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Abstract The mechanism for the CH,SH + O, reaction
was investigated by DFT and ab initio chemistry methods.
The geometries of all possible stationary points were opti-
mized at the B3LYP/6-311+G(d,p) level, and the single point
energy was calculated at the CCSD(T)/cc-pVXZ(X = D
and T), G3AMP2 and BMC-CCSD levels. The results indicate
that the oxidation of CH,SH by O to form HSCH,OO is a
barrierless process. The most favorable channel is the rear-
rangement of the initial adduct HSCH,OO (IM1) to form
another intermediate HyC(S)OOH (IM3) via a five-center
transition state, and then the C—O bond fission in IM3 leads
to a complex CH»,S- - -HO, (MC1), which finally gives out to
the major product CH,S 4 HO». Due to high barriers, other
products including cis- and trans-HC(O)SH + HO could be
negligible. The direct abstraction channel was also deter-
mined to yield CH,S + HO», with the barrier height of 22.3,
18.1 and 15.0kcal/mol at G3AMP2, CCSD(T)/cc-pVTZ and
BMC-CCSD levels, respectively, it is not competitive with
the addition channel, in which all stationary points are lower
than reactant energetically. The other channels to produce
cis- and trans-CHSH + HO» are also of no importance.
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1 Instruction

The combustion of the organic sulphur compounds and coals
rich in sulphur can produce methylthiyl radical, CH3S and
its isomer CH,SH, which are important intermediates [1-3]
and toxic atmospheric contaminants. It is firmly believed to
be one of the key intermediates of OH-initiated oxidation of
DMS, especially in areas where the amounts of NO3 and 10
are low enough not to compete with the OH oxidation. For
the nonce, the researches focus on two aspects of CH3S and
CH,SH, (1) the characters of special species, such as spec-
trum and thermochemistry; (2) the kinetics and mechanisms
of reactions involving CH,SH and CH3S.

The reactions of CH3S with some species, such as Oy, O3,
NO,, and NO have been investigated widely [4-9]. More-
over, it was testified by experiments that the main way to
take off CH3S from atmosphere is its reactions with O3 and
NO,, respectively. However, little attention has been paid to
the reactions of CH>SH. In 1992, Anastasi et al. reported
the rate constant of 8.5 x 1012 cm? molecule ! s~ ! at 1 atm
and 298K for the reaction of CH,SH + O with the pulse
radiolysis/kinetic absorption technique employed [10]. Two
possible reaction routes were presumed:

CH,SH + 0, — HSCH,00 (1
CH,SH + 0, — CH,SH + HO, 2)

They proposed that the title reaction proceeds via addition.
Although the mechanisms of CHyOH+O», similar to the title
reaction have been studied extensively [11-14], no result was
reported for the mechanisms of this reaction. In this paper, we
studied the title reaction with high-level quantum methods for
the first time, hoping it is beneficial to further experimental
and theoretical studies.
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2 Computational methods

Only the doublet potential energy surface (PES) on the
lowest electronic states is investigated in this work. Density
Functional Theoretical and ab initio calculations are carried
out using the Gaussian 03 programs [15]. The geometries
of reactants (R), transition states (TS), intermediates (IM),
molecular complexes (MC), and products (P) are optimized
employing the B3LYP method with the 6-311+G(d,p) basis
set. BBLYP method was proved to be an economic and accu-
rate computational model for predicting electronic structure,
and has been employed widely. Compared with other levels
of theory, the B3LYP method was found to be sufficiently
accurate for predicting reliable geometries of the stationary
points, at the same time, it is not expensive computationally
for scanning the potential energy surface. To determine the
nature of all species and the zero-point energy (ZPE) cor-
rections, harmonic vibrational frequencies were calculated
at the same level. The number of imaginary frequency (0 or
1) confirms whether it is a local minimum or a transition
state. Subsequently, the intrinsic reaction coordinate (IRC)
paths were calculated at the same level to verify the transition
states connect to the right reactants and products. To check
the influence of basis set, the 6-311+G(3df,3pd) basis set is
also employed with B3LYP method to optimize the geome-
tries of some intermediates and transition states. In order to
obtain more reliable energy on the potential energy surface
(PES), the single point energy calculations were performed
at the higher levels of G3MP2 [16,17], BMC-CCSD [18,19]
and CCSD(T)/cc-pVXZ (X =D and T).

BMC-CCSD scheme was detailed elsewhere, and only a
brief description is given here. Single-point-energy evalua-
tions were performed at the CCSD/6-31B(d) and MP2/MG3
levels of theory, respectively. Finally, the energy expression
for BMC-QCISD is given in:

E(BMC-CCSD) = E(HF/6-31 B(d)) + ci (HF/MG3|
6-31 B(d)) + ¢; A(MP2[HF/6-31 B(d))
+¢2 A(MP2|HF/MP2|6-31 B(d))
+¢3A(MP4(DQ)|MP2/6-31 B(d))
+¢4A(CCSD|MP4(DQ) /6-31 B(d)) + Eso

where

AE(L2[L1/B) = E(L2/B) — E(L1/B) and
AE(L/B2|B1) = E(L/B2) — E(L/B1).

And cy, c1, ¢2, ¢2, c3, and c4 take values of 1.06047423,
1.09791, 1.33574, 0.90363, and 1.55622, respectively.
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3 Results and discussion

The geometries of all reactants, products, possible interme-
diates (IM), molecular complexes (MC) and transition states
(TS) involved in the reaction of CH>,SH with O, are shown
in Fig. 1 (the Cartesian coordinates of all stationary points
involved in the CH, SH reaction with O, are provided in sup-
plementary material, Table 1S). The PES of the title reaction
at the BMC-CCSD level is depicted in Fig. 2. Table 1 exhib-
its the ZPE corrections, relative energies (A E, relative to the
reactants of CH,SH + O»), reaction enthalpies (A H), reac-
tion Gibbs free energies (AG) and T1 diagnostic values at
the B3LYP/6-311+G(d,p), CCSD(T)/cc-pVXZ (X =D and
T), BMC-CCSD and G3MP?2 levels. From Table 1 we can see
that the energy obtained at the higher levels of CCSD(T)/cc-
pVDZ and G3MP2 are close to each other, while the val-
ues obtained from CCSD(T)/cc-pVTZ level are generally
between that from BMC-CCSD and G3MP2 calculations.
The energy obtained at the BMC-CCSD level is used in dis-
cussion, unless otherwise state.

It is noted that the spin contamination might be signifi-
cant for such reaction involving a doublet with triplet elec-
tronic state to from a doublet electronic state. The UMP2
is often the most sensitive to spin contamination, and it is
less common to find any significant spin contamination in
DFT calculations. The checks of S2 values in the optimi-
zation calculations suggest it is spin contamination could
be negligible after annihilation. To assess the multiconfig-
urational characteristics of the reaction paths, the 77 diag-
nostic values of the CCSD(T) wavefunctions are monitored
(see Table 1). Evidently, the 77 diagnostic values of all the
species are less than 0.044 expect for TS7, implying a neg-
ligible multireference character of the wavefunctions. The
large T1 value indicates that the energy of TS7 may not
be reliable, fortunately, TS7 is less important to the title
reaction.

3.1 Initial reaction of CH,SH radical with molecular
oxygen

The addition of O, to the radical center of CH,SH, C atom,
proceeds on a barrierless surface. The newly formed C-O
bond in HSCH,OO intermediate is about 1.46 A. As shown
inFig. 2 and Table 1, the additional step releases heat of about
26 and 25.3 kcal/mol at BMC-CCSD and CCSD(T)/cc-pVTZ
levels. Therefore, the HSCH, OO radical could be activated.
As shown in Fig. 1, the HSCH>OO intermediate has two
isomers in term of different OOCS dihedral angle, i.e., IM1
(79.0°) and IM2 (—80.0°). Both structures in IM1 and IM2
have almost identical parameters except the OOCS dihe-
dral angle. The energy of IM1 is about 0.7 kcal/mol lower
than IM2. It is easy for IM1 and IM2 to interconverse to
each other with the O—O bond rotating around C—O bond
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Fig. 1 The optimized H
geometries of all species for the H 4 oorr 135 1361
CH,SH + O» reaction at the H 1.348 N\ 1615 1050 / L 198\ 95.0 o %H 1007
B3LYP/6-311+G(d.p) level. s N, ol oSS 00 — Cra— S
Bond lengths are in angstroms 0—0o0 /. 1732 H ’ 1.104 | Lo
and angles in degree. In IM1, H '™
IM2, IM3, TS1 and TS2, the 0,Dy, CH,SHC?A" CH,SC,,  HO, C,2A cis-HC(O)SHC, OH C,, trans-CHSH C,
values in parentheses obtained
at B3LYP/6-311+G(3df,3pd) "
level 6‘35\ Y 1123 o0
H (0) 111.7 1.317 H e
H H113 1.350 Lasg 139H (313 (1 453) (1%42) Sy 1050 \ &
H 1.390 1104\ 952 (1.454) (1342 %63 o/ H
1.100 5.8 H-_\1139 3 0 :
\ 110.5 1196 C 1797 S H_ 37 % S 1089 / 1.813 . 2276,
bo 5 VARR' LosyC " Ta (1.803) H !
1.646 0 (1.801) 00CS:-80.0(-80.0) N\ !
00CS:79.0(80.1) OCSH:-75.6(-77.6) 1089 C S
OCSH:-75.3(-76.3) H / 1.620
cis-CHSH C, trans-HC(O)SH C, m1 m2 MC1
H 0.969 1.300 1.053 H 1328
©969) 1307 Y (1.294) _(y (1.057) 1.377 O—0,
‘ . (OX \109 1053 1038
(1.440) SO Q) 163 0 1026
1067 Can X
9 1494 1349 V1928 '~ oconc.so L4 H
: He— 1174 %3 } (1.933) 1@ OHCSI0S Y, 1776 /
Cq T S 107.6 B 1654 \ 1363
O S HAY oocs:-83 —CH S 1.017 s C1e7 S
/& (11-.1;32) OCSH:-72.4 L089/  ({e0) o) 103.5 o S/
~ 1327 H
00CS:71.5-69.5)
HOOC:-104.3(-92.6)
M3 TSO TS1C,2A"  TS2 C,2A" MC2 MC3
1.260
L 29f! 0220 Vs
1.498 . 1053 : 99.0 1.408 : -
Q‘ 0 54 e A 137 1350 CTe 1 144 833571558 174&:])
\ 1321 S/
fp.L30s 113]737 . 192? 0\ \ 1135 952 / 1476 S lj:s 1.359H 1304f6.'
B s S 1784 a0 JICTSe N 992 \C_fé
109/ 1799 DI L’ 1307 1 40 ¢
H 00cs:1209 < 00CS:119.7 94.5 C 1.661 S 1083/ 1.661
OCSH.32.7 OCSH:-168.6 0'\— / 1.09% H OOHS:-55.0
1.313 H OHSC:171.5
TS3 TS4 TS5 TS6 TS7
104 CHSHAO,  rans-CHSHHO IM2, and the overall AG7 (298 K) of TSO is —7.0kcal/mol.
IS5 we ZMC% T Therefore, it could be predicted that the oxidation of CH,SH
20 e e by O, and the conversion of IM1 and IM2 is quite fea-
S4 . . .. .. .
= TS T— sible under atmospheric conditions. In addition, the dihe-
£ " dral angle OOCS was scanned in an interval of 10°, and
[+ : | . . . . .
2 R T E CHAHHO, the result is summarized in Fig. 3. Obviously, there are two
o 50l S "m‘l"i local minimums and a saddle point along the internal rota-
i S : tion with the dihedral angle OOCS of —80, 80 and —10°,
40 . LM respectively.
With large amounts of available energy deposited into IM 1
60 “osion OO and IM2, it is feasible for the subsequent isomerization or
trans- SH+ Cls-| . . .
disassociations to occur.

Fig. 2 The profile of PES for the CH,SH + O, reaction at the BMC-
CCSD//B3LYP/6-311+G(d,p) level

via TS0, in which the OOCS dihedral angle is about —8.0°.
TSO is about —22.5 kcal/mol lower than reactant on the PES.
The barrier is 3.5 kcal/mol for the conversion from IM1 to

3.2 Isomerization channel
The HSCH,OO radical IM1 can isomerise to another inter-

mediate IM3 (SCH,OOH) via a five-number-ring H-shift
transition state TS 1 with the H atom transferring from S to the

@ Springer



204

Theor Chem Account (2008) 121:201-207

Table1l TheZPE, AH, AG andrelative energies A E (including ZPE corrections) (in kcal/mol) at B3LYP, CCSD(T)/cc-pVDZ, CCSD(T)/cc-pVTZ,

G3MP2 and BMC-CCSD levels, and T1 diagnostic values for important stationary points for the reaction of CH,SH + O,

Species ZPE AH AG AE1? AE2P AE3¢ AE44 AES5® Tif
H,CSH + 0, 21.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0

CH,S + HO, 24.3 —4.1 -29 -3.6 -2.9 —5.2 —4.0 —6.0

cis-HC(O)SH + OH 227 —56.5 —54.0 —56.1 —55.0 —56.7 —58.9
trans-HC(O)SH + OH 227 —55.3 —52.9 —55.0 —53.3 —56.2 —58.5

cis-HCSH + HO, 21.9 43.0 43.7 43.4 44.4 41.2 37.9

trans-HCSH + HO, 224 41.5 422 42.0 43.2 40.2 37.0

M1 26.8 —229 —10.9 —21.3 —-19.8 —23.7 -21.9 —26.0 0.0258
M2 26.8 —22.4 —10.3 —20.8 —19.1 —-23.0 —21.3 —25.3 0.0255
M3 28.2 —22.4 —10.1 —20.8 —19.8 —24.9 —22.7 —-25.6 0.0135
MC1 25.9 -9.6 —0.1 -89 -9.3 —11.3 -9.9 —125

MC2 23.8 31.1 40.1 31.8 35.0 322 28.8

MC3 24.4 27.1 37.7 28.1 29.7 28.1 24.7

TSO 26.4 —20.0 -7.0 —18.1 —~15.8 —18.5 -22.5

TSI 24.6 —10.4 2.9 -84 —24 -7.8 —45 —10.0 0.0359
TS2 25.8 —-5.1 7.1 -32 0.5 —34 —14 —-5.1 0.0327
TS3 23.0 17.3 29.8 19.0 21.8 20.2 14.2

TS4 229 18.6 31.1 20.3 23.4 213 15.1

TS5 21.9 30.2 41.1 31.5 37.6 35.1 31.8

TS6 21.5 277 37.5 28.8 36.1 327 30.1

TS7 21.8 6.7 16.7 7.7 21.3 18.1 223 15.0 0.0635

2 AFE1 is obtained from B3LYP/6-311+G(d,p) level

b AE?2 is obtained from CCSD(T)/cc-pVDZ//B3LYP/6-311+G(d,p) level
¢ AE3 is obtained from CCSD(T)/cc-pVTZ//B3LYP/6-311+G(d,p) level

d A E4 is obtained from G3MP2//B3LYP/6-31 1+G(d,p) level
¢ AES5 is obtained from BMC-CCSD//B3LYP/6-311+G(d,p) level
T T1 diagnostic values are obtained from CCSD(T)/cc-pVTZ level
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Fig. 3 Energy profile for the internal rotation of HSCH,OO around
HSCH,-0; bond. The relative energy (Er in kcal/mol) was calculated
at the B3LYP/6-311+G(d,p) level without ZPE correction

terminal O atom. As shown in Fig. 1, the breaking H-S bond

is elongated to be about 1.59 A, and the forming H-O bond is
1.24 A. The other geometrical parameters have little change
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in isomerization. TS1 has Cs symmetry with a >A” electronic
state. The barrier height is 16kcal/mol, and TS1 stands at
—10kcal/mol on the PES. In IM3, the O—O bond is stretched
to be 1.49 A, which is about 0.17 A longer than that in IM1. It
is worth noting that the dihedral angles of OOCS and HOOC
are about —104 and 72°, respectively. Energetically, IM3 is
—25.6kcal/mol, closing to the energy of IM1 and IM2 on the
PES. Subsequently, IM3 could undergo C—O bond fission via
TS2. The rupturing C—O bond is stretched to be 1.93 A, at the
same time; the C—S bond is shortened to be 1.68 A. The IRC
calculations at the B3LYP/6-311+G(d,p) level confirm that
TS2 goes backward to IM3, and goes forward to give a hydro-
gen-bond complex H,CS- - -HO;, donated as MC1 in Fig. 1.
Both TS2 and MC have C; symmetry with 2A” electronic
state. In MC1, the long weak-interaction distance between O
and Hatom is 2.57 A, and the S- - -H hydrogen bond is 2.28 A.
The other geometrical parameters are close to that in prod-
uct HoCS + HO;. The barrier height TS2 is 20.6 kcal/mol,
however, TS2 lies —5kcal/mol below the energy of reac-
tant. MC1 finally gives to products H,CS + HO;. Energet-
ically, MC1 and H>CS + HO; are —12.5 and —6kcal/mol,
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respectively. The reaction enthalpy AH of this channel is
—4.1kcal/mol at B3LYP/6-311+G(d,p) level, and the over-
all AG is —2.9kcal/mol. Therefore, this reaction route is
feasible to take occur. HyCS + HO; is also could be formed
by the direct hydrogen abstraction mechanism discussed in
the following part. The experimental formation enthalpies of
the involved species at 0K could are available. Due to the
lack of experimental formation enthalpy of CH,SH at 298 K,
it is impossible to compare the reaction enthalpy of our result
and experimental ones.

From Table 1, it can seen that the energy obtained at
CCSD(T)/cc-pVTZ and BMC-CCSD levels is lower than
that from G3MP2 and CCSD(T)/cc-pVDZ levels. The result
shows that TS1 and TS2 are lower than the initial reactant;
therefore, it is evident that the above channel is favorable
energetically.

In order to check the influence of basis set, the 6-311+
G(3df,3pd) basis set is employed with the same method to
reoptimize the geometries of intermediates and transition
states involved. The 6-311+G(3df,3pd) basis set, which is
useful for describing the interactions between electrons in
electron correlation methods, puts 3d functions and 1f func-
tion on heavy atoms, and 3p functions and 1d function on
hydrogen, as well as diffuse functions on both. The results are
summarized in Fig. 1, from which it could be seen, the geo-
metrical parameters are in reasonable agreement with those
at the 6-311+G(d,p) level. Most changes in bond length and
angles are less than 0.1 A and 2°, except for the dihedral
angle HOOC, in which the difference is about 12°. Therefore,
it could be concluded that addition of multiple polarization
functions has no significant effect on the title reaction.

3.3 Four-center decomposition of HSCH,OO radical

The transition states of concerted OH eliminations from
HSCH;OO0 radical are located at the current level. The corre-
sponding transition state is TS3, which is connected by IM1
and trans-HC(O)SH + OH. Another transition state TS4 is
found to being connected with IM2 and cis-HC(O)SH + OH.
The geometrical parameters in TS3 and TS4 are close to
each other except the dihedral angle OCSH, which is 33 and
—169°, respectively. In both transition states, the breaking
of C-H and O-O bond is about 1.31 and 1.50A, respec-
tively. Simultaneously, the new forming O—H bond is 1.32 A,
and the C—O bond is shortened by 0.08 A compared with its
equilibrium value in reactant IM1 and IM2. The energy of
trans-HC(O)SH + OH and cis-HC(O)SH + OH are —58.9
and —58.5kcal/mol, and they are the most stable products
on the PES. The barrier heights of TS3 and TS4 are around
40.0kcal/mol, respectively, even they are 14.2 and
15.1kcal/mol above reactant. This large energy could be
attributed mainly to the expected large strained energy of
four-numbered-ring structures. The total AG# (298K) are

29.9 and 31.1kcal/mol for TS3 and TS4, respectively. Evi-
dently, at room temperature, the two pathways are less favour-
able compared with isomerization channel.

3.4 Direct hydrogen abstraction mechanism

Transition states of the direct hydrogen abstraction were also
found leading to different products. One of the H atoms
in CHy group abstracted by O, will generate HO; + cis-
and trans-CHSH via TS5 and TS6, which are product-like
transition states, respectively. In TS5 and TS6, the breaking
C—H bond is elongated to be 1.45A, and the forming O-H
bond is about 1.14 A. The CHO angle is 144° in TS5, and
166° in TS6, which is not linear, and the dihedral angle
of OHSH is around 110 and 71°, respectively. Other geo-
metrical parameters stand as spectator. The IRC calculations
imply that hydrogen-bond molecular complexes MC2 (cis-
CHSH- - -HO») and MC3 (trans-CHSH- - -HO»,) were con-
nected by TS5 and TS6, respectively. It can be seen from
Fig. 1, the long distance between H and C atom is about 1.8 A
in MC2, while a six-numbered-ring structure is involved in
MC3 with the H- - -C and O- - -H bond is about 1.8 and 2.3 A,
respectively. MC2 is about 28.8 kcal/mol on the PES, while
MC3 is about 4 kcal/mol lower than MC2. As shown in Fig. 2,
both TS5 and TS6 process high barriers, which are 31.8 and
30.1 kcal/mol. The product of HO, + cis-CHSH and HO» +
trans-CHSH are about 37.0 and 37.9kcal/mol above reac-
tant. Obviously, with so high barriers and unstable product,
the two reaction paths can be negligible, even at combustion
condition.

Another channel is hydrogen abstraction by O, from SH
group leading to CH,S + OH,. The corresponding transi-
tion state is TS7 as shown in Fig. 1. The breaking S—H
bond is stretched by 0.14 A compared with its equilibrium
value in CH;SH, and forming O-H bond is about 1.41 A.
The OHS angle is 175°, which approaches to linear, and
the dihedral angle of OOHS is —55°, far away from planar.
TS7 is also product-like transition state. The barrier height
of TS7 is 15 kcal/mol. With so high barrier, the direct hydro-
gen abstraction channel can not compete with the addition
mechanism states above. It is worth noting that the S? is
about 1.8 in G3MP2 calculations, and it is around 1.0 even
after annihilation. This implies that the spin contamination
is significant. Therefore, we optimised TS7 with MP2 and
CASSCF methods, but unfortunately, all calculations were
failed due to the problem of convergence.

On the other hand, the S2 is about 0.78 and 0.76 in
CCSD(T)/cc-pVTZ and BMC-CCSD calculations, and it is
0.75 after annihilation. From Table 1, we can see that T1
diagnostic value of TS7 is 0.0635, which is much larger than
“benchmark”™ 0.044. The large T1 value indicates that the
energy of TS7 may not be reliable, and the nondynamical
electron correlation effect is significant in TS7. Fortunately,
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TS7 is less important to the title reaction. The energy of
TS7 is about 4.2 and 7.3 kcal/mol lower than the value of
22 .3 kcal/mol obtained from G3MP?2 calculations. All evi-
dences suggest that the energy from CCSD(T)/cc-pVTZ and
BMC-CCSD calculations is more accurate than the one from
G3MP2. However, the direct hydrogen abstraction channel
to yield CH2S + HO; is not competitive with the addition
reaction route at atmospheric condition.

In summary, five product and six reaction channels were
located for the reaction of CH,SH with O, at the B3LPY/6-
311+G(d,p) level. In view of energy, with all stationary points
involved below reactant, the most favourable channel is the
addition of O and CH,SH to form HSCH, OO radical IM1,
which rearranges subsequently to another intermediate IM3
via a five-numbered-ring transition state, and finally gives out
to CH,S + HO» via a simple C—O bond fission. With high
barrier involved, the direct hydrogen abstraction channel to
yield CH,S + HO; cannot compete with the addition chan-
nel. Other channels forming HC(O)SH + OH and CHSH +
HO» could be negligible. It is in accordance with Anastasi’s
[10] experiment that absorption spectra suggested the title
proceeds via addition rather than direct abstraction.

3.5 Comparisons with CH,OH + O, and CH3S + O;
reactions

It is very useful to compare the PES feature of the CH>SH +
O, reaction with that of the analogous one CH,OH + O,
which have been investigated extensively by experimental
and theoretical chemists [11-14]. The main product is CH,O
+ HO3, and the reaction processes by a concerted HO; elim-
ination from the initial adduct.

First, the comparisons of theoretical results indicate that
both reactions undergo a barrierless addition way, i.e.,
CH;XH 4+ O, — HXCH;00 (X = O and S). It is in
accordance with Olivella, Dibble and Schocker. Contrast to
Nebot-Gil’s [13] report that a transition state of the entrance
channel was located at UMP2/6-31G(d) and QCISD/
6-31G(d) levels, in which the forming C-O bond is more
than 2.1 A, and the spin contamination was very large. Sec-
ond, although the addition step is similar, the mechanism
is different. The calculations for CH,OH + O could take
occur by a concerted step via a five-numbered-ring structure
transition state to give out a complex. A four-numbered-ring
transition state was also determined by Olivella et al. [12] in
concerted step at the CASSCF/6-311G(d,p) level. Although
many attempts was made, the transition states involving in
concerted HO, elimination were not located at various
methods and basis sets due to problem of convergence in the
optimization for the title reaction. Third, only stepwise HO,
elimination was found at the B3LYP/6-311+G(d,p) level,
which was also determined in CH,OH + O; reaction by
Schocker [14] and Olivella [12]. It is worth noting that in
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Olivella’s investigation, only two transition states were found
at UB3LYP/6-311G(d,p) level, namely, five-numbered-ring
transition state in concerted HO; elimination and a transition
state involving C—O bond fission in CH,(O)OOH radical. In
our calculations, a five-center transition state (TS1) is also
located, however, TS1 connect to CH,(S)OOH (IM3) rather
than IM1. Both reactions involve a molecular complex with
HO, and CH, X (X = O and S) locating in the same plane,
as reported by Olivella and Schocker.

The last difference between CH,OH + O, and CH,SH +
O, reactions is the direct hydrogen abstraction mechanism
was not found in the former. All theoretical results reveal that
direct abstraction transition state was not located. In the title
reaction, the direct abstraction was determined. The spin con-
tamination is not significant in B3LYP optimization; how-
ever, it is significant in G3MP2 calculations. Therefore, it is
guessed that this transition state has multireference charac-
ter. Unfortunately, the geometry reoptimised with CASSCF
method was failed. The similarities and differences imply
that different atoms in the same family of the periodic table
have different chemistry.

On the other hand, the reaction of CH3S 4 O3, also impor-
tant in combustion chemistry, attracts many attentions of
atmospheric chemists [20,21]. It is also important to com-
pare the mechanisms of CH3S + O, with CH,SH + O,
reactions. The main product in the CH3S + O, reaction is
CH3 + SO; reported by Zhang [20] and Bozzelli [21]. It
could be found that both the addition of O, to CH,SH and
CHj3S process a barrier-free addition step, but the reaction
center is C atom in CH,SH, while S atom in CH3S. It is easy
to understand because of the different site that lone electron
is locating. The dominant channel is analogues to that of
CH;SH + O, reaction, that is, the initial adduct (CH3SOO)
isomerises to another intermediate CH3SO, via a three-num-
bered-ring transition state. Subsequently, the rupture of C—S
bond in CH3SO; radical leads to the final product CH3 +
SO,. The broken C—S bond is 2.4 A in Bozzelli’s investiga-
tion [21], indicating that is weak interaction. Alternatively,
surmounting another three-center transition state, CH3SO»
radical could rearrange to CH30SO, and then the C-O is
stretched gradually to give out CHz 4+ SO;. The C-O bond
is around 2.2 A reported by Zhang and Bozzelli.

The direct abstraction transition state was also found in
CH3S + O3 reaction to form CH, S + HO», which is the main
product in CH,SH + O; reaction. Other products such as
CH30 + SO, CH,0 + SHO or HSO and CH3SO + O could
be negligible for the CH3S + O, reaction.

4 Conclusions

The reaction mechanisms of the CH, SH oxidation by molec-
ular oxygen were studied detailedly with ab initio and DFT
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methods for the first time. All stationary points involved in
the title reaction were optimized at the B3LYP/6-311+G(d,p)
level, and more accurate energies were calculated at
G3MP2,CCSD(T)/cc-pVXZ(X =D and T) and BMC-CCSD
levels. The results reveal that seven transition states, three
intermediates, a molecular complex and five possible prod-
ucts were involved on the ground state potential energy
surface. Addition and direct abstraction mechanisms were
determined, and the former one is dominant. The most favor-
able channel involves the association of CH,SH with O,
to form HSCH,OO radical(IM1) via a barrierless process,
which could rearrange to another intermediate CH,(S)OOH
(IM3) via a five-center transition state. Subsequently, the
C-0O bond fission of IM3 leads to a molecular complex,
CH,S- - -HO,, which gives out to CH,S + HO; finally. The
other products including cis and trans-HC(O)SH + OH could
be negligible due to high barrier heights. The direct hydro-
gen abstraction yields either cis- and trans-CHSH + HO,
or CH,S + HO,. However, all of them proceed significant
barrier heights; therefore, they are of no importance com-
pared with the addition mechanism. Our results are in good
agreement with experimental conclusion.
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