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The CH3S• + O2 reaction system is considered an important process in atmospheric chemistry and in combustion
as a pathway for the exothermic conversion of methane-thiyl radical, CH3S•. Several density functional and
ab initio computational methods are used in this study to determine thermochemical parameters, reaction
paths, and kinetic barriers in the CH3S• + O2 reaction system. The data are also used to evaluate feasibility
of the DFT methods for higher molecular weight oxy-sulfur hydrocarbons, where sulfur presents added
complexity from its many valence states. The methods include: B3LYP/6-311++G(d,p), B3LYP/6-
311++G(3df,2p), CCSD(T)/6-311G(d,p)//MP2/6-31G(d,p), B3P86/6-311G(2d,2p)//B3P86/6-31G(d), B3PW91/
6-311++G(3df,2p), G3MP2, and CBS-QB3. The well depth for the CH3S• + 3O2 reaction to thesyn-CH3SOO•

adduct is found to be 9.7 kcal/mol. Low barrier exit channels from thesyn-CH3SOO• adduct include: CH2S
+ HO2, (TS6,Ea is 12.5 kcal/mol), CH3 + SO2 via CH3SO2 (TS2′, Ea is 17.8) and CH3SO + O (TS17,Ea

is 24.7) where the activation energy is relative to thesyn-CH3SOO• stabilized adduct. The transition state
(TS5) for formation of the CH3SOO adduct from CH3S• + O2 and the reverse dissociation of CH3SOO to
CH3S• + O2 is relatively tight compared to typical association and simple bond dissociation reactions; this is
a result of the very weak interaction. Reverse reaction is the dominant dissociation path due to enthalpy and
entropy considerations. The rate constants from the chemical activation reaction and from the stabilized adduct
to these products are estimated as functions of temperature and pressure. Our forward rate constant and CH3S
loss profile are in agreement with the experiments under similar conditions. Of the methods above, the G3MP2
and CBS-QB3 composite methods are recommended for thermochemical determinations on these carbon-
sulfur-oxygen systems, when they are feasible.

1. Introduction

Oxidation of small sulfur compounds resulting from algae
production are considered a source of sulfate production in
marine aerosols and cloud condensation nuclei and thus, may
play a role in climate regulation.1 The S-H bonds in alkane-
thiols CH3SH and CH3CH2SH are 87.5 and 87.6 kcal/mol,
respectively, and are weaker than the C-H bond which is 94.2
kcal/mol; thus the thiyl radical is a significant product in the
initial reactions of thiols (also named mercaptans).2 The CH3S•

+ O2 reaction is potentially important for both combustion and
atmospheric chemistry as a pathway for the exothermic conver-
sion (oxidation) of methanethiyl radical, CH3S•, and as a model
reaction for other alkyl thiyl radicals. The presence of sulfur in
oxyhydrocarbon systems presents added complexity in studies
on thermochemical and kinetic parameters because it can have
several valence states.

There are a number of experimental studies in the literature
on the reaction of CH3S• with O2;2-5 and there is one literature
review by Tyndall and Ravishankara6 on this system. The
reaction of CH3S• with 3O2 is reported to be slow with a rate
constant to products (other than to the methane-thiyl-peroxy
adduct, CH3SOO•) measured by Tyndall and Ravishankara in
1989 as having an upper limit value of∼2.5 × 10-18 cm3

molecule-1 s-1 at 298 K.3 In 1992, they revisited the system
and reported ak of ∼ 4 × 10-17 cm3 molecule-1 s-1 where the

rate specifically refers to reaction through the CH3SOO• adduct
to new products.2 The rate constant of CH3S + O2 f CH3SOO
was measured as (7-18)× 10-14 cm3 molecule-1 s-1. The well
depth for CH3S + O2 f CH3SOO was determined at 11.7(
0.9 kcal/mol at 298 K, with∆S for the reaction reported to be
-32.2( 2.8 and-36.8( 2.6 cal/mol‚s from second and third
law methods of analysis. The equilibrium constant for the
reaction is also reported as (1.62 to 79.9)× 10-18 cm3

molecule-1 (measurements at 216 to 258 K in 60-80 Torr of
He).2 This shallow well, 11.7 kcal/mol, combined with a small
entropy gain from the adduct to the TS structure for dissociation
to CH3S• + O2, results in an adduct lifetime on the order of a
microsecond at room temperature.

There are two experimental studies on the dissociation of
methylsulfonyl radical (CH3S•(dO)2, where both implicate
CH3SOO as a product, one by Butkovskaya and Barnes7 and
one by Frank and Turecek.8 (for brevity, CH3S•(dO)2 is
abbreviated here and in the remaining text as CH3SO2).
Butkovskaya and Barnes7 measured the decay of methyl
methanethio-sulfonate (MMTS, CH3S(dO)2SCH3), which re-
sulted in CH3SO2 + CH3S• in both N2 and O2 at 1 atm. In O2

the CH3S• reacted to form CH3SOO. They derived rate constants
for (CH3SO2 f CH3 + SO2) of 0.4( 0.2 s-1, and for (CH3SOO
f CH3 + SO2) ) 8 s-1, and an equilibrium constant,keq(CH3S
+ O2 f CH3SOO)) 1.4 × 10-19 cm3 molecule-1 at 298 K.
Frank and Turecek8 studied the dissociation of CH3SO2 and
methoxysulfinyl (CH3OSO• radical, includinganti- and syn-
isomers) and ions by variable-time neutralization-reionization
mass spectrometry, combined with fast-beam laser photoexci-
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tation experiments. Their studies also included DFT (B3LYP/
6-31+G(2d,p)) and ab initio calculations (G2(PMP2)), and
RRKM kinetic analysis. They reported∆Hf°298 for CH3SO2 and
CH3OSO• radicals as-50.4 ( 1 and -55.0 ( 1 kcal/mol,
respectively. Transition states for CH3SO2 dissociation to CH3
+ SO2 and isomerization toanti-CH3OSO• were reported with
barriers of 14.3 and 23.4 kcal/mol at the G2(PMP2) level,
respectively. The rate constant of CH3 addition to SO2 was fitted
as logA ) 12.19 andEa ) 1.3 kcal/mol.

The reaction of CH3S + O2 is also reported as an important
submechanism to the detailed model development on photo-
oxidation and combustion of dimethyl sulfide and dimethyl
disulfide.9 The rate constants of 5.8× 10-17 and 600 (both in
cm3 molecule-1s-1) for CH3S + O2 + M f CH3SOO• + M
and reverse CH3SOO• + M f CH3S + O2 + M are in this
mechanism.

In this study we present thermochemical properties of major
species, adducts, TS structures and kinetics for the CH3S + O2

system. Results from computational studies at several levels are
compared to evaluate reasonable calculation methods for
thermochemistry and kinetic parameters on larger oxy-
hydrocarbon-sulfur systems. Kinetic parameters, equilibrium
constant, and CH3S loss profiles are compared with the literature
data.

2. Methods

The reactants, intermediates, products, and transition state
structures resulting from the CH3S• + 3O2 association reaction
are calculated at several density functional and composite ab
initio levels using Gaussian 03. Computation levels include
B3LYP/6-311++G(d,p), B3LYP/6-311++G(3df,2p), CCSD(T)/
6-311G(d,p)//MP2/6-31G(d,p), B3P86/6-311G(2d,2p)//B3P86/
6-31G(d), and B3PW91/6-311++G(3df,2p). Zero point energies
are corrected by 0.9806 (both B3LYP methods), 0.9608, 0.9759,
and 0.9774 for MP2/6-31G(d,p), B3P86/6-31G(d), and B3PW91/
6-311++G(3df,2p) methods, respectively. The CBS-QB3 and
G3MP2 composite methods are utilized for improved energies
and analysis. G2 and G3 are applied when the CBS-QB3 and
G3MP2 do not agree.

The enthalpies of formation for stable species (non-TS’s,
Table 3 of the previous article10) are calculated using the total
energies at B3LYP/6-311++G(d,p), B3LYP/6-311++G(3df,2p),
and CBS-QB3 levels with work reactions that are isodesmic in
most cases. Isodesmic reactions conserve the number and type
of bonds on both sides of an equation. The use of a work
reaction with similar bonding on both sides of a equation, results
in a cancellation of calculation error and improves the accuracy
for energy analysis. The reported enthalpy values can be
compared with the known enthalpies of several molecules in
the system to serve as a calibration on the thermochemistry and
the PE diagram.

The energy of each transition state structure is calculated from
the corresponding reactant plus the energy difference between
the TS structure and the reactant (adduct). If the TS is closer in
structure to the product, then the enthalpies of formation of the
transition state species is calculated from the corresponding
product plus the energy difference between TS and product.

Contributions toS°298 and Cp°(T) of each species and TS
structure are calculated using the “SMCPS” program,11 which
incorporates the frequencies, moments of inertia, mass, sym-
metry, number of optical isomers, from the CBS-QB3 or G3MP2
Gaussian calculation. It also incorporates frequency correc-
tions. Torsion frequencies are omitted in SMCPS, and the

“ROTATOR” program11-13 is used for contributions from
internal rotations toS°298 andCp°(T).

The rate constants for the elementary reactions are calcu-
lated from the computed frequencies, structures and energies
using canonical transition state theory with ratek(T) fit to the
three-parameter modified Arrhenius equation,k ) A × Tn ×
exp(-Ea/RT), over the temperature range 237-2000 K.11,14The
calculation of the preexponential termA × Tn uses all vibration
frequencies, but torsion frequencies are omitted. In place of the
torsion frequency the internal rotor potentials are analyzed and
their contributions to entropy and heat capacity are included.

Temperature and pressure dependent rate constants for
reactions of the chemical activated CH3SOO* and the stabilized
CH3SOO adduct were calculated with multichannel, multi-
frequency QRRK theory fork(E) and master equation analysis
for falloff.11 Elementary rate constants for the individual
reaction, preexponential factors and the energies were obtained
from canonical transition state theory. The CHEMASTER11 code
is used with energy levels from a full set of 3N-6 vibration
frequencies, but in a reduced form of three representative
frequency sets, plus energy levels from one external rotor.

The CHEMKIN II program15 is used to integrate the kinetics
for the CH3S + O2 mechanism; it incorporates thermodynamic
properties and microscopic reversibility to determine the reverse
rate constants, which are then included in the model. The
reaction conditions are taken as the experimental conditions of
Turnipseed et al.,2 and the modeling results are compared with
the experiment.

3. Results and Discussion

The potential energy diagram for the CH3S radical with O2

reaction system is illustrated in Figure 1. Values are standard
enthalpy of formation at 298 K. The thermochemical properties
for atoms, diatomics, HO2, SO2, CH3, CH3S, CH2O, CH3O, and
3SO, are from the literature. All other intermediates including
CH3SO2 are from calculations with isodesmic work reactions.10

The values for the transition states are calculated from the
difference in the enthalpies of formation of reactants and the
corresponding barriers, except TS5 which is calculated from
product, anti-CH3SOO (using the reverse barrier height).
Enthalpy values for transition states are at G3MP2 level except
those marked with/ or //, which are at the CBS-QB3 or G2
levels, respectively. The thermochemical properties are listed
in Table 3 and some of the∆Hf°298data are derived in a previous
study.10 The potential energy diagram in Figure 1 includes a
number of paths that do not show importance to the forward
reaction of the CH3S + O2 system; these paths have value in
reaction systems such as CH3O + SO, CH2O + HSO (or SOH),
CH3 + SO2 and will be further discussed in future studies.

The association of CH3S with O2 forms an energized adduct,
anti-CH3SOO* (dihedral angle∠CSOO) 179° at CBS-QB3
level) with 9.2 kcal/mol of energy;∆Hf

o
298 of theanti-CH3SOO

adduct, 20.7 kcal/mol, is determined by reference to thesyn-
CH3SOO.10 The energy of the transition state structure for the
CH3S + O2 association (TS5) is determined relative to the
CH3SOO adduct and is approximately 5.0 kcal/mol below the
entrance channel of the reactants. We treat the CH3S + O2

reaction to TS5 as having noEa and TS5 at the energy of the
reactants. The reactant’s energies for CH3S are from literature,
which is supported by work reaction calculation, and from the
definition, ∆Hf°(298), for 3O2.

The CH3SOO adducts (energized and stabilized) can isomer-
ize via several processes; these include internal rotation about
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CH3S-OO, H atom transfer, rearrangement of the (S-O-O)
moiety, and dissociation back to reactants.

The TS5 structure suggests that the CH3SOO* is formed in
the anti-form, and the reaction path analysis indicates that H
transfer reactions and HO2 molecular elimination paths occur
from thesyn-form.

and

The anti-CH3SOO undergoes an internal rotation with a
barrier of only 0.1 kcal/mol at 298 K to thesyn-CH3SOO
(dihedral angle∠CSOO ) 0° at CBS-QB3 level). Thesyn-
CH3SOO is 0.5 kcal/mol more stable than theanti-form. The
barriers to other isomers or products are all above the energy
of the CH3S + O2 entrance channel.

There are three low-energy forward reaction channels ofsyn-
CH3SOO. The most important at atmospheric conditions is
molecular elimination of HO2 (I) with an Ea of 12.5 kcal/mol
and a tight transition state (A298 ) ∼ 4E+11) at 298 K via TS6.
The peroxy oxygen atom forms a bond with the H atom in a
five member ring TS structure, the S-O bond cleaves and the
CdS double bond is formed. The second low barrier forward
reaction II, is isomerization via attack of the peroxy radical on
the S atom (addition, formation of a three member SOO ring)
and cleavage of the weak RO-O bond to form a much more
stable CH3SO2 adduct (∆Hrxn ) -73.9) with Ea of 17.8 kcal/
mol and a tight transition state (A298 ) ∼ 5E+11). The third
important unimolecular reaction is CH3SO-O bond cleavage
to CH3SO + O via TS17 (III) with Ea of 24.7 kcal/mol; but a
somewhat less tight transition state (A298 ) ∼7E+12). This
channel will be more important at elevated temperatures.

It is interesting to compare the thermochemistry of CH3

radical with that of CH3S in overall reactions with O2 and NO
to observe the significant difference in reaction energy resulting
from the change in valence of sulfur. We note that CH3SO exists
in the CH3S•(dO) resonant form.

3.1. Comparison of Enthalpy and Reaction Barriers vs
Level of Theory and Basis Set.Our previous study on
thermochemistry of carbon-sulfur-oxygen species10 showed
that use of larger basis sets with the B3LYP calculations and
work reaction analysis resulted in improved accuracy. The
B3LYP/ 6-311++G(3df,2p) level was, however, still not
sufficiently accurate to be in agreement with the accepted
literature or G3MP2 data for approximately 20 percent of the
reactions. The B3PW91/6-311++G(3df,2p) calculation level
showed similar accuracy to the B3LYP/6-311++G(3df,2p) and
these were judged as the best in this DFT comparison. The
CCSD(T)/6-311G(d,p)//MP2/6-31G(d,p) calculations (with work
reactions), were not as accurate as the best DFT level calculation
sets. The B3P86/6-311G(2d,2p)//B3P86/6-31G(d) level per-
formed in a manner similar to the B3LYP/6-311++G(d,p).
Overall, we concluded that the results from the work reactions
and these DFT methods were not consistently satisfactory or

Figure 1. Potential energy diagram at 298 K (in kcal/mol). All barriers are calculated at G3MP2 level, except those labeled with an asterisk are
calculated in CBS-QB3 level. TS6 with two asterisks is from the G2 calculation. Energy of TS5 is treated as being at the energy of the CH3S +O2

reactants.

CH3S + 3O2 rTS5f anti-CH3SOO* T

syn-CH3SOO* f products

(anti- + syn-) CH3SOO* + M T

(anti- + syn-) CH3SOO+ M

CH3S + 3O2 T syn-CH3SOO* T TS6f CH2dS + HO2 (I)

CH3S + 3O2 T syn-CH3SOO* T TS2′ f CH3 + SO2 (II)

CH3S+ 3O2 T syn-CH3SOO* T TS17f CH3SO+ O (III)

CH3 + 3O2 T CH3O + O ∆Hrxn ) +29.8 kcal/mol

CH3S + 3O2 T CH3SO+ O ∆Hrxn ) +10.7

CH3 + NO2 T NO + CH3O ∆Hrxn ) -16.4

CH3S + NO2 T NO + CH3SO ∆Hrxn ) -35.2
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were too dependent on the work reaction. We observed that
the two composite methods, CBS-QB3 and G3MP2 yielded the
best results compared to experiment and these calculation
methods are recommended for this carbon-sulfur-oxygen
system.

Reaction barriers from three DFT methods (B3LYP, B3P86,
and B3PW91) using several basis sets, along with two composite
methods CBS-QB3 and G3MP2 are compared in Table 1 for
most of the 21 transition state structures. Data on several
reactions from studies by Frank and Turecek and by Wang et
al. are also listed. Energy values in Table 1 are activation
energies at 298 K calculated from the relative total energies
between TS and reactants (except TS5, which is between TS
and products). The following discussion addresses some of the
data in Table 1.

There is reasonable agreement (within 2 kcal/mol) for the
energies of activation between the CBS-QB3 and G3MP2
calculation methods, in 8 out of 11 reactions (see Table 1).
Possible reasons for the varied results from the different
calculation methods and basis sets include the following: (1)
differences in geometry that arise from use of different methods
and basis sets; (2) varied treatment of the multivalence
complexity of the S atom by the methods (the S atom can have
four different valence states); (3) improvements in the composite
methods resulting from techniques to extend the basis function
energies to those of a complete or a more complete basis set.
For the density functional methods, the data in Table 1 show
that the higher-level B3LYP and the B3PW91 have better
agreement with the composite methods a majority of the time.

A 3.2 kcal/mol difference is observed between CBS-QB3 and
G3MP2 calculations for TS6 (see Table 1), where TS6
represents HO2 molecular elimination from the CH3SOO• adduct
with a low barrier. It is an important path because it controls
the product set from unimolecular reaction of the CH3SOO
adduct at low temperatures and it may explain the reaction path
observed in the low-temperature flow experiments of Turnipseed
et al.2 The CBS-QB3 and G3MP2 structure calculations result
in different r65 and r51 atom distances in the TS6 transition
state structure (see Table 2). The breaking r51 bond is 1.447

and 1.279 Å, and the forming r65 bond is 1.178 and 1.357 Å,
at CBS-QB3 and G3MP2 levels, respectively. We performed
higher-level calculations on this TS-structure at the G3 and G2
level because of the importance of this channel; these results
show good agreement at 12.5 and 12.4 kcal/mol respectively,
and are in moderate agreement with the CBS-QB3 data at 13.1
kcal/mol. We choose the G2 value for use in our kinetic analysis.

The difference in calculated values for TS11 by CBS-QB3
and G3MP2 is 11.2 kcal/mol; with values of 25.3 at G3MP2
and 36.8 at CBS-QB3. Here we observe that the r31 and r41
bond lengths and the∠412 plus∠541 bond angles in TS11 are
significantly different at the two levels. The bond length of r31
is 1.531 and 1.496 Å, and r41 is 2.017 and 2.404 Å, at CBS-
QB3 and G3MP2 levels, respectively. The bond angles of∠412
are 111 and 94°, and the∠541 are 108 and 94°, at CBS-QB3
and G3MP2 levels, respectively. We choose the CBS-QB3 value
based on our evaluation that the reverse reaction, OH addition
to the S, does not have a 11 kcal/mol barrier, and further note
that reaction through TS11 is unimportant in this CH3S + O2

system.

One additional barrier where the CBS-QB3 and G3MP2
calculations result in different values is TS8, where the structures
are also different at the two levels (Table 2). The activation
energy to TS8 is 7.0 kcal/mol at CBS-QB3 vs 13.8 kcal/mol at
G3MP2:

The barrier height of TS8 is relatively unimportant in the
forward direction, because C•H2SOOH rapidly dissociates to
lower energy products CH2SO + OH via TS7 with no barrier.
It is also difficult for the initial CH3SOO adduct to reach the
C•H2SOOH adduct because the conversion of CH3SOO• to
C•H2SOOH has a barrier (TS16) of 38.4 kcal/mol.

There is a difference of 14.1 kcal/mol between our data and
those of Wang et al.16 for the abstraction of a methyl H atom
by O2, at the same G3MP2 level. We note that the TS structure

TABLE 1: Comparison of Ea (Forward or Reverse) at Different Calculation Levelsa,b

B3LYP
Ic

B3LYP
IId

CCSD(T)/
6-311G(d,p)//

MP2/6-31G(d,p)

B3P86/
6-311G(2d,2p)//

B3P86/
6-31G(d)

B3PW91/
6-311++G(3df,2p) CBS-QB3 G3MP2

G3MP2
(0 K,

ref 16)

G2(PMP2)
(0 K,
ref 8)

CH3S + O2 f TS1 20.6 20.3 29.3 26.2 20.3 24.3 25.3 11.2
syn-CH3SOOf TS2′ 30.6 22.8 33.6 27.1 23.2 17.8 18.6
CH3SO2 f TS3 39.9 45.0 47.8 45.5 47.4 48.1 46.2 49.4 23.4g

CH3OSOf TS4 31.9 27.6 38.5 30.0 29.1 28.6 30.1 30.9 36.3g

TS5f syn-CH3SOOe 4.8 7.0 8.4 8.3 6.6 4.7 8.3
syn-CH3SOOf TS6 f 13.2 14.2 11.9 11.8 13.4 13.1 9.9
C•H2SOOHf TS7 -0.5 -0.7 3.4 -0.4 -2.0 -1.1 -0.7 1.0
C•H2SOOHf TS8 3.6 8.8 7.8 7.3 8.8 7.0 13.8 13.4
CH3SO2 f TS9 13.0 13.4 14.4 14.3
CH3SO2 f TS10 45.6 51.8 46.5 48.6 51.4 53.8 52.6
C•H2SO2H f TS11 32.2 34.2 36.8 25.3
CH3SO2 f TS12 54.1 56.9 57.5 53.7 55.4 56.2 57.0
C•H2SO2H f TS13 14.4 20.4 19.6 21.3 23.2 24.8
CH2(OH)S•dO f TS14 53.8 54.5 55.4 53.5 52.3 52.2
CH2(OH)S•dO f TS15 81.4 75.3 84.0 77.4 74.0 74.4
syn-CH3SOOf TS16 35.3 37.6 34.5 34.3 38.4 39.6
syn-CH3SOOf TS17 24.7
C•H2SOOHf TS18 26.0 27.0 32.2 30.5 27.9 31.9
CH3OSOf TS19 48.8
CH3OSOf TS20 53.6
anit-CH3SOOf TS21 0.07

a Units in kcal/mol, at 298 K.b See Figure 1 for an illustration of the transition states.c B3LYP I ) B3LYP/6-311++G(d,p). d B3LYP II )
B3LYP/6-311++G(3df,2p).e TS5 is the transition state for CH3S + O2 f syn-CH3SOO, The vales here areEa for the reverse reaction to the TS5.
f TS6 is calculated at 12.5 at G2 and 12.4 at G3 levels of calculation.g This is for anti-CH3OSO, which is 2.2 kcal/mol higher in energy than the
syn- form at G2(PMP2).

C•H2SOOH (TS8)f CH2S + HO2
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TABLE 2: Geometries and (Imaginary) Vibrational Frequencies of Intermediates and TSa-c
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TABLE 2 (Continued)
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TABLE 2 (Continued)
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TABLE 2 (Continued)
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for abstraction reaction in Wang et al. is similar to our TS6
(HO2 molecular elimination from CH3SOO) rather than our
TS1.10

There are three reaction barriers in this system that have been
previously reported by Frank and Turecek8 in their study on
the CH3 + SO2 reaction surface. We include their data, which
is reported to be at a G2(PMP2) calculation level, in Table 1
for comparison.

One reaction is CH3SO2 f CH3 + SO2 (TS9 in this study),
where the barrier by Frank and Turecek is 14.3 kcal/mol, and
the value in this work is 13.4 kcal/mol at G3MP2 level. Wang
et al.16 also reported this value as 14.4 kcal/mol at G3MP2 level.
The well depth of CH3 + SO2 to CH3SO2 is 14.1 kcal/mol at
G2(PMP2) level by Frank and Turecek, but our isodesmic
reaction analysis on CH3SO2 radical places this well depth at
17.9 kcal/mol. We feel these differences may be attributed to
differences in reference species. We reference the TS to the
adduct energy, which is obtained from work reactions. Frank
and Turecek may be have referenced the energy to values
calculated for the reactants. The Turecek research group has a
strong publication record for both enthalpy and kinetic barriers
and we regard their work highly.

A second reaction in the Frank and Turecek study is CH3SO2

f CH3OSO (TS3 in this study), and there is a 25 kcal/mol
difference between ourEa (48.1 at CBS-QB3 level) and their
value (23.4 kcal/mol). Wang et al.16 also report this TST with
a value of 49.4 kcal/mol. The published TS structure by Frank
and Turecek (reported as at B3LYP/6-31+G(2d,p) level in their
SM) and ours (at B3LYP/6-311G(2d,d,p) in CBS-QB3) are
compared in Table 2 (see TS3 section). There are significant
differences in ther(C-S), and one of ther(O-S) bond lengths

and the∠CSO angle. We ran a TS calculation on the geometry
of Frank and Turecek using their B3LYP/6-31+G(2d,p) method.
The output geometry was similar to the initial; but the IRC
analysis suggested the TS may be for CH3OSOf CH3 + SO2

(TS4 in this study) rather than for CH3OSOf CH3SO2 (TS3).
We note that our barrier for the CH3OSOf CH3 + SO2 reaction
(TS4) is 28.6 kcal/mol at CBS-QB3 and 30.1 kcal/mol at
G3MP2. TheEa for TS4 is also reported as 30.9 kcal/mol by
Wang et al. These values are more similar to the Frank and
Turecek data; but still several kilocalories per mole higher than
their Ea of 23.4. We will analyze this further in future work on
the CH3 + SO2 reaction system.

Frank and Turecek also calculated the barrier for CH3OSO
f CH3 + SO2 (TS4 in this study) and reported theEa at the
G2(PMP2) level, is 36.6 kcal/mol, which is 6 to 8 kcal/mol
higher than our CBS-QB3 and G3MP2 results. We have
recalculated this TST with their reported B3 geometry and
confirm the structure and path analysis are in agreement. The
difference in energy may result from reference of the TS energy
to the CH3SO2 and CH3OSO adducts in this study, i.e., the work
reaction analysis for the∆Hf values, vs reference of the TS
energy to the calculated energy of the CH3 + SO2 reactants by
Frank and Turecek.

3.2. Structures of TS and IRC Calculations.The geometries
and the imaginary frequencies of the transition state structures
from the CBS-QB3 or G3MP2 calculations are listed in Table
2; structures for the two forms of the initial adduct CH3SOO
and the intermediates are also included. The geometry and
frequencies were calculated in the CBS-QB3 method as CBSB7
or B3LYP/6-311G(2d,d,p). The method for geometry and
frequency calculation in G3MP2 is MP2(Full)/6-31G(d) and HF/

TABLE 2 (Continued)

a First structure) CBS-QB3 level; second structure) G3MP2 when they are different.b First column) CBS-QB3 parameters; second column
) G3MP2 parameters.c First imaginary frequency) B3LYP in CBS-QB3, second imaginary frequeancy) HF in G3MP2.
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TABLE 3: Ideal Gas-Phase Thermochemical Propertiesa

Cp°(T)

species ∆Hf°298 S°298 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K ref

H 52.10 27.36 4.97 4.97 4.97 4.97 4.97 4.97 4.97 4.97 JANAF17

O 59.58 38.47 5.07 5.07 5.07 5.07 5.07 5.07 5.07 5.07 JANAF17

O2 0.0 49.01 6.97 7.24 7.48 7.69 8.03 8.30 8.75 8.89 JANAF17

OH 8.89 43.88 7.17 7.08 7.06 7.06 7.15 7.33 7.87 8.36 JPL18

HO2 3.5 54.70 8.42 8.93 9.41 9.86 10.67 11.33 12.39 12.96 JANAF17

SO 1.2 53.08 7.23 7.56 7.85 8.09 8.39 8.57 8.76 8.84b,c
CH3 35.2 46.30 9.21 10.02 10.79 11.52 12.86 14.02 16.15 17.41 JANAF17

SO2 -70.9 59.30 9.53 10.39 11.13 11.72 12.53 13.02 13.63 13.92 JANAF17

CH2S 28.3 55.14 9.06 10.31 11.48 12.47 14.04 15.22 17.12 18.11b,c
CH3O 4.1 54.20 7.95 10.30 12.24 13.85 16.27 17.93 20.34 21.51 THERM19,20

CH3OO 2.2 62.03 13.67 16.18 18.32 20.11 22.87 24.79 27.45 28.77 THERM19,20

CH3S 29.9 57.61 10.71 12.48 14.03 15.35 17.49 19.15 21.86 23.31b,c
CH2SO -10.3 61.12 12.34 14.55 16.28 17.60 19.50 20.83 22.88 23.94b,c
CH2O -26.0 50.90 7.91 9.42 10.69 11.74 13.37 14.51 16.22 18.14 21
SOH -1.1 57.44 8.85 9.54 10.09 10.52 11.13 11.57 12.38 12.88c,e
HSO -7.3 57.74 8.66 9.39 10.05 10.61 11.47 12.07 12.92 13.31b,c
cyc-(CH2OS) 7.6 60.28 11.18 13.39 15.26 16.75 18.93 20.44 22.72 23.88b,c
cyc-(CH2OS)dO -39.3 66.75 14.99 17.81 20.08 21.85 24.36 26.05 28.51 29.74b,c
CH3SO 62.47 12.17 14.44 16.43 18.08 20.65 22.55 25.54 27.10c

5.40 1.49 1.32 1.21 1.15 1.09 1.06 1.02 1.01 IR 1
-18.95 67.87 13.66 15.76 17.64 19.23 21.74 23.61 26.56 28.11 total,b

anti-CH3SOO 67.71 14.74 17.31 19.52 21.35 24.15 26.19 29.30 30.97c
5.61 1.27 1.16 1.11 1.07 1.04 1.02 1.01 1.00 IR 1
5.34 3.42 3.07 2.58 2.19 1.70 1.45 1.19 1.10 IR 2

20.71 78.66 19.43 21.54 23.21 24.61 26.89 28.66 31.49 33.07 total
syn-CH3SOO 67.17 14.56 17.17 19.41 21.27 24.11 26.19 29.37 30.99c

5.61 1.27 1.16 1.11 1.07 1.04 1.02 1.01 1.00 IR 1
5.34 3.42 3.07 2.58 2.19 1.70 1.45 1.19 1.10 IR 2

20.16 78.12 19.25 21.40 23.10 24.53 26.85 28.66 31.56 33.09 total,b
CH3SO2 67.01 15.44 18.38 20.85 22.85 25.83 27.95 31.21 32.88c

4.83 2.09 1.90 1.71 1.55 1.35 1.24 1.11 1.06 IR 1
-53.65 71.84 17.53 20.28 22.56 24.40 27.18 29.19 32.32 33.94 total,b

C•H2SO2H 68.48 16.76 19.57 21.63 23.15 25.32 26.9 29.52 30.99c
4.48 1.85 1.70 1.55 1.43 1.28 1.19 1.09 1.05 IR 1
2.52 2.40 2.33 2.23 2.13 1.93 1.75 1.46 1.30 IR 2

-27.98 75.48 21.01 23.60 25.41 26.71 28.53 29.85 32.07 33.34 total,b
CH3OSO 66.03 13.37 15.97 18.33 20.34 23.44 25.69 29.10 30.83c

5.67 1.16 1.09 1.06 1.04 1.02 1.01 1.00 1.00 IR 1
5.83 1.83 1.98 2.02 1.97 1.79 1.62 1.34 1.21 IR 2

-54.81 77.53 16.36 19.04 21.41 23.35 26.25 28.32 31.44 33.04 total,b
C•H2SOOH 67.86 15.52 18.09 19.97 21.39 23.45 24.98 27.55 29.01c

3.55 2.39 2.24 2.08 1.95 1.74 1.59 1.35 1.23 IR 1
4.33 3.78 3.87 3.56 3.15 2.45 2.00 1.46 1.26 IR 2
3.41 1.84 1.76 1.69 1.63 1.52 1.43 1.27 1.18 IR 3

23.04 79.15 23.53 25.96 27.30 28.11 29.17 30.00 31.64 32.68 total,b
C•H2(OH)S•dO 67.63 13.48 16.36 18.81 20.79 23.73 25.82 29.05 30.74c

2.35 1.78 2.14 2.31 2.35 2.23 2.02 1.60 1.37 IR 1
5.16 2.70 2.79 2.71 2.54 2.14 1.84 1.42 1.24 IR 2

-54.03 75.14 17.96 21.29 23.84 25.68 28.10 29.67 32.07 33.35 total,b
CH3SCH3 55.30 13.61 17.18 20.50 23.39 28.05 31.63 37.38 40.41e

4.91 2.02 1.80 1.61 1.47 1.29 1.20 1.09 1.05 e
4.91 2.02 1.80 1.61 1.47 1.29 1.20 1.09 1.05 e

-8.94 65.13 17.65 20.79 23.73 26.33 30.64 34.02 39.56 42.51e
CH3SSCH3 70.67 18.73 22.69 26.20 29.18 33.92 37.52 43.29 46.33e

5.24 1.77 1.54 1.38 1.28 1.17 1.11 1.05 1.02 e
5.24 1.77 1.54 1.38 1.28 1.17 1.11 1.05 1.02 e

-5.76 81.15 22.27 25.76 28.96 31.74 36.25 39.74 45.38 48.37e
TS1 55.2 79.54 18.00 20.70 23.02 24.92 27.69 29.57 32.28 33.60b,c
TS2 68.48 15.66 18.13 20.22 21.92 24.54 26.46 29.47 31.04

4.83 2.09 1.90 1.71 1.55 1.35 1.24 1.11 1.06 IR 1
38.0 73.31 17.75 20.03 21.93 23.47 25.89 27.70 30.58 73.31 total,b

TS3 -7.5 71.92 17.36 19.96 22.12 23.86 26.47 28.37 31.37 32.96b,c
TS4 68.31 15.36 17.65 19.48 20.94 23.16 24.83 27.58 29.08

5.67 1.16 1.09 1.06 1.04 1.02 1.01 1.00 1.00 IR 1
5.83 1.83 1.98 2.02 1.97 1.79 1.62 1.34 1.21 IR 2

-24.7 79.81 18.35 20.72 22.56 23.95 25.97 27.46 29.92 29.92 total,b
TS5 68.41 13.59 15.74 17.72 19.43 22.15 24.18 27.35 28.98

5.61 1.27 1.16 1.11 1.07 1.04 1.02 1.01 1.00 IR 1
7.20 1.00 1.00 1.00 1.00 0.99 0.99 0.99 0.99 IR 2

24.9 81.22 15.86 17.90 19.82 21.50 24.18 26.20 29.35 30.97 total,b,c
TS6 32.7 71.25 16.64 19.68 22.22 24.26 27.23 29.24 32.10 33.48b,c
TS7 22.3 74.84 19.75 22.33 24.19 25.58 27.58 29.06 31.57 33.01b,c
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6-31G(d), respectively. The IRC analysis for the TS2′ to TS5
and TS7 to TS21 atom displacement is provided in Supporting
Information Figures 1-19. IRC calculations for TS1 (CH3S +
O2 f CH2S + HO2) and TS6 (CH3SOOf CH2S + HO2) were
reported previously.10

3.3. ∆Hf
o
298 (by Isodesmic Reactions),S°298, and Cp°(T)

of All Species.Thermochemical parameters are listed in Table
3. Comparisons of calculated enthalpies of formation with the
available literature on a number of compounds are illustrated
in our previous paper.10

3.4. Elementary Reaction Rate Constants.As noted above
we find the energy of the transition state structure for the CH3S
+ O2 association (TS5) to be∼ 5.0 kcal/mol below the entrance
channel of the reactants and note that this energy is calculated
relative to the CH3SOO adduct. We treat the CH3S + O2

reaction to TS5 as having noEa; but being at the energy of the
reactants. The preexponential factor is calculated from the TS
structure to be 1.2E+12 at 300 K and 1.5E+13 at 2000 K.
Dissociation ofanti-CH3SOO back to CH3S + O2 has anEa of
9.2 kcal/mol with an A factor of 2.2E+13 at 300 K.

All other rate constants for the individual, elementary
reactions are determined from the above thermochemical
parameters using canonical transition state theory.11 The results
are fit through a temperature range of 300-2000 K and
expressed in the form of a three-parameter Arrhenius ex-
pression (A × Tn × exp(Ea(kcal mol-1)/RT) and are listed in
Table 4.

3.5. Calculated Rate Constants and Comparison with
Literature. The elementary rate constants listed in Table 4 are
used as input to the multichannel, quantum RRK calculations
for k(E) with master equation calculations11 for pressure
dependence to estimate rate constants as a function of temper-
ature and pressure. The bath gas is He. The Lennard-Jones

parameters of 5.6 Å and 650 K are used. The∆E down is 1000
calories and accounts for collisions with oxygen; an energy bin
of 100 calories is used. Rate constant data are shown and
explained in the series of figures and tables below for the
chemical activation reaction.

Figure 2 illustrates the log of the rate constant for formation
of stabilized adduct CH3SOO (combinedanti- and syn-) vs
temperature and pressure. The well depth of this adduct relative
to reactants is very shallow, only 9.7 kcal/mol, and this weakly
bound adduct dissociates rapidly back to the reactants CH3S +
O2. The discussion below indicates that the adduct is formed
rapidly, but it does not mean that the resulting concentration is
high nor that is a highly stable final product.

The three lower energy product channels are CH2S + HO2,
CH3 + SO2, and CH3SO+ O. The graphs of rate constants for
these channels are also plotted in Figures 2 and 3. These
channels show less pressure dependence than the adduct
formation; but the rate constants of these three product channels
increase with temperature.

CH2S + HO2 comes from several paths, the most important
is molecular elimination of HO2 from the CH3SOO adduct via
TS6. This barrier is 12.5 kcal/mol at 298 K, only∼3 kcal/mol
higher than the dissociation reaction of CH3SOO back to CH3S
+ O2. The CH2S + HO2 product set also results from a
bimolecular abstraction of a hydrogen atom from CH3S by O2;
this channel contributes only up to 0.3% (at 2000 K). The least
important path to CH2S + HO2 is the elimination path from
C.H2SOOH which contributes 0.02% (at 2000 K).

All of the CH3 + SO2 product set comes from the CH3SOO
adduct isomerization through TS2′ to the CH3SO2 intermediate.
The barrier of this isomerization is 17.8 kcal/mol, 5.3 kcal/mol
higher than the competing HO2 elimination channel, and it also
has a tight transition state. The formation of CH2S + HO2

TABLE 3 (Continued)

Cp°(T)

species ∆Hf°298 S°298 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K 2000 K ref

TS8 75.61 18.25 20.83 22.89 24.49 26.85 28.57 31.37 32.91
3.55 2.39 2.24 2.08 1.95 1.74 1.59 1.35 1.23 IR 1

36.8 79.16 20.64 23.07 24.97 26.44 28.59 30.16 32.72 34.14 total,b
TS9 70.01 16.28 18.67 20.67 22.32 24.86 26.74 29.67 31.18 d

4.83 2.09 1.90 1.71 1.55 1.35 1.24 1.11 1.06 IR 1
-40.3 74.84 18.37 20.57 22.38 23.87 26.21 27.98 30.78 32.24 total

TS10 -1.1 69.89 17.23 20.51 23.03 24.96 27.69 29.54 32.22 33.54 b,c
TS11 70.22 16.82 19.74 21.82 23.33 25.46 27.00 29.57 31.02 b,c

2.52 2.40 2.33 2.23 2.13 1.93 1.75 1.46 1.30 IR 1
-2.7 72.74 19.22 22.07 24.05 25.46 27.39 28.75 31.03 32.32 total

TS12 3.3 70.50 17.37 20.51 22.97 24.88 27.62 29.48 32.20 33.53b,c
TS13 -3.2 73.94 18.68 21.51 23.58 25.12 27.30 28.87 31.49 32.97 b,c
TS14 71.73 16.88 19.63 21.66 23.18 25.34 26.92 29.54 31.01

2.35 1.78 2.14 2.31 2.35 2.23 2.02 1.60 1.37 IR 1
-1.8 74.08 18.66 21.77 23.97 25.53 27.57 28.94 31.14 32.38 total,b

TS15 20.4 70.88 18.73 21.65 23.96 25.75 28.29 30.00 32.48 33.71b,c
TS16 58.6 70.13 17.10 20.42 22.98 24.94 27.71 29.57 32.25 33.57b,c
TS17 72.60 17.92 20.4 22.47 24.18 26.82 28.76 31.73 33.23 d

5.61 1.27 1.16 1.11 1.07 1.04 1.02 1.01 1.00 IR 1
-18.95 78.21 19.19 21.56 23.58 25.25 27.86 29.78 32.74 34.23 total,22

TS18 73.09 17.47 20.08 22.01 23.44 25.5 27.01 29.56 31.01 c
3.41 1.84 1.76 1.69 1.63 1.52 1.43 1.27 1.18 IR 1

54.9 76.50 19.31 21.84 23.70 25.07 27.02 28.44 30.83 32.19 total,b
TS19 -6.0 70.19 16.07 19.06 21.64 23.77 26.92 29.06 32.07 33.49 c
TS20 -1.6 71.03 16.76 19.82 22.35 24.37 27.29 29.27 32.10 33.47 c
TS21 67.52 14.79 17.38 19.60 21.42 24.21 26.23 29.37 30.99

5.61 1.27 1.16 1.11 1.07 1.04 1.02 1.01 1.00 IR 1
20.78 73.13 16.06 18.54 20.71 22.49 25.25 27.25 30.38 32.99 total

a ∆Hf°298 in kcal/mol, S°298 andCp°(T) in cal/mol‚K; temperature range 300-2000 K. b ∆Hf°298 is from ref 10.c Calculated in this study from
B3LYP frequencies using the “SMCPS” program.d Calculated in this study from HF/6-31G(d) frequencies using the “SMCPS” program.e Unpublished
work, ∆Hf°298 is the CBS-QB3 result with the use of isodesmic reactions. IR) internal rotor contribution.
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dominates CH3 + SO2 over all temperature (300-2000 K) and
pressure (10-5 to 100 atm) ranges, as illustrated in Figure 3.
The difference between these two paths narrows with increased
temperature, the ratio of these two rate constants is 5000 at 300
K and decreases to 4 at 2000 K.

The formation of CH3SO + O shows little pressure depen-
dence but a strong temperature dependence. The comparison
in Table 5 shows that this channel has the highest barrier among
the three important new products, however it also has the largest
A factor of these three paths. It becomes more important at high
temperatures, as one would expect.

The total forward rate constant as a function of pressure and
temperature is shown in Figure 4. The total forward rate constant
is 6.9× 1011 cm-3/(mol‚s) at 300 K and 1 atm, and the dominant
species are the two forms of CH3SOO. The rate constants for
the formation of CH2S + HO2, CH3 + SO2, and CH3SO + O
are 6.4 × 106, 4.6 × 107, and 4.9× 10-3 cm-3/(mol‚s),
respectively, at 300 K and 1 atm.

The calculated rate constants as a function of pressure from
QRRK-master equation analysis for the important channels are
listed in Table 6.

TABLE 4: Input Parameters for CH 3S + O2 System for the Chemical Activation/QRRK-Master Equation Analysise,f

no. reactions A∞
a n Ea

b 〈V〉c

1 CH3S + O2 f CH2S + HO2 3.33E+3 2.93 24.6
5 CH3S + O2 f anti-CH3SOO 3.27E+8 1.35 0 398.3 (×7.623), 1611.2 (×3.893),
-5 anti-CH3SOOf CH3S + O2 5.21E+14 -0.352 9.2 3349.6 (×2.484)
21 anti-CH3SOOf syn-CH3SOO 4.10E+11 0.098 0.07
-21 syn-CH3SOOf anti-CH3SOO 4.63E+11 0.123 0.68 391.3 (×7.377), 1484.4 (×3.619),
2 syn-CH3SOOf CH3SO2 3.07E+12 1.677 17.9 3068.3 (×3.004)
16 syn-CH3SOOf C.H2SOOH 3.49E+7 1.40 37.9
6 syn-CH3SOOf CH2S + HO2 1.92E+8 1.21 12.1
17 syn-CH3SOOf CH3SO+ O 6.07E+8 1.51 24.3
-2 CH3SO2 f syn-CH3SOO 7.08E+11 0.606 92.0 347.1 (×5.138), 1183.1 (×6.306),
10 CH3SO2 f C.H2SO2H 9.12E+8 1.31 52.3 3137.1 (×3.056)
3 CH3SO2 f CH3OSO 1.20E+11 0.751 46.3
9 CH3SO2 f CH3 + SO2 2.16E+12 0.575 14.8
-10 C.H2SO2H f CH3SO2 1.25E+10 0.579 26.8 348.6 (×7.350), 1038.7 (×4.013),
13 C.H2SO2H f CH2(OH)S•dO 6.24E+11 0.338 25.0 3407.0 (×2.637)
11 C.H2SO2H f CH2SO+ OH 1.91E+11 0.348 27.1
-13 CH2(OH)S•dO f C.H2SO2H 1.02E+11 0.689 50.9 321.2 (×4.323), 990.2 (×7.489),
14 CH2(OH)S•dO f CH2SO+ OH 4.77E+10 0.790 53.0 3503.2 (×2.188)
15 CH2(OH)S•d f cyc-(COS)dO + H 6.48E+7 1.52 73.9
-3 CH3OSOf CH3SO2 2.46E+8 1.25 47.2 341.4 (×4.411), 1211.6 (×6.742),
22d CH3OSOf CH3O + SO 4.0E+8 0 57.3 3092.1 (×2.847)
4 CH3OSOf CH3 + SO2 2.92E+11 0.815 30.5
19 CH3OSOf CH2O + SOH 2.89E+7 1.403 48.4
20 CH3OSOf CH2O + HSO 2.44E+6 1.816 53.0
-16 C•H2SOOHf syn-CH3SOO 4.33E+10 0.181 35.5 375.2 (×7.533), 544.1 (×3.516),
7 C•H2SOOHf CH2SO+ OH 6.37E+11 0.087 0 3507.7 (×2.451)
18 C•H2SOOHf cyc-COS+ OH 9.91E+12 -0.180 32.3
8 C•H2SOOHf CH2S + HO2 3.67E+11 0.482 13.7

a A in unit of cm-3 mol s. b Ea in kcal/mol. c Reduced frequency sets, frequency (degeneracy), from CPFIT,20 in cm-1. d Via k-22 and microscopic
reversibility (MR);A-22 ) 5.0E7 andEa-22 ) 0 from estimation.e Lennard-Jones parameters are 5.6 Å and 650 K from ref 23.f All rate constants
(exceptk22) are calculated using canonical transition state theory (TST) with TS calculated at CBS-QB3, G3MP2, or G2 levels of theory. Please
see discussion in text.

Figure 2. CH3SOO (anti- andsyn-) and CH3SO + O formation rate
constant (logk) vs temperature and pressure.

Figure 3. Two product sets formation rate constant (logk) vs
temperature and pressure.
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The available experimental results, primarily from the review
article by Tyndall and Ravishankara6 are listed in Table 7.
The most recent experiment by Turnipseed, Barone, and
Ravishankara reports the rate constant of CH3S + O2 f
CH3SOO to be (7-18) × 10-14 cm-3/(molecule‚s), which
converts to 4.2× 1010 to 1.1 × 1011 in cm3/(mol‚s) (units of
this study) at 216 and 258 K respectively, and 60-80 Torr of
He. Our results estimate the the rate constant of CH3S + O2 f
CH3SOO at 237 K and 0.1 atm at 3.2× 1010 cm3/(mol‚s), which
close to the lower end of the experimental value.

A small elementary reaction mechanism, for the low tem-
perature early time reactions, is constructed in Table 8. All
reactions except R14 are reversible with reverse rate constants
calculated from the thermochemical parameters and principles
of microscopic reversibility. R3 to R13 in Table 8 of this
mechanism are the results of the QRRK-master equation analysis
on the CH3S + O2 system at pressure of 0.1 atm, with only the
noted important channels included. We further include a number
of reactions in this mechanism relating to reactions of initial
products in the experiment of Turnipseed et al.2 We start the
reaction with an initial concentration of CH3S radical from the
data of the experiment, at time zero. As the initial source of
CH3S is CH3SCH3 we also add an equal quantity of CH3 radical.
Two CH3S radicals can combine to dimethyl disulfide without
a barrier. R1 and R2 are included in this model to account for
these association reactions. The loss of CH3S radical due to
diffusion at the reported rate constant of the experiment is

included and assumed irreversible (R14). The methyl radicals
from photochemical dissociation of the dimethyl sulfide (in the
experiment) are active in this O2 rich environment and the
reactions R15 and R22-24 are amended. The barrierless
radical-radical associations of CH3S with CH3SOO and CH3OO
form energized adducts (CH3SOOCH3* or CH3SOOSCH3*)
with up to 70 kcal/mol excess energy and these energized
adducts undergo exothermic dissociation of the weak peroxide
bonds to oxy radicals, reactions R17 to R21. As an example:

TABLE 5: Calculated Elementary (High-Pressure Limit) Rate Constants for Selected Products

syn-CH3SOOf TS2′ syn-CH3SOOf TS6 syn-CH3SOOf TS17

product CH3 + SO2
a CH2S + HO2 CH3SO+ O

Ea,f (kcal/mol)
av of 300-2000 K 17.5 12.8 25.4

Af (s-1)
300 K 5.47E+11 3.89E+11 6.54E+12
400 K 5.99E+11 3.86E+11 8.96E+12
500 K 6.60E+11 4.26E+11 1.19E+13
600 K 7.28E+11 4.95E+11 1.55E+13
800 K 8.84E+11 7.04E+11 2.41E+13
1000 K 1.05E+12 9.93E+11 3.46E+13
1200 K 1.23E+12 1.34E+12 4.64E+13
1500 K 1.47E+12 1.93E+12 6.62E+13
2000 K 1.84E+12 3.04E+12 1.04E+14

a Through adduct CH3SO2*: CH3SOOf CH3SO2* f CH3 + SO2.

Figure 4. Total forward rate constant (logk) vs temperature and
pressure.

TABLE 6: Calculated Rate Constants (200-2000 K) for
Products vs Pressure

reactions A N

Ea

(kcal/
mol)

pressure
(atm)

CH3S + O2 f anti-CH3SOO 1.83E+37 -11.0 5.2 1E-5
1.83E+38 -11.0 5.2 1E-4
1.84E+39 -11.0 5.2 1E-3
1.91E+40 -11.0 5.2 1E-2
2.64E+41 -11.1 5.3 0.1
9.51E+42 -11.2 5.8 1
4.54E+44 -11.4 6.8 10
2.22E+45 -11.3 7.6 100

CH3S + O2 f syn-CH3SOO 2.78E+37 -11.1 5.2 1E-5
2.79E+38 -11.1 5.2 1E-4
2.80E+39 -11.1 5.2 1E-3
2.91E+40 -11.1 5.2 1E-2
3.99E+41 -11.1 5.4 0.1
1.39E+43 -11.3 5.9 1
7.00E+44 -11.5 6.8 10
1.98E+46 -11.6 7.9 100

CH3S + O2 f CH2S + HO2 4.71E+24 -4.7 8.3 1E-5
4.71E+24 -4.7 8.3 1E-4
4.71E+24 -4.7 8.3 1E-3
4.71E+24 -4.7 8.3 1E-2
4.74E+24 -4.7 8.3 0.1
5.25E+24 -4.7 8.3 1
2.25E+25 -4.9 8.7 10
1.54E+27 -5.4 10.0 100

CH3S + O2 f CH3SO+ O 5.25E+13 -1.5 16.9 1E-5
5.25E+13 -1.5 16.9 1E-4
5.25E+13 -1.5 16.9 1E-3
5.25E+13 -1.5 16.9 1E-2
5.24E+13 -1.5 16.9 0.1
5.19E+13 -1.5 16.9 1
4.66E+13 -1.5 16.8 10
2.49E+13 -1.4 16.7 100

CH3S + O2 f CH3 + SO2 9.44E+25 -3.8 12.3 1E-5
9.44E+25 -3.8 12.3 1E-4
9.44E+25 -3.8 12.3 1E-3
9.45E+25 -3.8 12.3 1E-2
9.47E+25 -3.8 12.3 0.1
9.77E+25 -3.8 12.3 1
1.44E+26 -3.9 12.4 10
7.31E+27 -4.4 13.2 100
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(We note an additional exothermicty results from rearrangement
of the two CH3S-O• radicals to the more stable electronic form
CH3S•(dO)).

If the energy is partitioned equally in the two CH3SO
products, then each CH3SO will have sufficient chemical
activation energy (∆Hrxn) to dissociate to H2O + HC•dS or
CH2S + OH before collisional stabilization occurs. (Barriers
for these last two reactions are not included in the thermo-
chemical estimate).

The CHEMKIN II mechanism integrator is used to model
the three reaction conditions of Turnipseed et al.2 where O2

concentrations are 1.29E+16, 3.48E+16, or 4.6E+16 molecules/
cm3. The temperature is 216 K and the pressure is 80 Torr of
He as used in their experiment. The profiles of CH3S radical
from our mechanism are compared with the experiments in
Figure 5. Our mechanism overestimates the loss of CH3S
radicals at all three [O2] conditions, since our overall CH3S +
O2 well depth is lower, 9.7 vs 11.2. We feel this result is
acceptable for this initial quantum RRK chemical activation
analysis and will move to RRKM analysis for improved
accuracy.

The product profiles from the Chemkin run are shown in
Figure 6 for conditions of 216K and 0.1 atm of He, with [O2]
) 1.3× 1016 molecules/cm-3. The major species in the system
are CH3OO and CH3SOO. CH3SOO starts to dominate CH3S
radical after 1 ms. The CH3SOO concentration is 10 times higher
than dimethyl disulfide before 1 ms, 100 times higher than CH3-
SO, and about 4 orders of magnitude higher than CH2S + HO2,
which is the most important unimolecular (forward) reaction
from the CH3SOO adduct.

4. Summary

Thermochemistry, kinetic parameters, and a potential energy
surface for the CH3S• + O2 reaction system are studied using
density functional, ab initio, and composite methods in com-
putational chemistry. The analysis extends into thermochemistry
and potential surfaces for the CH3 + SO2 and CH2dSdO +
OH association reactions and unimolecular dissociation of
CH3SO2, and CH3OSO. Kinetics of the CH3S• + O2 system
are analyzed in detail and compared with experimental studies
from the literature.

The well depth for the CH3S• + 3O2 reaction to CH3SOO•

adduct is very shallow at 9.7 kcal/mol. Three exit channels from
the CH3SOO• adduct to CH2S + HO2, CH3 + SO2, and CH3SO
+ O are found to have low reaction barriers; but all of these

TABLE 7: Literature Data on CH 3S + O2 Reaction Systema

k (cm3/(molecule s)) experimental method ref

2E-13 product study Hatakayama and Akimoto24

3E-17 product study Grosjean25

>1.5E-16 product study Balla and Heicklen26

<2E-17 LP/LIF Balla et al.4

<2E-16 LP/LIF Black and Jusinski27

<2E-18 LP/LIF Tyndall and Ravishankara3

(7-18)E-14 LP/LIF, CH3SOO Turnipseed et al.2

5.4E-14 computational chem this study

a Conditions: ∼ 0.1 atm and room temperature to 200 K.

TABLE 8: Kinetic Model for CH 3S + O2 System (0.1 atm, 200-2000 K)

reactions Aa n Ea
b ref

CH3SCH3f CH3 + CH3S (R1) 4.89E+37 -7.05 78.14 c
CH3SSCH2f 2CH3S (R2) 7.10E+39 -7.75 70.33 d
CH3S + O2 f anti-CH3SOO (R3) 2.64E+41 -11.07 5.29 e
CH3S + O2 f syn-CH3SOO (R4) 3.99E+41 -11.13 5.36 e
CH3S + O2 f CH2S + HO2 (R5) 4.74E+24 -4.67 8.29 e
CH3S + O2 f CH3SO+ O (R6) 5.24E+13 -1.50 16.85 e
CH3S + O2 f CH3SO2 (R7) 3.44E+12 -5.94 14.14 e
CH3S + O2 f CH3 + SO2 (R8) 9.47E+25 -3.80 12.33 e
anti-CH3SOOf syn-CH3SOO (R9) 2.49E+46 -10.06 80.48 e
syn-CH3SOOf CH2S + HO2 (R10) 7.86E+44 -10.86 79.95 e
syn-CH3SOOf CH3SO+ O (R11) 2.80E+44 -10.55 79.95 e
syn-CH3SOOf CH3SO2 (R12) 4.67E+48 -10.40 79.95 e
CH3SO2f CH3 + SO2 (R13) 2.31E+00 3.39 9.58 e
CH3S f CH3S(INV) (irreversible) (R14) 120 0 0 f
CH3 + O2 f CH3OO (R15) 1.2E+12 0 0 g
CH3S + CH3OO f CH3SO+ CH3O (R16) 1.0E+13 0 0 g
CH3S + anti-CH3SOOf 2CH3SO (R17) 2.5E+12 0 0 g
CH3S + syn-CH3SOOf 2CH3SO (R18) 2.5E+12 0 0 g
anti-CH3SOO+ anti-CH3SOOf 2CH3SO+ O2 (R19) 3.4E+10 0 -1.5 h
anti-CH3SOO+ syn-CH3SOOf 2CH3SO+ O2 (R20) 3.4E+10 0 -1.5 h
syn-CH3SOO+ syn-CH3SOOf 2CH3SO+ O2 (R21) 3.4E+10 0 -1.5 h
CH3 + CH3 f C2H6 (R22) 4.31E+33 -6.65 4.64 i
CH3 + CH3OO f 2CH3O (R23) 1.0E+13 0 0 g
CH3OO + CH3OO f 2CH3O + O2 (R24) 5.5E+10 0 -0.42 h

a A in unit of cm-3, mol, and s.b Ea in kcal/mol. c High-pressure limitk is estimated asA ) 2E+16, Ea ) 73.3, and then used as inputs of
QRRK-master equation analysis. The results are shown here.d High-pressure limitk is estimated asA ) 2E+16,Ea ) 65.0, and then used as inputs
of QRRK-master equation analysis. The results are shown here.e From QRRK-master equation analysis, input are in Table 4.f CH3S (INV) is the
invisible CH3S: the loss of CH3S is due to diffusion.2 g Estimations.h Reference 28.i High-pressure limitk is estimated asA ) 3E13,Ea ) 0, and
then used as inputs of QRRK-master equation analysis, the results are shown here.

CH3S + CH3SOOT CH3SOOSCH3* T 2 CH3SO,
∆Hrxn ) -90 kcal/mol
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barriers are slightly higher than reverse reaction of CH3SOO to
CH3S• + O2. All transition states in this weakly bound CH3S-
OO system including adduct formation/dissociation are tight,
on a comparative basis. Rate constants to these channels are
estimated at conditions of temperatures and pressure. The
CH3SOO adduct primarily dissociates back to reactants CH3S•

+ O2, with fractions of both the chemically activated CH3SOO*
and stabilized CH3SOO adducts reacting to products over
barriers that are several kcal/mol higher than reaction back to

reactants. Rate constants and thermochemistry of the CH3SOO
adduct and transition states are in reasonable agreement with
the experimental data in the literature. The G3MP2 and CBS-
QB3 composite methods are recommended for sulfur- oxygen
hydrocarbon systems and show significantly better agreement
with literature than the density functional methods used in this
study.
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Figure 5. Comparison of model with the experiment data for the decay
of CH3S radical at 216 K and 80 Torr of He.

Figure 6. Major species at 216 K and 80 Torr of He, [O2] ) 1.29E+16
molecules/cm-3.

Multichannel Reaction of Methanethiyl Radical J. Phys. Chem. A, Vol. 110, No. 21, 20066937


