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Núria González-Garcı́a, AÅ ngels Gonza´ lez-Lafont,* and JoséM. Lluch
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The mechanism for the atmospheric oxidation of DMSO has been studied. For the first time, all the possible
channels in the DMSO+ OH reaction are studied together theoretically, and their corresponding rate constants
have been evaluated under the variational transition-state formalism. Three different channels have been
characterized: an addition-elimination process to form MSIA (CH3SOOH) and CH3, a H-abstraction pathway
to give CH3SOCH2 and H2O, and a nonkinetically relevant SN2-type reaction to form methanol and CH3SO.
In agreement with previous experimental and theoretical works, the main product in the DMSO+ OH reaction
turns out to be the MSIA, with a branching ratio at 298.15 K around 97%. The effects of pressure in the
global rate constant have also been analyzed.

1. Introduction

Dimethyl sulfoxide (DMSO) is considered to be an important
intermediate in the atmospheric oxidation of dimethyl sulfide
(DMS). It has been identified in both laboratory1-5 and field
studies.6-8 Although it is an important DMS oxidation secondary
product, its reactions in the atmosphere have received little
attention. DMS, emitted from phytoplankton in the oceans, is
the major natural source of sulfur in the atmosphere. DMS
accounts for 10-40% of the total sulfur emitted to the
atmosphere, equivalent to 12-54 Tg S/year.9-11 It has been
proposed that DMS could be a major source of sulfate aerosols
over the oceans. In addition to the direct radiative impact of
these aerosols, they may also have an impact on the number of
available cloud condensation nuclei (CCN) which, in turn, can
influence the albedo of clouds over the oceans. Thus, it has
been postulated that the emission of DMS from the oceans may
have a significant influence on the Earth’s radiation budget and
possibly interacts with climate change.12

The production of DMSO in the hydroxyl radical-initiated
oxidation of DMS is thought to involve two steps: first, the
addition of the OH radical to the sulfur atom of DMS to form
a stable adduct, followed by the reaction of this adduct with
molecular oxygen.4,13,14 Although different DMSO yields for
this reaction have been published,4,5,14 all the studies confirm
that DMSO formation is quite substantial. However, the absolute
yield of DMSO under atmospheric conditions is still uncertain.
It has been proposed that the reaction of DMS with BrO radicals
could contribute to the fate of DMSO in the atmosphere,
too.15-17 The reaction of OH with DMSO has been found to be
very fast, so this removal process is likely to be the dominant
atmospheric sink of DMSO. For instance, at room temperature
and atmospheric pressure, the OH-initiated oxidation of DMSO
is approximately 15 times faster than the reaction of OH with
DMS: kDMSO+OH ) 9.4× 10-11 cm3 molecule-1 s-1 18compared
to kDMS+OH ) 6.5 × 10-12 cm3 molecule-1 s-1.19 Several
experimental studies have investigated the hydroxyl radical-
initiated oxidation of DMSO. There is general agreement that
the products observed in smog chamber studies are sulfur

dioxide (SO2), dimethyl sulfone (DMSO2, CH3S(O)2CH3),
methane sulfinic acid (MSIA, CH3S(O)OH), methane sulfonic
acid (MSA, CH3S(O)2OH), and methanesulfonyl peroxynitrate
(MSPN, CH3S(O)2OONO2).3,20 However, the reported product
yields differ significantly depending on the experiment. Barnes
et al.20 observed significant amounts of SO2 but lesser amounts
of DMSO2 by performing an FTIR study. Contrarily, Sørensen
et al.3 reported production of SO2 and DMSO2 in almost equal
amounts. They could not observe formation of MSIA and
reported an upper limit for MSIA yield of 0.3%. In contrast,
Urbanski et al.21 concluded that the CH3 yield from the OH-
initiated oxidation of DMSO was 0.98( 0.12 in the absence
of O2. Since, according to those authors, MSIA was the principal
coproduct of methyl radical in the OH+ DMSO reaction, a
near-unity yield was also proposed for MSIA. All the experi-
ments carried out so far for the DMSO+ OH reaction propose
the two following pathways in the absence of O2:

Some important mechanistic information has also been pub-
lished. Hynes and Wine18 found the rate coefficient for DMSO
+ OH reaction to be indepenent of the pressure (25-700 Torr);
no isotope effect was measured by using the deuterated DMSO,
and no evidence of reversible adduct formation was observed.
Those findings are consistent with OH addition to DMSO to
form an adduct that does not decompose back to reactants on
the time scale of their observations and with the H-abstraction
channel being of minor importance in the DMSO+ OH
reaction. The findings of Hynes and Wine were confirmed by
Urbanski et al.21 who stablished that, if a stabilized CH3S(O)-
(OH)CH3 adduct is formed, its lifetime toward decomposition
is less than 10µs at 20 Torr and 298 K. Their reported room-
temperature rate coefficient for the OH+ DMSO reaction is
(8.7( 1.6)× 10-11 cm3 molecule-1 s-1. The most recent studies
have concentrated their interest on this reaction in MSIA
formation.22,23 Arsene et al.22 studied the product formation in† Part of the special issue “Donald G. Truhlar Festschrift”.
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both the absence and the presence of NOx. They used a total
pressure of 1000 mbar of synthetic air at 284( 2 K. The
evolution of reactants and products were monitored in situ using
FTIR spectroscopy. For MSIA and MSA detection, the ion
chromatography (IC) analytical tool was employed. The mea-
sured yields of MSIA were very high (84-99%), although the
same authors indicate that MSIA quantification was difficult
and is only semiquantitative in their study. Stable secondary
products in the system were very scarce: SO2, DMSO2, MSA,
and MSPN accounted for only about 15% and 12% of sulfur in
the presence and absence of NOx, respectively. In addition, the
formation of MSA is, according to Arsene et al.,22 clear evidence
that this compound can also be formed via the addition channel
of the OH radical-initiated oxidation of DMS. Kukui et al.23

used a high-pressure turbulent flow reactor coupled to an ion
molecule reaction mass spectrometer to study the reactions of
OH radical with DMSO and MSIA at 298 K and 200 and 400
Torr of N2. These measurements seem to be the first direct
detection of MSIA in the OH+ DMSO gas-phase reaction,
and the estimated yield of this compound was 0.9( 0.2. The
reaction rate constant reported by the authors is (9.0( 1.6) ×
10-11 cm3 molecule-1 s-1, in very good agreement with previous
experimental results. As for the reaction between MSIA and
OH radical, they concluded that SO2 is the major product of
this oxidation process. Their results then indicate that the OH-
addition route of the gas-phase atmospheric oxidation of DMS,
which produces DMSO, would result in high yields of SO2,
which is a precursor of H2SO4. Another interesting conclusion
of their work is that MSA, the other major end product of DMS
oxidation, is not produced by gas-phase reactions involving
MSIA, as have been suggested before.

To our knowledge, only two theoretical works on the reaction
of DMSO with OH have been published.24,25Wang and Zhang24

reported ab initio studies on the stationary points involved in
this reaction. Two addition complexes and three different saddle-
point structures at the MP2/6-311G(d,p) level of theory were
characterized. As had been experimentally suggested, they found
an addition complex ((CH3)2S(O)OH interaction) that could
further undergo decomposition to form MSIA and CH3 (R1).
The other complex found ((CH3)2SO-HO interaction) was not
linked to the abstraction channel (R2), although their connection
was suggested. Finally, a third saddle point was characterized
as corresponding to the SN2-type reaction leading to CH3OH
+ CH3SO (R3). Their best estimation of the energetics cor-
responded to the G3//MP2/6-311G(d,p) level of theory. On the

other hand, Resende et al.25 concentrated their efforts on the
study of the role of adducts along the DMSO+ OH path in the
DMSO atmospheric oxidation. They found the same two
addition complexes as Wang and Zhang24 and a third one very
similar to the (CH3)2SO-HO structure but with the hydroxyl
radical oxygen atom closer to one of the hydrogens in DMSO.
The authors linked this nonsymmetric hydrogen-bonded com-
plex with the unique saddle-point structure found for the
abstraction channel (R2). In agreement with Wang and Zhang,
the (CH3)2S(O)(OH) complex was connected with the CH3

elimination saddle-point structure (R1). The final energetics was
calculated at the CCSD(T)/cc-pVTZ//UMP2/6-31G(d) level.
Also in agreement with previous results, the calculations of
Resende et al.25 give a lower free energy barrier for the
elimination channel than for the abstraction pathway. A common
free energy bottleneck estimated by simple collision theory was
assigned by the authors to the formation of the two weakly

bound complexes. Within the framework of conventional
transition-state theory and using the steady-state approximation
for the two complexes, the authors calculated a global rate
constant of 1.44× 10-10 cm3 molecule-1 s-1 at 298 K, slightly
greater than the experimental upper limit.

The standard steady-state analysis carried out at the canonical
ensemble by Resende et al.25 presumes that the two weakly
bound complexes have thermal distribution of states. This
thermal distribution would only arise if the complexes suffer
many collisions before reacting, that is, at the high-pressure
regime. However, under experimental conditions, no indication
of stabilized complex formation was found, or at least, most of
the authors who carried out those experiments stress their doubts
about the existence of a thermalized adduct corresponding to
the addition-elimination channel. Herein, a kinetic study within
the framework of variational transition-state theory of the OH-
initiated oxidation of DMSO was carried out at the two limiting
pressure regimes. At low pressure, the canonical unified
statistical theory26 was used to calculate the global rate constants,
whereas at high enough pressure, the calculation of the canonical
global rate constant was carried out within the steady-state
approximation. The comparison of the two rate constant values
will allow us to infer whether pressure effects might be
important in the OH-initiated degradation of DMSO.

2. Method of Calculation

In this section, we will describe the technical details of the
electronic structure and the dynamical calculations.

2.1. Electronic Structure Calculations.Geometry optimiza-
tion, energies, and first and second energy derivatives for the
three reactions were calculated by using two different electronic
structure approaches: second-order Møller-Plesset perturbation
theory (MP2)27 and hybrid density functional theory (HDFT).28-31

At the HDFT level, three different hybrid functionals were
tested: MPW1K32 (modified Perdew-Wang one-parameter
model for kinetics), BB1K33 (Becke88-Becke95 one-parameter
model for kinetics), and MPWB1K34 (modified Perdew and
Wang 1991 exchange functional35 and Becke’s 1995 meta
correlation functional).36 This last HDFT method is actually a
hybrid meta DFT37 (HMDFT), because it depends on kinetic
energy density as well as the density and the gradient of the
density. All these HDFT methods have been tested against
kinetic databases. They have also shown a good compromise
between cost and accuracy in describing heavy atom transfer
reactions.38 The HDFT results are compared to MP2 theory
calculations, which have also been used in previous works to
study the thermodynamics of this system.24,25 We used spin-
projected MP2 energies (PMP2)39 to correct for spin contamina-
tion effects, even though the value of〈S2〉 was never higher
than 0.82. Two different sets of basis functions have been
employed: the 6-31+G(d,p) Pople basis set40 and the MG3S
basis set41 from Truhlar’s group. The MG3S basis set41 is
identical to 6-311++G(2df,2p) for C, O, and H, except that,
on hydrogen, diffuse functions have been removed. For the
sulfur atom, this basis set stands for the 6-311+G(3d2f) Pople’s
one. The most important factor in choosing the MG3S basis is
that it includes tight d functions that seem to be a prerequisite
for consistent accuracy on second-row atoms. The MG3S
satisfies this criterion, because the exponent of the tighest d
function forS is 2.6.42 Energies at all the stationary points were
then recalculated at a higher level of theory, the multicoefficient
Gaussian-3 method, in its version 3s (MCG3/3).43,44 This
approach has been proven to represent a very good compromise
of accuracy, cost, and ease of use for practical calculations in

CH3S(O)CH3 + OH f CH3SO+ CH3OH (R3)
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thermochemical kinetics. Core correlation effects are implicitly
included in the parametrization. The main advantage of the
MCG3 method, and, in general, of multicoefficient methods, is
that they can be used to calculate potential energy surfaces
(PESs), because the energy expression is a continuous function
of the geometry because of the elimination of the high-level
correction (HLC) term43,44included in other methods. 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
stationary points found correspond to the three reaction mech-
anisms mentioned in the Introduction section: an addition-
elimination channel (R1), a H-abstraction channel (R2), and an
SN2 pathway (R3). The two mechanisms R1 and R2 were found
to proceed via a complex in the entrance channel. In R1, an
addition-type of complex (which will be called AD) is formed,
and then, it is followed by the elimination of a methyl group to
form MSIA. The methyl elimination takes place through a
saddle-point structure (SPel). In R2, a H-bonded-type of complex
(which will be called RC) is formed first, followed in this case
by the saddle-point structure of the H-abstraction process (SPabs).
Also, for the H-abstraction channel, a complex was found at
the product side of the reaction (PC). In contrast, in the R3
channel, a unique stationary point was located corresponding
to the nucleophilic-substitution saddle-point structure (SPsubs).
A global description of the three degradation routes for the
DMSO + OH reaction is depicted in Figure 1.

To ensure the connectivity between the stationary points
found and for their use in the dynamical calculations, the
minimum energy path (MEP)45 in an isoinertial mass-weighted
Cartesian coordinate system was calculated starting from each
saddle-point geometry found (SPel, SPabs, and SPsubs), by
following the Page-McIver algorithm46 at the MPW1K/MG3S
level of theory. A step size,δs, of 0.01 bohr (wheres denotes
the distance along the MEP in an isoinertial mass-scaled
coordinate system with a scaling mass equal to 1 amu) was

used in all cases. The second derivative matrix was calculated
at every two points on each MEP. For all the regions, the
interpolated single-point energy correction (ISPE)47 procedure
was used for the variational transition-state calculations. The
ISPE method is a dual-level direct dynamics scheme that uses
a low-level (LL) MEP and corrects the energy by interpolating
the energy differences at some points along the MEP between
this low-level MEP and single-point energy calculations at a
higher level (HL). In this work, we used the MPW1K/MG3S
method as the LL and the MCG3/3 as the HL. Thus, in addition
to the stationary points, we calculated the HL energy at several
nonstationary points along the MEPs. Because of the change
of the electronic calculation level, in general, the HL classical
energy maximum structure (with energyVmax) along the LL
MEP will not coincide with the LL saddle-point structure. The
normal-mode analysis along the MEP was performed in
Cartesian coordinates, and the reoriented dividing surface
(RODS)48 algorithm was used to improve the generalized
frequencies. For the addition and association regions (AD and
RC formation, respectively), we built a distinguished reaction
coordinate path (DCP) at the MPW1K/MG3S level. Since the
MEP was not calculated for these regions, the use of the RODS
algorithm48 becomes necessary in order to obtain reliable
generalized eigenvectors and frequencies along the DCP path.
Geometry optimization and the Hessian matrix calculation for
stationary points, as well as the DCPs, were carried out with
the Gaussian 03package of programs.49 All the single-point
MCG3/3 multilevel energy calculations were performed with
theMultiLeVel 4.0code.50 TheGaussRate 9.1code,51 which is
an interface linkingPolyRate 9.352 andGaussian 03,49 was used
for calculating the LL information along the MEPs.

2.2. Dynamical Calculations. As indicated before, the
reaction between DMSO and hydroxyl radical can proceed via
three different pathways. They are therefore three competitive
reactions. To obtain the global reaction rate constant at the low-
pressure regime, we applied the competitive canonical unified
statistical (CCUS) theory,53 in which the global reaction rate
constant,kCCUS(T), is given by

wherekR1(T), kR2(T), andkR3(T) are the rate constants for the
addition-elimination, abstraction, and SN2 mechanisms, re-
spectively. When several complexes are formed along a mech-
anism, there can be several bottlenecks in that pathway.
Actually, there could be one at every region in each individual
channel. This is the situation for channels R1 and R2. Then,
the canonical unified statistical (CUS) theory26 must be applied,
and the corresponding rate constants for each channel will be
given by

where kAD(T), kRC(T), and kPC(T) are the one-way flux rate
constants evaluated at the complexes formed along the reactions
paths. Thekadd(T), kel(T), kass(T), kabs(T), andkdiss(T) are the rate
constants for the addition, elimination, association, abstraction,
and dissociation regions, respectively, calculated at the corre-
sponding bottlenecks. However, the dissociation region was not
included in the finalkR2(T) evaluation because of the high
exothermicity of the channel:kPC(T) andkdiss(T) take very high

Figure 1. Classical potential energy diagram for the DMSO+ OH
reaction: three reaction channels are shown. Energies calculated at the
MCG3/3//MPW1K/MG3S level.
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values, and their contribution to the global R2 flux becomes
irrelevant. Note that, despite the separation in different regions
that we have done for each mechanism, according to the CUS
theory26 all the rate constants are calculated with the same
reactants, DMSO and OH. The rate constant expression for
channel R3,kR3(T), is given by the only bottleneck found along
the pathway, which is the one corresponding to the saddle point
of the reaction; then

At the high-pressure regime, the global rate constant was
calculated according to eq 5 where it is assumed that the AD
complex of the R1 channel and the RC complex of the R2
channel present a thermal distribution of their corresponding
energetic states.

The steady-state approximation was then used for these two
species in order to obtain the one-way flux rate constants for
R1 and R2 (see eqs 6 and 7) channels

Note thatkel
High-P(T) andkabs

High-P(T) refer to the elimination and
abstraction rate constants, respectively, but with AD and RC
complexes taken as reactants, in each case.k-add(T) andk-ass(T)
refer to the inverse rate constants for the addition and association
processes.kadd(T) andkass(T) are the same rate constants included
in eqs 2 and 3, respectively. ThekR3(T) rate constant is the same
as in eq 4. All the rate constants were calculated by means of
canonical variational transition-state (CVT) theory54-58 and
corrected with the multidimensional small-curvature tunneling
(SCT) coefficient59-62 when quantum effects on the nuclear
motion where possible (i.e., when the reaction has a positive
adiabatic ground-state potential energy barrier,VAG, somewhere
along the reaction path). The adiabatic potential energy includes
classical potential energy and zero-point energy contributions.
The CVT/SCT rate constant is defined as

whereκSCT(T) is the SCT transmission coefficient,s* is the value
of s at the free energy maximum along the reaction path (MEP
or DCP) at temperatureT, σ is the symmetry number,kB is the
Boltzmann’s constant,h is the Planck’s constant,V(s*) is the
classical potential energy ats* with the zero of energy at the
overall classical energy of reactants,QR(T) is the reactant
partition function per unit volume (again with the zero of energy
at the reactants), andQGT(T, s*) is the generalized transition-
state partition function with the zero of energy atV(s*) and
excluding the reaction coordinate. It should be noted that
rotational symmetry numbers were removed for all partition
functions, as they are included inσ. This symmetry number is
calculated according to the following expression:63

wheren stands for the number of kinetically equivalent transition
states,σR is the usual rotational symmetry number for reactants
(or the product of these symmetry numbers if there are two
molecular reactans, as in our case), andσGT(s) corresponds to
the usual rotational symmetry number of the generalized
transition state ats. In our applications, we assumeσGT(s) to
be independent ofs, and thus,σ(s) becomes a constantσ. In all
cases, the vibrational partition functions have been evaluated
within the harmonic approximation.

The ISPE algorithm was used to compute a high-level (HL)
rate constant for those regions with a saddle point. The ISPE
method is based on a mapping function64 to interpolate the
information along the MEP (or DCP). For the association region
(barrierless reaction; i.e., without saddlepoint), a three-point
Lagrange interpolation was used. All rate constants where
computed with thePolyRate 9.3code.52

3. Results and Discussion

In this section, we will first present the electronic structure
results of the stationary points found for the DMSO+ OH
reaction. After that, we will describe the reaction pathway and
the kinetics results for each individual channel. Finally, the
contribution of each channel to the global mechanism and the
overall rate constant of the DMSO+ OH reaction will be
analyzed.

3.1. Stationary Points. In Table 1, a comparison of the
energetics obtained at different levels of electronic structure
theory for the addition-elimination, abstraction, and SN2
channels is given. The figures in Table 1 for the addition-
elimination channel indicate that MPW1K (the hybrid density
functional finally selected as the low level in the electronic
structure calculations of this study) tends to underestimate
somewhat the stability of the AD complex when compared with
the other hybrid functionals and also with PMP2 calculations.
This is also the trend in the energetics at SPel and in the classical
potential energy for the R1 products. In any case, those energetic
differences disappear when high-level corrections are introduced
at the MCG3/3 level. As for the abstraction channel, the figures
in Table 1 do not show any significant differences concerning
RC stability using HDFT, MP2 theory, or at the MCG3/3 level,
besides the fact that this entrance-channel complex was not
found on the BB1K/MG3S PES. The MPW1K barrier at SPabs

is around 1 kcal/mol higher than that using the other two hybrid
functionals, but 1 kcal/mol lower than the PMP2 result. MP2
theory clearly gives higher barriers. Those energetic differences
significantly disappear at the MCG3/3 level. As for the classical
potential energy for the abstraction products, one can also
observe the good agreement at the MCG3/3 level, although the
differences between HDFT and MP2 theories are 3-4 kcal/
mol. Concerning the SN2 channel, it is noticeable that MP2 gives
very high barriers without spin contamination problems in that
reaction pathway. Also, for the energetic results of this channel,
the convergence at the MCG3/3 level is remarkable. By taking
into account the energetic results presented in Table 1 for the
DMSO + OH reaction and in order to carry out direct
comparison with our previous study on the DMS+ OH
process,65 the MCG3/3//MPW1K/MG3S level was finally
selected as the electronic structure level of theory in this kinetic
study of OH-initiated oxidation of DMSO. The optimized
geometries of the minimum-energy and saddle-point structures
calculated at the MPW1K/MG3S level are shown in Figure 2,
while the potential energy diagram obtained at the MCG3/3//
MPW1K/MG3S level was already presented in Figure 1.

kR3(T) ) kSPsubs(T) (4)

kHigh-P(T) ) kR1(T) + kR2(T) + kR3(T) (5)

kR1(T) )
kadd(T)kel

High-P(T)

k-add(T) + kel
High-P(T)

(6)

kR2(T) )
kass(T)kabs

High-P(T)

k-ass(T) + kabs
High-P(T)

(7)

kCVT/SCT(T, s*) ) κ
SCT(T)σ

kBT

h
QGT(T, s*)

QR(T)
exp[-V(s*)/kBT]

(8)

σ(s) ) nσR

σGT(s)
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Complexes of DMSO with OH.Two types of entrance-channel
complexes of DMSO with OH radical were found on the
MPW1K/MG3S PES (see Figure 2). On one side, a 2-center-
3-electron bond complex (AD) is formed because of the HO-S
interaction. Note that the AD structure sligthly deviates from
the C2V symmetry (HOSO dihedral angle of-23°). The other
complex (RC) hasC2V symmetry and is bound between the
oxygen atom of DMSO and the hydrogen atom of OH. The
AD complex is stabilized by 16.45 kcal/mol with respect to
reactants, while the RC structure is only stabilized by 8.51 kcal/
mol, both in terms of classical potential energy at the MCG3/
3//MPW1K/MG3S level. The binding energies at 0 K (that is,
including zero-point energy) of AD and RC are-13.4 and-6.7
kcal/mol, respectively (see Table 1). However, the O-H
distance in RC is 1.774 Å, which indicates a relatively strong
hydrogen bond. There are two other hydrogen bonds in this
structure between the O atom in OH and the H atom in DMSO,
but they are much weaker, as can be seen by the corresponding
bond distances of 2.790 Å. In agreement with Whang and Zhang
results24 at the MP2/6-311G(d,p) level, but in contrast with
Resende et al.25 calculations at the UMP2/6-31G(d) level, we

did not locate a nonsymmetric hydrogen-bonded complex in
the entrance channel. Moreover, we found that the H-abstraction
saddle-point structure (SPabs) was connected on the PES with
the C2V RC structure, being confirmed then as the entrance
complex of the R2 channel at the MPW1K/MG3S level.
Resende et al.25 found a different SPabsstructure connected with
their nonsymmetric entrance-channel complex, whereas Whang
an Zhang24 could not find a path connecting their RC and SPabs

structures. The differences between our H-abstraction pathway
and that of Resende et al.25 arise from the position of the
abstracted H atom, which is alternated to the S atom in the
MPW1K pathway calculated in this work, whereas it is eclipsed
to the S atom in Resende’s study.

On the other hand, the AD structure at the MPW1K/MG3S
level was connected with SPel, which assured that AD was the
entrance complex preceding the CH3 elimination process of the
R1 channel, this time in agreement with the two previous
theoretical studies using MP2 optimizations.24,25In comparison
with our previous results65 at the MCG3/3//MPW1K/MG3S
level on the AD complex of the CH3SCH3 (DMS) + OH
reaction, the S-OH interaction at the AD complex is stronger

TABLE 1: Energies (in kcal/mol) of the Stationary Points for DMSO + OH Reactiona

reaction 1 reaction 2 reaction 3

VAD (Va
G)AD Vel

‡ (Va
G)el

‡ ∆Vel VRC (Va
G)RC Vabs

‡ (Va
G)abs

‡ VPC (Va
G)PC ∆Vabs Vsubs

‡ (Va
G)subs

‡ ∆Vsubs

MPW1K/
MG3S

-10.85 -7.77 -4.89 -3.36 -11.96 -9.13 -7.27 +1.99 +0.96 -21.41 -20.46 -13.83 +20.51 +21.69 -38.70

BB1K/
MG3S

-12.43 -9.37 -6.15 -4.67 -12.51 +0.82 -0.20 -21.67 -20.70 -14.75 +18.27 +19.46 -41.17

MPWB1K/
MG3S

-13.12 -10.04 -6.80 -5.33 -12.38 -9.58 -7.54 +0.22 -0.80 -22.39 -21.32 -14.57 +18.26 +19.45 -40.80

MP2/
6-31+G(d,p)

-11.63 -10.02 -3.09 -1.48 -14.68 -9.75 -7.88 +5.02 +3.99 -25.02 -24.25 -14.95 +26.71 +28.18 -41.46

PMP2/
6-31+G(d,p)

-14.77 -13.17 -6.53 -4.92 -14.77 -9.72 -7.85 +2.87 +1.83 -25.48 -24.71 -15.40 +18.80 +20.26 -42.87

MCG3/3//
MPW1K

-16.45 -13.37 -9.85 -8.32 -15.02 -8.51 -6.65 -0.60 -1.62 -25.31 -24.35 -15.02 +14.56 +15.75 -40.94

MCG3/3//
BB1K

-16.47 -13.41 -9.84 -8.36 -15.05 -0.48 -1.49 -25.26 -24.28 -16.97 +14.76 +15.95 -41.01

MCG3/3//
MPWB1K

-16.42 -13.35 -9.78 -8.30 -15.01 -9.08 -7.03 -0.53 -1.54 -25.27 -24.20 -16.98 +14.72 +15.92 -40.97

MCG3/3//
MP2

-16.05 -12.44 -10.27 -8.66 -14.64 -8.78 -6.91 -0.17 -1.19 -24.97 -24.20 -16.74 +14.43 +15.90 -41.63

a Vx and (Va
G)x are the classical potential energy and the adiabatic depth of stationary pointx, respectively;Vx

‡ and (Va
G)x

‡ are the classical potential
energy barrier and the adiabatic potential energy barrier at SPx, respectively; and∆Vx is the classical potential energy for thex channel products.
All energies are relative to reactants. Frequencies used in the calculations have been scaled. Scale factors for the different methods in parentheses:
MPW1K/MG3S (0.9581),67 BB1K/MG3S (0.9581),33 MPWB1K/MG3S (0.9581),34 MP2/6-31+G(d,p) (0.9661).68

Figure 2. Geometrical representations of the complexes and main saddle points along the three pathways in the DMSO+ OH reaction. Distances
are given in angstroms and angles in degrees.
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in the present DMSO+ OH system (binding energies at 0 K
of -9.5 and-13.4 kcal/mol, respectively), and the S-O bond
length is clearly shorter (3.331 vs 1.925 Å).

Saddle-Point Structures of the DMSO+ OH Reaction.Three
different saddle-point structures were characterized as corre-
sponding to the three main channels in the DMSO+ OH
reaction. Moreover, a fourth saddle point was located in the
addition pathway that leads to the AD complex. In contrast,
the association process to form the RC complex was character-
ized by a continuous decrease of the classical and adiabatic
potential energy, that is, it represents a downhill association
reaction. The main three saddle-point structures are depicted in
Figure 2 as SPel, SPabs, and SPsubs. The saddle point found in
the addition process is characterized by a very small negative
eigenvalue whose associated eigenvector involves the rotation
of the OH radical in this region from a long-range OH-S
interaction to the short-range HO-S interaction of the AD
complex. The OH-S distance takes a value of 3.8 Å at the
addition saddle-point structure while the HO-S distance is 3.5
Å. This result is in agreement with our calculations for the
addition pathway of the DMS+ OH reaction,65 but none of
the previous theoretical works on the DMSO+ OH reaction
explored the corresponding addition region. Energetically, this
saddle point structure lies 2.44 kcal/mol below reactants at the
MCG3/3//MPW1K/MG3S level at 0 K (see Table 2). The SPel

structure connects the addition complex AD with the elimination
products (MSIA, CH3SOOH and CH3). It is 8.32 kcal/mol below
reactants at 0 K but 5.9 kcal/mol above the AD complex at the
MCG3/3//MPW1K/MG3S level. SPel is characterized by a long
bond distance between the S atom and the departing methyl
group (0.462 Å larger than the corresponding bond in AD).
Contrarily, the forming bond is only 0.25 Å shorter than the
equilibrium distance of 1.925 Å in AD. SPabs corresponds to
the maximum classical potential energy structure along the
abstraction pathway. This saddle point connects two com-
plexes: the RC and the PC described previously. The product
complex is stabilized by different hydrogen bonds between the
forming CH3SOCH2 and H2O products (see Figure 2). This is
a difference with the previous theoretical works on this
reaction24,25 where SPabs had been directly linked along the
H-abstraction pathway with the abstraction products. On the
MCG3/3//MPW1K/MG3S PES explored in our study, PC is
stabilized by 8.6 kcal/mol at 0 K with respect to the final

products. SPabs is 0.98 kcal/mol above the reactants at the
MPW1K level, but after the high-level energy correction, it lies
1.62 kcal/mol below the reactants (always at 0 K). This seems
to be a rather surprising result, because there is no experimental
evidence of the abstraction products in the DMSO+ OH
experimental measurements. Finally, SPsubscorresponds to the
saddle-point structure of the reaction between DMSO and OH
to form methanol and the CH3SO radical. Neither a reactant
nor a product complex were found along the substitution
pathway, which means that SPsubs was directly linked with
reactants on one side and with products on the other one. Despite
its high exothermicity (more than 40 kcal/mol at 0 K), the
adiabatic barrier (15.75 kcal/mol) is higher than for the other
two channels. For this reason, the SN2 channel will not
significantly affect the global reaction constant of the DMSO
+ OH reaction.

3.2. Individual Reaction Channels.In this section, we will
analyze the most relevant features of each individual channel:
The main characteristics of the reaction pathway will be
described for each channel, and the corresponding individual
rate constants values will be given and discussed within the
CUS formalism,26 that is, considering that the supermolecules
of the reacting system maintain the Boltzmann distribution of
energetic states of the bimolecular reactants DMSO+ OH along
the reaction pathway. In Table 2, the most significant energetic
results for all the regions identified in the DMSO+ OH reaction
pathways are given at the two levels of theory used: the
MPW1K/MG3S for low-level and the MCG3/3//MPW1K/
MG3S for high-level calculations. In Tables 3 and 4, the rate
constants at the low-pressure limit are presented as a function
of temperature for R1 and R2 channels, respectively.

MSIA Formation Channel (R1).As has already been men-
tioned, and was also found in two other previous theoretical
works,24,25 the reaction channel that leads to MSIA formation
and CH3 elimination takes place through the formation of a
complex in the entrance channel (denoted AD in this paper). In
this way, two distinct regions can be distinguished along the
R1 pathway: an addition process from reactants to AD and the
elimination region from AD to the final elimination products.

As indicated above, a saddle-point structure was located in
the addition pathway, but because of the low value of the
imaginary frequency associated to the transition vector, the
calculation of the MEP in this region presented several numerical

TABLE 2: MPW1K/MG3S (low-level) and MCG3/3//MPW1K/MG3S (high-level) Energies (in kcal/mol) for the Different
Regions Described in the DMSO+ OH Reactiona

∆V ∆Va
G

V
(s ) 0)

Va
G

(s ) 0) s(Vmax) Vmax Va
G(Vmax) s(VAG) VAG

MPW1K/MG3S
addition -10.85 -7.77 -1.92 -1.95 +0.307 -1.81
elimination -11.96 -13.06 -4.89 -3.34 -0.24 -3.27
association -9.13 -7.27
abstraction -13.83 -14.57 +2.00 +0.98 +0.007 +0.98
dissociation -21.41 -20.46
SN2 -38.70 -36.49 +20.51 +21.70 -0.03 +21.71

MCG3/3//MPW1K/MG3S
addition -16.45 -13.37 -2.41 -2.44 0.02 -2.41 -2.43 -0.90 -2.16
elimination -15.02 -16.13 -9.85 -8.32 +0.18 -9.82 -8.36 -0.07 -8.30
association -8.51 -6.65
abstraction -15.02 -15.76 -0.60 -1.62 -0.12 -0.08 -0.85 -0.27 -0.29
dissociation -25.31 -24.35
SN2 -40.94 -38.73 +14.56 +15.75 +0.20 +15.18 +16.23 +0.18 +16.23

a From left to right: classical potential energy and adiabatic energy of reaction for the region; classical potential energy and adiabatic energy at
the MPW1K saddle point structure;s value at the classical potential energy maximum (on the HL surface); MCG3/3 classical barrier height and
adiabatic energy at the classical potential energy maximum;s value at the adiabatic energy maximum; adiabatic energy barrier height. All energies
relative to reactants (DMSO+ OH). Thes values are in bohr. Zero-point energies (MPW1K/MG3S) are scaled (scale factor) 0.9581).67
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problems at some points, and then, we decided to construct a
DCP instead. It is important to point out that the existence or
not of this saddle point in this region is not kinetically relevant.
As will be shown later on, the dynamical bottleneck (under the
variational transition-state formalism) of the addition process
is due to entropic effects. The selected reaction coordinate was
the internuclear distance between the S atom in the DMSO and
the O atom of the hydroxyl radical. Along this path, the MCG3/3
classical barrier is negative (-2.41 kcal/mol). Since the MEP
was not calculated for this region, the RODS algorithm48 was
essential to obtain reliable generalized eigenvectors and frequen-
cies within the harmonic approximation along the DCP path.
However, we found that the directly calculated frequencies of
the lowest real frequency modes were not stable or not accurate
enough along the reaction path, and this could cause problems
in evaluating the zero-point energies and partition functions.
On the other hand, the analysis of the generalized eigenvectors
associated to the lowest frequencies, revealed that they cor-
respond to rotations of the OH radical, but very coupled with
bending movements in the DMSO molecule, rather than
corresponding to pure internal rotations of the OH radical. For
this reason, a hindered partition function could not be used to
improve the harmonic approximation on those modes. To
ameliorate this problem, we used the IVTST0-for-frequencies
scheme66 to evaluate the two lowest generalized frequencies
along the addition pathway. This scheme is an interpolating
procedure which only uses the frequency values at three
stationary points (reactants or reactant complex, saddle point,
and products or product complex) to describe the evolution of
zero-point energy effects along the DCP. After correction for
zero-point energies, the adiabatic barrier at the MCG3/3 level
is -2.16 kcal/mol, and it is located somewhat closer to the
reactants than the saddle point.

In the elimination region, the MEP could be calculated from
SPel to AD on one side of the path and to the elimination
products (MSIA+ CH3) on the other side. The classical barrier

at the MCG3/3 level is-9.82 kcal/mol, and the adiabatic barrier
-8.30 kcal/mol. These lower barriers in comparison with the
ones at the addition region are the first indication that methyl
elimination will be much faster than addition.

When temperature and entropic effects were included along
the reaction pathway, the free energy profile was calculated at
the different temperatures as a function ofs. In Figure 3, the
free energy profile at 298.15 K for the complete R1 pathway is
presented. The difference between the free energy maxima at
the addition and the elimination regions is around 5 kcal/mol.
Note that in the addition region there are in fact two free energy
maxima separated by a shallow free energy minimum. We
mentioned above that, at the addition saddle-point region, the
OH fragment is rotating and changing the long-range OH-S
interaction with the DMSO fragment by the short-range HO-S
interaction. In this range of the reaction pathway, where both
interactions are rather loose, several generalized frequencies
show a minimum, their entropic contribution to the free energy
increases, and consequently, the total free energy in this zone
diminishes. The energy difference between the addition and
elimination activation free energies could justify that, once the
AD complex is formed, it rapidly decomposes by elimination
of a methyl group, instead of getting trapped into the AD well
and being stabilized by collisions. In fact, there is no experi-
mental evidence of the existence of the AD complex. Urbanski
et al.21 explained that, under the experimental conditions used
(at 20 Torr and 298 K), the CH3 appearance rate was limited
by the OH + DMSO addition reaction and not adduct
decomposition, and from their measurements, a estimation of
the true adduct lifetime would be significantly less than 10µs.
Kukui et al.23 also analyzed (at 200 and 400 Torr and at 298
K) the possibility of a complex formation followed by its

TABLE 3: Rate Constants (in cm3 molecule-1 s-1) for R1 Channel Computed at the MCG3/3//MPW1K/MG3S Level of Theory
at Low-Pressure Limit

addition elimination R1 rate constant

T (K) kTST(T) kCVT(T) kTST(T) kCVT(T) kCUS(T)

200.00 2.87× 10-10 9.81× 10-11 2.80× 10-04 2.10× 10-04 9.81× 10-11

225.00 1.63× 10-10 5.52× 10-11 2.66× 10-05 2.00× 10-05 5.52× 10-11

250.00 1.06× 10-10 3.55× 10-11 4.10× 10-06 3.10× 10-06 3.55× 10-11

298.15 6.01× 10-11 1.95× 10-11 2.82× 10-07 2.12× 10-07 1.95× 10-11

325.00 4.83× 10-11 1.54× 10-11 9.13× 10-08 6.84× 10-08 1.54× 10-11

350.00 4.12× 10-11 1.30× 10-11 3.78× 10-08 2.82× 10-08 1.30× 10-11

375.00 3.63× 10-11 1.12× 10-11 1.78× 10-08 1.32× 10-08 1.12× 10-11

400.00 3.29× 10-11 1.00× 10-11 9.26× 10-09 6.81× 10-09 9.99× 10-12

450.00 2.85× 10-11 8.46× 10-12 3.21× 10-09 2.32× 10-09 8.43× 10-12

500.00 2.61× 10-11 7.56× 10-12 1.41× 10-09 1.00× 10-09 7.50× 10-12

TABLE 4: Rate Constants (in cm3 molecule-1 s-1) for R2
Channel Computed at the MCG3/3//MPW1K/MG3S Level of
Theory at Low-Pressure Limit

association abstraction R2 rate constant

T (K) kCVT(T) kTST(T) kCVT(T) kCUS(T)

200.00 3.06× 10-08 1.66× 10-11 6.23× 10-13 6.23× 10-13

225.00 1.20× 10-08 9.42× 10-12 5.78× 10-13 5.78× 10-13

250.00 5.83× 10-09 6.04× 10-12 5.50× 10-13 5.50× 10-13

298.15 2.16× 10-09 3.25× 10-12 5.02× 10-13 5.02× 10-13

325.00 1.45× 10-09 2.53× 10-12 4.82× 10-13 4.82× 10-13

350.00 1.07× 10-09 2.09× 10-12 4.71× 10-13 4.71× 10-13

375.00 8.31× 10-10 1.79× 10-12 4.65× 10-13 4.65× 10-13

400.00 6.38× 10-10 1.58× 10-12 4.63× 10-13 4.63× 10-13

450.00 4.21× 10-10 1.31× 10-12 4.69× 10-13 4.68× 10-13

500.00 3.10× 10-10 1.16× 10-12 4.85× 10-13 4.84× 10-13

Figure 3. Generalized Gibbs free energy profile at 298.15 K for R1
channel at the MCG3/3//MPW1K/MG3S level. The solid line stands
for the calculated pathway, while the dotted line corresponds to the
interval of s not calculated. Thes values along the addition DCP
pathway were calculated with reference to the elimination saddle point
(s ) 0). Note that ats ) -17 bohr, the HO-S an OH-S distances are
3.3 Å and 2.4 Å, respectively.
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reaction with OH and with O2. No signals of those two reactions
were observed. However, Kukui et al.23 stated that the formation
of a short-lived stabilized complex could not be excluded. In
any case, the AD stabilization in the DMSO+ OH reaction
would be less important than for the adduct in the DMS+ OH
reaction. These results are confirmed in our work: The
decomposition adiabatic barrier calculated from the AD mini-
mum to give the elimination products is of only 6.6 kcal/mol
compared with the same barrier for the adduct in the DMS+
OH reaction of 22 kcal/mol.65

In Table 3, the rate constants at each region (addition and
elimination) are given as a function of temperature with respect
to DMSO + OH as reactants. The symmetry number for the
addition proces is 1, while it is 2 for the elimination region
because of the existence of two different, but kinetically
equivalent, elimination transition states. Note thatσR andσGT

are equal to 1 in both cases. All those rate constants are
calculated within the TST and CVT formalism, but no tunneling
corrections were needed, because in both regions, the adiabatic
barrier is negative. In the calculation of the CVT addition rate
constant, only the highest generalized activation free energy
value was considered. The overall R1 rate constants calculated
in accordance with CUS theory26 (as described in eq 2) are also
given. The term corresponding to the contribution of the reactive
flux at the reactant complex AD is considered negligible,
becausekAD(T) is much bigger than the addition and elimination
rate constants at all temperatures considered.

From the figures in Table 3, it can be observed that both sets
of rate constants show some variational effect and a negative
temperature dependence. The comparison between the addition
and elimination rate constants show clearly that the addition is
the dynamical bottleneck of the R1 channel at the whole range
of temperatures: Once the complex is formed, it dissociates
very easily to form the corresponding products.

Abstraction Channel (R2).No experimental studies have been
performed to specifically study the abstraction channel in the
DMSO + OH reaction. Urbanski et al.21 indicated that the unit
yield of methyl in their study was consistent with the findings
of Hynes and Wine18 who did not observe a kinetic isotope
effect when using deuterated DMSO, and both experiments were
showing that the DMSO+ OH reaction does not proceed by
H-abstraction to any significant extent. Also, Arsene et al.22

considered this channel to be of minor significance, since there
was no indication for primary formation of SO2. In our
theoretical calculations, the R2 mechanism was found to proceed
via a complex in the entrance channel (RC), a saddle-point
structure (SPabs), and another complex at the product side (PC).
The connection between SPabs, RC, and PC had not been proven
before. We already mentioned that Whang and Zhang24 did not
ensure the connection between RC and SPabsand that Resende
et al.25 explored a different H-abstraction pathway. Three distinct
regions can be distinguished then along the R2 channel: an
association region from reactants to RC, the abstraction region
from RC to PC, and a dissociation region from PC to the final
abstraction products. The same stationary points along the
H-abstraction pathway were found for the DMS+ OH reac-
tion.65

The association process to form RC is a downhill reaction
without a saddle point, so we constructed a DCP path using
the O-H internuclear distance between the O atom in DMSO
and the hydrogen atom in OH as the reaction coordinate, while
the other degrees of freedom were allowed to relax. Only when
the free energy is evaluated along the DCP does a maximum

appear, so that the variational transition-state rate constant can
be calculated for this association.

In the abstraction region, the MEP could be calculated from
SPabsdown to RC on the reactant side of the path and down to
PC on the product side. The classical barrier at the MCG3 level
is slightly negative:-0.08 kcal/mol. When the harmonic
generalized frequencies along the MEP were analyzed, we
detected that the lowest real one was unstable (became
imaginary) in several regions along the MEP at the product side.
The analysis of the generalized eigenvector associated to this
lowest frequency revealed that it did not correspond to an
internal rotation of the OH radical. For this reason, a hindered
partition function could not be used to improve the harmonic
approximation on that mode. We then decided that the more
physical description for the evolution of this frequency along
the reaction pathway would result from the three-point inter-
polation IVTST0-for-frequencies scheme66 described in the
previous section. In this way, an adiabatic energy profile could
be constructed that presents an adiabatic barrier of-0.29 kcal/
mol. This result indicates that at 0 K the H-abstraction process
would not really be impeded, although the adiabatic barriers
encountered for the addition and elimination bottlenecks of the
R1 channel are still more negative.

When the partition functions were obtained along the reaction
pathway, the free energy profile was calculated at the different
temperatures as a function ofs. In Figure 4, the free energy
profile at 298.15 K for the complete R2 pathway is depicted.
We can see from this figure that the dynamical bottleneck of
the R2 channel is located at the H-abstraction region. The high
generalized activation free energy at the H-abstraction transition
state is due to entropic constraints imposed for such tight
structure.

In Table 4, the rate constants at each region (association and
abstraction) are given as a function of temperature with respect
to DMSO+ OH as reactants. Recall that the dissociation region
was not considered in the rate constant calculation. The
symmetry number for the association process is 1, while it is 2
for the abstraction region because of the existence of two
different, but kinetically equivalent, abstraction transition states.
Note thatσR andσGT are 1 in both cases. The association rate
constants could only be calculated within the CVT formalism,
because it is a process without a saddle point, while for the
abstraction process, the TST and CVT rate constants were
calculated. No tunneling corrections were needed, because in
both regions, the adiabatic barrier is negative.

Figure 4. Generalized Gibbs free energy profile at 298.15 K for R2
channel at the MCG3/3//MPW1K/MG3S level. The solid line stands
for the calculated pathway, while the dotted line corresponds to the
interval of s not calculated. Thes values along the association DCP
pathway were calculated with reference to the abstraction saddle point
(s ) 0).
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It must be remarked that the association rate constant values
presented in Table 4 might be somewhat overestimated in the
range from 200 to 350 K, because the free energy maximum
could not be located in the calculated association reaction
pathway. In any case, the comparison between the association
and abstraction rate constants show clearly that the abstraction
is the dynamical bottleneck of the R2 channel. Concerning the
abstraction rate constant, a significant variational effect is
observed. In accordance with the abstraction rate constant
contribution, the R2 rate constant presents a slightly negative
temperature dependence that begins to invert above 450 K.

Methanol Formation Channel (R3).As indicated before, the
reaction pathway of the R3 channel presents only one region
corresponding to the substitution region like in the DMS+ OH
reaction.65 This way, the MEP was constructed from SPsubsdown
to reactants and products, as no complexes were found either
in the entrance or in the exit channels. The classical barrier at
the MCG3/3 level and the adiabatic barrier are 15.8 and 16.3
kcal/mol, respectively. The free energy barrier at 298.15 K is
22.3 kcal/mol, clearly higher than for the other two channels.
The symmetry number used in the rate constant calculation is
2, because there are two kinetically equivalent transition states.
As expected, because of the high classical potential energy
barrier, the variational effects are small in this process, but
tunneling effects cannot be obviated. At 298.15 K, for instance,
the kTST ) 6.17× 10-25, while thekCVT ) 6.01× 10-25, and
kCVT/SCT) 2.65× 10-24 cm3 molecule-1 s-1. These rate constant
values confirm that the R3 channel is not kinetically relevant
in the degradation process of DMSO+ OH.

3.3. Overall DMSO + OH Rate Constant. Once we
calculated the rate constants for each one of the three possible
pathways identified for the DMSO+ OH reaction, they were
combined as competitive mechanisms following the CCUS
theory expressed in eq 1. The results are shown in Table 5.
These final figures at the low-pressure regime verify that the
addition-elimination channel (and, specifically, the addition
process that leads to the AD adduct) is the dominant channel
in the global degradation mechanism of DMSO by OH. The
branching ratios at 298.15 K are the following: 97.5% for the
addition-elimination, 2.5% for the abstraction, and 0 for the
SN2 process. These results are in agreement with experimental
measurements, although we might be seeing a more important
contribution of the abstraction channel. In addition, as the R1
rate constant diminishes when temperature is increased more
rapidly than the R2 rate constant, the abstraction branching ratio
increases at higher temperatures (for instance, its value at 500
K is already 6.1%). In Figure 5, the Arrhenius plots for the R1,
R2, and global rate constants are shown. In comparison with
the experimental values for the overall rate constant (only carried
out at 298 K), which range from (5.9( 1.5) × 10-11 to (9 (
2) × 10-11 cm3 molecule-1 s-1, our calculated value of 2.00×

10-11 cm3 molecule-1 s-1 may seem somewhat low. It has to
be taken into acount, though, that a difference of only 1 kcal/
mol (amount that is often considered the limit of chemical
accuracy) in the free energy values already represents a factor
of 3 in the rate constant (compare, for example, the TST and
CVT rate constants at 298.15 K for the addition process in Table
3, which present such a difference in their corresponding
generalized activation Gibbs free energies). In addition, as it
was not clear experimentally whether the AD adduct is really
a stabilized intermediate in the DMSO+ OH reaction, and also
because the only previous calculated rate constants for this
process had been obtained by assuming the equilibration of the
entrance-channel complexes, we decided to recalculate the
overall rate constants simulating a high enough pressure regime.
In this calculation, it was considered that the reacting super-
molecules acquire the Boltzmann distribution of energetic states
of each complex found along the reaction pathway. The one-
way flux rate constants of R1 and R2 channels were calculated
according to eqs 6 and 7, where the steady-state approximation
was used and AD and RC were taken as short-lived thermalized
complexes. The final results for the overall rate constant as a
function of temperature are shown in Table 6. The overall high-
pressure rate constant values are very similar to the correspond-
ing values within the CCUS formulation (see Table 5). This
result would be in agreement with the experimental studies
where no pressure dependence of the rate constant was detected.
In fact, the calculated high-pressure rate constants are slightly
greater than the low-pressure ones. This difference does not
come, though, from the R1 rate constants but from the R2
channel. Thekabs

High-P(T) (in eq 7) takes bigger values than
kabs(T) (in eq 3), although the energy barrier is higher in the
first case, because the high-pressure rate constant is corrected
by a tunneling transmission factor greater than 1, whereas there
is no tunneling at the abstraction bottleneck in the low-pressure

TABLE 5: Rate Constants (in cm3 molecule-1 s-1 for the
DMSO + OH Reaction Computed at the MCG3/3//MPW1K/
MG3S Level of Theory at Low-Pressure Limit

T (K) kR1(T) kR2(T) kR3(T) kCCUS(T)

200.00 9.81× 10-11 6.23× 10-13 7.65× 10-27 9.87× 10-11

225.00 5.52× 10-11 5.78× 10-13 1.69× 10-26 5.58× 10-11

250.00 3.55× 10-11 5.50× 10-13 9.11× 10-26 3.60× 10-11

298.15 1.95× 10-11 5.02× 10-13 5.95× 10-24 2.00× 10-11

325.00 1.54× 10-11 4.82× 10-13 4.60× 10-23 1.59× 10-11

350.00 1.30× 10-11 4.71× 10-13 2.47× 10-22 1.35× 10-11

375.00 1.12× 10-11 4.65× 10-13 1.09× 10-21 1.17× 10-11

400.00 9.99× 10-12 4.63× 10-13 4.12× 10-21 1.04× 10-11

450.00 8.43× 10-12 4.68× 10-13 3.96× 10-20 8.90× 10-12

500.00 7.50× 10-12 4.84× 10-13 2.54× 10-19 7.99× 10-12

Figure 5. Arrhenius plot for the addition-elimination (R1), abstraction
(R2), and global rate constants of the DMSO+ OH reaction at the
low-pressure regime.

TABLE 6: Rate Constants (in cm3 molecule-1 s-1) for the
DMSO + OH Reaction Computed at the MCG3/3//MPW1K/
MG3S Level of Theory at High-Pressure Limit

T (K) kR1(T) kR2(T) kR3(T) kHigh-P(T)

200.00 9.81× 10-11 6.09× 10-11 7.65× 10-27 1.59× 10-10

225.00 5.52× 10-11 2.10× 10-11 1.69× 10-26 7.61× 10-11

250.00 3.55× 10-11 9.70× 10-12 9.11× 10-26 4.52× 10-11

298.15 1.95× 10-11 3.56× 10-12 5.95× 10-24 2.31× 10-11

325.00 1.54× 10-11 2.42× 10-12 4.60× 10-23 1.79× 10-11

350.00 1.30× 10-11 1.82× 10-12 2.47× 10-22 1.48× 10-11

375.00 1.12× 10-11 1.44× 10-12 1.09× 10-21 1.27× 10-11

400.00 1.00× 10-11 1.19× 10-12 4.12× 10-21 1.12× 10-11

450.00 8.43× 10-12 7.58× 10-12 3.96× 10-20 9.19× 10-12

500.00 7.51× 10-12 6.31× 10-13 2.54× 10-19 8.14× 10-12
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limit. In comparison with the result of Resende et al.25 at 298
K for the high-pressure global rate constant (1.44× 10-10 cm3

molecule-1 s-1), our calculated value of 2.31× 10-11 cm3

molecule-1 s-1 is nearly 1 order of magnitude lower. However,
it can be observed from the figures in Table 6 that the overall
rate constant increases very rapidly with decreasing temperature.
At 200 K, for instance, its value is already 1.59× 10-10 cm3

molecule-1 s-1.

4. Conclusions

In this study, the overall rate constant for the DMSO+ OH
reaction was calculated within the framework of variational
transition-state theory, including tunneling corrections when
needed. In agreement with previous experimental and theoretical
studies, three distinct reaction channels were characterized: an
addition-elimination channel (R1) that leads to MSIA formation
and CH3 elimination, an abstraction channel (R2) that leads to
CH3SOCH2 formation, and an SN2-type channel (R3) that leads
to methanol formation. The SN2-type pathway presents a very
high free energy barrier and is not kinetically competitive. The
addition-elimination channel is the most kinetically relevant.
Along this pathway, two regions can be distinguished: the
addition region where an entrance-channel adduct (AD) is
formed, stabilized by a 2-center-3-electron HO-S interaction,
and an elimination region that leads to the elimination products
via a saddle point. Both processes take place with negative
adiabatic barriers, but entropic effects make the addition step
the determinant bottleneck of the R1 channel. The abstraction
channel takes place via an entrance channel complex (RC)
stabilized by a dipole-dipole OH-OS interaction followed by
a H-abstraction saddle point. Entropic constraints make the
abstraction transition state the determinant bottleneck of the R2
channel. The rate constants for each individual kinetic channel
were calculated with the use of CUS theory that computes the
one-way flux along a particular pathway in the low-pressure
limit. The global rate constant was obtained with the CCUS
formalism that takes into account competitive kinetic channels
in the evaluation of the global flux. The overall rate constant at
298.15 K is 2.0× 10-11 cm3 molecule-1 s-1, and it is
determined by the free energy barrier in the formation of the
AD adduct. Our main point here is that this AD free energy
barrier, in the temperature range analyzed in our study,
corresponds to the inner transition state of the adduct formation,
because it is located in that region where chemical interactions
are of similar, or somewhat greater, strength than the long-range
interactions. This bottleneck is completely different than the
one associated with the formation of the RC complex and cannot
be calculated with long-range expressions based on collisional
models as has been previously done. The abstraction channel
is not competitive at 298.15 K, but its branching ratio increases
with temperature. Calculations carried out using a high-pressure
formulation gave the same results for the overall rate constants
as a function of temperature, in good agreement with experi-
mental data, which had not shown pressure dependence of the
DMSO degradation reaction by OH.
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