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Abstract The mechanisms of CH,SH with NO, reaction
were investigated on the singlet and triplet potential
energy surfaces (PES) at the BMC-CCSD//B3LYP/6-
311 4 G(d,p) level. The result shows that the title reaction
is more favourable on the singlet PES thermodynamically,
and it is less competitive on the triplet PES. On the singlet
PES, the initial addition of CH,SH with NO, leads to
HSCH,NO, (IM2) without any transition state, followed by
a concerted step involving C-N fission and shift of H atom
from S to O giving out CH,S + trans-HONO, which is the
major products of the title reaction. With higher barrier
height, the minor products are CH,S + HNO,, formed by a
similar concerted step from the initial adduct HSCH,ONO
(IM1). The direct abstraction route of H atom in SH group
abstracted by O atom might be of some importance. It
starts from the addition of the reactants to form a weak
interaction molecular complex (MC3), subsequently, sur-
mounts a low barrier height leading to another complex
(MC2), which gives out CH,S + trans-HONO finally.
Other direct hydrogen abstraction channels could be neg-
ligible with higher barrier heights and less stable products.
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1 Introduction

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

The reactions of CH;S with some species, such as O,,
O3, NO,, and NO have been investigating widely [4-9].
However, little attention has been paid to the reactions of
CH,SH. In 1992, Anastasi and Broomfield [10] reported
the rate constant of 3.5 x 10" cm® mol™' s™" at 1 atm
and 298 K for the reaction of CH,SH + NO, with the
pulse radiolysis/kinetic absorption technique employed.
Three possible reaction routes were presumed:

CH,SH + NO, — HSCH,NO, (1)
CH,SH + NO, — [HSCH,0NO] — HSCH,0 + NO  (2)
CHzSH + N02 — CHZSH + HN02 (3)

They proposed that the title reaction proceeds via
addition. Although the mechanisms of CH,OH + NO,
reaction, similar to the title reaction, have been studied
recently [11], no result was reported about the mechanisms
for the title reaction. In this paper, we studied the title
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reaction with high-level quantum methods for the first time,
and hope it is beneficial to further experimental and
theoretical study.

2 Computational methods

Density Functional Theoretical and ab initio calculations
were carried out using the Gaussian 03 programs [12]. The
geometries of reactants (R), transition states (TS), inter-
mediates (IM), molecular complexes (MC), and products
(P) were optimized employing the B3LYP method with the
6-311 4+ G(d,p) basis set. B3ALYP method was proved to be
an economic and accurate computational model for pre-
dicting electronic structure, and have been employing
widely. Compared with other levels of theory, the B3ALYP
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 (PES). To determine the nature of
all species and the zero-point energy (ZPE) corrections,
harmonic vibrational frequencies were calculated at the
same level. The number of imaginary frequency (0 or 1)
confirms whether 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. In order
to obtain more reliable energy on the PES, the singlet-
point-energy calculations were performed at the higher
levels of G3MP2 [13, 14] and BMC-CCSD [15, 16].

BMC-CCSD scheme was detailed elsewhere, and only a
brief description is given here. Singlet-point-energy eval-
uations were performed at the CCSD/6-31B(d) and MP2/
MGS3 levels of theory, respectively. Finally, the energy
expression for BMC-CCSD is given in:

E(BMC-CCSD) = E(HF/6-31B(d))

+ cyA(HF/MG3|6-31B(d)) + ¢; A(MP2|HF/6-31B(d))

+ c2A(MP2|HF/MG3|6-31B(d))

+ c3A(MP4(DQ)|MP2/6-31B(d))

+ ¢4A(CCSD|MP4(DQ)/6-31B(d)) + Eso
where AE(L2|L1/B) = E(L2/B) — E(L1/B), AE(L/B2|B1)
= E(L/B2) — E(L/B1) and AE(L2|L1/B2|B1) = E(L2/B2)
+ E(L1/B1) — E(L1/B2) — E(L2/B1).

And cy, c;, ¢, 3, and ¢4 take values of 1.06047423,

1.09791, 1.33574, 0.90363, and 1.55622, respectively.

3 Results and discussion

The geometries of all reactants, products, possible inter-
mediates, molecular complexes and transition states
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involved in the reaction of CH,SH with NO, are shown in
Figs. 1 and 2. The singlet and triplet PES of the title
reaction at the BMC-CCSD level are depicted in Figs. 3
and 4. Tables 1 and 2 exhibit the ZPE corrections, relative
energies including ZPE corrections (AE, relative to the
reactants of CH,SH + NO,), reaction enthalpies (AH),
reaction Gibbs free energies (AG) at the B3LYP/6-
311 + G(d,p), BMC-CCSD and G3MP2 levels. From
Table 1 we can see that the energy obtained at the level of
G3MP2 is in reasonable accordance with that from BMC-
CCSD calculations. For the system of NO, and CH,SH, it
is radical-radical reaction, so it can occur on both of the
singlet and triplet surfaces. The triplet species are signed 3
as superscript, and the energy obtained at the BMC-CCSD
level is used in the discussion unless otherwise stated. In
order to give a clear reaction progression, Fig. 5 describes
the reaction channels on both the singlet and triplet PES.

3.1 The mechanisms on the singlet PES
3.1.1 Formation of initial adducts

The spin density is 0.455e for N atom, and 0.272e for each
O atom in NO,, therefore, both N and O atom could add to
the C centre in CH,SH radical. As shown in Fig. 1, IM1
and IM2 are the initial adducts by the addition of O and N
atom to CH,SH radical, respectively. In IM1, the newly
formed C-O bond is about 1.43 10%, and the N-O bond is
stretched by about 0.25 A compared with its equilibrium in
reactants. In IM2, the formed C-N bond is as long as
1.53 A, while the N-O bond is only 0.03 A longer than that
in NO, molecule. Both the two addition processes are
barrierless, confirmed by the scan calculation of the C-O
and C-N bond, and exothermic by about 52 kcal/mol. It is
noted that IM1 has two isomers depending on the dihedral
angle ONOC, i.e., 180° and 0°, donated as IM1 and IM1’ in
Fig. 1. The interconversion of IM1 and IM1’ takes place by
the terminal N—O bond rotating around the adjacent N-O
bond. In the corresponding transition state TS1, the dihe-
dral angle ONOC is about 80°. With the barrier height
(TS1) of 11.5kcal/mol and the overall AG” of
—19.3 kcal/mol. the process is easy to occur. Energetically,
IM1’ is almost equal to IM1, and the reaction enthalpy of
the step is only 0.8 kcal/mol.

The result shows that IM1 and IM2 also could inter-
converse via a three-numbered-ring transition state, TS2, in
which both the N-C and C-O bond is around 2.3 A. The
barrier height is rather high, about 59.9 kcal/mol for both
direction of the conversion reaction IM1 — IM2, TS2 is
even 8 kcal/mol above reactants on the PES, and the
overall AG” is 19.3 kcal/mol. It implies that the isomeri-
zation of IM1 and IM2 is difficult to proceed at room
temperature or atmospheric condition.
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Fig. 1 The optimized geometries of all species for the
CH,SH + NO, reaction on the singlet PES at the B3LYP/6-

degree. In IM1, IM1’, IM2, TS3 and TS5, the values in parentheses
311 + G(d, p) level. Bond lengths are in angstroms and angles in

are obtained at B3LYP/6-311 + G(3df, 3pd) level
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Fig. 2 The optimized geometries of all species for the CH,SH + NO, reaction on the triplet PES at the B3LYP/6-311 4+ G(d,p) level. Bond

lengths are in angstroms and angles in degree

With abundant energy available, it is feasible for further
fragmentation or isomerization reaction. It will be dis-
cussed in the following part.

3.1.2 The mechanisms on the singlet PES

The formation of the initial adduct releases lots of energy,
therefore, several channels could be opened.
The first possible channel from IM1 and IM1’ is the

N-O bond fission leading to HSCH,O + NO, about
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—10.3 kcal/mol below reactants. In spite of many attempts,
no transition state was found for this process.

From IM1, the C—O bond dissociates and the H atom in
SH group migrates to N atom simultaneously to give out
CH,S + HNO,; via TS3, a five-numbered-ring transition
state. In TS3, the broken C—O and S—H bond is about 1.71
and 1.78 A, and the formed N-H is 1.17 A, which is only
0.13 A longer than its equilibrium value in product HNO,.
The barrier height is 35.9 kcal/mol, and this channel is
exothermic by about 27.2 kcal/mol. The overall AG” of
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Fig. 3 The profile of singlet PES for the CH,SH + NO, reaction at
the BMC-CCSD//B3LYP/6-311 + G(d,p) level
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Fig. 4 The profile of triplet PES for the CH,SH + NO, reaction at
the BMC-CCSD//B3LYP/6-311 + G(d,p) level

TS3 is 1.8 kcal/mol, and the overall AG for this channel is
—21.2 kcal/mol. The IRC calculation indicates that a
hydrogen bond molecular complex (MC1) is involved in
the forward direction. The long distance of H---O and
S---H bond is around 2.64 and 2.39 A, respectively. The
stabilization energy of MCI1 is about 33 kcal/mol. MCl1
will give out to final products CH,S + HNO,, which also
could be formed via other channels.

From IM1’, a similar concerted step is also possible to
give out another products cis-HONO and cis-CHSH via a
four-centre transition state TS4. The step involves the
scission of C—O bond and the shift of H atom from C atom
to the terminal O atom. In TS4, the broken C-O bond is
around 2.55 A, while the C—H bond is stretched by about
0.48 A compared with that in IM1". Energetically, TS4 is
3 kcal/mol higher than that of reactants with the barrier
height of 55 kcal/mol, and the overall AG” is 19.2 kcal/
mol. The IRC calculation suggests that TS4 goes forward
to MC9, in which the distance of C---H bond is about

1.71 A. MC9 is about 2.3 kcal/mol on the PES, only
0.7 kcal/mol lower than TS4, and the formation of cis-
HONO + cis-CHSH is endothermic by 8.9 kcal/mol with
the overall AG” is 19 kcal/mol. Obviously, with the tight
barrier and so large AG” of TS4 and the unstable products
of cis-HONO + cis-CHSH, this channel is difficult to
occur at room temperature condition. With a tight four-
numbered-ring transition state, it is easy to understand that
the energy of TS4 is higher than that of TS3.

Similar to the channel from IMI1, the formation of
CH,S + trans-HONO takes place via a concerted step
from IM2. In the corresponding transition state, TS5, a
five-numbered-ring structure, the ruptured C-N and S-H
bond is stretched by about 24 and 43% compared with that
in IM2, while the formed H-O bond is 1.05 A, only 0.08 A
longer than its equilibrium value in products trans-HONO.
TS5 is about 21.5 kcal/mol below the initial reactants on
the singlet PES. A weak interaction molecular complex
MC?2 was found to connect TS5 and CH,S + trans-HONO.
In MC2, a six-numbered-ring structure, the H:---N and
S---H bond is 2.79 and 2.35 A, respectively. MC2 is
40.7 kcal/mol lower than reactants and the overall AG is
—24.1 kcal/mol, and this channel is highly exothermic by
35.5 kcal/mol. With the barrier height of 30.4 kcal/mol and
the overall AG”(TS5) of —3.6 kcal/mol, thermodynami-
cally, this channel is more feasible to occur than the two
channels stated above. Another possible scenario from IM2
is that one of the H atoms in CH, group shifts to one O
atom and the C-N bond breaks simultaneously via TS6, in
which the C-N and C-H bond is elongated to be 2.63 and
1.34 A, respectively, while the H-O bond is 1.25 A. The
barrier height is about 60.2 kcal/mol, and TS6 is 8.3 kcal/
mol on the PES. MC7, trans-CHSH---trans-HONO, is
connected by TS6 in the forward direction and about
—2.7 kcal/mol lower than reactants. MC7 gives out to
trans-CHSH + trans-HONO finally, with this channel
endothermic by 7.5 kcal/mol. As shown in Table 1, the
overall AG of TS6, MC7, and trans-CHSH + trans-HONO
is 21.3, 15, and 16.6 kcal/mol, respectively. Evidently,
with so tight barrier of TS6 and unstable products, the
formation of trans-CHSH + trans-HONO is less competi-
tive with that of CH,S + trans-HONO.

In order to check the influence of basis set, the
6-311 4+ G(3df,3pd) basis set is employed with the same
method to reoptimize the geometries of some intermediates
and transition states involved. The 6-311 4+ G(3df,3pd)
basis set, which is useful for describing the interactions
between electrons in electron correlation methods, puts 3d
functions and 1f function 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 geometrical parameters are in rea-
sonable agreement with those at the 6-311 4+ G(d,p) level.

@ Springer



72

Theor Chem Account (2009) 122:67-76

Table 1 The ZPE corrections

and relative energies AE Species ZPE AH AG ABssyp ABasup2 AEgnic
i‘;cclt‘:g;nénzﬂfipfgzcgogzé R: CH,SH + NO, 25.0 0.0 0.0 0.0 0.0 0.0
Gibbs Free Energies AG at CH,S + HNO, 29.2 —239 212 —23.1 —24.8 272
B3LYP, G3MP2 and BMC- CH,S -+cis-HONO 28.1 —29.9 -275 —29.21 —332 —349
CCSD levels for the reaction of  CH,S +trans-HONO 28.1 -309 285 -30.3 -33.8 -355
gg;s(i JIECS/OH;‘]’)“ the singlet HNO, + cis-CHSH 26.8 233 253 240 20.4 16.7
HNO, + trans-CHSH 273 218 239 226 19.4 15.8
cis-CHSH + cis-HONO 25.6 17.2 19.0 17.8 12.0 8.9
cis-CHSH + trans-HONO 25.7 16.3 18.0 16.8 11.4 8.4
trans-CHSH + cis-HONO 26.1 15.8 17.6 16.4 11.04 8.1
trans-CHSH + trans-HONO 26.2 14.8 16.6 154 10.43 7.5
HSCH,O + NO 253 127 ~11.1 —124 —12.1 -103
M1 30.0 —455 -323 433 —486 -51.9
M1 29.9 —44.7 -312 —442 —487 ~520
M2 31.1 —455 —32.1 —439 —477 -519
TS1 29.1 -33.1 —-19.3 -315 —37.1 —40.4
TS2 28.0 6.7 19.3 7.9 9.4 8.0
TS3 29.0 —12.9 1.8 —-10.9 —12.4 —16.0
TS4 26.1 6.1 19.2 74 6.2 3.0
TS5 30.0 ~18.0 -36 ~16.1 —18.0 -215
TS6 25.6 8.9 213 10.0 11.2 8.3
TS7 27.8 -28 10.7 ~13 -0.8 -15
TS$ 26.1 4.6 17.5 5.9 5.1 2.0
TS9 25.1 11.7 24.0 12.8 12.3 93
TS10 252 13.4 25.1 14.4 16.5 13.9
TS11 254 4.7 17.9 6.1 5.8 2.8
TS12 25.6 9.9 229 11.2 115 8.4
MC1 30.3 -283 -178 277 —30.57 —33.0
MC2 29.5 —346 —24.1 —34.1 —387 —40.7
MC3 28.9 —49 73 -39 -5.6 —67
MC4 273 6.2 16.9 6.9 4.0 1.0
MC5 27.4 6.5 16.7 7.0 3.1 0.0
MC6 28.1 12.6 225 13.2 11.2 77
MC7 28.0 33 15.0 42 0.3 27
MC8 28.6 9.6 213 10.5 8.2 4.7
MC9 27.0 7.4 19.0 8.2 55 23

Most changes in bond length and angles are less than 0.1 A
and 3°, except for the dihedral angle O;NCS and O,NCS,
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.

The direct hydrogen abstraction mechanism was also
determined for the title reaction on the singlet PES. As
shown in Figs. 1 and 3, four direct abstraction channels
were located to form different products. The H atom in SH
group could be abstracted by one O atom in NO, to from
CH,S + trans-HONO via TS7. In TS7, the S—H bond is
elongated by only 0.07 A compared with that in CH,SH,
and the new formed H-O bond is stretched by about 73%
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compared with its equilibrium value in trans-HONO.
Therefore, TS7 is a reactant-like transition state, and the
process occurs via an early transition state. The IRC cal-
culation shows that each molecular complex was involved
in the backward and forward directions, donated as MC3
and MC2 in Fig. 1, respectively. In MC3, the long distance
of weak interaction between N and S atom is about 2.26 10%,
and the C-S bond is about 0.1 A shorter than that in
reactants. MC3 is about 6.7 kcal/mol lower than reactants,
and TS7 is about —1.5 kcal/mol on the singlet PES. TS7
and CH,S + trans-HONO are connected by MC2, which is
detailed stated above. With the barrier height of only
5.2 kcal/mol, obviously, this channel is favourable to
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Table 2 The ZPE corrections and relative energies AE (including
ZPE corrections) at B3SLYP, G3MP2 and BMC-CCSD levels for the
reaction of CH,SH + NO, on the triplet PES (in kcal/mol)

Species ZPE  AEgsiyp  AEgamp:  AEsmc
R:CH,SH + NO, 25.0 0.0 0.0 0.0
*CH,S + HNO, 273 137 14.2 14.7
3CH,S + trans-HONO 262 7.6 5.8 6.4
3CH,S + cis-HONO 26.2 6.5 5.1 7.0
3CHSH + HNO, 262 384 36.4 36.4
3CHSH + trans-HONO 251 322 28.0 28.1
3CHSH + cis-HONO 251 312 27.4 28.8
M1 29.0 4.2 47 48
SM1Y 28.7 43 5.1 5.1
IM2 293 115 14.8 14.8
M3 30.6 0.95 -0.3 0.3
IM4 308 —4.1 —3.7 -3.6
3TS1 275 148 20.2 222
3TS2 28.8 7.7 75 7.4
3TS3 277 232 27.8 28.2
3TS4 27.0 169 19.5 19.1
3TS5 28.1 184 22.9 23.8
3TS6 275 210 31.2 274
3TS7 284 194 22.8 21.7
3TS8 242 137 19.1 18.9
3TS9 245  14.1 20.8 194
3TS10 247 224 33.0 34.4
3TS11 224 330 36.6 33.7
3TS12 230 285 30.4 32.7
3TS13 247 316 33.0 33.0
3TS14 27.7 4.0 55 5.2

proceed dynamically. The overall AG”(TS7) of 10.7 cal/
mol indicates that it might be less predominant to occur
than the addition mechanism thermodynamically.

As for the direct hydrogen abstraction by O or N atom to
produce CH,S + cis-HONO or HNO,, no transition state
was located although many attempts made.

The H atom in CH, group abstracted by O or N atom
leads to CHSH 4+ HONO or HNO,. The first possible
channel is that O atom abstracts H atom to form trans-
CHSH + cis-HONO via TS8. It could be seen from Fig. 1,
the stretched C—H bond is about 1.54 A while the formed
H-Obondis 1.11 A. MC4, in which the distance of C atom
and H atom is 1.75 A, is confirmed to connect TS8 at the
forward direction. TS8 and MC4 stand at 2 and 1 kcal/mol
on the PES, respectively, and this channel is endothermic
by 8.1 kcal/mol. The overall AG of TS8 and MC4 is 17.5
and 16.9 kcal/mol, respectively. The second route involves
O atom abstracting H atom to form trans-HONO 4 cis-
CHSH via TS9, in which the C-H and H-O bond is 1.26
and 1.33 A. TS9 goes forward to MCS5, in which the C---H

|4> HSCH,0+NO
— IM1—> TS1—> IM1'—> TS§4— MC9—> cis-CHSH+cis-HONO
— TS3— MC1— CH,S+HNO,

TS2 TS11
TS6— M(C7 —> trans-CHSH+trans-HONO

CH,SH+NO, —|—>M2—> TS5 —»MC2—> CH,S+trans-HONO

—>MC3 —>TS7/ \

[~ TS8—> MC4—> trans-CHSH+cis-HONO

TS12—> MC8—> HNO,+trans-CHSH

—>TS9 — MC5—>cis-CHSH+trans-HONO

—» TS 10— MCe—> HNO,*cis-CHSH

The progression of the title reactionon the singlet PES
— *TSI— 37/} — *TS14—> HSCH,0+NO
3TS2—3 M 1—3TS4—>3IM3 —> *TS5 —> *CH,S+cis-HONO

T3 SIM2 3756 3 [M4—>3TST —> 3CH,S+trans-HONO
CH,SH+NO,—

— *TS8— 3CH,S trans-HONO
—3TS9— 3CH,S+cis- HONO
— 37§10 —»CH,S+HNO,

— 3TS11 — CHSH-+trans-HONO

[ °TS12 —»3CHSHcis-HONO

L— 3TS13 —3CHSH+HNO,

The progression of the title reactionon the triplet PES.

Fig. 5 Brief description of the progression on singlet and triplet PES
for the CH,SH + NO, reaction

is about 1.88 A. The barrier height is 9.3 kcal/mol, while
MCS is equal to reactants. While the overall AG of TS9
and MCS5 is 24 and 16.7 kcal/mol. The final products of
trans-HONO + cis-CHSH is 8.4 kcal/mol higher than the
reactants on the PES. The last possible channel involved is
that N atom abstracts one H atom in CH, to form cis-
CHSH + HNO, via TS10. The broken C-H bond and the
formed H-N bond in TS10 are about 1.41 and 1.25 A
respectively. MC6 connects TS10 and products, and the
C---His as long as 1.92 A in MC6. TS10 and MC6 are 13.9
and 7.7 kcal/mol, respectively, on the PES. The overall AG
of TS10 and MC6 is 25.1 and 22.5 kcal/mol. This process
is endothermic by 16.7 kcal/mol and the AG is 25.3 kcal/
mol. We attempt to locate any transition state in the direct
hydrogen abstraction mechanism to form cis-CHSH + cis-
HONO, trans-HONO + trans-CHSH and trans-CHSH +
HNO,, unfortunately, all calculations were failed due to the
problem of convergence. However, these products could be
yielded by the isomerization between products.

Obviously, with higher barrier heights and less stable
products compared with that in isomerization reaction from
adducts, the three channels are of no importance at atmo-
spheric or room temperature condition.

As shown in Fig. 3, trans-HONO + trans-CHSH also
could be formed from CH,S + HNO, via a six-centred
transition state TS11. In TS11, the stretched C-H and H-N
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bond is 1.33 and 1.93 A, respectively, while the formed
H-0 and H-S bond is as long as 1.27 and 1.40 A. The IRC
calculation indicates that TS11 is connected by MC1 and
MC7, which were stated in above part. TS11 is 2.8 kcal/
mol on the PES, which is about 35.8 kcal/mol higher than
MCI1. Another six-numbered-ring structure transition state
TS12 was located to connect CH,S + trans-HONO
and HNO, + trans-CHSH. TS12 goes backward to MC2,
and forward to MCS8, in which the long distance of C---H
and O---H bond is about 1.90 and 2.38 A, respectively.
MC8, TS12 and HNO, + trans-CHSH are about 4.7, 8.4
and 15.8 kcal/mol higher than reactants on the PES.

In summary, the fragmentation of the initial adducts (IM 1
and IM2) gives out to CH,S + HNO, and trans-HONO.
Kinetically and thermodynamically, with lower barrier
height and more stable products, the most feasible channel is
that the shift of H atom in SH group to O atom and the
scission of C-N bond from IM2 to form CH,S + trans-
HONO. The secondary channel is the shift of H atom in SH
group to N atom and the scission of C—O bond from IM1 to
form CH,S + HNO,. With less stable products, the barri-
erless N-O bond fission from IM1 and IMI1’ produces
HSCH,O +NO is of less importance thermodynamically.
The most important hydrogen abstract channel dynamically
is R - MC3 —» TS7 - MC2 — CH,S + trans-HONO.
The stabilization energy of MC3 is less than that of the initial
adduct and higher reaction Gibbs free energy, however, it
might compete with the fragmentations channel at high
temperature condition.

The initial adducts formation releases lots of heat to
impulse further reaction steps, and more heat it releases,
more feasible the channel is. Therefore, the addition
mechanism is more favourable than the hydrogen abstrac-
tion mechanism on the singlet PES. From the aspect of
pressure, the initial step starts from two molecules to form
intermediates (IM1 or IM2). With the incensement of
pressure, the reaction is more favourable to form adducts. It
is easy to understand that it is more favourable to form the
final products. As for hydrogen abstraction channel, it is
almost pressure independence.

3.2 The mechanisms on the triplet PES
3.2.1 The formation of initial adducts

Similar to the addition of initial reactants on the singlet
PES, both N and O atoms could associate to the C centre in
CH,SH on the triplet PES. However, the entrance reactions
take place to form the initial adducts via tight barriers. As
seen in Fig. 2, the O atom attacks C atom to generate 3IMl,
in which the dihedral angles ONOC and NOCS are about
—96° and 173°, respectively. The formation of *IM2 is the
result of N atom adding to C centre, and the dihedral angles
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O;NCS and O,NCS are about —67° and 67°. Different to
that on the singlet PES, the addition processes occur via
tight barriers, namely, 3TS1 and 3TS3 shown in Fig. 3,
respectively. In *TS1, the newly formed C—O bond is about
1.91 A, which is about 0.46 A longer than that in product
*IM1. While in *TS3, the newly formed C-N bond is
1.71 A, only 0.24 A longer than the value of 1.47 A in
*IM3. The barrier heights of *TS1 and *TS3 are 22.2 and
28.2 kcal/mol, and the addition processes are endothermic
by 4.8 and 14.8 kcal/mol, respectively. *IM1 could con-
verse into “IM1’ via *TS2, in which the dihedral angles
ONOC and NOCS are about 1.6° and 74°, respectively.
While in *IM1’, ONOC and NOCS are about 80° and 79°,
respectively. With barrier height of 2.6 kcal/mol, the con-
version between ‘IM1 and *IMI’ is easy to proceed.
Energetically, 3IM1’ is only 0.3 kcal/mol lower than *IMI1.
Although many attempts made, transition states involving
the steps of R — *IMI’ and *IM1 — *IM2 were not
located.

With the high barrier heights and unstable initial
adducts, the triplet PES is less feasible than that on the
singlet PES. However, several channels are considered in
our calculations.

3.2.2 The mechanisms on the triplet PES

The direct N-O bond dissociation of *IMI produces
HSCH,0 + NO via 3TS 14, in which the broken N-O bond
is 1.66 A. >TS14 is only 0.1 kcal/mol higher than *IM1 on
the triplet PES, and this process is exothermic by about
10.3 kcal/mol. Obviously, once 3IM1 is formed, it is
quickly and easily to produce HSCH,O + NO.

The second possible channel takes place by the rear-
rangement of 3IM1’. Once the intermediate was formed, the
H atom in SH group will migrate to the terminal O atom
leading to *IM3 via a six-numbered-ring structure >TS4.
The broken S—H bond in *TS4 is stretched by about 0.21 A
compared with its equilibrium value in IMI’, and the
formed H-O bond was about 1.25 A. The barrier height is
about 14 kcal/mol, and the energy of *IM3 is almost equal
to reactants. Subsequently, the C—O bond dissociates to
give out *CH,S + cis-HONO via *TS5, in which the C-O
bond is as long as 1.95 A. The two moieties connected by
the broken C—O bond in TS5 stand as spectator. “TS5 is
about 23.8 kcal/mol above the initial reactants, and this
channel is endothermic by about 7 kcal/mol.

From 3IM2, the formation of 3CHZS + trans-HONO
occurs by the rearrangement reaction similar to the channel
stated above. The H-shift from S tom to O atom leads to
’IM4 via a five-numbered-ring structure transition state
3TS6. The S—H and O—H bond is about 1.49 and 1.41 A in
TS6, respectively. In *IM4, the N-O, bond is stretched by
0.13 A compared with that in *IM2, while N-O, bond is
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shorten by only 0.06 A. 3TS6 and *IM4 stand at 27.4 and
—3.6 kcal/mol on the triplet PES. The scission of C-N
bond in *IM4 gives to the final products *CH,S + trans-
HONO via >TS7. The barrier height is about 25.3 kcal/mol,
and the products are 6.4 kcal/mol higher than reactants.

The direct hydrogen abstraction pathways were also
located on the triplet PES. The H atom in SH group is
abstracted by O and N atom to form *CH,S + trans-
HONO, cis-HONO and HNO, via *TS3, 8TS9 and *TS10,
respectively. In the corresponding transition states, the
broken S—-H bond and the formed H-O (H-N) bond is
about 1.56, 1.57, 1.65 and 1.32, 1.29, 1.24 A respec-
tively. The barrier heights are 18.9, 19.6 and 34.4 kcal/
mol, and the channels are endothermic by 6.4, 7, and
14.7 kcal/mol.

Moreover, the H atom in CH, group also could be
abstracted by O and N atoms. The products of
3CHSH + trans-HONO, cis-HONO and HNO, are formed
via *TS11, *TS12 and *TS13, respectively, in which the
C-H and H-O (H-N) bond is about 1.27, 1.44, 1.63 and
1.27, 1.15, 1.13 A. The barrier heights are rather high,
about 33.7, 32.7 and 33 kcal/mol, and the three abstraction
channels are endothermic by 28.1, 28.8 and 36.4 kcal/mol,
respectively.

In brief, the barrier heights on the triplet PES are much
higher than that on the singlet PES, therefore, the triplet
PES might be negligible at room temperature and atmo-
spheric condition. However, the most feasible channel on
the triplet PES is direct hydrogen abstraction to form
*CH,S + trans-HONO. With the barrier height of only
0.7 kcal/mol higher than that of the most feasible channel,
>CH,S + cis-HONO would compete with the above
channel.

3.3 The comparisons with CH,OH + NO,
and CH3S + NO, reactions

It is very important to compare the PES feature of the
CH,SH + NO, reaction with that of analogous CH,OH +
NO, reaction. Theoretically, only Zhang et al. [11] reported
detailed mechanisms of CH,OH with NO, reaction at the
G3//B3LYP/6-311G(d,p) level. The results show that the
reaction proceeds mostly on the singlet PES, and the
entrance reaction is barrierless. The major products for
CH,OH + NO, reaction are CH,O + trans-HONO, which
was formed by a concerted step involving the C—N bond
fission and H atom shift in the initial adduct HOCH,NO,.
The minor products including HOCHO + HNO, CH,O +
HNO, and CH,O + cis-HONO are less competitive with
the dominant ones. The comparisons between the two
reactions indicate that the most feasible channel and major
products, besides minor products, are similar on the theo-
retical level. However, many unfavourable channels

revealed in the reaction of CH,OH + NO, were not con-
sidered for the title reaction. The direct hydrogen
abstraction mechanism was not mentioned in CH,OH +
NO, reaction, while our calculation suggests it might give
some contributions at high temperature or combustion
condition.

On the other hand, the reaction of CH3S + NO,, is also
important in combustion chemistry. Recently, we built up
the PES of CH3S reaction with NO, at the QCISD(T)/6-
311 ++G(d,p)//B3LYP/6-311 ++G(d,p) level [9]. The
initial barrierless addition leads to CH;SONO, followed by
a barrierless N-O bond scission to give out CH3;SO + NO,
which is the major products. Similar to the title reaction,
the CH3S + NO, reaction is more predominant on the
singlet PES; however, no transition state was located for
direct hydrogen abstraction mechanism. It is worth noting
that the CH3SNO, could isomerise to HSCH,ONO via a
rather tight barrier, therefore, it could be said that
CH;S + NO, and CH,SH + NO, reactions take place on
the same PES, expect for the direct hydrogen abstraction
channels.

4 Conclusions

The mechanisms for CH,SH with NO, reaction were
investigated on the singlet and triplet PESs at the BMC-
CCSD//B3LYP/6-311 4+ G(d,p) level. In addition, the
singlet-point energy is calculated at the G3MP2//B3LYP/
6-311 4+ G(d,p) level. The result shows that the title
reaction is more favourable on the singlet PES energeti-
cally, and it is less competitive on the triplet PES. On
the singlet PES, the initial addition of CH,SH with NO,
leads to HSCH,NO, (IM2) without any transition state,
followed by a concerted step involving C-N fission and
the shift of H atom from S to O atom giving out
CH,S + trans-HONO, which is the major products for the
title reaction. With higher barrier height, the minor
products are CH,S + HNO,, formed by a similar con-
certed step from the initial adduct HSCH,ONO (IM1). It
is worth noting that all stationary points involving in the
two channels above are below the reactants. The direct
abstraction route of H atom in SH group abstracted by O
atom might be of some importance at high temperature or
combustion condition. It starts from the addition of the
reactants to form a weak interaction molecular complex
(MC3), subsequently, surpasses a low barrier height
leading to another complex (MC2), and gives out
CH,S + trans-HONO. Other direct hydrogen abstraction
channels could be negligible with higher barrier heights
and less stable products. It is in good accordance with
Anastasi’s presumption that the reaction proceeds via
addition mechanism.
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