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Abstract Methane sulfenic acid (CH;SOH, MSEA) has
been suggested in the literature as a possible stable product
within the addition channel of the OH-initiated oxidation of
dimethyl sulfide. In particular, it has been proposed as one of
the thermodynamically feasible products of the reaction of
CH;S(OH)CHj3; adduct with O,. However, MSEA has never
been experimentally observed and a detailed theoretical
analysis of all the reaction pathways leading to MSEA for-
mation has never been reported. In this study, the first density
functional and ab initio electronic structure calculations are
carried out to characterize those reaction channels yielding
MSEA. The adduct formed by the reaction of DMS-OH with
0, (CH3S(0,)(OH)CHj;) has been taken as the starting point.
On the other hand, a new reaction pathway, which competes
with the MSEA formation yielding DMSO instead, is also
presented. The kinetic relevance of those different reaction
pathways is discussed to assert their contribution to the
experimental measurements of the end-products of DMS-
OH-initiated oxidation.
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1 Introduction

Dimethyl sulfide (CH3SCH3;, DMS) is known to be the
main natural source of sulfur emissions released into the
atmosphere. Both the natural and the anthropogenic
sulfur-containing emissions take part in several environ-
mental phenomena. During the daytime [1-5], sulfur-
containing species are mainly oxidized by OH radicals,
whereas NOj; [6-8] radicals are the principal oxidant
agents in night-time. In the absence of anthropogenic
sources, the end-products of DMS oxidation in atmo-
spheric conditions are known to become efficient cloud
condensation nuclei (CCN) [9-11] and the main conse-
quence of cloud formation is a regulatory effect in the
amount of radiation which is able to pass the atmosphere
in both ways.

The gas-phase OH-initiated oxidation of DMS has been
extensively studied in the past. The experimental [1-4, 7,
12-19] and theoretical works [11, 20-26] already
performed have contributed with a huge amount of infor-
mation about the stable products obtained in those
oxidation reactions. As a result, several DMS degradation
mechanistic schemes have been built [7, 22, 26, 27]. It is
well known by now that the distribution of DMS oxidation
products has a close dependency on the temperature and
the pressure conditions, and also on the presence of radical
species, especially nitrogen oxides (NOy) [5, 28, 29]. Those
observations have led to the proposal of a two-channel OH-
initiated oxidation process: the direct H-abstraction of
DMS methyl-hydrogen atoms by the OH radical, and the
reversible formation of CH;S(OH)CH3, DMS-OH adduct,
which is scavenged by molecular oxygen. The H-abstrac-
tion channel is expected to yield SO,, CH3SO,00NO,
(MSPN), H,SO,4, and CH3SO3H (MSA). On the other hand,
the OH addition channel produces CH;SOCH; (DMSO),
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CH3SO,CH; (DMSO,), and CH3SO,H (MSIA). It is not
completely clear yet which is the real relevance in the
atmosphere of each initiation channel, especially due to
the complicated effect of environmental conditions on the
distribution of oxidation end-products. In spite of this,
relevant experimental kinetic information, in many cases
obtained by measuring in the laboratory, the disappearance
of the reactants (DMS and OH) has been published cor-
responding to several specific pathways of the proposed
degradation mechanism. In addition, theoretical kinetic
studies have also contributed to confirm several of those
oxidation reactions that connect the initial reactants with
several intermediates or stable products of the DMS deg-
radation scheme.

The last published global scheme by Barnes et al. [7]
for the OH and NOj radical-initiated oxidation of DMS is
based on previous proposals by Yin et al. [11] and Ravi-
shankara et al. [3, 4]. In their simplified scheme, Barnes
et al. have marked the formation of methane sulfenic acid
(CH3;SOH, MSEA) from the dissociation of the DMS-OH
adduct, formed by the OH-addition to DMS, with dashed
lines meaning that it is an uncertain channel. Within the
OH-initiated global addition channel, the formation of
MSEA could be a possible way to explain, at least par-
tially, the product-yields dependence on the experimental
conditions. In fact, Barnes et al. also indicate in their
scheme that MSEA can in turn react with OH leading to
the formation of CH3SO, thus connecting the OH-initiated
addition and H-abstraction parts of the global degradation
scheme.

In fact, MSEA formation was already proposed by
Ravishankara et al. [4] in 1996 as a thermodynamically
feasible channel of the reaction between CH3;S(OH)CHj3
with Oy:

DMS-OH + 0, — CH;00 + CH3SOH (1)

Very recently, Williams et al. [14] also included reaction
(1) as a feasible channel for the reaction between the DMS-
OH adduct with O, to form various potential products.
Nevertheless, MSEA has never been experimentally
detected as a stable product of the mentioned reaction.
Furthermore, Gross et al. [22] rejected this proposal based
on the following mechanism:

0, + CH3S(OH)CH; — [CH3S(OH)CH;3 — O0OJ* (2)

[CH;S(OH)CH; — 00]* — CH;00 + CH;S(OH)  (3)

that was not found to be a viable reaction pathway on the
potential energy surface of that chemical mechanism at the
PWO1PWI1/6-311G(d,p) level of electronic-structure
theory. Gross et al. [3, 4, 11, 30] concluded that MSEA
formation process does not occur under typical atmo-
spheric conditions, also because the proposed mechanism
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could not agree with several experimental kinetic studies
on the OH + C(H/D);SC(H/D); reactions that did not
reveal any kinetic isotope effect.

Note that in this mechanism a C.---OO interaction is
suggested in the intermediate complex instead of an S---O0
bond, and the dissociation of that intermediate complex
takes place by means of a sulfur carbon bond cleavage. The
authors state that, in case MSEA was yielded, this would be
the reaction sequence because the presence of an O, group
stabilizes the S---OH bond, making the cleavage of the
sulfur carbon bond more likely than for the DMS-OH
molecule. In fact, the elimination reaction leading to
MSEA and CH;, via the dissociation of the DMS-OH
adduct in the absence of O, by C---S bond cleavage, has
already been included as a feasible process in previous
studies [11]. Moreover, two of us analyzed in detail in a
previous study [23] the reaction channels corresponding to
the reaction between DMS + OH on the corresponding
potential energy surface at several levels of electronic-
structure theory. One of the main channels, denoted Rlac
in that paper, was shown to proceed from reactants via a
hydrogen-bonded complex in the entrance channel to the
DMS-OH adduct which in the absence of molecular
oxygen could then decompose following an elimination
process with a saddle point structure located 12.22 kcal/
mol above the bimolecular reactants in terms of adiabatic
potential energy at the CCSD(T)/IB/MPW 1K/MG3S level.
The final dissociated products, CH3;SOH and CHj;, were
calculated to be around 1.49 kcal/mol above the initial
reactants in terms of classical potential energy. In a second
paper by the same authors [25], the global kinetic constant
for the DMS + OH reaction was calculated by means of
Variational Transition State Theory. The elimination
channel leading to MSEA and CHj3; was confirmed to be
kinetically irrelevant in the global OH-initiated oxidation
scheme of DMS due to the high energy barrier encountered
for the dissociation of the DMS-OH adduct. The theoretical
work performed up to now seems to be then in good
agreement with the experimental data which do not indi-
cate detection of MSEA in the DMS degradation process.
Nevertheless, if MSEA reacts quickly, it is likely that it
could not be detected. So then, under the suitable experi-
mental conditions, it is possible that MSEA formation
performs a relevant role in the whole mechanistic scheme.

In any case, no detailed theoretical analysis has ever
been done to characterize the possible reaction pathways
leading to MSEA as a final product. In this study, the first
density functional and ab initio electronic structure calcu-
lations are carried out to characterize those reaction
channels yielding MSEA. The adduct formed by the
reaction of DMS-OH with O, (CHsS(0,)(OH)CHs3) has
been taken as the starting point. On the other hand, a new
reaction pathway which competes with the MSEA
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formation yielding DMSO, instead, is also presented.
These reaction pathways are analyzed and compared with
each other and with other channels previously studied, with
the main objective of inferring their kinetic relevance in the
laboratory experiments that measure the product yields of
the oxidation of the DMS in the presence of OH and O,.

1.1 Computational methods

All the electronic structure calculations in this work were
performed in the spin-restricted formalism for closed-shells
and the spin-unrestricted formalism for open-shell systems.
Optimized geometries, energies, and first and second
energy derivatives for the reactions were calculated by
using hybrid density functional theory [31-34]. The
selected hybrid functionals were the so-called MPWI1K
[35, 36] and M05-2X [37, 38]. The MOS density functional
has also been used for one of the presented pathways. The
fraction of Hartree-Fock (HF) exchange was optimized in
MPWIK using a database of reaction energies and barrier
heights, resulting in a value of 42.8%. This density func-
tional has been tested against kinetic databases and it has
shown a good compromise between cost and accuracy [36].
MO05-2X and MO5 [37] are hybrid meta-GGA functionals
parameterized according to two criteria: the exchange
functional is constrained to have the correct uniform
electron gas (UEG) limit and its correlation functional is
free of self-interaction. Several parameters were adjusted in
both the exchange and the correlation functionals, as well
as the percentage of HF exchange. The MO05-2X HF
exchange value is 56% [38]. It is accepted that HF
exchange is an important parameter for describing the
barrier heights of chemical reactions and the multireference
character of a chemical system. In fact, no functional is
expected to provide good results in barrier heights of
chemical reactions unless the HF exchange is adequately
high. In this sense, both MPW 1K and M05-2X are fulfilling
this constraint. On the other hand, the monodeterminantal
reference used in the HF approximation is not suitable for
describing multireference and transition-metal containing
systems. So then, that parameter should be low when
treating those kinds of systems. In accordance, the M05
density functional, with a 28% of HF exchange, has been
proved [38] to be very accurate in describing systems with
a large multireference character. However, this density
functional gives also very good values for the barrier
heights and the reaction energies of different kinds of
chemical processes. For this reason, the M05 functional has
very broad applicability in thermochemistry and kinetics.
In addition, two different sets of basis functions have
been employed: the 6-31+G(d,p) basis set [39] from
Pople’s group and the MG3S basis set [40] from Truhlar’s
group. The systems which include sulfur atoms need of a

large basis set to achieve accuracy in describing the elec-
tronic structure [41-43]. The MG3S basis set fulfills this
requirement [40, 44].

The geometry optimizations and frequency calculations
have been performed at the following levels: MPW1K/6-
31+G(d,p), MPWIK/MG3S, and MO05-2X/MG3S. The
MO05/6-314+-G(d,p) and the MO5/MG3S levels of calcula-
tion were used only in one reaction with a significant
multireference character for achieving a better electronic
description. The nature of the stationary points has been
determined by means of the analysis of the number of
imaginary frequencies: NIMAG = 1 for saddle points, or
NIMAG = 0 for minima. The different channels were also
characterized by means of constructing a minimum energy
path [45, 46] (MEP, also known as IRC) between the sta-
tionary points found. The MEPs were performed at the
MPW1K/6-314+G(d,p) level except for the reaction with a
significant multireference character for which the M05/6-
314+G(d,p) MEP was built. The calculation of those MEPs
using the smaller basis set is justified because the 6-
314G(d,p) geometries are very similar to the ones obtained
with the bigger MG3S basis set, even though the energetic
description of the corresponding reaction pathways is much
more basis-dependent. For this reason, only the MG3S
energy results will be presented.

We have also carried out higher level single-point
energy calculations with the aim of improving the elec-
tronic description of the chemical systems. Energies at all
the stationary points were then recalculated at a higher
level of theory, the CCSD(T) [47, 48]. Within this level of
calculation, we have chosen the frozen core option. A
recent study [49] has shown that this approximation gives
similar energies to the ones obtained by choosing the full-
electron correlated option within the coupled cluster
approximation. In particular, the CCSD(T)/MG3S combi-
nation of the MG3S basis set with the CCSD(T) [49]
energy is a good choice to balance the accuracy and
computational cost for large systems. For the reaction with
multireference character, the M05/MG3S energy values
have been taken as the most accurate.

Quasi-thermodynamic magnitudes were computed by
using the statistical thermodynamic formulation of parti-
tion functions within the ideal gas, rigid rotor, and
harmonic oscillator models. The kinetic formulation, that is
the standard state of 1 mol L™', has been adopted to give
Gibbs free energy barriers in accordance with Transition
State Theory (TST). The harmonic frequencies were cor-
rected for anharmonicity with a scale factor 0.9581 at the
MPWI1K/MG3S level [50], 0.9642 at the M05-2X/MG3S
level [51], and 0.9789 at the M0O5/MG3S level [51]. The
quasi-thermodynamic magnitudes for the high-level elec-
tronic calculations we present (Gibbs free energy and
adiabatic potential energy) were determined by using the
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frequency calculations at the MPW1K/MG3S level, and at
the M05/MG3S level for the reaction with multireference
character, modified by the corresponding scale factors.

Gibbs free energies (G) are calculated for the stationary
points at the CCSD(T)/MG3S//MPWI1K/MG3S level of
calculation and at the MO5/MG3S level in one case.
Classical potential energies (V) and adiabatic potential
energies (VS), that is including the zero point ground state
energy corrections, at the MPW1K/MG3S, M05/MG3S,
and the MO05-2X/MG3S and CCSD(T)/MG3S//MPW 1K/
MGS3S levels are also presented by means of Tables.

The optimizations, frequency calculations and single-
point energy calculations were carried out with the
Gaussian’03 [52] package program. The MEPs were per-
formed with the Gaussian’03 package program by using the
Gonzalez—Schlegel algorithm [53] and with the Gaussrate
[54] package program following the Page—Mclver algo-
rithm [55, 56].

2 Results and discussion

To achieve our goal of finding any feasible pathways
leading to MSEA formation, the following reactions have
been considered in this study:

CH;S(0,)(OH)CH; — CH3SOH + CH; + 0,/CH3SOH
+ CH;0, (R1)

CH3S(OH)CH,(HO,) — CH3S(OH) + H,0, + CH,0
(R3)

CH;S(OH)CH,(HO,) — CH;3S(OH)CH,00H
— CH3SOH + CH,00H/CH;SOH
+ CH;00

CH3S(OH)CH2 (HO2) — CH3SOCH3 + HOZ.

The most relevant novelty regarding previous
suggestions of MSEA formation pathways is the starting
point considered here, the CH3S(0,)(OH)CH;5 adduct. In
this respect, we have taken into account a previous study
[22] in which, although the O, reaction with DMS-OH was
considered as the most likely MSEA formation pathway, it
was concluded that MSEA was not yielded from the attack
of O, to either carbon atom of DMS-OH forming a C---O,
bond. Also in the Sect. 1, it has been mentioned that Barnes
et al. [7] showed in their degradation scheme that the
DMS-OH adduct should be the most likely MSEA
precursor. Nevertheless, no specific mechanistic proposal
was given in their review. In addition, as pointed out
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previously, the direct decomposition of DMS-OH into
MSEA and CHj; has been shown to be a clearly slower
kinetic process in comparison with other competitive
reactions [23]. All these previous considerations led us to
propose that the CH;3S(0,)(OH)CH; adduct, formed by the
attack of the O, molecule to the sulfur atom of DMS-OH,
could act as a feasible starting point. The reaction R1 is the
direct decomposition of this adduct into MSEA and the
CH;0, radical, although CH; and O, has also been
obtained as a final product. The reaction R2 leads to the
formation of the CH;S(OH)CH,(HO,) radical, which is
expected to be the common origin for the reactions R3, R4,
and R5. Both the reactions R3 and R4 lead to MSEA
formation from this radical. On the other hand, DMSO is
also obtained from this chemical species, but according to
the reaction RS5. Classical potential energies, adiabatic
potential energies at the MPW1K/MG3S, M05-2X/MG3S
and CCSD(T)/MG3S//MPW1K/MG3S levels along with
the Gibbs free energies at this last level are calculated at all
the stationary points of R2, R3, R4, and RS5. For the R1
reaction, results at the MO5/MG3S level are given. From
here on in the text, we will just refer to the energetic results
at the CCSD(T)/MG3S/MPW1K/MG3S level, but for
reaction R1 at the MO5/MG3S level.

In the first place, it has to be mentioned that the
CH;S(0,)(OH)CH3 adduct presents four stable conformers
[22], denominated C1, C2 C3, and C4, whose geometries
differ in the relative orientation of the O, and the OH
groups, both directly bonded to the sulfur atom. The
geometries of those four complexes as well as the geo-
metries for the corresponding saddle point structures that
connect the four minima are shown in Figures S1 and S2 in
the Supplementary Material. The classical and adiabatic
potential energies along with the free energy profile for the
stationary points of the exchange process of the different
CH;S(0,)(OH)CH5; conformations are also included in the
Supplementary Material given with respect to DMS-OH
and O, as reactants. It can be observed that, in agreement
with Gross et al., complexes C3 and C4 are nearly
degenerate and both lie around 3 kcal/mol below com-
plexes C1 and C2 in terms of free energy. In what follows,
a certain population of the four conformers was assumed in
searching for possible MSEA pathways.

The stationary points for reaction R1, depicted in Fig. 1,
have been characterized at the MO5/MG3S level. This R1
pathway when initiated at the C3 conformer (R1a channel)
leads to the adduct dissociation into three different prod-
ucts (MSEA, CHj; and O,) through the saddle point SP1a.
At this saddle point structure, one methyl and the O,
groups are loosing their corresponding interactions with the
sulfur atom (S--CH; = 2473 A, S0 =2722 A).
According to the MEP performed for this pathway, the
decomposition of the C3 adduct seems to take place in a



Theor Chem Acc (2009) 123:93-103

97

PC1/PC4-2

? 1.769 679,
=

):.
fv o "m &

SPMin2

0.997

Fig. 1 Geometries of the stationary points located for the reactions R1 (M05/MG3S), R2 and R3 (MPW1K/MG3S). Distances are given in A.
Dihedrals are given in degrees

rather asynchronic way. The O, group does not begin to
move away from the sulfur atom until the S---O distance is
around 2.4-2.5 A. At this point, the S---CHj; distance starts

to increase, while the O, group keeps on moving away
from the sulfur atom. On the product side the MEP attains a
flat region where the three dissociation fragments are
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Table 1 Energies of the stationary points for the reaction R1 at different levels of calculation

Ves Ve Vioia (VO kona VMSEA+CH; 0, (V) MsEA+CH, 10,
MO0O5/MG3S —14.4 —11.2 19.7 19.4 15.1 11.8
i
Vea (VS)C4 Vpin (Vf)flg:plb Veci (VaG)Pc1
MO5/MG3S —14.3 —-10.9 194 19.3 —-21.3 —18.4
VMSEA+CH;0, (vg )MSEA-+CH; 0,
MO5/MG3S —6.3 —3.1
GMSEA +CH; 10, GMSEA +CH;0,
MO05/MG3S 3.8 -39

V and V¢ stand for the classical potential energies and the adiabatic potential energies, respectively. G stands for the Gibbs free energies of the
feasible products. All energies (in kcal/mol) are relative to DMS-OH + O,

already formed, but a minimum energy structure corre-
sponding to a product complex could not be located. When
initiated at the C4 conformer, the R1 pathway (channel
R1b) leads via the saddle point SP1b to a product complex
in which two dissociation products, MSEA and CH3;0,,
maintain a long-range interaction. The elimination of the
CH;0, radical is facilitated at the C4 adduct, because the
oxygen atom of the O, group not bonded to the sulfur atom
is already closer to one methyl carbon than at C3 (O---C
distance is 2.948 A at C3 and 2.889 A at C4). The MEP of
this R1b channel reveals also a rather asynchronic path:
first, it is mainly the O, fragment that moves away from the
sulfur atom, and afterwards begins the separation of CHj.
The difference with respect to the Rla channel is that the
O, and CHj; groups progressively approach each other as
the MEP advances to the products side. As can be observed
in the figures presented in Table 1, the two R1 channels are
nearly energetically degenerated at the reactants and the
saddle point regions, but are clearly different at the prod-
ucts region being channel R1b lower in energy. Channel
R1a results in an endoergonic process by 3.8 kcal/mol with
respect to DMS-OH + O,, whereas channel R1b is
exoergonic (—3.9 kcal/mol) at the MO5/MG3S level. So
MSEA and CH30, are the products thermodynamically
favored. In any case, the high adiabatic potential energy
barriers encountered along the two R1 channels (of around
19 kcal/mol) are so high that the kinetic relevance of those
two MSEA formation channels is probably very low.

At this point, however, a comment on the suitability of
the electronic-structure method used for this system must
be given. In these RI processes, a doublet molecule
dissociates through saddle point regions where three frag-
ments (a doublet radical, a triplet radical and a singlet
molecule) interact, evolving to either the three separated
products of Rla or the two (doublet + singlet) mentioned
for the reaction R1b. Such complicated reactions are likely
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not to be well described with monoreferential methods. In
effect, no saddle point could be located using the MPW 1K
density functional. In addition, the T1 diagnostic at the
SPla geometry calculated at the CCSD(T)/MG3S//M05/
MG3S level turns out to be 0.16768, a huge value that
reflects the large nondynamical effects present. This is the
reason why the MO5 density functional was used, because
it has been shown to be very accurate in describing barrier
heights and reaction energies of chemical processes as well
as systems with a large multireference character. Given the
difficulty of the problem, we are not confident of the
accuracy of the MOS results, but at least we think that this
method provides an estimation of the magnitude of the
energy barriers. In this sense, as explained above, we think
that the MSEA formation through the R1 channels can be
discarded.

By means of reaction R2, the CH;S(OH)CH,(HO,)
radical is formed. Two conformations of this radical have
been located (Min2a/Min2b in Fig. 1), which are con-
nected with the C2 and C3 conformers of the
CH;S(0O,)(OH)CHj3 adduct by means of the saddle points
SP2a and SP2b, respectively (see Fig. 1). The OO---S
interaction, which is present at the reactant adducts, grad-
ually disappears while the O, group gets closer to one
methyl-hydrogen at the saddle points SP2a and SP2b. The
main distinction between those two saddle point geome-
tries is the hydroxyl orientation with respect to the methyl
groups. This structural difference is already present in C2
when compared with C3 as in the former structure the OH
group is pointing to the opposite face of the methyl groups,
whereas at C3 the hydroxyl and methyl groups are pointing
to the same face. That geometrical difference is maintained
along the two R2 paths until the product minima are
located, being the CSOH dihedral angle value of 73.7° at
Min2a and of 163.7° at Min2b. These two minima are also
connected by means of a saddle point structure, denoted



Theor Chem Acc (2009) 123:93-103

99

Table 2 Energies of the stationary points for the reaction R2 at different levels of calculation

VCZ (VS)C2 Vg:pza (Vf)gp% VMinZa (VaG)MinZa
MPW1K/MG3S —10.0 —6.6 43 44 0.9 3.0
MO05-2X/MG3S —15.8 —-13.9 0.5 0.0 2.4 —0.1
CCSD(T)/MG3S//MPW 1K/MG3S —14.2 —10.7 1.1 1.1 —-1.8 0.3

VC3 (VS)C3 Vsp2b (V;,G)gp% VMian (VS)Mian
MPW1K/MG3S —13.1 —9.5 33 35 —-0.2 2.1
MO05-2X/MG3S —18.8 —15.7 —-0.4 —-0.9 =35 -2.0
CCSD(T)/MG3S//MPW1K/MG3S —17.3 —13.8 0.7 0.9 -3.1 —1.6

V and V¢ stand for the classical potential energies and the adiabatic potential energies, respectively. All energies (in kcal/mol) are relative to

DMS-OH + O,
CH,SOHCH,: + CH,SOHCH,- +
157 ‘HO, ‘HO,
141 141
Pab ;14 SP2a ;14
! . — !
107 Toa ! SPMin2 ‘1997
1 10.9y | e s LTI, Sm—
! N 8.5 ,' Min2a
] Min2b
54 ; " 8.2
i 6.9
DMSOH | !
+0, — !
01— ; SP23 e !
0.0 ! r—
! 0.6 C2
|
— 14
5 c3
-4.4
-10-

Fig. 2 CCSD(T)/MG3S/MPWI1K/MG3S Gibbs free energy (kcal/
mol) profile at 298 K for the reaction R2

SPMin2 in Fig. 1, which corresponds to the rotation of the
OH group. The OO---H distance at the two saddle points
SP2a and SP2b indicate the H abstraction is nearly com-
pleted. In Table 2, it can be observed that those two saddle
points are nearly degenerate in terms of classical and adi-
abatic potential energies, whereas the R2b channel presents
lower energies at the reactants and products regions. The
free energy profiles presented in Fig. 2 show the same
tendency although the inclusion of thermal and entropic
contributions increases the H-abstraction barriers up to
10.9 and 10.5 kcal/mol with respect to DMS-OH + O, at
SP2a and SP2b, respectively. On the other hand, tunneling
effects could contribute to accelerate those two H-transfer
processes. In addition, the stability of the different com-
plexes is reduced in terms of free energy, resulting the
formation of Min2a and Min2b as well as the formation of
the final dissociated products from both channels clearly
endoergonic.

Reactions R3, R4, and RS initiate from the structures
Min2a and/or Min2b of the R2 pathway. In first place,
the reaction pathway R3, which is the reaction of

CH;S(OH)CH,(HO,) with hydroxyl radical, is presented.
The geometries of the stationary points are depicted in
Fig. 1, and the classical potential energies along with the
adiabatic potential energies are included in Table 3.
According to our results, the hydroxyl group could attack
this radical when the conformation Min2b is reached, thus
leading to the formation of the RC3 structure in which a
new H,C---OH bond is formed while the OOH group has
lost its H---C interaction and has formed a HOO---S bond,
instead. The RC3 complex presents a huge stabilization
free energy of 75.4 kcal/mol with respect to Min2b and OH
that can be seen in Fig. 3, where the complete R3 free
energy profile has been depicted. Also note that the
incoming hydroxyl group is far from the HOOS group, but
this situation changes when the saddle point SP3-1 is
reached and especially at the minimum complex Min3-1,
basically due to a variation in the dihedral angle HOO-S-
CH,-OH that changes from a value of 139.0° at RC3, to
37.2° at SP3-1, and finally to 7.8° at Min3-1. This intra-
molecular rotation around the S---C bond approaches the
CH,OH and HOOS groups. However, this reorganization
still continues when the hydroxylic hydrogen belonging to
the CH,OH group is forced to approach the oxygen atom
bonded to the sulfur atom in the SOOH fragment. A con-
formational change around the SO---OH bond changes the
orientation of this OH group, which is pointing to the
CH,OH side of the molecule at Min3-1, but that is pointing
to the other side at Min3-2. The SP3-2 structure connects
Min3-1 and Min3-2. The analysis of the CH,OH:--SOOH
distance (1.962 A at Min3-1, 1.710 A at SP3-2, 1.920 A at
Min3-2) shows the importance of the conformational
change around the SO---OH bond. Note that the distance
CH,OH---SOOH, which was expected to be the most
similar parameter to the reaction coordinate, changes
unexpectedly in the reaction path that connects Min3-1,
SP3-2 and Min3-2. Once Min3-2 is reached, the SP3-3 and
the PC3 stationary points are located basically by
decreasing CH,OH---SOOH distance. At SP3-3, the OOH
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Table 3 Energies of the stationary points for the reaction R3 at different levels of calculation

Vees  Fkes Ve (Vs Vais i Vi (Vi
MPW1K/MG3S —84.5 —-77.3 —75.7 —69.1 —83.0 —75.6 —82.5 —75.7
MO05-2X/MG3S —95.2 —87.7 —86.3 —79.5 —93.6 —86.2 —-92.9 —86.2
CCSD(T)/MG3S//MPW1K/MG3S —92.5 —85.3 —83.9 —-77.3 —91.1 —83.8 —90.7 —84.0

VMin3-2 (VS)Min3-2 Vsp3,3 (VS)£P373 VPC3 (VaG)PC3 VMsEA+CHZO+HQOZ (VS)MSEA+CHZO+HZOZ
MPWI1K/MG3S —853 782 —-755 718 —88.2 —84.1 —78.0 —-76.4
MO05-2X/MG3S —96.1 —88.8 —86.7 —-82.6 -975 =926 —-97.0 —96.4
CCSD(T)/MG3S//MPWI1K/MG3S -93.6 —86.6 —832 -794 —100.1 —96.0 —86.9 —85.5

V and V¢ stand for the classical potential energies and the adiabatic potential energies, respectively. All energies (in kcal/mol) are relative to

reactants (Min2b + OH)

Min2b +OH

!
-601 !
! SP3-1
! SP3-3
-70 i ;671 SP3-2 —
oo : 270.1:
[ \—— 73.8 '~_.'/ ‘
-801 RC3 Min3-1 Min3-2 \-.‘
275.4 -75.4 76.9 ;‘ CH,O +
% : MSEA +
PC3 "\_HZO2
-94.5
100° 91.1

Fig. 3 CCSD(T)/MG3S/MPWI1K/MG3S Gibbs free energy (kcal/
mol) profile at 298 K for the reaction R3

group has lost its interaction with the sulfur atom (S---OOH
distance of 2.264 A), the hydroxylic hydrogen atom of the
CH,OH group is already almost bonded to OOH (H---OOH
distance of 1.131 /ok), while the CH,O---H distance has
clearly increased. Moreover, the S---CH,O distance is also
longer. At the PC3 structure, MSEA, CH,0, and H,O, are
completely formed. Finally, the PC3 structure dissociates
into these three products, with a free energy of reaction of
—94.5 kcal/mol (see Fig. 3), so being the whole pathway
thermodynamically feasible. In addition, the dynamical
bottleneck of the whole process is located in the region
corresponding to the formation of the initial RC3 complex
as the rest of stationary points lie quite below reactants in
terms of free energy (see Fig. 3). This means that, once
Min2b is reached, this OH attack leading to MSEA for-
mation would also be kinetically feasible.

As can be observed in Figures S4 and S5 included in the
Supplementary Material, the reaction R4 is initiated from
both, Min2a and Min2b, via two competitive channels that
lead to the same reactant complex Min4-1 by means of the

@ Springer

saddle points SP4-la and SP4-1b, respectively. From
Min2a/Min2b to Min4-1 the HOO fragment reorients and
exchanges its OOH---CH, interaction by a new HOO---CH,
one. This intramolecular reorganization takes place with a
very high energy barrier (see Table S2 and Figure S5), but
Min4-1 is thermodynamically accessible and clearly
favored with respect to Min2a/Min2b. Note that the Min4-1
structure is similar to Min2a in terms of the orientation of
the hydroxyl group, bonded to the sulfur atom, which is
pointing to the opposite face of the two methyl groups.
This fact is correlated with the S---OH distance. The ten-
dency observed in this kind of structures which present the
interaction S---OH is that the larger the S---OH bond dis-
tance, the less likely is that the OH and methyl groups are
oriented to the same side of the molecule. From Min4-1,
the reaction proceeds through a saddle point, SPMin4, that
connects Min4-1 with a new conformer denoted Min4-2.
The geometrical difference between those two minima is
the value of the dihedral angle SOOH. Once Min4-2 is
reached, MSEA formation is possible through the saddle
point SP4-2, at 14.8 kcal/mol above DMS-OH + O, in
terms of free energy, in which the S---CH,OOH distance
has started to increase. The MEP performed from SP4-2
leads to the PC4-1 structure in which MSEA and CH,OOH
are completely formed, although they still maintain a long-
range interaction. At this point, the PC4-1 complex can
either isomerise, yielding the PC4-2 (the same structure as
PC1) minimum energy structure in which CH;00 is
formed from the CH,OOH fragment, or can directly dis-
sociate into the final products, MSEA and CH,OOH. The
isomerization takes place via the SP4-3 structure with a
very high free energy barrier (29.1 kcal/mol with respect to
DMS-OH + O,) and once PC4-2 is formed, it directly
dissociates into the final products, MSEA and CH30O. It is
likely that tunneling effects along this intramolecular
hydrogen-transfer path could accelerate somehow the
isomerization rate. In contrast, the dissociation path from
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PC4-1 takes place without classical or adiabatic potential
energy barrier. According to the Gibbs free energy profile,
the final products from the dissociation of both complexes,
PC4-1 and PC4-2, are thermodynamically available,
although the CH300 radical is favored versus its isomer
CH,OO0H by 13 kcal/mol in terms of free energy. Never-
theless, due to the high free-energy barriers encountered
along the reaction pathway, R4 does not seem to be a
kinetically competitive process for MSEA formation.

The last pathway considered here is the reaction
denoted as R5. The previous processes analyzed in this
work lead to the formation of MSEA. This channel, in
contrast, yields to DMSO formation. In one of our pre-
vious papers [26], the most feasible DMSO formation
pathways were already studied. Nevertheless, the region
of the potential energy surface explored in this work was
not analyzed previously as the R5 reaction initiates from a
conformer of CH;S(OH)CH,(HO,) (Min2a). This path-
way has been included in the present work because it
could compete with the MSEA formation channels R3
and R4. The R5 pathway leads from Min2a to a product
complex PC5 via a unique saddle point denoted as SP5.
The geometries of SP5 and PC5 are included in the
Supplementary Material, but the classical and adiabatic
potential energies for the whole process are given in
Table 4. The RS reaction pathway mainly consists in the
intramolecular H-transfer from the OH group bonded to
the sulfur atom in Min2b to the methylenic CH, group
along with the disappearance of the HOO---CH, interac-
tion. At the SP5 structure, the H-transfer is still taking
place, but it is completed at PC5 which is an intermo-
lecular complex between OOH and DMSO, the two final
bimolecular products of the R5 pathway. The values in
Table 4 and the free energy barrier depicted in Fig. 4
clearly indicate that this DMSO formation pathway could
not be kinetically competitive even though the lifetime of
Min2a was long enough and tunneling effects were taken
into account for this intramolecular H-transfer process.
Finally, it has to be pointed out that the energy values at
the M05-2X/MG3S level compare better in general with
the CCSD(T)/MG3S//MPW1K/MG3S values for reactions
R2, R3, R4, and RS than the corresponding MPW1K/
MG3S results (see Tables 2, 3, 4 and S2).
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Fig. 4 CCSD(T)/MG3S/MPWI1K/MG3S Gibbs free energy (kcal/
mol) profile at 298 K for the reaction R5
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Fig. 5 Simplified reaction scheme of the studied pathways for MSEA
and DMSO formation

In summary, it can be concluded that our theoretical
results clearly show the existence of several reaction
pathways leading to the formation of MSEA, all of them
implying the prior formation of the CH3S(O,)(OH)CHj3
adduct formed by the addition of O, to the CH3;S(OH)CH3
adduct, first intermediate of the OH-initiated addition
channel of DMS oxidation. In Fig. 5, the reaction pathways
studied in this work are summarized. The high energy
barriers encountered along the R1 pathway, that represents

Table 4 Energies of the stationary points for the reaction R5 at different levels of calculation

VMin2a (V) Min2a Vgps (V8 )gps Vecs (V&pcs VbMso-+Ho, (V8 )DMSO+HO,
MPWI1K/MG3S 0.9 3.0 28.8 27.9 —-25.0 —22.1 —19.2 —17.8
MO05-2X/MG3S —2.4 —0.1 26.2 25.1 —24.7 —22.5 —18.2 —17.1
CCSD(T)/MG3S//MPW 1K/MG3S —1.8 0.3 25.0 24.1 -27.3 —24.4 —20.2 —18.7

V and V¢ stand for the classical potential energies and the adiabatic potential energies, respectively. All energies (in kcal/mol) are relative to

DMS-OH + 02
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the dissociation of the CH3S(0,)(OH)CHj; adduct by car-
bon sulphur bond cleavage, indicates that it is not a
kinetically feasible pathway, in disagreement with previous
suggestions by other authors indicating that the presence of
the O, group in this adduct should facilitate C---S bond
cleavage. Our results indicate that the most kinetically
feasible process for MSEA formation would need of a
previous intramolecular H-transfer in the CH3S(O,)(OH)
CH; adduct (R2 reaction) leading to the CH53S(OH)CH,
(HO,) complex. This latter adduct would then proceed (R3
reaction) with a high rate constant via its reaction with the
OH radical, leading finally to three dissociated products:
MSEA, CH,0, and H,;0,, in a thermodynamically favor-
able process. The viability of the R3 reaction pathway
depends, however, on the rate constant of the previous R2
reaction, with a free energy barrier of around 10 kcal/mol
with respect to DMS-OH + O,, and to the population of
the Min2b conformer of the CH3;S(OH)CH,(HO,) com-
plex, whose formation turns out to be endoergonic with
respect to the CH;S(0O,)(OH)CHj3 adduct.
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