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bComputational Chemistry and Biology Grou

Universidad de la República, Montevideo, U

com

† Electronic supplementary information
and vibrational frequencies of species con
by OH radicals and therm
https://doi.org/10.1039/d3ea00010a

Cite this: Environ. Sci.: Atmos., 2023, 3,
1075

Received 16th January 2023
Accepted 3rd May 2023

DOI: 10.1039/d3ea00010a

rsc.li/esatmospheres

© 2023 The Author(s). Published by
y of the complex photooxidation
of allyl methyl sulfide (AMS): reaction paths and
products of addition under different atmospheric
conditions†

Alejandro L. Cardona, a Maŕıa B. Blanco,a Mariano A. Teruel*a

and Oscar N. Ventura *b

The addition mechanism of the OH-initiated oxidation of allyl methyl sulfide (AMS) under atmospheric

conditions was studied theoretically using both density functional theory (DFT) and the SVECV-f12

composite method. We found that the addition does not occur directly but rather through a pre-reactive

complex that serves as a previous stage for addition at both the C1 and C2 positions. However, based on

thermodynamics the addition at C2 possibly occurs by branching of the C1 addition mechanism. Once the

addition proceeds, the reaction with O2 under atmospheric conditions produces RO2 radicals that can

decompose in multiple ways. Complex mechanisms of intramolecular rearrangement and decomposition

both in the absence and presence of NOx have been examined. The thermodynamically most favourable

decomposition paths produce 2-hydroxy-acetaldehyde, 2-methyl-thio-acetaldehyde, formaldehyde, and

the methyl thiomethyl peroxy (MSP) intermediate. This latter species is proposed as the main source of

sulfur dioxide (SO2), which is the product found in the highest yield during the experimental determinations.
Environmental signicance

Sulfur-containing volatile organic compounds (VOSCs), which can be emitted in signicant quantities during the decomposition of organic matter, produce
mainly SO2 during their atmospheric oxidation, a species with the ability to acidify the atmosphere and to form aerosols. Furthermore, in the case of unsaturated
suldes, the degradation mechanism could be extremely complex and gives rise to multiple possible products, some of which are expected and observed, while
others are unusual and have not been observed yet. The theoretical study of the reaction mechanisms presented in this paper using high accuracy methods
allows for an understanding of how these reactions take place. Moreover, this study opens the exciting possibility of new experimental studies that can lead to
identication of new products predicted theoretically.
1 Introduction

Allyl methyl sulde (AMS) is one of the simplest allyl suldes,
a member of the family of volatile organosulfur compounds
(VOSCs), with just a methyl group attached to the sulfur atom.
This sulfur containing VOC is emitted into the atmosphere
mainly by anaerobic decomposition of organic matter1,2 and
food wastes.3,4 The gas phase decomposition of VOSCs has
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important environmental consequences; for instance, they
contribute to the acidication of the atmosphere and to aerosol
formation.5 Once in the atmosphere, their main path is the gas
phase degradation initiated by OH radicals,6 as in other
unsaturated compounds. This reaction usually initiates via
addition to the C]C double bond,7,8 leading to the formation of
simpler species.

As in the case of dimethyl sulde (DMS) degradation, the
formation of the methyl thiomethyl radical ðCH3SCH�

2Þ is
observed in the oxidation of AMS.9–11 This radical reacts rapidly
with atmospheric O2 to form methyl thiomethyl peroxy radical
(MSP, H3CSCH2OOc).12 Using electronic structure calculations
and RRKM simulations, previous studies showed that an
intramolecular H-shi is fast enough to compete with bimo-
lecular reactions under atmospheric conditions.12,13 Besides,
experimental ndings reveal a two-step isomerization process
of MSP radicals, nally forming HOOCH2SCHO accompanied
by OH recycling.12 In this context, Veres et al. recently reported
evidence of previously unquantied DMS oxidation product,
Environ. Sci.: Atmos., 2023, 3, 1075–1089 | 1075
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hydroperoxymethyl thioformate, from global-scale, airborne
observations.14

In our recently published experimental work, we determined
the rate coefficient of the gas phase degradation of AMS initi-
ated by OH radicals where the main reaction products were
detected and quantied.15 Our ndings led us to assume that
the degradation mechanism could be more complex than for
other unsaturated compounds, due to the presence of the sulfur
atom in the molecule. In the case of alkyl suldes, it has been
proposed that in the reaction with OH radicals, those can
weakly bind to the sulfur atom, leading to a prereactive complex
which has been related to a negative temperature depen-
dence.16,17 Notwithstanding that high yields of SO2 were deter-
mined, as expected, the formation mechanism of this and other
products is not clear enough and the distribution between the
mechanisms of addition and abstraction of hydrogen is still
uncertain.

Although there are a few theoretical studies on AMS, they
mostly aimed to understand gas phase thermal unimolecular
decomposition.18,19 To the best of our knowledge, there are no
computational studies on gas-phase degradation initiated by
atmospheric radicals. Therefore, in this work we explore in
depth the energetics of the addition reaction mechanism
involved in the gas phase degradation of AMS initiated by OH
radicals using computational methods, to better understand
and complement our previous experimental nding o allyl
suldes.15

2 Computational details

Geometry optimizations and vibrational analysis of stationary
points involved in the gas phase degradation of AMS initiated by
OH radicals via addition to the C–C double bond were per-
formed using two hybrid exchange–correlation density func-
tional theory (DFT) methods; M06-2X with empirical Grimme
dispersion (GD3) andMN15.20–22 Dunning's cc-pVTZ and aug-cc-
pVTZ basis sets were employed for calculations.23 This is not
a random choice. An extensive study of DFT functionals applied
to the GMTKN55 database by Goerigk et al.24 showed that
dispersion corrected Minnesota functionals are among the top
performers, unless one resorts to the much more expensive
double hybrid functionals. Since no multicongurational
species are expected to have relevance in this study, the M06-2X
method is appropriate, and the D3 dispersion is necessary, as
noted by Goerik et al., even if the original method included part
of the dispersion in the determination of the parameters.

For local minima, reactants (R), intermediates (IM), product
complexes (PW) and nal products (P), the absence of imagi-
nary frequencies was veried. For transition states (TSs), the
presence of a single imaginary frequency conrmed that the
structures have a translational mode and are maximum w.r.t.
the reaction coordinates. Furthermore, intrinsic reaction coor-
dinate (IRC) analyses were performed to conrm that the
structure is the correct TS for the path, i.e., that it connects
appropriate reactants and products.

In order to get more accurate energies, the recently devel-
oped SVECV-f12 composite method was applied.25 This protocol
1076 | Environ. Sci.: Atmos., 2023, 3, 1075–1089
starts by performing M06-2X-D3 geometry optimization and
frequency evaluation. The total energy is then obtained at the
optimum geometries by the explicitly correlated CCSDS(T)-F12
method26,27 extrapolated to the complete basis set limit using
the cc-pVDZ-F12 and cc-pVTZ-F12 basis sets.28 Finally, the core
valence correlation energy is calculated by employing the MP2
method with the cc-pVCTZ basis set.23 The protocol has been
tested specically for the prediction of barriers of reaction for
several archetypical systems25 and found to produce results with
an accuracy of 0.5 kcal mol−1 or better, in comparison with
experiments and/or more sophisticated and expensive methods
of calculation.

T1 diagnostics for all the species were checked and found to
be#0.03, indicating that the use of the single-reference method
to describe the wave function is appropriate. DFT calculations
were performed using the Gaussian 16 soware package,29while
the SVECV-f12 calculations were performed using the Molpro
2020 30 and ORCA V5.0 31–33 programs.
3 Results and discussion

We have computationally explored the complete oxidation
mechanism of AMS initiated by the OH radical addition to both
the a and b positions of the vinyl moiety (H2C

a= CbHR) labelled
as C1 and C2 from now on. Accordingly, C3 is the carbon
bonded to C2 and sulfur and C4 is the carbon atom in the
methyl group.

Performing an optimized scan using the C2–C3–S–C4 dihe-
dral angle as the dependent variable (while optimizing all the
rest of the geometrical parameters, including the C1–C2–C3–S
dihedral angle) we found three local minima, as shown in Fig. 1.
From these results the difference between the three conformers
AMS_1, AMS_2 and AMS_3 is about 2 kcal mol−1 with all the
methods used. Since the corresponding isomerization barriers
are easily overcome at room temperature, it is reasonable to
assume that the three isomers are in equilibrium and ruled by
a Boltzmann distribution. Using the best free energies (at the
SVECV-f12 level) for the optimized geometries of the three
isomers, we obtained relative concentrations of 83%, 5% and
11% respectively (using optimum geometries and the best
method of calculation, it was found that AMS_2 is less stable
than AMS_3 and both are less stable than AMS_1). Thus, taking
this equilibrium into account, the reaction will proceed from
the AMS_1 isomer preferentially. Therefore, all energies in the
following are displayed relative to that of the AMS_1 isomer.
Initially, the results for OH addition and further oxidation
leading to products are described assuming that ROOc radicals
produce ROc + O2 via peroxy radical recombination. Then, two
alternative routes for the mechanism of decomposition of ROOc
radicals were explored: the reaction with NO2 and intra-
molecular hydrogen migration leading to the formation of OH
radicals.
3.1 Addition of OH at C1

Fig. 2 shows the suggested mechanism for the OH radical
addition to AMS. Our ndings suggest that the addition at C1
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Upper panel: M06-2X/GD3/aug-cc-pVTZ energy at the optimized geometries on a scan along the C2–C3–S–C4 dihedral angle in AMS.
Lower panel: optimized structures of the local minimum energy conformations (XYZ coordinates of these and the other structures considered in
this paper are compiled in the ESI†).
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occurs through a well-dened (but submerged) transition state
that is preceded by the formation of a pre-reactive complex
(PRC) in which the hydroxyl hydrogen interacts with the sulfur
atom of the AMS, while the oxygen is positioned towards the
double bond and there is no interaction between sulfur and
oxygen, forming a dipole–dipole complex as previously reported
for DMS.34 The PRC is 4.2, 4.0 and 5.6 kcal mol−1 below reac-
tants at the M06-2X-D3/aug-cc-pVTZ, MN15/aug-cc-pVTZ and
SVECV-f12 levels of theory, respectively. It is worth mentioning
that the PRC is an addition complex for both the C1 and C2
positions.

This addition proceeds through TS1-C1 which is
2.8 kcal mol−1 above the PRC but still submerged by
2.8 kcal mol−1 relative to reactants forming the intermediate
radical A1 and all the subsequent oxidation steps are
submerged relative to the reactants (Fig. 3, the data used to
build this graph and the next ones are contained in Tables S2–
S5 in the ESI†).

Under atmospheric conditions, the A1 intermediate can
further react with O2 to produce the peroxy radical A1O2 (ROOc).
The latter can undergo an isomerization process involving
intramolecular hydrogen transfer, leading to products which
will be discussed later on (reaction path 2 in Fig. 2). Alterna-
tively, it can be transformed into alkoxy radical A1O (ROc)
© 2023 The Author(s). Published by the Royal Society of Chemistry
through three possible routes: (1) a not completely established
recombination mechanism involving two molecules of the
peroxy radical and further reaction liberating an oxygen mole-
cule (dashed line in Fig. 3), (2) reaction with NOx (see Section
3.3), or (3) further reaction with OH to produce hydroperoxyl
radicals.35–38 The so formed A1O intermediate radical can
decompose through the transition state TS1-1, breaking the C1–
C2 bond, leading to 2-hydroxy-acetaldehyde (P1) and the methyl
thiomethyl radical (H3CSC$H2, Ad_Im1). Subsequently, Ad_Im1
reacts further with O2 to give the MSP radical whose decom-
position mechanism is well known since it has been studied as
part of the DMS oxidation process.10,12,13,39 We performed
anyway a study of the oxidation of this radical at the same level
of calculation we used for the rest of the work. The results are
described in Section 3.5.

Alternatively, the A1O intermediate can decompose by
cleavage of the C2–C3 bond through the TS1-2 transition state.
This reaction leads to 2-methyl-thio-acetaldehyde (P2), formal-
dehyde (P3), andHO2 (see Fig. 2). P3 is produced by both C1 and
C2 addition paths, so it is not useful to characterize this one. P2
instead would be characteristic of this path, as P1 was from the
reaction through TS1-1. However, it should be noted that the
formation of P1 was not experimentally veried by comparing
the reference spectrum of P1 with the post-reaction spectrum of
Environ. Sci.: Atmos., 2023, 3, 1075–1089 | 1077
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Fig. 2 General mechanism of the OH radical addition to AMS in the absence of NOx radicals. Products are shown enclosed in boxes: identified
(solid lines) and newly proposed (dashed lines).
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AMS + OH (see ref. 15). This could mean that it does not form,
forms in proportions that are not detectable experimentally, or
suffers from secondary processes such as deposition on the
walls of the reactor, photolysis, or a reaction with HO2 radicals
which will lead mainly to formaldehyde, formic acid, methanol,
CO and OH radicals.40,41 It can also undergo photoinduced keto–
enol isomerization to 1,2-ethenediol via the double-hydrogen
shi mechanism, which, as has been reported, can be ther-
modynamically more favorable than photodissociation chan-
nels.42 And, last but not least, the calculated height of the
barrier may be too low, although we don't expect the SVECV-f12
1078 | Environ. Sci.: Atmos., 2023, 3, 1075–1089
protocol to exhibit such an error in the relative energies of TS1-1
and TS1-2. P2 was not identied experimentally among the
products, mainly because of the lack of pure species to measure
the IR spectra.
3.2 Addition of OH at C2

As mentioned above, the PRC is also a complex for addition to
the C2 position through TS1-C2 which is slightly submerged at
5.5 kcal mol−1 above the PRC. However, as part of our search for
possible reaction paths we have found TS1-3, a transition state
connecting A2 to A1 (Fig. 4) which is slightly less stable than the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Partial relative energy diagram for the OH addition to the allyl group in the AMS oxidation initiated by OH radicals at the SVECV-f12 level.
Only the addition through A1 (i.e., the addition of OH at C1 in the absence of NOx) is shown explicitly.

Fig. 4 Upper panel: a plot of intrinsic reaction coordinates for the transition state between the A1 and A2 intermediaries, TS1-3. Lower panel:
optimized structures at the M06-2X/GD3/aug-cc-pVTZ level (XYZ coordinates of these species are collected in the ESI†).

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Atmos., 2023, 3, 1075–1089 | 1079
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former, similarly to what was reported previously for the
mechanism of addition of OH to 2-uoropropene.43 This nding
is consistent with our supposition that an addition mechanism
to C2 does not occur directly, but is a branch of the addition
path to C1. TS1-3 is 0.3 kcal mol−1 above reactants at the M06-
2X-D3/aug-cc-pVTZ level but 1.4 and 1.9 kcal mol−1 below them
at the MN15/aug-cc-pVTZ and SVECV-f12 levels of theory,
respectively. As can be seen in Fig. 4, the IRC in the region of
TS1-3 is considerably at and broad, indicating the presence of
nearly zero eigenvalues, a degenerate condition that explains
why A2 could not be directly reachable from the reactants but
nonetheless representing a feasible reaction path.

O2 addition produces A2O2 that would eventually generate
the A2O alkoxy intermediate. In accordance with our assump-
tion, we found another TS that connects the C2 addition path
with the addition on C1. TS1-4 is an H-shi ve-member cyclic
transition state that goes from A1O to A2O which has approxi-
mately 6 kcal mol−1 lower energy. TS1-4 is below reactants by
45.0, 50.6 and 43.4 kcal mol−1 at the M06-2X-D3/aug-cc-pVTZ,
MN15/aug-cc-pVTZ and SVECV-f12 levels of theory. Although
it seems more likely that the exchange between mechanisms
occurs through this TS, the TS1-4 barrier is approximately
10 kcal mol−1 above the TS1-1 and TS1-2 transition states that
reach products from A1O (Fig. 5). A2O will release formaldehyde
(P3) via C1–C2 bond cleavage to form the 1-hydroxy-2-
(methylthio)-ethyl radical intermediate (CH3SCH2CHc(OH),
Ad_Im2), which can react with O2 or decompose via bond
cleavage. The reaction with oxygen can take two paths, H-
abstraction to form P2 and HO2 or O2 addition and recombi-
nation to get the alkoxy intermediate, which can in turn
decompose to formic acid (P4) and MSP (prior O2 addition) via
Fig. 5 Relative energy diagram for the OH allyl addition in the AMS oxidat
in the absence of NOx.

1080 | Environ. Sci.: Atmos., 2023, 3, 1075–1089
TS1-6. Bond cleavage between C3 and S through TS1-7 produces
acetaldehyde (or vinyl alcohol, P5); further oxidation of the
H3CS intermediate generates sulfur dioxide (P6), P3 and
regenerates the OH radical by H-shiing on the H3CO2 inter-
mediate. Decomposition through the breaking of the C2–C3
bond produces MSP and hydroxy methylene (HC]$]OH,
P3_Im2) that produce P3 via TS_P3. This has not been consid-
ered in Fig. 5 since the height of the TS1-8 barrier is about
10 kcal mol−1 above reactants.

Based again on the values collected in Tables S2–S5 in the
ESI,† we have collected in Fig. 5 the schematics of the relative
energies in the path for the addition of OH at C2, and both
paths have been merged and shown in Fig. 6 to have an easier
comparison. It is noticeable in Fig. 6 that both paths through
intermediaries A1 and A2 are in equilibrium. Even if A2 cannot
be obtained directly from the reactants, which prefer to evolve
toward A1, the transition state for the isomerization is under the
reactants (at the best level of calculation) and actually A2 is
slightly more stable than A1. The reaction of both intermedi-
aries with O2 nally produces the radicals A1O and A2O, with
the latter being more stable, and again there is an equilibrium
between them with a transition state which is very submerged
with respect to reactants.

Both can surmount a small barrier (7–8 kcal mol−1) to give
exactly the same products, P2, P3 and HO2. The only fact that
makes the real difference is that A1O can react further with P1
and MSP, while A2O cannot produce P1. On the basis of purely
thermochemical reasons, it is to be expected that the mecha-
nism of addition to C1 is preferred with the concomitant
appearance of P1 (2-hydroxy acetaldehyde). However, if the
barrier of TS1-4 (which is 9.7 kcal mol−1 above TS1-1 but still
ion initiated by the OH radical at the SVECV-f12 level. A2: addition at C2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Relative energy diagram for the OH allyl addition in the AMS oxidation initiated by OH radicals at the SVECV-f12 level. Addition paths in the
absence of NOx.
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submerged) is exceeded to get to A2O, the latter would produce
P3, P4 and MSP (−123.3 kcal mol−1) via TS1-5 and TS1-6 (2.3
and 32.4 kcal mol−1 below TS1-1) making it a possible and
competitive route, supporting the fact that both P3 and P4 have
been identied experimentally. The reaction of MSP ends up
producing several reaction products as will be described later.
3.3 Reactions of the peroxy radicals with NO2

Knowledge of the pathways for the RO�
2/RO� transformation is

important for radical recycling in the atmosphere. In this
section, we explore the formation of alkoxy radicals by the
reaction of the peroxy radicals A1O2 and A2O2 with NO2. In our
previous experimental work, NO2 formation was expected when
methyl nitrite was used as the precursor of OH radicals (without
extra addition of NO). The rst step in the reaction with NO2 of
both peroxy radicals is the formation of an organonitrate
intermediate (ROONO2). It is actually known that organo-
nitrates can serve as NOx reservoirs and can make up a signi-
cant fraction of secondary organic aerosols (SOAs).44,45

The intermediate A1O2–NO2 decomposes directly, forming
the alkoxy radical A1O. Once NO3 is released, there is a C2–C3
bond cleavage leading to P1 and the Ad_Im1 radical; the latter
eventually produces MSP by O2 addition (Fig. 7).

The decomposition of the A2O2–NO2 intermediate occurs
through a six-member intermolecular H-abstraction TS, which
is 48.6 and 57.0 kcal mol−1 below reactants and 36.3 and
33.5 kcal mol−1 above A2O2–NO2 at the M06-2X-D3/aug-cc-pVTZ
and MN15/aug-cc-pVTZ levels of theory, respectively. We
calculated in this study that TSNOx leads to HNO3 (P7) and 2-
hydroxy-3-methylthio-propanaldehyde (P8). However, these
© 2023 The Author(s). Published by the Royal Society of Chemistry
products have not been observed experimentally yet. The rela-
tive energies in this process are shown in Fig. 8.
3.4 Intramolecular rearrangement mechanism in RO2

intermediates

Based on the experimental and theoretical studies for the MSP
radical.12–14 we have investigated the similar internal rear-
rangement mechanism for the RO2 radicals formed in the
oxidation of AMS, since there are ve possible positions for
internal H-abstraction, which may reveal new pathways and
reaction products. The scheme with the possible paths is rep-
resented in Fig. 9.

3.4.1 A1O2. The peroxy radical A1O2 is formed when the
OH addition takes place on C1 and the O2 molecule adds at C2.
We found three stable conformations for A1O2 called A1_Im1,
A1_Im2 and A1_Im3, whose only difference lies in how the
HOCH2CHR(OOc) moiety is arranged. In A1_Im1 the peroxy
radical points toward the H atom of the OH group at C1, the
value of dihedral angles HO–C1–C2–OOc and cOO–C2–C3–S is
−81.7 and 54.0°, and the bond lengths O–HO and O–S are 2.188
and 3.190 Å, respectively. This leads to two different ways of
internal rearrangement: addition to the sulfur atom or H-
migration from the OH group to the ROOc moiety. Addition to
the sulfur atom generates the A1_Im1_1 intermediate through
a ve member TS (TS2-1), at 23.1 kcal mol−1 below the reactants
and 37.2 kcal mol−1 above A1_Im1 (see Fig. 9). In this species
the O–S and C3–S distances are 1.733 and 2.293 Å, respectively.
The next step in this path is A1_Im1_1 decomposition via C2–O
bond scission to produce 2-propenol (P9) and the CH3SOOc
radical. Aer S–C cleavage and further oxidation, the radical
Environ. Sci.: Atmos., 2023, 3, 1075–1089 | 1081
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Fig. 7 General mechanism for decomposition of RO2 radicals formed in the AMS oxidation initiated by OH radicals in the presence of NOx.
Proposed products are shown enclosed in dashed line boxes.

Fig. 8 Relative energy diagram for decomposition of RO2 radicals formed in the AMS oxidation initiated by OH radicals in the presence of NOx at
the M06-2X/GD3/aug-cc-pVTZ level.
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Fig. 9 General mechanism of A1O2 intermediate (addition to C1) decomposition in the absence of NOx. Products are shown enclosed in boxes:
identified (solid line) and proposed (dashed line).
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CH3SOOc would produce sulfur dioxide (P6, experimentally
observed), P3 and OH radical regeneration. H-migration occurs
through a six-member TS (TS2-2) in which the O–HO is reduced
to 1.088 Å. The barrier of TS2-2 from A1_Im1 is 23.0 kcal mol−1

and –37.2 kcal mol−1 relative to reactants (see Table S2†). The
decomposition of the A1_Im1_2 intermediate leads to P2 and P3
and again to the OH radical.

The internal H-migration from C1 to ROOc occurs from the
A1_Im2 intermediate. In this structure the value of the HO–C1–
Fig. 10 Relative energy diagram for decomposition of the A1O2 interm
radicals in the absence of NOx at the M06-2X/GD3/aug-cc-pVTZ level.

© 2023 The Author(s). Published by the Royal Society of Chemistry
C2–OOc dihedral angle is 175.0°, leaving the HO and ROOc
groups in opposite directions. The ROOc–HC1 distance in the
A1_Im2 intermediate is 2.550 Å and the abstraction proceeds
through a ve-member cyclic TS (TS2-3) in which that distance
is reduced to 1.290 Å to obtain the A1_Im2_1 intermediate. The
barrier for this process is 26.5 kcal mol−1 from A1_Im2 and
33.1 kcal mol−1 below reactants (Table S2†). Once the A1_Im2_1
intermediate decomposes, it generates P2, the OH radical and
the HCOH species that eventually produces P3 (see Fig. 9).
ediate (addition to C1) formed in the AMS oxidation initiated by OH
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Finally, from the A1_Im3 intermediate, the internal H-
abstraction could occur at the C3 and C4 positions. Abstrac-
tion at C3 produces A1_Im3_1 through a ve-member cyclic TS
(TS2-4) which is 27.0 kcal mol−1 above A1_Im3. The A1_Im3_1
intermediate could decompose into two sets of products, OH
radicals and hydroxy-3-methylthio-2-propanone (P10) by O–O
bond cleavage or HO2 radicals and 3-methylthio-2-propenol
(P11) by C–O bond cleavage. Instead, the abstraction at the C4
position (methyl group) goes through a cyclic TS (TS2-5) with
a barrier of 19.2 kcal mol−1 which is the lowest in the A1O2
mechanism (Table S2†). Intermediate A1_Im3_2 decomposes to
P1 and thioformaldehyde-S-methylide (P12).34,46–48 The energies
of all these processes are schematized in Fig. 10.

3.4.2 A2O2. If the mechanism follows the path of C2
addition as described previously, the O2 addition to A2
produces the A2O2 intermediate. This species exhibits two
different conformations which we called A2_Im1 and A2_Im2.
We have found three different mechanisms for internal H-
abstraction in the CH and OH groups at C2 and in the CH
group at C3 (see Fig. 11).

In all paths, the internal H-abstraction produces an inter-
mediate with the HOOCH2R form, and eventually the HOOCH2-
moiety ends up giving OH radicals and P1. Both internal H-
abstractions at C2 will also produce P2 through the transition
states TS3-1 and TS3-2, whose barriers are 29.3 and
19.3 kcal mol−1 relative to A2_Im1, respectively (Table S3†).
However, to obtain P2 from the cC(HO)CH2SCH3 radical formed
in R3-1 (P2_Im1), it is necessary to reach a high energy barrier of
10.9 kcal mol−1 above the reactants (TS3-5), not a plausible
Fig. 11 General mechanism of A2O2 intermediate (addition to C2) decom
identified (solid line) and proposed (dashed line).

1084 | Environ. Sci.: Atmos., 2023, 3, 1075–1089
process. Internal H-abstraction from C3 goes through the
transition state TS3-3, which has a barrier of 20.6 kcal mol−1

relative to A2_Im2. Final products of this path are P1, OH, and
2-methylthioethanol (P13). The energy schematics are shown in
Fig. 12.
3.5 MSP decomposition

Although the radical decomposition mechanism of MSP is
generally well explored, in this section we report an in depth
study of all possible degradation pathways at the same level of
calculation as we treated the rest of the mechanism, including
intramolecular rearrangement and H-shi paths (Fig. 13). The
best-known path for MSP decomposition is recombination to
the corresponding alkoxy radicalMSO and C–S bond cleavage to
form P3 and the methylthiyl radical (CH3Sc). The CH3Sc radical
can either dimerize to dimethyl disulde (DMDS) or form the
methylthiyl peroxy radical (CH3SOOc) by adding oxygen; the
latter then produces another P3 molecule and P6 by S–C bond
cleavage. Both the formation of DMDS and P3 + P6 paths occur
with low barriers once recombination of RO2 radicals occurs
(Fig. 14).

However, as previously addressed both theoretically and
experimentally,12,13,49 in the absence of NOx and at low concen-
trations of HO2 or RO2 radicals, the MSP isomerization path
could be competitive with bimolecular reactions. The rst
isomerization step via internal H-abstraction has a barrier of
approximately 20 kcal mol−1 (energies relative to MSP in this
section) and proceeds through a cyclic TS (TS4-1) in which the
position in the absence of NOx. Products are shown enclosed in boxes:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Relative energy diagram for decomposition of the A2O2 intermediate (addition to C2) formed in the AMS oxidation initiated by OH
radicals in the absence of NOx at the M06-2X/GD3/aug-cc-pVTZ level.
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hydrogen moves from the methyl group to the ROOc moiety to
generate the MSP-1 intermediate. MSP-1 produces P3, thio-
formaldehyde (P14) and the OH radical if the reaction proceeds
via S–C bond cleavage (TS4-2), with a barrier of 25 kcal mol−1
Fig. 13 General mechanism ofMSP intermediate decomposition in the a
line) and proposed (dashed line).

© 2023 The Author(s). Published by the Royal Society of Chemistry
relative to MSP-1. However, although the MSP-1 intermediate is
9 kcal mol−1 above MSP, the reaction with O2 is barrierless and
forms MSP-2, which was already detected experimentally by
Berndt et al.12 and is 17.4 kcal mol−1 below MSP (Fig. 14).
bsence of NOx. Products are shown enclosed in boxes: identified (solid
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Fig. 14 Relative energy diagram for decomposition of theMSP intermediate formed in the AMS oxidation initiated by OH radicals in the absence
of NOx at the M06-2X/GD3/aug-cc-pVTZ level.
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Both energies calculated using the SVECV-f12 protocol for
TS4-1 and MSP-1, −5.1 and −17.3 kcal mol−1 respectively,
(relative to CH3SOOc + O2), are in good agreement with those
obtained at the UCBS-QB3, ROCBS-QB3, and M06-2X levels by
Wu et al.13 However, their energies at the UCBS-QB3
(1.5 kcal mol−1) and ROCBS-QB3 (2.3 kcal mol−1) levels for
TS4-2 disagree with that predicted by themselves at the M06-2X
level (9.1 kcal mol−1) and with what we obtained using the
SVECV-f12 protocol (8.0 kcal mol−1) relative to CH3SOOc + O2.

MSP-2 can produce two molecules of P3, OH radical and
sulfur monoxide (P15) through the transition state TS4-3
(41.2 kcal mol−1), decompose by breaking the S–C bond,
forming two molecules of P3 and one of P6, or can undergo an
internal hydrogen migration (through TS4-4, at 19.0 kcal mol−1)
generating the MSP-3 intermediary which decomposes to P3,
carbonyl sulde (P16), and HO2 releasing two OH radicals. OH
loss from MSP-3 is highly exothermic and produces the MSP-3a
intermediate, which was also detected experimentally by Berndt
et al.12 MSP-3a can then decompose by two different paths in
which one OH radical is released for each molecule of the
intermediate: (i) decomposition to P17 and HO2 or (ii) forma-
tion of two molecules of P3 and one of P15 by intermolecular
migration of H (TS4-5, 99.1 kcal mol−1). Wu et al.13 also
proposed the reaction of MSP-3a with OH radicals.

Since all transition states are submerged by
many kcal mol−1, all paths are kinetically open, but from
a thermodynamic point of view, the route leading to 2P3 + P6 is
clearly favoured, which agrees with the products observed
experimentally. However, it is not implausible that variation in
the experimental conditions could lead to other products, of
which the one that looks more interesting is formic thioanhy-
dride (P17).
1086 | Environ. Sci.: Atmos., 2023, 3, 1075–1089
4 Conclusions

As usual for unsaturated compounds, addition to the double
bond in the OH-initiated oxidation of AMS is an important
decomposition pathway. Although AMS has two possible OH
addition positions, the results obtained in this work lead us to
assume that the addition does not occur directly but rather
through a pre-reactive complex that serves as a previous stage
for addition at both the C1 and C2 positions. Based on the
energetics of the TSs for the addition pathways, it is also
possible to suggest that the addition at C2 could be a branch of
the C1 addition mechanism. The addition path to C1 generates
2-hydroxy-acetaldehyde (P1), 2-methyl-thio-acetaldehyde (P2),
formaldehyde (P3), and the intermediate methyl thiomethyl
peroxy (MSP) radical. If the reaction follows the path in which
the OH is attached to C2 instead, the mechanism is more
complex. P2, P3, formic acid (P4), acetaldehyde (P5), sulfur
dioxide (P6) and the intermediate MSP are generated.

In the oxidation initiated by OH, independent of whether at
C1 or C2, secondary RO2 radicals are formed by a reaction with
oxygen. Further reactions of these radicals with NO2 molecules
(simulating polluted atmospheres) and the intramolecular
rearrangement implying internal H-shi and subsequent
oxidations (pristine atmospheres) were proposed. The ener-
getics and degradation mechanisms of these pathways suggest
that it is possible that, in addition to the experimentally iden-
tied products, more complex sulde compounds may be
formed, but have not been detected yet. The MSP intermediate
decomposition is the main source of sulfur dioxide (P6), which
is the product found with the highest yield during the AMS
experimental determinations. Again, intramolecular rear-
rangement and successive oxidations open up a range of new
© 2023 The Author(s). Published by the Royal Society of Chemistry
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pathways that are thermodynamically accessible and generate
products that have not been previously proposed.

In this work, two different levels of theory have been used:
DFT and the recently developed SVECV-f12 composite method.
Although the results in general show good agreement, thus
validating in general the use of DFT methods, some differences
were observed in the reaction barrier values, whose accuracy is
essential for the calculation of theoretical rate coefficients.
Additional calculations for the H abstraction mechanism are
currently being carried out to determine rate constants for both
oxidation paths (double bond addition and H abstraction) in
order to obtain an overall rate constant that allows a full
comparison between the theoretical and experimental results.
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