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ABSTRACT: The OH radical-initiated atmospheric oxidation , @ 2 .9 9
mechanism of dipropyl thiosulfinate (CH;CH,CH,—S(0O)S— 9 f) >J f;p L 9 ‘—f, + *}f‘ )
CH,CH,CHj,, DPTS), a volatile released by Allium genus plants, 93 9 Substitution 29 N 5 @0
has been investigated using ab initio/DFT electronic structure ~DiProPyl thiosulfinate  Channel Pr°22'i‘:::“y' propanesulfinic
calculations. The DPTS + *OH reaction can proceed through (1) «on Y Abstraction acid
abstraction and (2) substitution pathways. The present calcu- Channels %0,

lations show that addition of *OH to the sulfur atom of the sulfinyl Products

(=S(=0)) group, followed by simultaneous cleavage of the S—S ,’ > 2
single bond, leading to the formation of propanethiyl radical 23330 — 399
(PTR) and propanesulfinic acid, is the major pathway when 595 MO 97
compared to the other possible abstraction and substitution RO, adduct propanethial

reactions. The barrier height for this reaction was computed to be

—5.4 kcal mol™! relative to that of the separated DPTS + *OH reactants. The rate coefficients for all the possible pathways for DPTS
+ *OH were explored by RRKM-ME calculations using the MESMER kinetic code in the atmospherically relevant temperatures T =
200—300 K and the pressure range of 0.1—10 atm. The calculated total rate coeflicient for the DPTS + *OH reaction was found to
be 1.7 X 107" cm® molecule™ s™" at T = 300 K and P = 1 atm. The branching ratios and atmospheric lifetime of DPTS + *OH were
also determined in the studied temperature range. In addition, electronic structure calculations on the multichannel reactions of PTR
with atmospheric oxygen (*0,) were investigated using the same level of theory. The calculations showed that unimolecular
elimination of hydroperoxyl radical (HO,) from the RO, adduct through formation of propanethial is a major reaction under
atmospherically relevant conditions. The overall results suggest that the atmospheric removal of DPTS is mainly due to reactions
with *OH and *0,, resulting in formation of propanesulfinic acid, propanethial, HO,, and sulfur dioxide (SO,) as the major
products. The atmospheric lifetime of DPTS was estimated to be less than 2 h in the studied temperature range. Estimations of the
global warming potential of DPTS and the products of its reaction with *OH reveal that while the contribution made by DPTS to
global warming is negligible, the various products formed as a consequence of its interaction with OH radical may make substantial
contributions to global warming, acid rain, and formation of secondary organic aerosols.

1. INTRODUCTION now have a reasonably clear picture of the amounts of sulfur
emitted from the oceans and their atmospheric fate. In
contrast, information regarding terrestrial biogenic sulfur
emission sources seems to represent the largest uncertainty
in the global sulfur budget. Specifically, VOSCs released from
living vascular plants and their removal from the atmosphere
are not well understood. This uncertainty is mainly due to the
diversity of sulfur compounds emitted, which include hydrogen
sulfide (H,S), sulfur dioxide (SO,), carbonyl sulfide (COS),
carbon disulfide (CS,), methanethiol (CH;SH), dimethyl

Volatile organosulfur compounds (VOSCs) have been the
focus of significant attention in recent years because of their
contribution to the atmospheric sulfur budget. These
compounds play an important role in atmospheric and
combustion chemistry, mainly in the formation of aerosols,
and elimination of sulfur compounds from crude oil or coal."”
They are also known to participate in global warming, acid
precipitation, and cloud formation.” The contribution to the
atmospheric sulfur burden from natural sources, such as
volcanoes, plant and animal decay, marine algae, inland bodies
of water, soil, bacteria, and so on, is estimated to be 0.47—2.2
Tmol S year .
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global sulfur cycle, but all of them underestimate the significant
amounts of biogenic sulfur needed to balance the global sulfur
cycle.” Over the last three decades, our knowledge of biogenic
sulfur emissions from the sea has improved significantly.”® We
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sulfide (DMS), dimethyl sulfoxide (DMSO), and dimethyl
sulfone (DMSO,).°

DMS and H,S have been proposed to be the two primary
sulfur species emitted by plants.””” However, various
thiosulfinates and other sulfur compounds were detected in
the atmosphere of a beech forest with Allium ursinum as the
ground cover.'"” The concentrations ranged from 0.3 to 7.8
ppm, with an average level of 2.9 ppb. The highest mean
emission rate of 62 ug S m™> h™' was reported for organic
sulfur species emitted from a terrestrial plant.'"’ These high
concentration levels of VOSCs released from various sources
into the troposphere are expected to be removed via photolysis
and reactions with atmospheric oxidants such as *OH, °Cl,
NO,, and ozone (O;).

Several studies have reported that thiosulfinates such as
dimethyl thiosulfinate (CH;—S(0)S—CH;, DMTS), dipropyl
thiosulfinate (CH;CH,CH,—S(0)S—CH,CH,CH,, DPTS),
propyl methyl thiosulfinate, diphenyl thiosulfinate, and diallyl
thiosulfinate are emitted from various Allium genus cash crops
such as garlic and onions that occupy large acreage on
farmlands.''* This raises the question of whether the farming
of these crops and their emission of organosulfur compounds
into the atmosphere results in organosulfur “hotspots” that
may contribute to global warming. Recently, our group has
investigated the atmospheric fate of DMTS with *OH/*Cl
radicals using high-level electronic structure calculations."* The
atmospheric oxidation of DMTS that occurs through its
interaction with *OH can in principle proceed via abstraction
and/or substitution pathways. Because the asymmetry of the
molecule makes its two methyl groups different, there are two
possible *OH-initiated hydrogen abstraction pathways de-
scribed by eqs 1 and 2.
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The possible substitution reactions of DMTS + *OH include
*OH attack on the S-atom sulfinyl group (—S(=0)), followed
by S(=0)—S or C—S(=0) single bond fission (eqs 3 and 4)
and *OH attack either above or below the plane of the S-atom,

followed by S(=0O)—S single bond cleavage as described by
eq S.

i I
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The results from the DMTS + *OH study suggested that
*OH addition to the sulfur atom of the sulfinyl group (—S(=
O)) of DMTS, followed by S—S(=0) single bond fission to
form methanesulfinic acid and the methanethiyl radical (i.e. eq
3) is the most favorable of the five available reaction paths. The
total rate coeflicient for the DMTS + *OH reaction at 300 K
was reported to be k = 1.4 X 107" cm® molecule™ s™."

The emission of DPTS, a structural analogue of DMTS,
from terrestrial plants has led to increased interest in
determining the reaction mechanisms and kinetics of its
degradation in the atmosphere. The main focus of the present
work was the question of how the atmospheric fate of DPTS is
impacted by interaction with OH radicals. This compound,
which is also called as S-propyl-1-propanethiosulfinate, is
commonly observed in onion (Allium cepa), shallot (Allium
fistulosum), and several other Allium genus plants.'” On release
into the troposphere, it is anticipated that it would undergo
reactions with *OH.'*™'® In principle, the atmospheric
oxidation of DPTS in the presence of *OH could proceed
via the two main reaction paths that were available to DMTS,
namely, (1) abstraction and (2) substitution. The possible
abstraction and substitution pathways of DPTS + °OH are
given below in eqs 6—14. Eqs 6—11 show the abstraction of a
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hydrogen atom from —CH, and —CH; moieties by *OH at
various sites within DPTS. The remaining reactions 12—14
represent the substitution pathways that can proceed by: (1)
addition of *OH to the sulfur atom of the sulfinyl (—S(=0))
group, followed by simultaneous cleavage of either the S(=
0)-S or C—S(=O) single bonds (eqs 12 and 13,
respectively); or (2) addition of *OH above or below the
plane of the S-atom, followed by simultaneous cleavage of the
S(=0)-S single bond (eq 14), forming the corresponding
products.

https://dx.doi.org/10.1021/acs.jpca.0c05200
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To date, there are no reports in the literature investigating
the atmospheric oxidation mechanism, energetics, and kinetics
of DPTS initiated by OH radical. Therefore, we investigated
this reaction using electronic structure calculations in
conjunction with the MESMER kinetic code.'” The rate
coefficients were calculated over the 200—300 K temperature
range and a 0.1—10 atm pressure range. Using the present
theoretical results, the oxidation of DPTS and its atmospheric
implications are discussed.

2. COMPUTATIONAL METHODS

The electronic structure calculations of the atmospheric
oxidation of DPTS with *OH were performed using the
Gaussian 16 suite quantum chemistry program.'® The
geometry optimization and frequency calculations of all the
minima on the potential energy surfaces (PESs) were
computed using the MO06-2X density functional method in
combination with the 6-311++G(3df,3pd) basis set. Various
studies have indicated that this functional can be used for
calculation of thermodynamic properties, barrier heights, and
noncovalent interactions."”~*" The M06-2X method is a
hybrid meta density functional with a high percentage of HF
exchange. This broadly applicable functional can be used for
calculating the thermochemical, barrier height, and non-
covalent interactions”” with average mean absolute errors of
~1.3, 1.2, and 0.5 kcal mol™}, respectively. The large 6-311+
+G(3df,3pd) Pople type basis set was selected based on its
excellent performance in estimating accurate binding energies
of complexes when it is used in combination with the M06-2X
functional."*”*° The transition states (TSs) and all other local
minima are identified based on the number of imaginary
frequencies. All the local minima have only real frequencies,
and TSs have a single imaginary vibrational frequency that
corresponds to the expected motion along the reaction
coordinate. Intrinsic reaction coordinate (IRC) calcula-
tions’>** were performed at the same level of theory to
confirm the obtained TSs connected with their corresponding
prereactive and postreactive complexes, respectively. Single-
point energy calculations were performed at the coupled-
cluster singles and doubles, augmented by a perturbative
treatment of triple excitation (CCSD(T)) level, in conjunction
with a cc-pVTZ basis set on the MO06-2X optimized
geometries.2 The calculated total electronic energies (Eiour)
and zero-point energy (ZPE)-corrected electronic energies
[Eow(ZPE)] for all the minima obtained at the M06-2X and
CCSD(T) levels are given in Table S1. The relative energies,
geometries, imaginary frequencies of various TSs, vibrational
frequencies, and rotational constants are provided in Tables
§2—S6. The spin contamination for all the stationary points
present in the DPTS + *OH reaction system was monitored.
The anticipated values of the total spin (S*) were estimated to
be between 0.75 and 0.77, which is within a 3% range of the
expected value of 0.75. Severe spin contamination could
possibly lead to a poorer estimation of the barrier height.”*’
However, the spin contamination in the present work is found

to be negligible.

3. RESULTS AND DISCUSSION

We first investigated the possible conformers of DPTS to
determine the most stable geometry in the atmosphere. The
structure of DPTS shown in Figure 1 indicates five
conformational degrees of freedom, a consequence of the
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Figure 1. Optimized stable conformer of DPTS calculated at the
MO06-2X/6-311++G(3df,3pd) level of theory.

internal rotation about the S2—C3, C3—C6, S2—S23, S23—
C13, and C13—C16 single bonds. The potential energy scan
calculations were performed using these five dihedral angles at
the M06-2X/6-31+G(d,p) level of theory. These computations
revealed a total of 67 possible conformers. The obtained
conformer geometries were further optimized and charac-
terized with frequency calculations at the M06-2X/6-311+
+G(3df,3pd) level. Based on the energies of each conformer,
the most stable conformer of DPTS was found to be that
shown in Figure 1. The high stability of this structure
compared to other conformations is mostly due to the
additional weak intramolecular hydrogen bonding interactions
that exist between the atoms O1:--H7 and O1---H14, with their
corresponding bond lengths of ~2.71 and ~2.75 A,
respectively. This is illustrated by the dotted lines shown in
Figure 1. We investigated the reaction mechanism of DPTS +
*OH using this conformer.

3.1. Stationary Points on the PES and Barrier Heights.
We chose to use density functional theory (M06-2X) for
geometry optimization and frequency calculations for all the
stationary points involved in the DPTS + °OH reaction
pathways. This was done because of the excellent performance,
computational cost, and high-accuracy results.”***” Using the
MO06-2X density functional, the first step was to determine the
best estimates of the barrier heights. For this reason, we carried
out single-point calculations at the CCSD(T)/cc-pVTZ level
on the M06-2X/6-311++G(3df,3pd) optimized geometries.””

As discussed in the introduction, the mechanism of DPTS +
*OH can proceed via two different classes of reactions, namely,
hydrogen abstraction and substitution pathways. The abstrac-
tion pathways involve a total of fourteen hydrogen atoms
located on the two propyl (CH;—CH,—CH,—) moieties
attached to the sulfinyl (—=S(=0)) and —S— atoms,
respectively, which should in principle provide 14 different
TSs. The M06-2X energy calculations found only 12 different
TSs. This is mainly because of the two —CH; groups of the
propyl moieties. While there are a total of six hydrogen atoms
involved, each —CH, has two H atoms that are equivalent and
one that is different. This results in a total of four TSs from the
two methyl groups, which were labeled as TSS, TS6, TS11, and
TS12. In addition, the four —CH, groups within the propyl
moieties involve eight hydrogen atoms. None of them are
equivalent, suggesting eight different TSs. They were
designated as TS1, TS2, TS3, TS4, TS7, TS8, TS9, and
TS10. In total, this yields 12 possible distinct hydrogen
abstraction TSs with the hydrogen’s involved illustrated below.

In the case of the substitution pathways, “OH addition can
occur either above or below the plane of the —S— atom of
DPTS via TSs labeled TS13 and TS14, to form propane-
sulfenic acid (CH;—CH,—CH,—S—OH) and the propylsul-

https://dx.doi.org/10.1021/acs.jpca.0c05200
J. Phys. Chem. A 2020, 124, 8292—-8304
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radical. Their associated TSs are denoted by TS1S and TS16,
respectively. Therefore, a total of four substitution TSs are
possible for the DPTS + *OH reaction system.

The PESs for the hydrogen abstraction and substitution
channels of the DPTS + °OH reaction obtained at the
CCSD(T)/cc-pVTZ//M06-2X/6-311++G(3df,3pd) level are
shown in Figures 2—4. The optimized geometries of the

-35

Figure 3. PES diagram for the hydrogen abstraction by *OH from the
CH;—CH,—CH,—S moiety of DPTS. The energies of the stationary

points were obtained at the CCSD(T)/cc-pVTZ//M06-2X/6-311+
+G(3df,3pd) level of theory. The symbol RC3 refers to the

prereactive complex; TSn (n = 7—12) refers to TSs, and PCn (n =

7—12) refers to postreactive complexes.
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Figure 2. PES diagram for the hydrogen abstraction by €OH from the
CH;—CH,—CH,—S(=0) moiety of DPTS. The energies of the

stationary points were obtained at the CCSD(T)/cc-pVTZ//MO06-

2X/6-311++G(3df,3pd) level of theory. The symbols RCn (n =1, 2)

refer to prereactive complexes; TSn (n = 1—6) refers to TSs, and PCn
(n = 1—6) refers to postreactive complexes.

reactants, TSs, RCs, and PCs involved in the DPTS + *OH
reaction system obtained at the M06-2X/6-311++G(3df,3pd)
level are shown in Figure S and Figure S1 of the Supporting
Information. From Figures 2—4, it is apparent that the
abstraction and substitution pathways initially proceed via
formation of a stable prereactive complex by association of the
two reactants DPTS and *OH. This then advances via a finite
barrier through a TS to ultimately form a postreactive complex
and the bimolecular products. Figure 2 shows the PESs

associated with the various *OH-mediated hydrogen abstrac-
tion channels from the propyl (CH;—CH,—CH,—) group

8295

Figure 4. PES diagram for the various *OH substitution channels
involved in the DPTS + *OH reaction, leading to the formation of
various products. The energies of the stationary points were obtained
at the CCSD(T)/cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of
theory. The symbol RCn (n = 2, 4, 5) refers to prereactive complexes,
TSn (n = 13—16) refers to TSs, and PCn (n = 13—1S5) refers to

postreactive complexes.

attached to the sulfinyl (—S(=0)) moiety of DPTS. The
energies displayed on the PESs were calculated at the
CCSD(T)/cc-pVTZ//M06-2X/6-311++G(3df,3pd) level of
theory. Each hydrogen abstraction channel starts initially by
forming a barrier-less prereactive complex (RC1 and RC2)
with binding energies of —7.5 and —4.4 kcal mol™" below those
of the separated reactants (see Figure 2), respectively. These
prereactive complexes are stabilized by the formation of

https://dx.doi.org/10.1021/acs.jpca.0c05200
J. Phys. Chem. A 2020, 124, 8292—-8304
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Figure S. Optimized geometries of all TSs for the DPTS + *OH reaction obtained at the M06-2X/6-311++G(3df,3pd) level of theory. The black,
yellow, red, and blue colors denote carbon, sulfur, oxygen, and hydrogen atoms, respectively.

hydrogen bonding interactions (see Figure S1). After the
formation of RCI1, each H atom abstraction path proceeds
through the formation of various TSs to form the
corresponding products. For example, TS1, TS3, TS4, TSS,
and TS6 are formed via a prereactive complex (RC1), and TS2
is formed via RC2. All the TSs lead to the formation of the
corresponding bimolecular products via their corresponding
product complexes. TS1, TS3, TS4, TSS, and TS6 form from
RC1 through the approach of the O— atom of *OH toward an
H-— atom of the —CH, or —CHj; moieties of the DPTS propyl
groups in such a way that abstraction of an H-atom occurs via
formation of a ring-like TS, with corresponding barrier heights
of —1.9, —2.1, 0.0, 3.2, and 2.5 kcal mol™/, respectively. These
TSs proceed further to form the corresponding product
complexes (PC1, PC3, PC4, PCS, and PC6), which leads to
the formation of bimolecular products (X + H,O, where X =
P1, P2, P3), as shown in Figure 2. The other TS (TS2) forms
between the prereactive complex (RC2) and postreactive
complex (PC2), with a barrier height of 1.0 kcal mol™" above
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that of the separated reactants. This reaction then proceeds
further by unimolecular decomposition of PC2 to form the
products P1 + H,O, as shown in Figure 2. The presented
results suggest that the abstraction of an H atom from the
middle —CH, group of the propyl moiety that is attached to
the sulfinyl (—S(=0)) of DPTS (via TS3), leading to
formation of P2 + H,O as products, is more dominant.

The PESs for the H atom abstraction pathways associated
with the second propyl group (i.e. the one attached to the —S—
atom of DPTS), and mediated by *OH, are shown in Figure 3.
The potential energy profiles begin with formation of
prereactive complex RC3, with a binding energy of ~7.0 kcal
mol ™! below the energy of the starting reactants. In RC3, the
hydrogen-bonded O-atom of *OH approaches the H— atoms
of the two —CH, and —CHj; moieties of the propyl group, and
can abstract each H atom via TS7, TS8, TS9, TS10, TS11, and
TS12, with barrier heights of —3.9, 1.3, 1.3, 0.4, 3.3, and —0.2
kcal mol™!, relative to the DPTS + *OH separated reactants,
respectively. These six TSs proceed to the stable postreactive
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complexes PC7, PC8, PC9, PC10, PC11, and PC12 and then
to form their corresponding bimolecular products (Y + H,O,
where Y = P4, PS, P6). The energies of TS7—TS12 suggest
that abstraction of a hydrogen from the —CH, that is attached
to the —S— atom of DPTS (via TS7) is more dominant
compared to the other possible pathways. Overall, based on
the barrier heights for all the possible hydrogen atom
abstraction paths, the formation of TS7 was identified to be
the most dominant.

‘While DMTS and DPTS are congeners which each contain
two methyl groups, the outcomes for their interactions with
*OH differ. Because they are both asymmetrical thiosulfinates,
the pair of methyl groups that they each have are nonidentical.
In the DPTS + *OH reaction, two H-abstraction TSs were
found for each methyl group, leading to a total of four H-
abstraction TSs. On the other hand, for the DMTS + *OH
reaction system, three different H-abstraction TSs from the
—CH, group attached to the —S(=0O) moiety, and two
different H-abstraction TSs from the —CHj group attached to
the S-atom, lead to a total of five H-abstraction TSs.'®> The
barrier heights for the H-abstraction from the —CH; group of
the propyl moiety attached to the sulfinyl group in DPTS were
found to be 2.5 and 3.2 kcal mol ™/, and the barrier heights for
the same reaction for the —CH; group of DMTS were
reported” to be 0.7, 1.9, and 2.7 kcal mol™!, respectively.
Similarly, the barrier heights for the H-abstraction from the
—CH; moiety of the propyl group attached to the S-atom of
DPTS were calculated to be —0.2 and 3.3 kcal mol™!, while the
values for the same reaction in the case of DMTS were
reported to be —0.4 and 1.7 kcal mol™."> The lower barrier
height values for the H-abstraction reactions in the DMTS +
*OH reaction are likely because of two main reasons: (1) the
presence of H-bonding interactions between the H-atom of the
*OH and the O-atom and S-atom of DMTS, leading to greater
stabilization of the TSs when compared to the analogous H-
abstraction TSs in the DPTS + *OH reactions which do not
exhibit these hydrogen bonding interactions, and (2) the
DPTS + *OH reaction energy calculations reported here were
performed at the CCSD(T)/cc-pVIZ//M06-2X/6-311++G-
(3df,3pd) level, whereas the DMTS + *OH reaction energies
were conducted at the CCSD(T)/aug-cc—pVTZ//MOé—ZX/é—
311++G(3df,3pd) level.

The second class of possible DPTS + *OH reactions involve
substitution pathways. The PESs for these channels are
illustrated in Figure 4. As shown, the addition of *OH above
the plane of the —S— atom, followed by —S(=0)—S single
bond cleavage, proceeds via RC4 to furnish TS13 with a barrier
height of 1.6 kcal mole™ relative to that of the separated
reactants. This reaction channel then proceeds through PC13
to form bimolecular products (P7 + P8). Similarly, OH radical
addition below the plane of the —S— atom of DPTS, via RC2,
leads to formation of TS14, with a barrier height of —1.9 kcal
mol™" below that of the separated reactants. This then
proceeds through the same PCI13 to form P7 + P8 as final
products. Two other important reactions include addition of
*OH to the sulfinyl (—S(=0)) sulfur atom followed by either
—S(=0)-S or —S(=0)—CH,— single bond cleavage to
generate TS1S and TS16 (via RCS), with barrier heights,
respectively, of —5.4 and —3.1 kcal mol™" relative to those of
the DPTS + *OH separated reactants. These two pathways
then proceed through formation of their corresponding
postreactive complexes PC14 and PC1S to form products
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(P9 + P10) and (P11 + P12), respectively. Taken together, the
barrier heights of all possible DPTS + *OH abstraction and
substitution channels suggest that addition of *OH to the
sulfinyl (—S(=0)) sulfur, followed by simultaneous cleavage
of the (—S(=0)-S) single bond through TS1S (with a
barrier height of —5.4 kcal mol™"), is more dominant.

3.2. Theoretical Kinetic Analysis. Master Equation
Solver for Multi-Energy well Reactions (MESMER (v.5.2))
kinetic code'” was used to perform the rate coefficient
calculations for DPTS + *OH reaction pathways in the form
of the energy-grained master equation (EGME). This
approach has been described in detail in our previous work'’
and in several other studies.”"*”*' It considers the reaction
dynamics as influenced by molecular collisions because of
energy dissipative processes and provides the kinetics of the
reaction system at the microcanonical level. The micro-
canonical rate coefficients are acquired from RRKM theory,
and the energy transfer properties for all the potential wells or
intermediates are calculated assuming an exponential-down
model represented by the average energy transferred upon
collision with the bath gas (AE,,,). The required input
parameters (energies, vibrational frequencies, and rotational
constants) in the MESMER calculations for all the stationary
points on the PESs (eqs 6—14, and Figures 2—4) were
obtained from ab initio/DFT electronic structure calculations
performed at the CCSD(T)/cc-pVTZ//M06-2X/6-311++G-
(3df,3pd) level. Rate coefficients were extracted from the
chemically significant eigenvalues using a procedure similar to
that described by Bartis and Widom.”*~** MESMER solves the
master equation and the subsequent eigenvalue—eigenvector
analysis and outputs the concentration time-profile for each
species together, with the phenomenological rate coefficients
of the system.

The PESs shown in Figures 2—4 suggest that the association
of the reactants (DPTS and *OH) in the entrance channels
leads to formation of prereactive complexes (RCs), which then
form corresponding postreactive complexes (PCs) via a TS.
The formed PCs dissociate into individual products, which is
clearly seen from the exit channels of all the PESs (see Figures
2—4). The association of starting reactants and the reverse of
the dissociation of products in the PESs were found to be
barrier-less processes. To calculate the microcanonical rate
coeflicients for these kinds of reactions, MESMER uses the
inverse laplace transform (ILT) approach.'” Such barrier-less
reactions have rate coeflicients that are close to the capture
limit (i.e. ~1 X 107'° cm® molecule™ s™'). In the present work,
the Arrhenius pre-exponential factor (A) that was used in the
ILT approach was set to values between 5.0 X 107'% and 1.0 X
107" cm?® molecule™ s™* for the entrance and exit channels of
the DPTS + *OH reaction, respectively. The other required
parameters of activation energy and the modified Arrhenius
parameter were set to 0 kcal mol™' and 0.1, respectively.
MESMER uses the RRKM theory to calculate microcanonical
rate coefficients for the reaction steps involving RCs to PCs
through a well-defined TS.

3.3. Kinetics. Rate coefficients for all the reaction pathways
for the DPTS + °OH system were calculated using the
MESMER kinetic code in the temperature range of 200—300 K
and at 1 atm pressure.'” As described in the theoretical kinetic
analysis section, the necessary input parameters for the
MESMER calculations were taken from the present computa-
tional calculations. Lennard-Jones (L-J) parameters are also
required for the potential wells (RCs and PCs) involved in the
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1. The data from the table clearly suggest that the total H-
abstraction reaction rate coefficient values are ~2—4 times
smaller than the total substitution reaction rate coefficient
values in the studied temperature range. Therefore, the
substitution reactions are more dominant than the H-
abstraction reactions.

The data from Table 1 suggest that the rate coefficient
obtained via TS1S is higher than those for the other possible
abstraction and substitution paths in the studied temperature
range. Therefore, it can be concluded that addition of *OH to
the sulfinyl moiety of DPTS, followed by S(=0)—S single-
bond cleavage through TS1S, leading to the formation of
propanethiyl radical (PTR) and propanesulfinic acid as
products, is a major pathway when compared to the other
possible channels. For example, the bimolecular rate coeflicient
at 300 K via TS1S for the DPTS + *OH reaction pathway was
found to be 9.7 X 107! cm® molecule™ s7!, whereas all the
other reaction channels, with the exception of the abstraction
channel via TS7 with a rate coefficient of 5.8 X 107" cm?®
molecule™ s7! at the same temperature, were ~1—5 orders of
magnitude smaller. Furthermore, the Eckart tunneling38
contributions to the rate coeflicients for each reaction path
were also estimated. These values, which are listed in Table S7,
indicate that the abstraction channel rate coefficients increased
by ~2—6 times, and that the values for the substitution
channels are almost independent of tunneling in the studied
temperature range. This situation is clearly due to the
observation that the M06-2X calculated imaginary frequencies
for the TSs involved in the substitution channels are less than
600 cm™' (see Table SS). Hence, they have a negligible
influence on the calculated rate coefficients.’”

The total rate coefficients (k2X15*OH) for the DPTS + *OH
reaction were calculated by summing the individual reaction
path rate coefficients at the corresponding temperatures using
eq 17, where kipi>*O" is the total rate coefficient for the
reaction of DPTS + *OH, and krg, (n = 1—16) represents the
individual reaction path rate coefficients via TS1—TS16. In the
total rate coefficient calculations, the contributions of rate
coefficients for the reactions proceeding via TSS and TS11
were multiplied by a factor of 2 (see eq 17). This is because the
TS energy for the abstraction of two hydrogen atoms from the
two methyl groups of DPTS involves the same energy, and
hence, they were considered as a single TS.

DPTS+OH
k O =

total -

kpsi + krgy + krgy + krgy + 2kpgs + krgg
+ krgy + kpgg + kpgo + krsio + 2k

+ krgia + krgis + krsig + krsis + krgie
(17)

The calculated total rate coeflicients are provided in Table 1,
and the values are also plotted in Figure 6 for the temperatures
between 200 and 300 K at a pressure of 1 atm. The total rate
coefficients and the trend in Figure 6 revealed a negative
temperature dependence within the entire studied temperature
range. There are no reported studies available on the DPTS +
*OH reaction using both experimental and theoretical
calculations with which to compare our calculated rate
coeflicient values. Therefore, we compared the rate coeflicients
calculated for the DPTS + *OH reaction in the temperatures
between 200 and 300 K with those computed for the reaction
of DMTS + °OH within the same temperature range, and
these are plotted in Figure 6. The rate coefficients for the
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Figure 6. Comparison of the calculated total rate coefficients for the
reaction of DPTS with *OH to form various products over the
temperature range 200—300 K and at pressures of 0.1, 1, and 10 atm.
The total rate coefficients for the reaction of dimethyl thiosulfinate
(DMTS) with *OH reported over the same temperature range and at
1 atm pressure (red colored circles) are included for comparison.

DPTS + *OH reaction were found to be 10 to 55 times higher
than those for the DMTS + °OH reaction in the studied
temperature range (see Figure 6). For example, the rate
coefficient for the DPTS + °*OH reaction at 300 K was
KDPISTOH — 17 x 107'° cm® molecule™ s™! and that for the
DMTS + *OH reaction was k,,,; (CH;—S(O)S—CH; + *OH)
= 1.4 X 107" cm® molecule ™ s7'. This suggests that the DPTS
+ *OH reaction rate coefficient is ~10 times higher than the
value for the DMTS + *OH reaction.'”> This result can be
ascribed to the lower barrier heights for the abstraction
channels and the increase in the number of H-abstraction sites
for the DPTS + *OH reaction when compared to the DMTS +
*OH reaction.

We also compared the total H-abstraction reaction rate
coefficients involved in DMTS + °*OH and DPTS + °*OH
reactions. At 300 K, the total H-abstraction rate coefficient for
DMTS + *OH is reported to be 2.43 X 107" cm® molecule™
s™, which is ~27 times smaller than the analogous reaction in
the DPTS + *OH system at the same temperature. The total
abstraction rate coefficients for the DPTS + *OH reaction are
higher, even though the barrier heights for the —CHj; group H-
abstraction reactions involving the DMTS + *OH reaction
system are lower than the barrier height values of the same
reactions involving DPTS + *OH. This is mainly because of
the presence of four different —CH, group H-abstraction
reactions of the DPTS, which contribute to the total H-
abstraction reaction rate coeflicient involved in the DPTS +
*OH reaction system.

We performed rate coefficient calculations for all the
pathways using the MESMER kinetic code in the temperatures
between 200 and 300 K and the pressures used were 0.1, 1, and
10 atm. The corresponding values are displayed in Tables 1,
S8, and S9 of the Supporting Information. The values in Tables
1, S8, and S9 suggest that the individual H-abstraction reaction
paths rate coefficients (krg; — krg;,) show a weak pressure
dependence at lower temperatures (<250 K). Beyond this
temperature, rate coeflicient values were found to be
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independent of pressure. The total rate coefficients were
obtained by adding the individual reaction channel rate
coefficients obtained at 0.1, 1, and 10 atm in the same
temperature range. The results are also displayed in Tables 1,
S8, and S9, and the values are plotted in Figure 6. The total
rate coeflicients curves at 1 and 10 atm nearly overlap for the
DPTS + *OH reaction. At 0.1 atm, the total rate coeflicients
show little pressure dependence at low temperatures (<250 K)
and beyond this temperature, rate coefficient values are nearly
independent of pressure. For example, at 300 K, the total
DPTS + *OH reaction rate coefficients at pressures 0.1, 1, and
10 atm were found to be 1.11 X 107'%, 1.65 x 107'°, and 1.71
X 107" cm® molecule™ s7', respectively.

The reaction for the major substitution channel (R12) most
likely follows a two-step mechanism. The reaction first
proceeds via the association of *OH with DPTS to form a
prereactive complex (RCS) with simultaneous cleavage of the
S(=0)-S single bond via TS1S, leading to the formation of
propanesulfinic acid and PTR. To verify that this reaction most
likely proceeds via a prereactive or adduct formation
mechanism, we performed rate coefficient calculations for the
association reaction step (DPTS + *OH — RCS) using the
Bartis and Widom method at 240 K, within a pressure range
from 107° to 10° atm. The results are presented in the Troe-
type plot shown in Figure S2. The resultant rate coeflicient
trend shows the standard pressure-dependent form for the
association reaction,”® and the values increase to a high-
pressure limit. Therefore, we can conclude that the present
reaction proceeds in two steps (i.e. DPTS + *OH undergoes
association to form a prereactive complex, and then cleavage of
the S(=0)-S single bond leads to the formation of products
such as propanesulfinic acid and PTR).

Branching ratios were calculated to determine the
contribution from each reaction path to the total rate
coefficient in the studied temperature range of 200—300 K.
The branching ratio values of all the reaction pathways via the
various TSs (TS1—TS16) are displayed in Table S10. Each of
the reaction path contributions shown were calculated from
the ratio of individual channel rate coefficients, to the sum of
the rate coefficients of all the channels at the corresponding
temperatures. The results, which are presented in Table S10,
suggest that the substitution channel proceeding through TS15
is kinetically the more dominant reaction. The branching ratio
contribution of this reaction to the total reaction was found to
decrease from 79 to ~59% as the temperature increased from
200 to 300 K. However, the contribution of the abstraction
reaction via TS7 was found to increase with increasing
temperature (from 20 to 35%) for the total reaction in the
studied temperature range. The other remaining reaction
contributions were found to be ~1 to S orders of magnitude
smaller compared to the values of the reactions that proceeded
through TS7 and TS1S. For example, the branching ratio
values (in percent) for all the possible reaction paths at 300 K
were estimated to be: TS1 = 2.2%, TS2 = 0.08%, TS3 = 1.9%,
TS4 = 0.06%, TSS = 4.3 X 107°%, TS6 = 1.2 X 107°%, TS7 =
34.9%, TS8 = 0.1%, TS9 = 0.01%, TS10 = 0.12%, TS11 = 3.6
X 107%%, TS12 = 0.08%, TS13 = 2.6 X 107°%, TS14 = 0.4%,
TSI1S 58.7%, and TSI16 1.4%. The calculated total
hydrogen abstraction rate coefficient (ki) and total
substitution rate coefficient (k™) in the temperature range
between 200 and 300 K are given in Table 1. The data from
Table 1 reveal that the total contribution of hydrogen
abstraction reactions is ~20—40%, and the remaining
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contribution of ~60—80% is from the substitution channels
in the studied temperatures between 200 and 300 K.

In addition, we also estimated the atmospheric lifetime
of DPTS due to its reaction with tropospheric *OH using eq
18

T = 1/koy[OH]

13,28

(18)

where kqoy represents the total rate coefficient (in cm?®

molecule™ s7!) for the DPTS + *OH reaction, and [OH] is
the average tropospheric concentration’’ of the OH radical
(~1.0 X 10° molecules cm®). Using our calculated DPTS +
*OH reaction rate coeflicients, the atmospheric lifetime of
DPTS was determined to be 0.3—1.7 h in the studied
temperature between 200 and 300 K. Therefore, the
contribution of DPTS to global warming is negligible because
its lifetime in the atmosphere is very short (less than 2 h).

Global warming potential (GWP) provides a relative
measure of the heat trapped by a greenhouse gas in the
atmosphere. It can be estimated using time-integrated radiative
forcing of the atmospheric gas relative to carbon dioxide. This
is an important atmospheric parameter which can be estimated
for the reactant and various products present in the DPTS +
*OH reaction system using eq 19

t —t/T
afo e dr

GWP = —%
AGWE,

(19)

where a is the total radiative forcing (W m™ ppbv™'), t is the
time horizon, and AGWP(, is the absolute GWP for CO,.

The equation provided by Pinnock et al.*' was utilized in the
calculation of the total radiative forcing (a), and it can be
calculated by using eq 20 given below

a= Y AF()
k

(20)

In eq 20, A, represents the absorption cross section (cm®
molecule™") and F(v;) represents the radiative forcing function
per unit cross section per wave number in (W m™> (cm™))™!
(cm? molecule™)™"). The vibrational frequencies (v;) and
intensities (A;) of the corresponding vibrational mode k for the
DPTS reactant, and the various products present in the DPTS
+ *OH reaction system, were taken from our computational
calculations. The atmospheric lifetime (z) of DPTS with
respect to *OH was obtained from the present study. Rate
coeflicients were not available in the literature for products
such as propanesulfinic acid and propanethial with *OH
reactions to estimate their atmospheric lifetimes, which is
required in calculating the GWP. Therefore, to get the
atmospheric lifetimes of the products, the rate coefficients were
estimated using the Atmospheric Oxidation Program for
Microsoft Windows (AOPWIN v.1.92).* By this method,
the bimolecular rate coefficients at 298 K for the propane-
sulfinic acid + *OH and propanethial + *OH were estimated to
be 1.04 x 107! and 1.99 X 107! cm® molecule™ s7}
respectively. Using the rate coeflicient data, the atmospheric
lifetime of the propanesulfinic acid and propanethial with
respect to *OH were estimated, and the values are given in
Table 2. The atmos4pheric lifetime for SO, was calculated using
the rate coefficient™ reported for the reaction SO, + *OH at
298 K and was found to be 1.25 X 107'* cm® molecule™ s7".
The calculated GWPs for the different horizons of time for the
reactant (DPTS) and three different products (propanesulfinic
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Table 2. Calculated Atmospheric Lifetimes and GWPs of
DPTS, Propanesulfinic Acid, Propanethial, and Sulfur
Dioxide

GWP
molecule lifetime (days) 20 S0 100
DPTS 0.07 0.02 0.009 0.00S
propanesulfinic acid 1.11 1.00 0.44 0.26
propanethial 0.58 0.14 0.06 0.03
sulfur dioxide 9.26 1.76 0.78 0.45

acid, propanethial, and SO,) are given in Table 2. The GWP of
DPTS is almost 2 orders of magnitude smaller compared to the
products (see Table 2). Therefore, the degradation products
may have a higher impact on global warming as compared to
the DPTS reactant from which they were derived.

A mechanism analogous to that for the DMTS + °OH
reaction was also considered for the atmospheric oxidation of
DPTS initiated by °Cl radical. The most plausible mechanism
proposed for the DPTS + °Cl reaction is shown in Figure 7.
Like the DMTS + *OH reaction mechanism, the DPTS + °Cl
reaction also undergoes hydrogen abstraction and substitution
pathways (Figure 7). All of the possible hydrogen abstraction
channels for the DPTS by °Cl system lead to formation of C-
atom-centered DPTS radicals with HCI as products. Presented
in Figure 7 are three substitution pathways available for the
DPTS + °Cl reaction: (i) *Cl attack above or below the S-atom
of DPTS, followed by S(=O)-S single bond fission via
substitution pathway 1, leading to formation of propylsulfinyl
radical [CH;CH,CH,S*(=0)] and propylsulfenyl chloride
(CH,CH,CH,S—Cl) as products and (ii) substitution path-
ways 2 and 3 in which attack by *Cl on the S-atom of the S(=

O) moiety is followed by either C—S(=0) or S—S(=0)
single bond cleavage, leading to formation of CH;CH,CH,S—
S(=0)-Cl + propyl (CH3CH,C-H,) radical or 1-propane-
sulfinyl chloride (CH;CH,CH,S(=0)—Cl) + propanethiyl
(CH;CH,CH,S*) radical as products. Thus, the mechanism
suggests formation of compounds such as CH;CH,CH,S—CI,
CH,CH,CH,S—-S$(=0)-Cl, CH,CH,CH,S(=0)-Cl, and
HCI as final products. Further studies are required to estimate
the atmospheric fate and lifetime of DPTS with °Cl and the
corresponding chlorinated products. Because chlorinated
compounds generally have longer lifetimes and can diftuse
into the stratosphere, they can serve as a potential source of
halogen atoms that could disturb the ozone balance in the
stratosphere."**> Therefore, these compounds might have
adverse effects on the stratospheric ozone layer.

3.4. Atmospheric Fate of PTR in the Presence of 30,.
The energetics and rate coefficient data that were determined
in this work suggest that the DPTS + °OH reaction
predominantly leads to the formation of PTR in the
atmosphere. Once released, it can rapidly react with molecular
oxygen (*0,), because atmospheric oxygen is present in large
quantities in the troposphere.”** Thus, we also investigated
the atmospheric fate of PTR in the presence of O, using the
same computational methods described earlier. The PES
diagram involving multichannel pathways for PTR + *0, is
shown in Figure 8. The reactants, intermediates, TSs, and
products on the PESs were optimized at the M06-2X/6-311+
+G(3df,3pd) level of theory, and the energies displayed on the
PESs were computed at the CCSD(T)/cc-pVTZ//M06-2X/6-
311++G(3df,3pd) level. The optimized structures of all the
minima present on the PES involving all the possible pathways
are shown in Figures 8 and S3. The T1 diagnostic values for

I
Cl
+
Pl NN
propylsulfinyl radical propylsulfenyl chloride
substitution
pathway 1 ﬁ
S
o CI/ \S/\/
DPTS radical !o! Cl
radicals . —_ >
+ b tCI ti \S/\/ substitution *
abstraction athway 2
HCl pathways  dipropyl thiosulfinate (DPTS) pafway N\
propyl radical
substitution
pathway 3 | *Cl
(0]
.

/\/S\C|

1-propanesulfinyl chloride

e g

propanethiyl radical

Figure 7. Most plausible mechanism for the atmospheric oxidation of DPTS initiated by ClI radicals to form various chlorinated products in the

troposphere.
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level of theory.

the PTR + 30, reaction were also calculated (at the
CCSD(T)/cc-pVTZ level). The T1 diagnostic values for all
species were observed to be smaller than 0.03. This indicates
that the multireference character of the CCSD(T) wave
functions was negligible.* Figure 8 shows that the association
of reactants (i.e. PTR and *0,) leads to an adduct (trans-RO,)
via TS17, with a barrier height of 3.2 kcal mol™" above that of
the starting PTR + O,-separated reactants. The binding energy
of the trans-RO, was computed to be 2.8 kcal mol™" below that
of the separated reactants at the CCSD(T)//M06-2X level.
The formed trans-RO, adduct may undergo several isomer-
ization reaction paths such as: (1) internal rotation about the
R—OO single bond; (2) H-atom transfer; and (3) intra-
molecular rearrangement of the S—O—0O moiety.

The trans-RO, primarily undergoes internal rotation about
the R—OO single bond via TS18 to form cis-RO, with a barrier
height of —2.7 kcal mol™ relative to that of the separated
reactants. The energy of cis-RO, is ~1.0 kcal mol™" more stable
than the trans-RO, mostly because of the two internal
hydrogen bonds between the terminal peroxy O-atom and
the H-atoms of the two —CH, groups. cis-RO, can undergo
decomposition through four additional forward reaction
channels to form various products. One involves elimination
of the HO, radical from cis-RO,, yielding propanethial (P13).
This path was found to have a lower barrier than the other
three possible channels (see Figure 8), and it is therefore
concluded that this reaction is the most important under
atmospheric conditions. It proceeds via H-atom transfer from
the —CH, moiety to the terminal peroxy O-atom, with
simultaneous cleavage of the S—O single bond, and formation
of a C—S double bond through a five-membered ring TS
structure (TS19—Figure 8). The barrier height for this
reaction via TS19 was found to be 10.7 kcal mol™ above
that of the PTR + O, separated reactants.

The second involves hydrogen atom transfer reactions of cis-
RO, by two pathways: (i) transfer of the H atom of the —CH,
moiety to the terminal O-atom of cis-RO, via TS20, with a
barrier height of 16.5 kcal mol™" relative to that of the starting
reactants. This pathway then proceeds via the postreactive
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complex PC17 to a four-membered ring product (P14) and
OH radical through TS21, with a barrier height of 100.5 kcal
mol™" above that of the reactants; and (ii) H atom transfer
from the —CHj; group of ¢is-RO, to the peroxy-group terminal
O-atom via TS (TS22). The barrier for this reaction was found
to be 18.2 kcal mol ™' relative to that of the separated reagents,
and the reaction continues to form the product (P1S).
Comparison of these reaction barriers suggests that of the two,
H atom transfer from the —CH, group to the terminal O-atom
of cis-RO, to form ROOH radical is more energetically feasible
because its reaction barrier height is ~1.7 kcal mol™"' lower
than that of the —CHj; group H-atom transfer reaction.

The third possible decomposition pathway of cis-RO, in the
forward direction was found to be intramolecular rearrange-
ment of the S—O—O group. Attack by the peroxy radical
terminal O-atom on the sulfur atom of cis-RO, results in
formation of a three-membered SOO ring, which then
undergoes simultaneous cleavage of the weak peroxy bond
(cissRO—O) via TS23 with a barrier height of 18.0 kcal mol™'
relative to that of the separated PTR + O, reactants. This
results in formation of the more stable RSO, adduct (R =
CH,CH,CH,) which then further reacts by two pathways: (i)
direct cleavage of the C—S single bond in R—SO, to form
propyl radical (P16) + SO,; and (ii) simultaneous cleavage of
the C—S bond and formation of the C—O bond in RSO,. This
proceeds via TS24, with a barrier height of —18.7 kcal mol™
relative to that of the separated reagents, to form adduct PC18
(see Figure 8). PC18 undergoes further cleavage of the C—O
single bond via TS2S to form propyl radical (P16) + SO, as
final products. The PC18 adduct also isomerizes via TS26 to
form P17 + HOS® as final products.

Based on the PTR + O, calculations presented here, the
concerted elimination of HO, radical from the RO, adduct is
the more dominant reaction at low-level concentrations of NO
and HO, radicals. NO and HO, radicals are important trace
molecules in the atmosphere, with concentrations in polluted
urban areas of ~9.0 X 10'® molecules cm™ and ~7.0 X 10°
molecules cm™>, respectively.” Therefore, RO, + NO and RO,
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+ HO, reactions will compete with unimolecular HO,
elimination from the RO, adduct in the atmosphere.

4. CONCLUSIONS

A detailed theoretical investigation of the gas-phase reaction
mechanism of DPTS initiated by *OH at the CCSD(T)//
MO06-2X level of theory is reported for the first time. The
results reveal that the most dominant reaction results in
formation of PTR and propanesulfinic acid via *OH addition
to the sulfinyl S-atom, followed by S(=0)-S single-bond
fission. The rate coeflicients for all of the abstraction and
substitution pathways were calculated using the MESMER
kinetic code in the temperature range between 200 and 300 K,
and the bath gas pressures were varied between 0.1 and 10
atm. The total rate coeflicient for the DPTS + *OH reaction
was estimated to be k2P15*OH = 1.7 x 107'° cm® molecule™ 57!
at T = 300 K and P = 1 atm. The branching ratios were
calculated for all possible reaction pathways. The major
reaction, which resulted in formation of PTR and propane-
sulfinic acid contributed ~59% to the total reaction at 300 K.
The atmospheric lifetime of DPTS was estimated to be less
than 2 h in the studied temperature range. This suggests that
its contribution to global warming is almost negligible. In
addition, the reaction of the formed PTR + 30, was studied.
The dominant path resulted in unimolecular elimination of
HO,, yielding propanethialdehyde. Overall, the atmospheric
oxidation of DPTS initiated by OH radical, and in the presence
of molecular oxygen, leads to the formation of propanesulfinic
acid, propanethial, SO,, hydroperoxyl radical (HO,), HOS
radical, and propyl radical as major end products. The results
suggest that while DPTS itself makes a negligible contribution
to global warming, the products formed as a consequence of its
interaction with OH radical may make substantial contribu-
tions to global warming, acid rain, and formation of secondary
organic aerosols.
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