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Abstract The reaction mechanism of CH;SCH,CH; with
OH radical is studied at the CCSD(T)/6-311+4+G(3df,p)//
MP2/6-31+G(2d,p) level of theory. Three hydrogen
abstraction channels, one substitution process and five
addition—elimination channels are identified in the title
reaction. The result shows hydrogen abstraction is domi-
nant. Substitution process and addition—elimination reac-
tions may be negligible because of the high barrier heights.
Enthalpies of formation [AfH(0293_1 5K>] of the reactants and

products are evaluated at the CBS-QB3, G3 and G3MP2
levels of theory, respectively. It is found that the calculated
enthalpies of formation by the aforementioned three
methods are in consistent with the available experimental
data. Rate constants and branching ratios are estimated by
means of the conventional transition state theory with the
Wigner tunneling correction over the temperature range of
200-900 K. The calculation shows that the formations of
P1 (CH,SCH,CH;3; + H,0) and P2 (CH3;SCHCH; + H,0)
are major products during 200-900 K. The three-parameter
expressions for the total rate constant is fitted to be kiga =
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1.45 x 10721732 exp(—1384.54/T) cm® molecule ™" s~
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1 Introduction

Thioether, such as dimethyl sulfide (CH3SCH;, DMS),
methyl ethyl sulfide (CH;SCH,CH3, MES), diethyl sulfide
(C,HsSC,Hs, DES), dipropyl sulfide (C3H;SCsH,, DPS)
,and dibutyl sulfide (C4HoSC4Hy, DBS), are mainly emitted
from the sea surface by biological activities [1, 2] and
various industrial processes [3, 4]. These thioether com-
pounds have been widely studied [5-10] because of their
negative effects on the Earth’s environment [11, 12].

MES is used in organic synthesis and fundamental sci-
entific research [13, 14]. The reaction of thioether com-
pound with OH radical is one of the most important
degradation processes in the atmosphere [15]. Therefore,
the reaction of MES with OH has been studied by several
experiments. Hynes et al. [16] measured the hydrogen
abstraction rate constant at 298 K in 40 Torr (Ar) was
(8.5 £ 0.3) x 1072 cm® molecule™ s~' using conven-
tional flash photolysis resonance fluorescence technique.
They postulated the following mechanism (Scheme 1), and
R2 was estimated to be dominant.

CH,SCH,CH; + H,0 RI1
OH + CH,;SCH,CH < CH,SCHCH; + H,0  R2
CH;SCH,CH, +H,0  R3

Scheme 1 Hynes et al. [16] postulated hydrogen abstraction channels
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Besides, Williams et al. [17] measured the hydrogen
abstraction rate constant at 245.2 K in 100 Torr (N,) was
(1.35 £ 1.69) x 107" cm® molecule™ s~' using pulsed
laser photolysis-pulsed fluorescence technique. Meanwhile,
they found that the hydrogen abstraction rate constant of
the title reaction at low sulfide concentrations without
oxygen was independent of temperature and pressure,
while adduct formation displayed dependence on the
pressure. Recently, Gabriela et al. [18] determined the rate
constant at 298 K and 1 atm was (1.11 £ 0.29) x 10~
cm® molecule ™" s™' using long path in situ FTIR analysis.
The result indicates that the most favorable hydrogen
abstraction channel is abstract hydrogen atom from CH,
group of CH3SCH,CH; by OH radical. To the best of our
knowledge, no theoretical mechanism has been investi-
gated for the title reaction until now. Moreover, enthalpies
of formation of sulfur-containing species play an important
role in modeling atmosphere sulfur cycle, whereas little
information is available for enthalpies of formation of such
species [19-26], which restricts the further research about
these compounds.

In this paper, the reaction mechanism of MES with OH
radical is studied. Then, based on the obtained mechanism
information, rate constants are calculated using the conven-
tional transition state theory (TST) including the Wigner
tunneling correction and Rice-Ramsperger-Kassel-Marcus
(RRKM) theory. Besides, enthalpies of formation of the
species (CH2SCH2CH3, CH3SCHCH3, CH3SCH2CH2,
CH;CH,SOH, CH;SOCH,CH;, CH,SOCH,CHj, and
CH3SOCHCH3) are predicted.

2 Computational method

Equilibrium geometries and frequencies of all the species
(reactants, transition states, complexes and products) were
calculated using second-order Mgller-Plesset perturbation
theory (MP2) [27, 28] method with the 6-314G(2d,p) basis
set. All the species were identified for minima (number of
imaginary frequencies, NIMAG = 0) or transition state
(NIMAG = 1). Intrinsic reaction coordinate (IRC) calcu-
lations [29] were carried out at the MP2/6-314+G(2d,p)
level of theory to ensure that each transition state con-
nected the desired reactants and products along the reaction
paths. Besides, zero-point energies (ZPE) of all the species
were also calculated at the same level of theory. In order to
obtain more reliable energies of each species on the
potential energy profile, single-point energies were com-
puted by the CCSD(T)/6-311+G(3df,p) method [30].
Unless otherwise specified, the CCSD(T)/6-311+G(3df,p)
single-point energies with zero-point energy (ZPE) cor-
rection are used in the following discussions.
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Enthalpies formation [ArH{gs ;5k,] of the reactants and

products were calculated by the atomization energy method
at the CBS-QB3 [31, 32], G3 [33], and G3MP2 [34] levels
of theory, respectively. For molecule M, the enthalpies of
formation [AfH(og,MaQ&lsK)] were given by Eq. (1) [19, 35],

AfH(Og,M,298.15K) = Z AfHE)g,298.15K) - Z D{()g.298.15K) (1)

atoms atoms

0
atoms D(gﬁ298.15K)

In Eq. (1), the atomization energy [Z
was computed by the following Eq. (2).

Z D{()g7298.15K) = Z H(og,29s.15K) - H(Og,298.15K) M) (2)

atoms atoms

Where Zatoms Afli(og,Z()S.ISK)

enthalpies of formation for the corresponding atoms, with
reference [21] enthalpies of formation 52.10, 171.29,
59.56, and 66.25 kcal mol™! for H, C, O and S atom,

respectively, H(Og,298.151() stands for the calculated

enthalpies for the individual atoms, H{, 54q 15¢) (M) was the
calculated enthalpy of the molecule M. All of the
calculations were carried out using the Gaussian 03
program [36].

Rate constants for the title reaction over the temperature
range of 200-900 K and 1 atm were computed using con-
ventional transition state theory (TST) with the Wigner tun-
neling correction implemented in VKLab version 1.0 program
[37, 38]. To describe the association process of the barrierless
reaction ~ CH3;SCH,CH; + OH — RC [HO---S(CH3)
CH,CHj5], the Morse potential function E(R) = De{1-exp[-
B(R-Re)]}* was used to calculate the minimum energy path.
Detailed calculations of Morse potential function can be
found in supporting information [39]. Besides, the rate con-
stant from 0.01 to 10 atm of a unimolecular step
RC — TSla — P1(CH,SCH,CH; + H,0) was also calcu-
lated with Rice-Ramsperger-Kassel-Marcus (RRKM) [40]
theory implemented in the Chemrate program (version 1.5.8)
[41]. The energetic and molecular parameters (molecular
mass, moments of inertia, enthalpies of formation, vibrational
frequencies, Lennard-Jones sigma, Lennard-Jones sigma
epsilon) were used in the rate constant calculation. Compu-
tational details of RRKM and TST rate constant were shown
in the supporting information. Further details of the complete
treatment have been described elsewhere [42].

denotes experimental

atoms

3 Results and discussion

The relative energies (Er) to the reactants (MES + OH),
zero-point energies (ZPE), electronic structure energies
(E), total energies (Et) and the values <§*> of all the
species, and imaginary frequencies (v) of transition states
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Table 1 The zero-point energies (ZPE), electronic energies

total energies (Et), relative energies (ER) to the reactants

(CH53SCH,CH3 + OH) (in kcal mol™ l) and the <$*> after spin annihilation of all the species, imaginary frequencies (v, cm™ ) of transition states

Species ZPE* E° ET Er v <§%>2
R (MES + OH) 72.30 -371,646.87 -371,574.57 0.00 0,0

RC 75.26 -371,656.79 -371,581.53 —6.95 0.750
iso-RC 74.72 -371,651.26 -371,576.54 —1.95 0.750
TSl1a 70.85 -371,645.75 -371,574.90 —-0.33 1,6601 0.750
TS1b 70.67 -371,645.53 -371,574.86 —-0.29 1,4491 0.750
TSl1c 70.48 -371,641.68 -371,571.20 3.38 1,9231 0.750
TS2a 70.88 -371,647.12 -371,576.24 —1.66 1,3821 0.750
TS2b 70.76 -371,646.77 -371,576.01 —1.44 1,0961 0.750
TS3a 70.89 -371,643.67 -371,572.78 1.80 1,9031 0.750
TS3b 70.29 -371,641.15 -371,570.86 3.72 1,7341 0.750
TS3c 70.37 -371,641.59 -371,571.22 3.35 1,6101 0.750
TS4 73.58 -371,609.19 -371,535.61 38.96 1,5871 0.753
TS5 73.61 -371,633.09 -371,559.48 15.10 5561 0.751
TS6 73.66 -371,633.08 -371,559.42 15.16 5841 0.751
TS7 69.80 -371,613.90 -371,544.10 30.81 1,9801 0.750
TS8 68.49 -371,591.33 -371,522.84 51.73 14491 0.750
TS9 68.49 -371,590.93 -371,522.44 52.14 1,6701 0.750
PC1 73.04 -371,674.31 -371,601.27 -26.70 0.750
PC2 73.11 -371,675.66 -371,602.55 -27.98 0.750
PC3ab 72.66 -371,667.74 -371,595.08 -20.50 0.750
PC3c 72.23 -371,664.67 -371,592.44 -17.87 0.750
PC5 71.36 -371,645.30 -371,573.94 0.63 0.750
PC6 72.02 -371,645.73 -371,573.71 0.86 0.750
P1 (CH,SCH,CH3 + H,0) 71.41 -371,669.63 -371,598.22 -23.65 0.750, 0
P2 (CH3SCHCH;3; + H,0) 71.55 -371,670.84 -371,599.29 -24.71 0.750, 0
P3 (CH3SCH,CH, + H,0) 71.11 -371,662.03 -371,590.92 -16.35 0.750, 0
P4 (CH,SCH; + CH;0H) 72.40 -371,655.76 -371,583.36 —8.79 0.750, 0
P5 (CH; + CH3CH,SOH) 70.65 -371,643.41 -371,572.76 1.82 0.750, 0
P6 (CH;CH, + CH3SOH) 71.38 -371,643.16 -371,571.78 2.79 0.750, 0
P7 [CH5S(O)CH,CH; + H] 69.02 -371,626.71 ~371,557.69 16.88 0.750, 0
P8 [CH,S(O)CH,CH; + H,] 66.44 -371,625.98 -371,559.54 15.03 0.750, 0
P9 [CH3S(O)CHCH; + H,] 66.66 -371,629.10 -371,562.44 12.14 0.750, 0

4 At the MP2/6-31+G(2d,p) level of theory
> At the CCSD(T)/6-31 1+G(3df,p) level of theory

¢ At the CCSD(T)/6-311+G(3df,p)//MP2/6-31+G(2d,p)+ZPE level of theory

are given in Table 1. As illustrated in Table 1, after spin
annihilation for the doublet species, the value of <S> is
nearly 0.750 at the MP2/6-31+G(2d,p) level of theory, so
the spin contamination is not severe. All optimized
geometries of the reactants, complexes, transition states,
and products at the MP2/6-314+G(2d,p) level of theory
along with the available experimental values [43-47] are
displayed in Fig. S1 and S2 in the supporting information.
Similar calculations have validated that the MP2/6-
31+G(2d,p) method is in good agreement with experi-
mental geometries for the sulfur-containing species
[17, 48]. Besides, previous investigations of the kinetics

and mechanism of organics reactions with a number of
oxidants have shown that CCSD(T) method single-point
energy results are reliable compared with the experimental
values [49-51]. Potential energy profile for the reaction of
CH;SCH,CH3 with OH at the CCSD(T)/6-3114+G(3df,p)//
MP2/6-31+G(2d,p)+ZPE level of theory along with the
transition states structures were shown in Figs. 1 and 2.
The classical potential energy (Vygp), the vibrationally
adiabatic ground-state potential energy (VS = Vypp +
ZPE), and the zero-point energy (ZPE) curve as a function
of reaction coordinate s [(amu)” 2 bohr] at the CCSD(T)/6-
3114G(2d,p)//MP2/6-31+G(2d,p) level for Path R1a, R2a,
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and R3a are depicted in Fig. S3. It can be seen in Fig. S3
that Path R1a has a low barrier height and smooth potential
energy in the reaction region. The function of s from —1.5
to 1.5 [(amu)'? bohr] is the reaction region for Path Rla.
For the species (CH;SCH,CH;, OH, H,, CH30H, H,O,
CH3;), the mean absolute deviations of bond lengths and
bond angles between the values at the MP2/6-314+G(2d,p)
level of theory and the corresponding experiment ones are
0.004 A and 0.71°, respectively. So the bond lengths and
angles at the MP2/6-314+G(2d,p) level of theory are
acceptable.

3.1 Reaction mechanism

Three hydrogen abstraction channels (R1-R3), one sub-
stitution process (R4) and five addition—elimination chan-
nels (R5-R9) are modeled for the title reaction, which are
listed in Scheme 2, 3, where “RC” and “PC” denote post-
reactant complex and pre-product complex of the corre-
sponding reaction pathway, respectively.

3.1.1 Hydrogen abstraction mechanism

Eight transition state (TS) structures were located for the
hydrogen abstraction of CH;SCH,CH; by OH radical. Three
kinds of TS have been identified for H-abstraction from the
o-CH3 site (a-position carbon atom adjacent to the sulfur
atom), «-CHj site, and f;-CHj site (f-carbon atom stands away
from the sulfur atom, see Fig. 1), respectively. Moreover, each
hydrogen abstraction reaction channel can proceed in more
than one way (pathway of reaction) due to the position of the
abstracted hydrogen and sulfur atom of CH3;SCH,CH3; [52].
As described in Fig. 1, Fig. S1, and Scheme 2, in all the
hydrogen abstraction transition states (TSla, TS1b, TSlc,
TS2a, TS2b, TS3a, TS3b, and TS3c), the breaking C—H bonds
are elongated ranging from 6.2% (TS2b) to 9.3% (TSlc)
compared with the equilibrium C—H bond in MES, whereas
the forming O—H bonds are shorten ranging from 37% (TS3a)
to 49% (TS2b) with respect to the O-H bond in H,O. So the
geometries of these transition states are reactant like, and
have the characteristic of early transition states. Besides, the
reaction energies of channel R1, R2, and R3 are —23.65,
—2471, and —16.35 kcal mol™' at the CCSD(T)/6-
3114+G(3df,p)//MP2/6-314+-G(2d,p) level of theory, respec-
tively, which is in line with the Hammond’s postulate [53].
For channel R1, products P1 (CH,SCH,CH; + H,O)
are generated via transition state TS1a, TS1b and TSlc,
which are labeled as Path R1a, R1b, and Rlc, respectively.
Path Rla begins with the formation of pre-reactant com-
plex RC, while R1b and Rlc are the direct hydrogen
abstraction. The difference of these transition states is
spatial orientation of the OH radical. Moreover, the barriers
heights of path Rla (—0.33 kcal mol™') and RIb

@ Springer

(—0.29 kcal mol_l) are lower than that of Rlc (3.38 kcal
mol™') (see Table 1), so path Rla and R1b are favorable.

For channel R2, products P2 (CH;SCHCH; + H,O) can
be obtained directly via TS2a and TS2b, which are labeled
as Path R2a and R2b, respectively. The major difference
between TS2a and TS2b lies in dihedral angle
ZH(9)OH(4)C(2) (see Fig. 1). Hydrogen atom of the OH
radical is directed toward the sulfur atom in TS2a
(ZH(9)OH(4)C(2) = —7.91°), whereas it is stays away
from the sulfur atom in TS2b (ZH(9)OH(4)C(2) = 1.28°)
[8]. The imaginary frequencies of TS2a and TS2b are
1382t cm™' and 1096f cm™', respectively. Channel R2
is easily to occur because of the low barrier heights (TS2a,
—1.66 kcal mol™'. TS2b, —1.44 kcal mol ™).

Channel R3 is proceeded via hydrogen abstraction from
fp-CH;3 by the O atom of OH radical. Three pathways,
including Path R3a, R3b, and R3c, respectively via tran-
sition state TS3a, TS3b, and TS3c, have been identified.
The barrier heights of Path R3a, R3b, and R3c are 1.80,
3.72, and 3.35 kcal mol ™', respectively. This is probably
because the interaction between H atom of the OH and S
atom of the CH3SCH,CH3; in TS3a (S---H, 2.679 A) makes
Path R3a easily take place, while such the interaction is not
observed in TS3b and TS3c (see Fig. 1). The confirmation
of the aforementioned interaction is based on the S---H
bond length in the p-Cresol-H,S complex (S---H, 2.437 A)
reported by Himansu et al. [54].

As discussed above, the hydrogen abstraction reactivity
of CH3SCH,CH3 by OH radical is found to decrease in the
order of R2(x-CH, site) > R1(a-CHj site) > R3(fS-CHj;
site) excluding Path Rlc (see Scheme 2). The reactivity
trend may be attributed to the atomic charges of C atom in
CH;SCH,CHj; [55, 56]. The Mulliken atomic charge of C
atom of «-CH, in CH3SCH,CHj; is 0.1733e, while Mul-
liken atomic charge of C atoms of «-CHjz and f-CHj3 in
CH;SCH,CHj; are 0.0671e and —0.0849e, respectively. It
can be easily understood that the more electropositive
Mulliken atomic charge of C atom in CH3SCH,CHj is, the
weaker the C—H bond of alkyl site in the CH;SCH,CH3
becomes. Another interpretation of the hydrogen abstrac-
tion reactivity trend relies on the stability of the product
radical. The stability order of the product radicals,

TSla
0/ \

& TS1b —> PC1 —> P1(CH,SCH,CH; + H,0) R1
TSlc

PC2 —> P2 (CH;SCHCH; + H,0) R2
CH;SCH,CH; + OH
; |

v
a a B

TS3a~~ PC3ab

1836 —

TS3¢ — PC3c¢

P3 (CH;SCH,CH, + H,0) R3

Scheme 2 Hydrogen abstraction reaction

CH,SCH,CH; + OH

pathways for the
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Fig. 1 Schematic potential
energy profiles of hydrogen
abstraction channels for the
reaction CH3SCH,CH3 + OH.
Bond lengths are in angstroms
and angles are in degrees at the
MP2/6-314+G(2d,p) level of
theory along with the available
experiment value * ® are from
references [43, 44],
respectively. The relative
energies to the reactants
(CH3SCH,CHj3 + OH) were
calculated at the CCSD(T)/6-
311+G(3df,p)//MP2/6-
31+4+G(2d,p) level of theory (in
keal mol™!)

L.o97

CH3SCH,CH;

OH 0.00

0.970
9
0.970

CH3;SCHCH; (produced by R2) > CH,SCH,CHj; (pro-
duced by R1) > CH3SCH,CH, (produced by R3), is in
consistent with the hydrogen abstraction reactivity.

3.1.2 Substitution mechanism

R (CH3SCH,CH; + OH) — TS4
— P4 (CH30H + CH3SCH,) Channel R4

Channel R4 proceeded by the oxygen atom of OH radical
attacking to the carbon atom of -CHj and simultaneously
C(2)-C(3) bond breaking. The corresponding transition
state is TS4. In TS4, the breaking C(2)-C(3) bond is
elongated by 0.279 A compared with that in MES, while

ISla

w .
¢ € ...\.\t‘ob

\1.432

@

TS2b
PC3¢ /[ p3(CH;SCH,CH, + H,0)
| -17.87 -16.35

PC3ab

2050 PI(CH,SCH,CH; + H,0)

P2(CH;SCHCH; + H,0)
-24.71

-26.70
PC2
-27.98

the forming O-C(3) bond is 0.419 A shorter than that in
CH;OH. The barrier height of R4 is 38.96 kcal mol™".
Compared with the hydrogen abstraction channel, the
substitution channel is kinetically unfeasible.

3.1.3 Addition—elimination mechanism

All the addition—elimination channels (R5-R9) begin with
post-reactant complex (HO---S(CH3;)CH,CH3;, denoted as
RC). In order to describe the formation process of RC, the
Morse potential function is employed to calculate the
minimum energy path (shown in Fig. S4). The three
parameters of this Morse potential function are
R.=2.050 A, p=1.81 A~ and De = 9.19 kcal mol™"

@ Springer
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Fig. 2 Schematic potential
energy profiles of substitution
process and addition—
elimination channels for the
reaction CH;SCH,CH; + OH.
Bond lengths are in angstroms
and angles are in degrees at the
MP2/6-31+G(2d,p) level along
with the available experiment
value * ® are from references
[43, 44], respectively. The
relative energies to the reactants
(CH3SCH,CHj3 + OH) were
calculated at the CCSD(T)/6-
311+G(3df,p)//MP2/6-
31+4+G(2d,p) level of theory (in
keal mol™!)

OH 0.00
0,970

9
0.970°

) ?&
0.96 ‘Q,)
o

&

RC

at the MP2/6-31+G(2d,p) level of theory. It can be seen in
Fig. S4 that the formation RC is a barrierless process, and
the structure of RC is loose with a separation of 2.050 A
between the O atom of OH and the S atom of
CH;SCH,CHj;. The relative energies of RC to the reactants
(CH3SCH,CH; + OH) are listed in Table S1 at the various
levels. The result indicates that the CCSD(T) method with
6-311+4-G(d,p) basis set for the relative energy calculation
of RC to the reactants is —1.95 kcal mol~'. This well depth
indicates that the complex RC is not located, whereas
substantial evidence for complex formation has provided in
experiment [17]. With 6-31+G(2d,p) basis set when using
CCSD(T) method, the relative energies of RC to the reactants
is —6.00 kcal mol ™', which is in good agreement with the
experiment [17]. Besides, the differences for CCSD(T) method
with the change of basis sets from the 6-314-G(2d,p),
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8(CH,SOCH,CH; + H,)

15.03

P9(CH;SOCHCH; + H,)
12.14

P6(CH;CH, + CH;SOH)
2.79

1.82
PS(CH; + CHyCH,SOH)

P4(CH,SCH; + CH;OH)

TS5 —=PC5—> P5 (CH; + CH;CH,SOH) RS

TS6 —» PC6— P6 (CH;CH, + CH;SOH)  R6

CH;SCH,CH;
+ —>=RC TS7 ———— P7 [CH;S(O)CH,CH; + H] R7

OH
iso-RC < TS8 — P8 [CH,S(O)CH,CH; + Hy] RS

TS9 ————= P9 [CH;S(O)CHCH; + H;] R9

Scheme 3 Addition—elimination reaction

CH,SCH,CH; + OH

6-3114+G(2df,p), 6-3114+G(3df,p), 6-311+G(3df,2p) to
6-3114+G(3df,2pd) are little. For example, the difference in
relative energies of RC to the reactants by using
CCSD(T) method between 6-31+G(2d,p) and 6-311+
G(3df,p) basis set are only 0.95 kcal mol . It is concluded that
addition of extra d function has great effect on the energetic
calculation of RC with CCSD(T) method. Similar conclusion
has been obtained for the calculation of the other sulfur-

pathways for the
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containing species [19, 57]. Taking into account the compu-
tational accuracy and cost, we choose the CCSD(T)//6-
3114+G(3df,p)//MP2/6-314-G(2d,p) method to calculate the
single-point energies of all the species.

Channel RS and R6 start with the RC, which lead to the
formation of P5 (CH3;+CH3;CH,SOH) and P6
(CH3CH,+CH3SOH) via TS5 and TS6, respectively. The
breaking C(1)-S bond is elongated from 1.804 A inRC to
2.567 A in TS5, and the breaking C(2)-S bond is elongated
from 1.813 A in RC to 2.268 A in TS6. The barrier heights
of R5 and R6 are 15.10 and 15.16 kcal mol ™, respectively.

RC can also isomerize to the iso-RC. As illustrated in
Fig. 2, Fig. S1, and Scheme 3, the major difference
between RC and iso-RC is the orientation of OH radical. In
spite of many attempts, no transition state is found for this
isomerization. Then, iso-RC can undergo further dissocia-
tion, and channel R7-R9 are verified. Channel R7 is the
H-elimination reaction via TS7. The breaking O—H bond in
TS7 is 0.316 A longer than the corresponding value in iso-
RC. The barrier height of R7 is 30.81 kcal mol™'. Channel
R8 and R9Y are H,-elimination reactions via five-membered
ring transition state TS8 and TS9, respectively. As illus-
trated in Fig. S1, for the structures of TS8 and TS9, the
breaking C-H bond is elongated by 58 and 58%, whereas
the forming H-H bond is shortened by 55 and 58%,
respectively, compared with the corresponding bond length
in is0-RC. The barrier heights of R8 and R9 are 51.73 and
52.14 kcal mol™!, respectively (showed in Table 1).

Oxygen gas is relatively abundant in the atmosphere,
which also plays an important in the atmosphere chemistry
reaction process. We give the complex formed between RC
[(HO---S(CH3)CH,CH;] and >0, in Fig. S5 in the sup-
porting information. The result indicates the relative
energy of complex [(OO)---S(OH)(CH3)CH,CH3] to sum
energy of RC + 30, is —11.77 kcal mol™" at the
CCSD(T)//6-3114+G(2d,p)//MP2/6-31+G(2d,p) level of
theory, which is more stable than that of [(OO---HO).--
S(CH;3)CH,CH3] by 0.96 kcal mol™'. In this article, we
focus on the reaction of CH3SCH,CH; with OH in the
absence of 302, the further mechanism for the reaction of
RC with 20, is not mentioned.

In summary, hydrogen abstraction is dominant. Substi-
tution process and addition—elimination channels may be
negligible due to the high barrier heights.

3.2 Enthalpies of formation of the reactants
and products

Formation enthalpies [A‘f~H(0g7M,298'15K)] of the reactants

(CH3SCH2CH3, OH) and products (CHQSCH2CH3, CH3SC
HCH,, CH,SCH,CH,, H,O, CH;OH, CH;SCH,, CHa,
CH;CH,, CH;CH,SOH, CH3SOCH,CH3, CH,SOCH,CHj3

and CH3;SOCHCHj;) are calculated by the atomization
energy method [35]. The CBS-QB3, G3, and G3MP2 are
selected to evaluate the enthalpy of formation because
these methods can offer accurate calculation of formation
enthalpy [58, 59]. As listed in Table 2, the calculated
enthalpies of formation for the species (OH, H,O,
CHgSCHz, CH3OH, CHg, CH3CH2, Hz, and CH3SCH2
CH;) by the aforementioned three methods are in accor-
dance with the corresponding experiment values [21, 26].
For example, the maximum deviations between the calcu-
lated enthalpies of formation by the aforementioned three
methods and the corresponding experimental ones are
—1.13 (Hy), —0.98 (CH3), and —1.14 kcal mol™' (H,),
respectively. Besides, the mean absolute deviations
between the enthalpies of formation by the aforementioned
three methods and the corresponding experimental ones are
0.49, 0.41 and 0.50 kcal mol_l, respectively. From the
viewpoint of maximum deviation and mean absolute devia-
tion, the enthalpies of formation by the G3 method are more
reliable than that of CBS-QB3 and G3MP2. Enthalpies of
formation of species CH,SCH,CH;, CH;SCHCH;,
CH;SCH,CH,, CH;CH,SOH, CH3;SOCH,CHj;, CH,SO
CH,CH; and CH3SOCHCHj; at the G3 level of theory are
27.717, 26.83, 35.20, —39.05, —40.45, 9.09 and 6.44 kcal
mol ™!, respectively. These results can be used for the atmo-
sphere sulfur cycle modeling application.

3.3 Rate constant calculation

The TST and RRKM rate constant calculations of the
selected channel were shown in Scheme 4, where “RC”,
“PC” and “k” denote post-reactant complex, pre-product
complex and rate constant of the corresponding reaction
pathway, respectively. We neglect the rate constant cal-
culation of channel R4 and R7-R9 because of their high
barriers. The energies, vibrational frequencies, and
moments of inertia used in the rate constant calculation are
listed in Table 1 and Table S2.

In the TST calculation, the total rate constant k., are
calculated within the temperature range of 200-900 K and
1 atm, which was given by

kiotal = Keg - kia—1 + kip + kic + kog + kop + k3q + k3p
+ k3c + Keq . k571 + Keq . k671

As listed in Fig. 3 and Table S3, the value of k. at
208 Kis 1.68 x 10~ ¢cm® molecule™! s~!, which is close
to the experimental value (8.5 £ 0.3) x 107'% [16] and
(1.11 £+ 0.29) x 107" [18] cm® molecule™' s™'. As the
temperature increases, kg decreases slowly in the
temperature range of 200450 K (ki /K239 = 0.31), and
increases within the temperature range of 450-900 K

(k?(?[gl kf(ftgl = 2.12). The results over the temperature range
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Table 2 The calculated enthalpies of formation [AfH

available experimental values

)] (in kcal mol™") using CBS-QB3, G3 and G3MP2 methods along with the

Species ArH (”g‘zg& 15K)
CBS-QB3 G3 G3MP2 Exp

OH 8.95 (0.04) 8.54 (—0.37) 8.44 (—0.47) 8.91%
H,O —58.08 (—0.29) —57.34 (0.45) —57.28 (0.51) —57.79*
CH5SCH, 32.73 (0.03) 33.32 (0.62) 32.80 (0.10) 32.70%
CH;0H —48.68 (—0.64) —47.93 (0.11) —47.46 (0.58) —48.04%
CH; 35.55 (0.50) 34.07 (—0.98) 34.27 (—0.78) 35.05%
CH;CH, 29.97 (1.07) 28.82 (—0.08) 29.03 (0.13) 28.90*
H, —1.13 (—1.13) —0.46 (—0.46) —1.14 (—1.14) 0.00*
CH;SCH,CH; —14.65 (—0.29) —14.10 (0.26) —14.66 (—0.30) —14.36"
MAD® (0.49) 0.41) (0.50)

CH,SCH,CH; 27.59 27.77 27.32

CH5SCHCH3 26.25 26.83 26.35

CH5SCH,CH, 35.18 35.20 34.58

CH;CH,SOH —40.58 —39.05 —39.05

CH3SOCH,CHj; —41.80 —40.45 —40.41

CH,SOCH,CH3; 8.16 9.09 9.24

CH5;SOCHCH3; 5.02 6.44 6.55

In table, the values in the parentheses are the enthalpy of formation deviations between the calculated values and the corresponding experimental

ones
% From Ref. [21]
® From Ref. [26]

¢ Denotes mean absolute deviation

—h— ki
ol illiams et al abriela et al [1
P3 (CH3SCH,CH, + H,0)  P1 (CH,SCH,CH; + H,0) 10 - E bt W PR [Gabriclaetal (18] 3 p
£ S ey o
T = "‘—G—-_’ “k2 Hynesetal [16] “fy —_1—ks
PC3ab PC3c b i ";_;*———_.._____. —o— ks
PCla T LA —»— ftotal
TS3a TS3b  |TS3c TSlg "é —— Hynes etal [16]
y o —{—Williams et al [17)
k3q kay | ks TSIb TSla| ks E 220 4 ke —#—Gabriela etal [18]
" “g
R (CH3SCH,CH3+OH) L RC 53 S ks
ks1 2 s
TS2b\  TS2a TS6 | ke &
2b 28 o
PC2a PC6  p5 (CH; + CHyCH,SOH) 30 -
l 2 3 4 5 6
P2 (CH3SCHCH; + H,0) P6 (CH;CH, + CH,SOH) 1000/T (K-i)

Scheme 4 The selected

reaction channels

rate constant

calculations

of 240-295 K (k25 /K2 =0.70) is in

total / “total —
agreement with the experimental values (kX3 /k24) =
0.94) reported by Williams et al. [17].

The branching ratios of channel R1, R2, R3, RS, and R6
are described in Fig. 4 and Table S4. It can be seen in
Fig. 4 and Table S4 that the total rate constant in the
temperature of 200-900 K and 1 atm are mainly depended

reasonable

@ Springer

Fig. 3 Rate constants calculated in this work are plotted as a function
of temperature (200-900 K) along with the available experiment
values [16-18]. ky (ky = k1. + k1p + ki) is rate constant for channel
R1. ky (ko = kp, + kpp,) is rate constant of channel R2, k3
(k3 = kza + kza + k3c) is rate constant of channel R3, ki is the
sum of kl, kg, k3, ks and kﬁ. The k]a, k|b, k|c, kza, kst k3a, k3b, k3cv k5
and k¢ represent the rate constants of R1a, R1b, Rlc, R2a, R2b, R3a,
R3b, R3c, R5 and R6, respectively

on the R1 and R2. The contribution of R2 to the total rate
constant is always larger than R1 (ki/kiogar, 16.9%, kolkiogal,
75.2%, 298.15 K). As the temperature increases, R1
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Fig. 4 The predicted branching ratios over the temperature range of
200-900 K. The kl/ktotal’ kZ/klotah kS/ktotal» kS/ktotal and k6/kt0tal
represent the branching ratios of channel R1, R2, R3, R5 and R6,
respectively

becomes significant at 900 K (ki/kiora, 40.2%, kolkioars
48.7%, 900 K). The contribution of R3 to the total rate
constant over the temperature of 200-900 K is small within
11%.

For kinetic modeling applications, the rate constant
ki, ko, k3, ks, ke, and ki in the temperature range of
200900 K have been fitted to the three-parameter
expressions (unit in cm’ molecule ™! sfl):

ki = 1.15 x 1072°7*% exp(—826.24/T)

ky = 6.36 x 10720720 exp(—1306.78/T)
ky = 8.50 x 107T** exp(179.35/T)

ks =2.72 x 1072°7*3 exp(6874.51/T)

ke = 1.37 x 107T>12exp(7001.67/T)
kit = 1.45 x 10721732 exp(—1384.54/T)

In order to describe the pressure effect qualitatively, the
RRKM rate constant [60] for a unimolecular reaction step
RC[HO---S(CH;)CH,CH;] — TSla — P1(CH,SCH,CH; +
H>0) from 0.01 to 10 atm and 300 K was carried out with
chemrate program. Collisional energy transfer was described
using an exponential down model with <AEy,,>=200 cem L
Lennard-Jone collision parameters [61] for the intermediate RC
ares = 494 Aande = 602.5 K, whichare approximately the
same as those of CH;SOCH;. N,, ¢ = 3.74 Aande = 82 K,
are used as the buffer gas. Fall off curve of the reaction
RC — TSla — P1(CH,SCH,CHj; + H,0) as a function of
pressure (0.01-10 atm) at 300 K are shown in Fig. S6. As
described in Fig. S6, the rate constant increases rapidly in the
pressure range of 0.01-1.42 atm, whereas it rises very slowly
within the pressure range of 1.42-10 atm.

4 Conclusions

Theoretical method CCSD(T)/6-311+4G(3df,p)//MP2/6-
31+G(2d,p) is applied to study the reaction mechanism of
CH;SCH,CH; with OH. Enthalpies of formation of the
reactants and products are predicted at the CBS-QB3, G3,
and G3MP2 levels of theory, respectively. The TST rate
constants with the Wigner tunneling correction are evalu-
ated over the temperature range of 200-900 K. The main
conclusions are summarized as follows:

(1) Three possible channels are investigated for the
reaction of CH3;SCH,CH; + OH, namely, hydrogen
abstraction, addition—elimination, and substitution.
The results indicate that hydrogen abstraction is more
favorable than addition—elimination and substitution.

(2) The rate constants are evaluated over the temperature
range of 200-900 K. The contribution of hydrogen
abstraction from «-CH, to the total rate constant is
greater than that of hydrogen abstraction from «-CHj
over the temperature of 200-900 K, whereas the
competition of hydrogen abstraction from «-CH3 and
hydrogen abstraction from o-CH, becomes obvious
competitive with the temperature increases to 900 K.

(3) Enthalpies of formation of the reactants and products
are predicted at the CBS-QB3, G3, and G3MP2 levels
of theory, respectively. The enthalpies of formation
by G3 method are more accurate than that of CBS-
QB3 and G3MP2 in terms of maximum deviation and
mean absolute deviation. The predicted enthalpies of
formation of species CH,SCH,CH;, CH3SCHCHs;,
CH;SCH,CH,, CH;CH,SOH, CH;SOCH,CHj;,
CH,SOCH,CH3;, and CH3;SOCHCHj; at the G3 level
of theory are 27.77, 26.83, 35.20, —39.05, —40.45,
9.09, and 6.44 kcal mol "
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