-initiated oxidation of methane sulfonamide (CH3S(�
O)2NH2; MSAM) has been elucidated using ab initio/DFT
electronic structure methods and chemical kinetic modeling. A
reaction that commences via abstraction of an H-atom from the
methyl group of MSAM to form a transition state with a barrier
height of ∼4.8 kcal mol−1 above that of the MSAM + •Cl reactants,
yielding •CH2S(�O)2NH2 + HCl was found to be a major path in
comparison with the other possibilities. Rate coefficients for all
possible H-atom abstraction reactions were calculated using the
canonical variational transition state theory (CVT) with the small
curvature tunneling (SCT) method in the temperature range of
200−400 K. The rate coefficient for the major reaction was found
to be 1.6 × 10−14 cm3 molecule−1 s−1 at 300 K, while the overall rate coefficient for the MSAM + •Cl reaction is found to be 1.7 ×
10−14 cm3 molecule−1 s−1 at 300 K. In addition, SCT contributions, branching ratios for each reaction path, and the atmospheric
implications are provided and discussed. Based on the results, the MSAM + •Cl reaction proceeds to form •CH2S(�O)2NH2, which
then further reacts with 3O2 under oxygen-rich conditions to form the corresponding RO2 adduct (•OOCH2S(�O)2NH2).
Subsequent reactions of this radical result in the formation of greenhouse gases such as sulfur dioxide (SO2), carbon dioxide (CO2),
carbon monoxide (CO), nitric acid (HNO3), nitrous oxide (N2O), and formic acid (HC(O)OH), which may contribute to climate
change and formation of secondary organic aerosols and acid rain.
KEYWORDS: methane sulfonamide, chlorine atom, rate coefficient, canonical variational transition state theory, small curvature tunneling,
atmospheric lifetime, sulfur dioxide

1. INTRODUCTION
Chlorine atoms (•Cl) are the most reactive oxidants in the
atmosphere. They are involved in the transformation of volatile
organic compounds (VOCs)1−3 and affect the tropospheric
ozone (O3) budget.

4−6 They are also involved in facilitating
secondary organic aerosol (SOA) formation.7 Therefore •Cl
influences the earth’s climate and air quality. Heterogeneous
reactions involving sea salt generate Cl atoms.8−10 Nitryl
chloride (ClNO2), a •Cl source, is formed when dinitrogen
pentoxide (N2O5) reacts with chloride-containing aerosols.

11

This is then followed by photolysis to generate •Cl and NO2 in
the atmosphere. Another reported source of Cl atoms is the
photolysis of molecular chlorine (Cl2) derived from the
reaction of ozone (O3) with wet sea salt aerosols.

12 Further,
significant amounts of Cl2 (∼150 ppt) and HOCl have been
observed in the marine boundary layer (MBL) and in the
Arctic Sea,13,14 and their photolysis is anticipated to generate
Cl atoms in the MBL. In addition, hydrochloric acid (HCl),
methyl chloride (CH3Cl), carbonyl chloride (COCl2), chloro-
form (CHCl3), chlorocarbons, hydrochloroflurocarbons

(HCFCs), and several other chlorine-containing molecules
act as Cl atom sources in urban atmospheres.10 Several studies
indicate the •Cl reactions are more important in facilitating
understanding of the fate of VOCs in the atmosphere. The rate
coefficients for the reactions of VOCs with the •Cl atom are
approximately an order of magnitude larger (with some
exceptions) compared to the corresponding hydroxyl radical
(•OH).15−18 However, the concentration of •Cl is ∼1 to 10%
that of •OH in the MBL.19,20 Nevertheless, •Cl reactions can
be very important in understanding the removal of
atmospheric pollutants in the MBL, as well as in polluted
midcontinental regions and industrial locations.21−23
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There are several ubiquitous sulfur and nitrogen compounds
that are emitted from the oceans. Examples include dimethyl
sulfide (CH3SCH3�DMS), dimethyl sulfoxide (CH3S(�
O)CH3�DMSO), alkyl amines (R-NH2), nitrous oxide
(N2O), and ammonia (NH3).

24−30 This suggests that the
existence of such sulfur and nitrogen compounds in coastal
regions may significantly impact global sulfur and nitrogen
cycles.31−34 An example is methane sulfonamide (CH3S(�
O)2NH2�MSAM), an S- and N-containing trace molecule
that was detected recently over the Arabian sea with a
maximum concentration of ∼60 parts per trillion (ppt).35 It
was suggested that the major source of this compound is ocean
microbe-mediated reactions with DMS.35

To the best of our knowledge, there is no report on the
atmospheric oxidation of MSAM with the Cl atom. However,
OH radical reactions of MSAM have appeared. A recent
experimental study described •OH-initiated photooxidation of
MSAM carried out in a photochemical reactor at 298 K and
700 Torr total pressure,36 and MSAM and its oxidation
products were detected in situ by Fourier transform infrared
(FTIR) spectroscopy. The reaction rate coefficient was
reported to be k = (1.4 ± 0.3) × 10−13 cm3 molecule−1 s−1
using the relative rate technique at 298 K.36 The MSAM +
•OH reaction was proposed to proceed via methyl group H-
atom abstraction as the dominant initial step.36 Oxidation of
MSAM with •OH under atmospheric conditions has also been
studied using computational calculations.37 All site-specific H-
atom abstraction channel rate coefficients were calculated
using canonical variational transition state theory and small
curvature tunneling (CVT/SCT) approximation. The MSAM
+ •OH reaction rate coefficient was computed to be 1.2 ×
10−13 cm3 molecule−1 s−1 at 300 K.37 The reaction mechanism
proposed, which was based on the energetics and kinetic
results, proceeds by abstraction of an H-atom from the −NH2
group of MSAM yielding an N-centered MSAM radical + H2O
as major products.37

Even though the concentration of •OH is more than one
order of magnitude larger compared to the concentration of Cl
atom in the atmosphere, the overall atmospheric degradation
of MSAM in the urban and coastal areas is anticipated to be
facilitated to a significant extent by its reactions with •Cl, since
the rate coefficient of the latter reaction is expected to be
approximately one order of magnitude larger than the
corresponding reaction with •OH. Given the importance of
energetics and kinetic parameters in facilitating the under-
standing of the atmospheric chemistry of MSAM with respect
to its reactions with Cl atoms, we studied this reaction
mechanism using high-level quantum chemistry calculations.
Accordingly, in the present work, all possible reaction channels
and the overall reaction rate coefficients, in addition to the
branching ratios for the •Cl reaction with MSAM between 200
and 400 K, were estimated. The results were then used to
develop the most plausible mechanism for Cl atom-initiated
oxidation of MSAM in the atmosphere.

2. COMPUTATIONAL METHODS
Geometry optimizations of reactants, prereactive complexes
(PRCs), transition states (TSs), product complexes (INTs),
and products involved in the H-atom abstraction and Cl
addition paths were performed at the M06-2X/aug-cc-pV(T +
d)Z level.38,39 This hybrid density functional has been used in
various studies to investigate reaction mechanisms, barrier
heights, hydrogen bonding interactions, and kinetic parameters

for various reactions of atmospheric interest.18,40,41 We used
the M06-2X/aug-cc-pV(T + d)Z level for computing harmonic
vibrational frequencies for all of the stationary points. The
obtained frequencies were then used to determine the local
minima or transition states on the PESs. All transition states
obtained in this work contain one negative frequency with all
the others containing positive frequencies. Intrinsic reaction
coordinate (IRC)42 calculations were performed to make sure
that the link between all the TSs and their corresponding PRCs
and PCs on the minimum energy path was maintained. The
CCSD(T)/aug-cc-pV(T + d)Z level was used to calculate
more accurate single-point energies for all the stationary
points.43 The obtained CCSD(T)/aug-cc-pV(T + d)Z//M06-
2X/aug-cc-pV(T + d)Z (CCSD(T)//M06-2X)-level energy
values of all the minima and TSs were calculated relative to the
energy of the separated starting reactants. The expectation that
this approach would provide reasonably good energetic and
rate parameters was based on results from our recent study of
the reaction of CH3S(O)2NH2 + •OH using the same level of
theory, in which it was demonstrated that the obtained
energies and rate coefficients agreed well with experimentally
measured values.37 Our recent work and other literature
reports indicate that the CCSD(T)//M06-2X level with the
same basis set (aug-cc-pV(T + d)Z) typically provides energies
that are accurate to within 1 kcal mol−1.37,44 All the electronic
structure calculations (ab initio/density functional theory)
were carried out with the Gaussian 16 package.45

3. RESULTS AND DISCUSSION
The most stable structure of MSAM that was reported at the
M06-2X/aug-cc-pV(T + d)Z level was used to perform the
present calculations (see Figure 1).37 Conformational analysis

revealed that the preferred orientation of the H-atoms of the
−NH2 moiety is to be aligned toward the O-atoms of the SO2
group through hydrogen bonding interactions (i.e., the cis
orientation).
In principle, atmospheric •Cl can react with MSAM via H-

abstraction and/or Cl addition paths as illustrated in eqs 1−3.
Eq 1 illustrates •Cl abstraction of an H-atom from the methyl
moiety of MSAM to form •CH2S(O)2NH2 + hydrochloric acid
(HCl). The other H-atom abstraction provided in eq 2 features
•Cl abstraction of an H-atom from the −NH2 moiety of
MSAM, to form an N-centered MSAM radical (CH3S-
(O)2N•H) + HCl. Eq 3 shows the formation of a methyl
radical (•CH3) and ClS(O)2NH2 as products as a consequence
of •Cl addition to the S-atom of MSAM, followed by S−C
single-bond fission.

Figure 1.Most stable structure for methane sulfonamide optimized at
the M06-2X/aug-cc-pV(T + d)Z level. The black, yellow, white, blue,
and red colors represent C, S, H, N, and O-atoms, respectively (see
geometry of cis-MSAM in Table S1).

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00004
ACS Earth Space Chem. 2023, 7, 1049−1059

1050

https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00004/suppl_file/sp3c00004_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.1. Initial Reactions of MSAM with Cl Atoms. The
zero-point energy (ZPE) corrected PES profile for the two
possible H-atom abstraction paths and the corresponding
structures of the PRCs, TSs, INTs, and products involved in
the MSAM and •Cl reaction are depicted in Figure 2. The

energies of all the stationary points were estimated relative to
the energy of MSAM and •Cl as starting reactants at the
CCSD(T)//M06-2X level. The corresponding energies are
displayed in Figure 2. The total electronic energies (Etotal) and
corresponding ZPEs computed at the CCSD(T) and M06-2X
levels are summarized in Table S2. All of the transition state
imaginary frequencies, rotational constants, vibrational fre-
quencies, and the optimized geometries of all of the stationary
points obtained at the M06-2X level are displayed in Tables
S1−S5. The potential energy profile for the two possible H-
abstraction paths is shown in Figure 2. This PES featured in
the figure indicates that the MSAM and Cl atom reactants
initially undergo association to produce PRC1 and PRC2 with
energies of −4.5 and −5.6 kcal mol−1 relative to the starting
reactants, which are shown at the entrance channels in each
PES. The greater stability of PRC1 and PRC2 is mainly due to
the weak interactions between: (a) the Cl atom and the oxygen
atom of MSAM, with a Cl−O bond distance of ∼2.58 Å; and

(b) the Cl atom and N-atom of MSAM, with a bond distance
of ∼2.43 Å (see PRC1 and PRC2 structures in Figure 2). In
PRC1 and PRC2, these weak interactions, which are illustrated
with a dotted line in the structures, are due to 2-center-3-
electron (2c−3e) bond formation between the nitrogen or
oxygen atom lone pair electrons and the single electron
occupied p-orbital of the •Cl atom. Similar complexes have
been reported in the literature for dimethyl sulfoxide,
monoethanolamine, methylamine, dimethylamine, and trime-
thylamine with Cl atom reactions.20,46,47 The Cl−N bond
length in PRC2 is ∼0.2 Å shorter than the Cl−O bond in
PRC1. This leads to greater stability of PRC2 by ∼1.1 kcal
mol−1 compared to the value for PRC1. The two H-abstraction
paths further lead to product complexes (INT1 and INT2)
through the corresponding TS1 and TS2, with reaction barriers
of 6.7 and 4.8 kcal mol−1, respectively. The INTs then
dissociate to •CH2S(�O)2NH2 + HCl products. The
transition state barriers (see Figure 2) indicate that H-
abstraction from the −CH3 group of MSAM via TS2 is the
major reaction path for the formation of •CH2S(�O)2NH2 +
HCl products, since it is ∼2 kcal mol−1 lower in energy than
the path that proceeds through TS1.
H-atom abstraction from the −NH2 group of MSAM is also

possible for the MSAM + Cl atom reaction. Figure 3 shows the

PES profile for this reaction calculated at the zero-point
corrected CCSD(T)//M06-2X level. This reaction path
initially proceeds through the MSAM and Cl atom reactants
to produce a barrierless PRC2 with a binding energy of ∼ −5.6
kcal mol−1 relative to the energy of the initial reactants. This
then leads to the formation of a TS3 with a barrier height of
∼6.5 kcal mol−1 above the MSAM + Cl atom reactants. TS3
further advances to form a product complex (INT3) which
leads to the products CH3S(�O)2N•−H and HCl. The
energy barriers of all of the H-abstraction transition states

Figure 2. Zero-point corrected potential energy curves for the
abstraction of an H-atom from the methyl group of methane
sulfonamide by Cl atom leading to the formation of •CH2S(�
O)2NH2 + HCl. The energies on the potential were calculated at the
CCSD(T)/aug-cc-pV(T + d)Z//M06-2X/aug-cc-pV(T + d)Z level.
PRC1 and PRC2 refer to prereactive complexes; TS1 and TS2 refer to
transition states; and INT1 and INT2 refer to product complexes.
The black, yellow, white, green, blue, and red colors in the structures
represent C, S, H, Cl, N, and O-atoms, respectively.

Figure 3. Zero-point corrected potential energy curve for the
abstraction of an H-atom from the amine group of methane
sulfonamide by Cl atom, leading to the formation of an N-centered
methane sulfonamide radical + HCl products. The energies on the
potential were calculated at the CCSD(T)/aug-cc-pV(T + d)Z//
M06-2X/aug-cc-pV(T + d)Z level. The symbols PRC2, TS3, and
INT3 refers to prereactive complex, transition state, and product
complex, respectively. The black, yellow, white, green, blue, and red
colors on the structures represent C, S, H, Cl, N, and O-atoms,
respectively.
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studied in the MSAM + Cl atom reaction suggest that
abstraction of a methyl group H-atom by Cl atom through TS2
to form •CH2S(�O)2NH2 + HCl is the major path when
compared to all others that are possible.
Previous studies indicate that dimethyl sulfide, dimethyl

sulfone, dimethyl thiosulfinate, and dipropyl thiosulfinate
undergo addition reactions with Cl atoms.18,48−50 Therefore,
we also performed calculations for the addition channel
represented by eq 3. Accordingly, the PRC, TS, INT, and
products associated with the MSAM + •Cl addition channel
were characterized. The obtained ZPE-corrected potential
energy profile containing key stationary points for this reaction
is shown in Figure 4. The M06-2X/aug-cc-pV(T + d)Z-level

optimized structures are presented in the figure. The results
suggest that the addition reaction commences with the
formation of PRC1 and then proceeds to a transition state
(TS4) with a barrier height of ∼43.0 kcal mol−1. This then
leads to the formation of a product complex (INT4), to
ultimately produce products •CH3 + ClS(O)2NH2 at 7.7 kcal
mol−1 above the starting reactants (MSAM and Cl atom).
PRC1, TS4, and INT4 in the figure clearly indicate the
propensity of the Cl atom to attack the S-atom of MSAM,
resulting in S�C single-bond cleavage to form •CH3 +
ClS(O)2NH2 as products. However, the high barrier height on
this potential would make this path inaccessible under
atmospheric conditions, and as such, this reaction was not
further considered in the performed calculations.
The product complexes (INT1 and INT2) that are formed

between TS1 and •CH2S(O)2NH2 + HCl, and TS2 and
•CH2S(O)2NH2 + HCl, have corresponding energies of 3.5
and 4.4 kcal mol−1, respectively, below the energy of the

starting MSAM + •Cl reactants (see Figure 2). INT1 is
stabilized by two hydrogen bonds (O···H−Cl and −CH···Cl−
H) with bond lengths of 1.92 and 2.85 Å, respectively. For
INT2, the computed bond distances for the hydrogen bonding
interactions (O···H−Cl and −NH···Cl−H) were 1.90 and 2.56
Å, respectively. The stability of INT2 is ∼1 kcal mol−1 higher
than the value of INT1 (see Figure 2). This is mainly due to
the presence of strong hydrogen bond interactions in INT2. A
product complex (INT3) was identified between TS3 and
CH3S(O)2N•H + HCl products which was 0.9 kcal mol−1
below the starting MSAM + •Cl reactants (see Figure 3). It is
stabilized by a −HN···HCl hydrogen bond interaction with a
distance predicted to be 2.09 Å. A product complex between
TS4 and ClS(O)2NH2 + •CH3 (i.e., INT4) was identified at
5.2 kcal mol−1 above the energy of starting reactants (see
Figure 4). It is stabilized by a −O···HCH2 interaction with a
bond length predicted to be ∼2.71 Å.

4. KINETICS
Two abstraction channels in the oxidation of MSAM by Cl
atom, namely, abstraction of an H-atom from the methyl group
to produce •CH2S(O)2NH2 + HCl (eq 1) and the abstraction
from an H-atom of the amine group leading to CH3S(O)2N•H
+ HCl (eq 2), were described previously. In order to get a
better understanding of the atmospheric fate of MSAM with
respect to Cl atoms, as well as acquire information about the
various products formed following its oxidation, the rate
coefficients for these two H-abstraction pathways were
determined. Their PES profiles (illustrated in Figures 2 and
3) suggested that they occur via two major steps: (i) the
MSAM and Cl atom reactants weakly bind to form the
respective PRC, which is in equilibrium with the initial
reactants and (ii) the PRC proceeds to form a product
complex (INT) through a transition state (TS) with a well-
defined barrier. These two reaction steps are presented in eq 4.

In eq 4, k1 and k−1 are the forward and reverse rate
coefficients for the formation of PRC from the reaction of
MSAM + Cl atom, respectively, which is in equilibrium with
the reactants (MSAM + •Cl); k2 is the unimolecular rate
coefficient for the formation of INT from PRC via a transition
state. The product of the unimolecular rate coefficients (k2 in
s−1) and equilibrium constants (Keq in cm3 molecule−1)
provides bimolecular rate coefficients (k in cm3 molecule−1

s−1) in the atmospherically relevant temperatures using eq 5.
This equation was derived by considering that the PRC is in
equilibrium with the reactants (MSAM and Cl atom), and that
it exists under steady-state conditions. Previous studies have
utilized a similar approach for calculating the rate coefficients
in the presence of bimolecular reactants.51−54

i
k
jjjjj

y
{
zzzzz= =k

k
k

k K k1

1
2 eq 2

(5)

The symbol Keq in eq 5 is the equilibrium constant for the
combination of the two reactants that leads to the formation of
PRC that is shown in the first step of eq 4, and it can be
defined using =K k

keq
1

1
. The rate coefficient (k2) is calculated

using CVT55−57 combined with the small curvature tunnel-
ing58 (SCT) method through eq 6. These calculations were
performed with Polyrate (2016)59 kinetic code.

Figure 4. Zero-point corrected potential energy curve for the addition
of Cl-atom to the S-atom of MSAM, leading to the formation of •CH3
+ ClS(O)2NH2 as products. The energies of all the stationary points
on the potential were calculated at the CCSD(T)/aug-cc-pV(T +
d)Z//M06-2X/aug-cc-pV(T + d)Z level. The symbols PRC1, TS4,
and INT4 refer to prereactive complex, transition state, and product
complex, respectively. The black, yellow, white, green, blue, and red
colors represent C, S, H, Cl, N, and O-atoms, respectively.
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The temperature-dependent equilibrium constant (Keq) for
the formation of PRCs from the initial reactants was calculated
using eq 7

=K
Q

Q Q
exp E E E RT

eq
PRC

MSAM Cl

( )/PRC MSAM Cl

(7)

The Q symbols in eqs 6 and 7 are the product of individual
partition functions of the MSAM, Cl atom, PRCs, and TSs.
Standard statistical mechanics formulas were used to calculate
the partition functions.60 Other symbols in eqs 6 and 7 are as
follows: E (represents the ZPE-corrected CCSD(T)//M06-2X
energies); R and T correspond to the gas constant and
temperature (K) respectively; Γ refers to the SCT transmission
coefficient; kB is the Boltzmann constant; and h is Plank’s
constant. The potential energy at the barrier maximum is
represented by V(s*), and the value of the reaction path at the
free energy maximum is denoted by s*.

4.1. Rate Coefficients for the Reaction of MSAM + Cl
Atom. The MSAM + Cl atom reaction channel rate
coefficients were calculated using the vibrational frequencies
obtained by the M06-2X/aug-cc-pV(T + d)Z level, and zero-
point corrected CCSD(T)//M06-2X energies for all the
species present on the PESs. The calculated temperature-
dependent unimolecular rate coefficients (k2) and equilibrium
constants (Keq) for the formation of possible PRCs from the
MSAM + Cl atom reaction are displayed in Tables S6 and S7.
The rate coefficients (in cm3 molecule−1 s−1) for the two H-
abstraction channels associated with the oxidation of MSAM
with Cl atom reactions in the temperature range of 200 and
400 K are displayed in Table 1. The structure of MSAM
indicates that not all the H-atoms attached to the methyl group
are equivalent. This is a consequence of the presence of the
oxygen atoms in the SO2 group and the orientation of the
hydrogen atoms in the methyl group with respect to these

oxygens. Thus, hydrogen abstraction from the methyl group by
the Cl atom may proceed by different paths. By considering the
oxygen atoms of the SO2 group as the frame of reference, two
possible transition state configurations were found (i.e., TS1
and TS2 (see Figure 2)). The structure of TS1 indicates that
the hydrogen atom that is abstracted by the Cl atom is
oriented toward the oxygen atoms of the SO2 group, whereas
for TS2, the abstracted hydrogen is positioned away from the
O-atoms of the SO2 (see the structures of TS1 and TS2 in
Figure 2). The transition state geometries and energies of TS1
and TS2 are significantly different. This clearly indicates that
TS1 and TS2 represent two different hydrogen abstraction
transition states for the methyl group hydrogen abstraction
paths. The results for the energy barriers indicate that TS1 is
∼2 kcal mol−1 higher than the value of TS2. The lack of
consideration of this difference in energy barriers would clearly
lead to significant errors in the computed rate coefficients. If
just one of them is considered, and the reaction path
degeneracy is assumed to be 3, then a large disagreement
would arise between the computed rate coefficients and the
experimentally observed ones. Stated differently, the calculated
value would be significantly underestimated if only TS1 is
considered, and significantly overestimated if only TS2 is
considered. Therefore, both were considered, and the reaction
path degeneracy was 2 for the TS2 pathway and 1 for the TS1
pathway. On the other hand, the orientation with respect to
the SO2 oxygens of the two hydrogen atoms attached to the N-
atom of −NH2 group is such that they are equivalent, and the
yield transition state structure TS3 is shown in Figure 3. These
two hydrogens are equivalent, and hence, the reaction path
degeneracy becomes 2 for the TS3 pathway. For this reason,
the contribution of the rate coefficients via kTS2 and kTS3 was
multiplied by 2 (see Table 1).
The results in Table 1 indicate a trend of increasing rate

coefficients with increasing temperature for both abstraction
paths. This is mainly due to the positive transition state
barriers, which varied between ∼4.8 and 6.7 kcal mol−1 relative
to the reactants for all H-abstraction channels. The bimolecular
rate coefficients for product (•CH2S(O)2NH2 + HCl)
formation from the MSAM + Cl atom reaction that proceeds
through TS2, is ∼2 to 3 orders of magnitude larger than it is
for the other possible paths in the presently studied
temperature range. For example, calculated reaction rate
coefficients for the H-abstraction channels that proceed via
TS1, TS2, and TS3 at 200 K were found to be 6.8 × 10−19, 6.6
× 10−16, and 2.0 × 10−18 cm3 molecule−1 s−1, respectively. On
the other hand, the bimolecular rate coefficients for the same
reaction paths at 300 K were found to be 1.1 × 10−16, 1.6 ×
10−14, and 3.5 × 10−16 cm3 molecule−1 s−1, respectively. In
addition, overall rate coefficients of the MSAM + Cl atom
reaction were calculated by adding the present studied H-atom
abstraction path rate coefficients at each temperature in the
present studied temperature range. Thus, the calculated overall
rate coefficients in the temperature range of 200−400 K are
displayed in Table 1 and plotted in Figure 5. The CCSD(T)//
M06-2X levels typically provide energies that are accurate to
within 1 kcal mol−1. We believe that the error in the present
calculated rate coefficients is ∼2 times in the temperatures
between 200 and 300 K. However, this uncertainty in the rate
coefficients does not influence the conclusions drawn in this
work. The results from Table 1 and Figure 5 indicate a positive
temperature dependence of the rate coefficients in the studied
temperature range. For example, the overall rate coefficients for

Table 1. Calculated Bimolecular Rate Coefficients (in cm3

molecule−1 s−1) for the Three Possible H-Atom Abstraction
Paths and the Overall Rate Coefficientsa for the MSAM + Cl
Atom Reaction in the Temperatures between 200 and 400 K

T (K) kTS1 kTS2
b kTS3

b ktotalMSAM + Cl

200 6.78 × 10−19 6.56 × 10−16 1.97 × 10−18 6.58 × 10−16

210 1.33 × 10−18 1.00 × 10−15 4.00 × 10−18 1.01 × 10−15

220 2.50 × 10−18 1.48 × 10−15 7.65 × 10−18 1.49 × 10−15

230 4.47 × 10−18 2.14 × 10−15 1.40 × 10−17 2.16 × 10−15

240 7.71 × 10−18 3.02 × 10−15 2.44 × 10−17 3.05 × 10−15

250 1.28 × 10−17 4.16 × 10−15 4.11 × 10−17 4.22 × 10−15

260 2.06 × 10−17 5.64 × 10−15 6.63 × 10−17 5.73 × 10−15

270 3.21 × 10−17 7.52 × 10−15 1.04 × 10−16 7.65 × 10−15

280 4.88 × 10−17 9.82 × 10−15 1.60 × 10−16 1.00 × 10−14

290 7.25 × 10−17 1.27 × 10−14 2.37 × 10−16 1.31 × 10−14

298 9.86 × 10−17 1.56 × 10−14 3.23 × 10−16 1.60 × 10−14

300 1.05 × 10−16 1.63 × 10−14 3.45 × 10−16 1.67 × 10−14

400 1.87 × 10−15 1.13 × 10−13 5.94 × 10−15 1.21 × 10−13

aThe overall rate coefficients (ktotalMSAM + Cl) for the MSAM + •Cl
reaction is obtained by adding the rate coefficients for all the
individual reaction paths at the corresponding temperatures. bThe
contribution of the rate coefficients via kTS2 and kTS3 was multiplied by
2.
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the MSAM + Cl atom reaction at 200 and 300 K were found to
be 6.6 × 10−16 and 1.7 × 10−14 cm3 molecule−1 s−1,
respectively. This is mainly due to the positive transition
state barriers for all the H-atom abstraction paths.
Experimentally measured MSAM + Cl atom reaction rate
coefficients were not available for comparison with the present
calculated values. Therefore, the MSAM + Cl atom reaction
rate coefficients computed in this work were compared with
values of theoretically calculated rate coefficients for the
MSAM oxidation initiated by •OH37 in the studied range of
temperatures, and the value of the experimentally measured
rate coefficient for the reaction of MSAM with OH radical at
298 K.36 The results clearly suggest that the overall rate
coefficients for the MSAM + Cl atom reaction are smaller than
the values for the theoretically calculated MSAM + OH radical
reaction in the same temperature range37 and also smaller than
the experimentally measured MSAM reactions with OH radical
at 298 K temperatures.36 For example, in the present work, the
overall rate coefficient at 298 K for the MSAM + •Cl reaction
was found to be 1.6 × 10−14 cm3 molecule−1 s−1, which is ∼8
times smaller than that for the theoretically calculated and
experimentally measured MSAM + OH radical reaction at the
same temperature.36,37 The MSAM oxidation in the presence
of •OH that is reported in the literature37 and the MSAM + Cl
atom reaction studied in this work used similar methods and
the same level of theory to calculate the rate coefficients. The
smaller rate coefficients for the reaction of MSAM + •Cl are
mainly due to the following two factors: (1) the presence in
each of the MSAM + OH radical abstraction paths of a
hydrogen-bonded PRC that is ∼1 kcal mol−1 more stable when
compared to the values for PRCs formed for the analogous
reaction involving MSAM + •Cl, and (2) the transition state
for the MSAM oxidation initiated by OH radical reaction being
stabilized by strong hydrogen bonding interactions, with
reaction barriers that were found to be ∼2 to 4 kcal mol−1
lower than the values computed in this work for the transition
states involved in the MSAM + Cl atom reaction.37 The
absence of hydrogen bonding interactions leads to the high
reaction barrier transition states that were identified for the

MSAM + Cl reaction. The present results indicate that •Cl is
less reactive than the OH radical for the transformation of
MSAM under atmospheric conditions. However, several
studies indicate that •Cl has higher reactivity toward the
removal of VOCs although its concentration is lower than that
of the OH radical.9,23,61−63

The rate coefficients reported in the literature for various
volatile organosulfur compounds (VOSCs) with respect to
their reactions with Cl atoms at 298 K were compared with the
value of the present MSAM + Cl atom reaction at the same
temperature. The present MSAM + Cl atom reaction rate
coefficient was found to be ∼3 to 4 orders of magnitude lower
compared to the values for the DMS (CH3SCH3) + Cl atom
reaction (reported to be k = (3.6 ± 0.2) × 10−10 cm3

molecule−1 s−1),64 and the DMSO (CH3S(O)CH3) + Cl
atom reaction (reported to be k = (7.4 ± 1.0) × 10−11 cm3

molecule−1 s−1)65 at 298 K. At the same time, the rate
coefficient for the present reaction is close to the value for the
dimethyl sulfone (CH3S(O)2CH3; DMS(O)2) + Cl atom
reaction, which is reported to be k = (2.4 ± 0.8) × 10−14 cm3

molecule−1 s−1 at the same temperature.65

In addition, the SCT factor was estimated for each
abstraction path and its contribution to their respective
reaction rate coefficients is provided in Table S8. The results
presented in the table reveal that the tunneling factor decreases
with increasing temperature from 200 to 400 K. For example,
the SCT contributions to each site-specific reaction via TS1,
TS2, and TS3 were found to be 17.5, 27.1, and 11.1 at 200 K
and 4.1, 5.4, and 3.4 at 300 K, respectively.
To further understand the mechanism of the MSAM + Cl

atom reaction, the temperature dependence of the branching
ratios for each reaction path was calculated in the 200−400 K
temperature range. This was done based on the ratios of the
rate coefficient for each site-specific reaction to the total rate
coefficient at the same temperature. The obtained branching
ratios for each H-atom abstraction path in the temperature
range of 200−400 K are provided in Table S9. The results
show that the branching ratio for the reaction that proceeds via
TS2 makes the highest contribution to the overall reaction
when compared to the other possible channels (i.e., ∼99.6% at
200 K, which decreases to ∼97.3% at 300 K). The contribution
to the overall reaction from the other possible H-atom
abstraction paths via TS1 and TS3 increases with increasing
temperature. For example, the contributions of TS1 and TS3
to the overall reaction are 0.1 and 0.3% at 200 K and 0.6 and
2.1% at 300 K, respectively. Overall, the results indicate that
the reaction resulting in the C-centered MSAM radical + HCl
products is major when compared to all of the other possible
paths at the atmospherically relevant temperatures.
The lifetime of MSAM with Cl atom was derived using the

equation: τ = 1/(k[Cl]).66 In this equation, k is the rate
coefficient for the MSAM + •Cl reaction, and the tropospheric
concentration of •Cl used in this calculation was [Cl] = 1.3 ×
105 radical cm−3.13 This value was chosen because the
concentration of Cl atoms in the marine boundary layer has
been found to be 1−10% of the concentration of •OH.19,20,23

The overall rate coefficients calculated here were used to
determine the lifetime of MSAM with Cl atom in the present
studied temperature range. The atmospheric lifetime of MSAM
in its reactions with •Cl atom was estimated to be ∼2 to 370
years in the temperatures between 200 and 400 K. A recent
study reported that MSAM is not photolyzed at a measurable
rate by the 254 nm radiation.36 It was concluded that the

Figure 5. Overall rate coefficients calculated for the MSAM + Cl atom
reaction compared with the overall rate coefficient values for the
MSAM + OH radical reaction in the temperature range of 200−400
K.37 The experimentally reported MSAM + OH radical reaction rate
coefficient36 at 298 K is also included for comparison.

ACS Earth and Space Chemistry http://pubs.acs.org/journal/aesccq Article

https://doi.org/10.1021/acsearthspacechem.3c00004
ACS Earth Space Chem. 2023, 7, 1049−1059

1054

https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00004/suppl_file/sp3c00004_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.3c00004/suppl_file/sp3c00004_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00004?fig=fig5&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tropospheric photolysis of MSAM as a removal process is not a
significant sink, since actinic flux only at wavelengths above
320 nm is available in the troposphere.36 Therefore, the
removal of MSAM under tropospheric conditions mainly
depends on its reactions with OH radicals and Cl atoms.
In addition, we also calculated the atmospheric lifetime of

MSAM with respect to OH and Cl atoms at 298 K using eq
8.67

= +1 1 1

eff OH Cl (8)

where τeff is the cumulative atmospheric lifetime of MSAM,
and τOH and τCl are the lifetimes of MSAM due to its reactions
with OH radical and Cl atoms, respectively. We used the
experimentally measured MSAM + OH radical reaction rate
coefficient36 that was reported to be 1.4 × 10−13 cm3

molecule−1 s−1, the present MSAM + •Cl reaction rate
coefficient calculated to be 1.6 × 10−14 cm3 molecule−1 s−1 at
298 K, and the average atmospheric concentrations of [OH]
and [Cl] of 1 × 106 and 1.3 × 105 radical cm−3,
respectively.13,68 The lifetime of MSAM with the OH radical
using these data was estimated to be 83 days, and the
cumulative atmospheric lifetime of MSAM with respect to its
reactions with OH radicals and Cl atoms was estimated to be
∼81 days at 298 K. This suggests that OH radical reactions are
primarily responsible for the atmospheric loss of MSAM when
compared to its reactions with Cl atoms.

4.2. •CH2S(�O)2NH2 + 3O2 Reaction. The energetics and
rate coefficient data in the present work indicate that the
abstraction of an H-atom from the methyl group of MSAM by
•Cl to form •CH2S(O)2NH2 + HCl is dominant under
atmospheric conditions. Branching ratios revealed that this
path contributes up to 97% of the total transformation of
MSAM with Cl atom at 300 K. Therefore, to gain a more
complete understanding of the fate of •CH2S(�O)2NH2, we
further explored its possible subsequent reactions under
atmospheric conditions.
The formed •CH2S(�O)2NH2 is a carbon-centered radical

product. Based on the literature, the dominant fate of C-
centered radical products in the atmosphere is mostly due to
their reaction with ground-state oxygen (3O2) mole-
cules,36,69,70 a consequence of the large concentration of
oxygen that is present in the atmosphere. Once released,
•CH2S(�O)2NH2 can rapidly react with O2 to form the
RO2 (R = CH2S(�O)2NH2) radical adduct. Thus, the
atmospheric chemistry of •CH2S(�O)2NH2 in the presence
of O2 was investigated using the same CCSD(T)//M06-2X-
level calculations described earlier. The spin contamination
⟨S2⟩ and T1 diagnostic values for all the species involved in the
•CH2S(�O)2NH2 + 3O2 reaction are given in Table S10 of
the Supporting Information. The results indicate that the ⟨S2⟩
values for the open-shell systems are in the range of 0.753−
0.762 before annihilation, while those after annihilation turn
out to be 0.75. The ⟨S2⟩ value for triplet species was found to
be 2.01, which is also smaller than the allowed value (≤2.05).71
This suggests that there is almost no contribution from spin
contamination. In addition, T1 diagnostic values for all the
species involved in the •CH2S(�O)2NH2 + 3O2 reaction
indicate that these values are smaller than the allowed value of
0.044, except for TS6 (0.046) (see Table S10).72 These results
strongly indicate that the multireference character in the
CCSD(T) wave functions is negligible. The ZPE-corrected

potential energy profile for the •CH2S(�O)2NH2 + 3O2
reaction is depicted in Figure 6. All of the TSs, intermediates,

and products involved in the •CH2S(�O)2NH2 and O2
reaction are illustrated in Figure 6. All of the minima and
the TSs in the figure were optimized at the M06-2X level with
the aug-cc-pV(T + d)Z basis set. The zero-point corrected
CCSD(T)//M06-2X-level computed energies of all the
stationary points on the PES are displayed in the figure, and
all the values were estimated with respect to the •CH2S(�
O)2NH2 + O2 separated reactants. Figure 6 indicates that the
most stable RO2 radical adduct is formed through attack by
atmospheric O2 on the C-site of •CH2S(�O)2NH2 via a
barrierless reaction with a binding energy of ∼ −27.8 kcal
mol−1 with respect to the energy of the •CH2S(�O)2NH2 +
3O2 reactants (see Figure 6). We compared the binding energy
of this RO2 radical adduct with that of the RO2 radical formed
from the C-centered radical of the CH3S(�O)C•H2 + O2
reaction. We found the OOCH2S(�O)2NH2 radical to be less
stable than the CH3S(�O)CH2OO radical by ∼1.8 kcal
mol−1. The binding energy for the formation of the latter was
reported to be ∼ −29.6 kcal mol−1 at the CBS-QB3 level
relative to the energy of CH3S(�O)C•H2 + O2 reactants.

73

The formed RO2 radical adduct can react further by two
possible transformation pathways: (i) H-atom transfer
reactions and (ii) reactions with hydroperoxyl (HO2) radical
or nitric oxide (NO). These are discussed below:

4.2.1. H-Atom Transfer Reactions. By virtue of the H-atoms
that are present within the −CH2 and −NH2 moieties of the
RO2 radical, a number of intramolecular hydrogen transfer
reactions are possible. These are illustrated in eqs 9−11.

Figure 6. Zero-point corrected potential energy curves for the
•CH2S(�O)2NH2 + 3O2 reaction leading to the formation of various
products, computed at the CCSD(T)/aug-cc-pV(T + d)Z//M06-2X/
aug-cc-pV(T + d)Z level. The black, yellow, white, blue, and red
colors represent C, S, H, N, and O-atoms, respectively.
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Migration of a hydrogen atom from −NH2 to the terminal
oxygen of the RO2 adduct through TS5 with a 0.4 kcal mol−1
barrier relative to the •CH2S(�O)2NH2 + O2 reactants is
shown in eq 9 and Figure 6. TS5 then leads to the formation of
the N-centered QOOH radical (Q = •NHS(O)2CH2−), which
is located at −10.1 kcal mol−1 on the PES. The QOOH radical
formed in the previous step further reacts with O2 to form a
new peroxy radical (HOOQO2). Various studies indicate that
H-atom transfer within the RO2 radical, followed by O2
addition, leads to the production of highly oxygenated organic
compounds (HOMs).74,75 The formed HOOQO2 then further
undergoes migration of H-atom to the terminal O-atom of
HOOQO2 through a transition state (TS5a) with a barrier
height of 12.4 kcal mol−1. The reaction then finally forms
HC(O)S(O)2NHOOH (P1a) + OH radical at −33.1 kcal
mol−1. A second option involves autooxidation of RO2 through
H-atom transfer from the −NH2 group to the terminal O-
atom, followed by cleavage of the S−C and O−O single bonds
in a concerted manner through TS6, with a barrier height of
∼2.5 kcal mol−1 (calculated at the same level of theory�see eq
10 and Figure 6). This then leads to the formation of
HNS(O)2 (P2a) + H2C(O) (P2b) + •OH as final products. In a
third possible pathway, the RO2 radical adduct undergoes
autooxidation through an H-atom shift from the −CH2 group
to the terminal oxygen atom of RO2, followed by the
dissociation of the O−O single bond (see eq 11 and Figure
6) through TS7, with a barrier height of 14.7 kcal mol−1 above
that of the •CH2S(�O)2NH2 + O2 reactants. This leads to the
formation of OH radical + P3a (H2NS(O)2C(O)H) products,
located at −52.3 kcal mol−1 on the PES profile (Figure 6). The
results shown on the PES in Figure 6 suggest that the reaction
in which •CH2S(�O)2NH2 + 3O2 leads to the RO2 adduct,
and which is followed by H-atom transfer via TS5 to form the
QOOH radical (P1), is the one that is most energetically
favored, compared to the other possible H-atom transfer
reactions. To verify this conclusion, we calculated the first-
order rate coefficients for the unimolecular reactions given in
eqs 9−11 at 298 K and 1 atm pressure using the Mesmer
kinetic code.76 This kinetic code uses the master equation
method for calculating the time-, temperature-, and pressure-
dependent rate coefficients for multienergy well reaction
systems. We used RRKM theory for calculating the rate
coefficients for all tight transition states associated with the
•CH2S(�O)2NH2 + 3O2 reaction. The input parameters used
in the calculations are vibrational frequencies and rotational
constants for all the stationary points involved in the
•CH2S(�O)2NH2 + 3O2 reaction, computed at the M06-
2X/aug-cc-pV(T + d)Z and ZPE corrected CCSD(T)//M06-
2X levels (see Tables S4 and S5 and Figure 6). As mentioned
previously, the error in the reaction barriers is within 1 kcal
mol−1, and the uncertainty in the calculated rate coefficients is
∼2 times. The obtained rate coefficients were found to be 1.5
× 10−7, 2.3 × 10−9, and 5.0 × 10−11 s−1, respectively. These
results indicate that QOOH radical formation from the RO2
radical adduct is ∼2 to 4 orders of magnitude faster compared
to the other studied H-atom transfer channels associated with
RO2 radical adduct.

4.2.2. Reaction of the RO2 Radical Adduct with HO2
Radical and NO. In addition to the aforementioned hydrogen
transfer reactions, bimolecular reactions of the RO2 radical
with HO2 and NO could also be important, to the extent that
they compete with the autooxidation of RO2 radicals under
atmospheric conditions. Both reactions (i.e., RO2 + HO2 and
RO2 + NO to form the corresponding hydroperoxide (ROOH;
R = H2NS(O)2CH2-) + O2 and alkoxy radical (RO•; R =
H2NS(O)2CH2-) + nitrogen dioxide (NO2) products,
respectively) are shown in eqs 12 and 13.

The rate coefficients for the typical RO2 + HO2 and RO2 +
NO reactions at 298 K are reported to be 8.1 × 10−12 and 9.0
× 10−12 cm3 molecule−1 s−1, respectively.77,78 The concen-
tration of HO2 and NO in urban areas, the remote pristine
atmosphere, and in indoor air are reported to be 40 and 100
ppt, respectively.79−81 Thus, we calculated the pseudo-first-
order rate coefficients for the typical RO2 + HO2 and RO2 +
NO reactions at 298 K by using the reported RO2 + HO2 and
RO2 + NO reaction rate coefficients and the HO2 and NO
concentrations in urban areas, remote pristine atmosphere, and
indoor air. The obtained pseudo-first-order rate coefficients at
298 K for the H2NS(O)2CH2OO• + HO2 radical and
H2NS(O)2CH2OO• + NO reactions were found to be ∼8.14
× 10−3 and 2.30 × 10−2 s−1, respectively. These results indicate
that the H2NS(O)2CH2OO• + HO2 radical reaction is ∼104−
108 times, and the H2NS(O)2CH2OO• + NO reaction is 105−
109 times faster than the intramolecular H-atom transfer
reactions.

4.3. Reaction Mechanism of MSAM + Cl Atom. Based
on the results of the calculations described above, we propose
the most plausible reaction mechanism for the MSAM + Cl
atom reaction. Initially, MSAM undergoes oxidation initiated
by the Cl atom to form the •CH2S(O)2NH2 along with HCl.
Once formed, •CH2S(O)2NH2 reacts with O2 under oxygen-
rich conditions to form the •OOCH2S(O)2NH2 adduct. Based
on the present results, intramolecular H-atom transfer
reactions of this adduct are slow, and thus, the fate of the
•OOCH2S(O)2NH2 adduct depends on the concentrations of
HO2 and NO in the atmosphere. The HO2 and NO
concentrations in indoor air, urban, and the remote pristine
atmosphere are reported to be ∼40 and less than 100 ppt,
respectively.79−81 Therefore, the •OOCH2S(O)2NH2 adduct
reacts with HO2 and NO to produce the corresponding
hydroperoxide (HOOCH2S(O)2NH2) + O2, and alkoxy
radical (H2NS(O)2CH2O•) + NO2, respectively. The fate of
HOOCH2S(O)2NH2 has been reported in the literature.

36 The
findings suggest that atmospheric •OH abstracts an H-atom
from −CH2, leading to the formation of HOOC•HS(O)2NH2
+ H2O products. The formed HOOC•HS(O)2NH2 proceeds
via C−S bond scission to generate formic acid (HC(O)OH)
and SO2NH2.

36 The fate of the alkoxy radical (H2NS-
(O)2CH2O•) has also been reported,36 and suggests that
atmospheric O2 abstracts a hydrogen from the −CH2 group
leading to the formation of HC(O)S(O)2NH2 + HO2. The
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HC(O)S(O)2NH2 further reacts with OH radical, which is
followed by C−S bond cleavage leading to the formation of
S(O)2NH2 + carbon monoxide (CO). In an alternative path,
H2NS(O)2CH2O• undergoes S−C bond cleavage to form
SO2NH2 + CH2O.

36 The formed CH2O reacts with •OH and
O2 in tandem to produce CO, which then reacts with •OH to
form carbon dioxide (CO2) as the final product. It has also
been reported that the formed common product SO2NH2
further proceeds to S−N bond cleavage to generate sulfur
dioxide (SO2) + NH2 radical.

36 The NH2 radical then interacts
with NO2 to form nitrous oxide (N2O) + H2O. However, a
second viable path for the NH2 radical is to react with ozone
(O3), followed by reactions with OH, O2, and HO2 radicals,
leading to the formation of nitric acid (HNO3) as the final
product.36 The results of the present work indicate that MSAM
in the presence of Cl atom leads to the formation of the
greenhouse gases SO2, formic acid, nitric acid, CO, CO2, and
N2O as final products. As such, MSAM and its final products
may contribute to climate change, acid rain, and secondary
organic aerosol (SOA) formation.

5. CONCLUSIONS
The atmospheric oxidation of MSAM initiated by Cl atoms
was investigated using high-level computational methods and
chemical kinetic modeling. Our results indicate that the
MSAM + •Cl reaction that proceeds via H-atom abstraction
from the −CH3 moiety of MSAM by the Cl atom to form
•CH2S(�O)2NH2 + HCl is energetically more dominant. The
rate coefficients for the hydrogen abstraction channels in the
title reaction were calculated using the CVT/SCT method in
the temperature range of 200−400 K. The overall rate
coefficient for the MSAM + Cl atom reaction was calculated
to be 1.6 × 10−14 cm3 molecule−1 s−1 at 298 K. While the
atmospheric lifetime of MSAM with respect to its reaction of
Cl atom was found to be 2−370 years in the temperature range
of 200−400 K, the cumulative atmospheric lifetime of MSAM
with respect to OH radicals and Cl atoms was calculated to be
81 days at 298 K. The results of investigations of subsequent
transformations of •CH2S(�O)2NH2 in the presence of O2,
HO2, and NO revealed the formation of SO2, HC(O)OH,
HNO3, N2O, CO, and CO2 as the greenhouse gas end
products. Thus, MSAM released from the oceans may have
major effects on climate change, the formation of acid rain, and
SOAs in the atmosphere.
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