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Abstract: The quantum Rice-Ramsperger-Kassel (QRRK) theory is used to analyze the reaction between the activated CH;S
CH+CH; and molecular oxygen to account for further reaction and collisional and deactivation. hydroxyl radicals initiate the
oxidation of Methyl ethyl sulfide (CH;SCH,CHj;) and MES (methylthioethane) under combustion conditions. The CBS-QB3
and G3MP2B3 composite and M062X/6-311+G(2d, p) DFT methods was used to study the thermochemical properties of
reactants, products and transition states. These thermochemical properties are used for the calculations for kinetic and
thermochemical parameters. Under high pressure and low temperature, isomerization and stabilization of the
CH;SCH(OO¢)CHj; adduct is of importance. Under atmospheric pressure and at temperatures between above 600 ~ 800 K
reactions of the chemically activated peroxy adduct become important relative to stabilization. The reaction between
CH;SCH*CHj; and O, forms an energized peroxy adduct CH;SCH(OO*)CH; with a calculated well depth of 30.2 kcal/mol at
the CBS-QB3 level of theory. Kinetic parameters are calculated using the thermochemical properties of products, reactants and
transition states obtained using under CBS-QB3 method of calculation. At temperature below 500 K, Stabilization of
CH;3SCH(OO¢)CHj; adduct is of importance. Temperature of 500-900 K, is optimal for intramolecular hydrogen shift and the
isomerization of CH3;SCH(OO¢)CH; adduct. At temperature above 800 K, all of the subsequent reaction paths are of
importance. For a reaction to move forward under pressure 1-4 atm, the recommended optimal temperature is between 600-800
K. A new pathway for the CH;SCH(OO*)CHj; adduct is observed, the attachment of peroxyl oxygen radical to sulfur followed
by carbon-sulfur bond dissociation and formation of oxygen-sulfur and oxygen-carbon double bonds.
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temperature and pressure play an important role in
combustion science. [2] A better understanding of the
combustion and partial oxidation of sulfur compounds is
important for the reduction and prevention of sulfuric oxides
that causes destruction to the environment, buildings and
human health. [3] Gargurevich investigated the combustion

1. Introduction

Biofuels contain lots of sulfur containing substances. [1] In
combustion science, the kinetics for the decomposition of
sulfur compounds under different pressure and temperature
play an important role. [2] The reaction between O, .4 . e
CH,S(OH)CH; was studied by Gross et al using DFT mechanisms and kinetics of H,S under Claus Furnace
methods and ab initio theory. [5] Information on the partial condmons baseq on the Teviews of .recently published
oxidation for sulfur hydrocarbons with three or more carbons reactlop mechan1§ms and km.etlcs modeling. [4] Gross et al
and the kinetics of combustion is still in need. [6, 7] theoretically studied the reaction between CH;S(OH)CH; and

The reaction mechanisms and kinetics for the destruction ~ O2 USing ab. initio theory apd DFT.methods. (5] .Thclare 15,
of different types of sulfur compounds under varied however, still a need for information on the kinetics of
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combustion and for the partial oxidation for sulfur
hydrocarbons with three or more carbons in the atmosphere.
[6, 7] Significant amount of methyl ethyl sulfide (MES) and
CH3;SCH,CH;, methylthioethane are emitted into the
atmosphere due to biological activities in the sea. [8§] MES
has a negative effect on environment and atmosphere by its
generation and contribution in the production of smog and
sulfuric oxides. [9] The oxidation of MES under combustion
conditions and higher temperature is of value for kinetic
modeling.

Kinetics and Thermochemistry of C,Hs + O, and the
chemically activated and stabilized CH3;CH,OO-+ adduct
was studied by Sheng and Bozzelli. [19] Thermodynamic
and kinetic analysis on the reaction of CH3;SCH,* + O, was
reported by Jin and Bozzelli. [20] In 2014,
Thermochemistry, kinetics and reaction paths on the tert-
isooctane radical reaction with O, was studied by
Snitsiriwat and Bozzelli [21].

Structural and thermochemical properties of the stable
molecules of the sulfur peroxides and alcohols of MES and
all of its partial oxidation intermediates was previously
studied by the Song et. al. [22, 23]

This study includes intramolecular isomerization
(hydrogen transfers), beta scissions and intramolecular
addition reaction of the peroxy oxygen radical to the sulfur
atom, resulting peroxy oxygen—oxygen and the methyl
carbon-sulfur bond cleavages and in oxygen—sulfur and
oxygen—carbon m bond formation on the sulfur atom in the
carbon components.

2. Calculation Methods

Thermochemical properties of the parent molecules and
their radical fragments were calculated using several density
functional theory and composite ab initio computation
chemistry methods in the Gaussian 09 program suite. [18-20]
The different levels of calculation used in this study include
the M06-2x/6-311+g(2d,p) density functional theory (DFT)
method and the ab initio CBS-QB3 and G3MP2B3
composite methods. The composite CBS-QB3 calculation
method has been used for the thermochemical properties, in
order to achieve improvements on the accuracy over the DFT
methods. The CBS-QB3 method utilizes the B3LYP/6-
311G(2d,d,p) level of theory to get the optimized lowest
energy geometries and to calculate frequencies, it then uses
CCSD(T), MP4 (SDQ) and MP2 calculations to determine
single point energies. [21, 22] The G3MP2B3 method is a
modified version of G3MP2 method that uses the geometries
and vibrational energies obtained from B3LYP/6-31G(d)
calculations. [23-25] The energy of each transition state was
calculated based on the energy of corresponding reactant plus
the calculated energy difference between the transition state
and the reactant.

Molecular structures and vibrational frequencies were
determined at the B3LYP/6-311G (2d,d,p) in the CBS-QB3
level of calculation, which is considered accurate for the
calculation of electronic structure and energies of the first

and second row atoms. [26-28] The Complete Basis Set-QB3
multi-level method was developed by the research group of
G. Peterson [26, 27] and Kiselev et al. [28] The CBS-QB3
multilevel method is based on the optimized geometries at
the B3LYP/6-311G(2d,d,p) level.

The entropy and heat capacity of molecules, radicals and
transition states as a function of temperature were from the
optimized structures, moments of inertia, vibration
frequencies, symmetries, electronic multiplicity, and
molecular mass. All of the optimized lowest energy
structures of reactants and products were identified as having
no imaginary frequency. Transition states were identified
with one imaginary frequency related to the vibration that
demonstrates the transitional motion between the reactant
and the product. Contributions of translation, external
rotation and vibrations were determined with standard
formulas from statistical mechanics. Contributions to the
entropy and heat capacity of each molecule and radical from
translation, vibrations and external rotation were determined
using the Statistical Mechanics for Heat Capacity and
Entropy, C, and S (SMCPS) program. The SMCPS program
utilizes the rigid-harmonic oscillator approximation from the
optimized structures obtained at the B3LYP/6-311G(2d,d,p)
level. [29, 30] The number of optical isomers, when they
exist, and the spin degeneracy of unpaired electrons were
also incorporated into the calculation of SozggK. The SMCPS
program utilizes the rigid-harmonic oscillator approximation
from the optimized structures obtained in the CBS-QB3
calculation. [31, 32] The scaling factor for zero-point
vibrational energy is 0.99. [31-34]

The internal rotor potential energy diagrams and the lowest
energy optimized conformer for each target, parent peroxide
molecule and radical were determined using the B3LYP/6-
31+G(d,p) level DFT calculations. Internal rotor analysis was
performed on each C—S, C—C, C—O or O—O single bond
rotor to determine the lowest energy structures. All rotors
were re-scanned once a lower energy conformer was found
compared to the initial energy conformer, until the lowest
energy geometry was identified.

Contributions from all of the hindered internal rotors to
S 505 and C,(T) were determined using the Rotator program.
[35] The Rotator program calculates the thermodynamic
functions from hindered rotations with arbitrary potentials
based on the method developed by Krasnoperov, Lay and
Shokhirev. [36] This technique employs expansion of the
hindrance potential in the Fourier series, calculation of the
Hamiltonian matrix in the basis of the wave functions of free
internal rotors, and subsequent calculation of energy levels
by direct diagonalization of the Hamiltonian matrix. [37]
Internal rotor torsion frequencies were omitted from the
SMCPS frequency sets and internal rotor contributions were
added separately. The contributions from the identified
torsion frequencies were omitted and replaced with the
hindered rotor contributions. The moments of inertia for each
of the two components of the rotor were calculated. [38-40]
Summation of the SMCPS and Rotator contributions gives
the total entropy and heat capacity for each species.
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The kinetics of O, addition to the radical sites of
methyl ethyl sulfide and their reverse reactions were
determined based on the Variational Transition State
Theory (VTST). The M06-2x/6-311+g(2d,p) level C—
OO- bond length scans were performed with calculation
of optimized structure, energy and vibration frequencies
at each 0.05 A step. A complete set of thermochemical
properties are calculated for the different transition state
structures at each step. Rate constants are subsequently
calculated from the reactant to each structure at
temperatures of 300 to 2000 K. The minimum rate
constant is taken across the temperature — bond length
data set, for each temperature. The minimum set of rate
constants over the temperature range is fit to the
modified Arrhenius rate constant form. [41]

High-pressure limit reaction rate constants (k,, s' or
em® mol” s') were determined based on the canonical
transition state theory. The values of k, were fit to the
three-parameter form of the Arrhenius equation to yield
the parameters of 4, n, and E, over the temperature range
of 200-3000K:

k.= [(T)*A*(Tn) *exp(-E/RT)

Where activation energies of reactions (E,) are calculated
as Ea = [AHfozgg (TS) -AHfozgg (Reactant)].

The quantum mechanical tunneling correction (I
dimensionless) was calculated using Eckart’s method; [42-44]

The entropy differences between the reactants and the
transition states (AS”) over the temperature range of 200-
3000 K were used to determine the pre-exponential factor (A,
5" or cm’ mol™ s). The values of A are expressed by:

A (T) = (1,T/h,) exp(AS”/R)

Where £, is the Planck’s constant and x, is Boltzmann’s
constant, R is gas constant and R = 1.987cal mol'K™. [29,
34,45, 46]

The high pressure limit parameters are calculated based on
the thermochemical properties of reactant, product and
transition state geometries optimized under the CBS-QB3
level. Temperature and pressure-dependent rate constants are
calculated using the multichannel, multifrequency Quantum
Rice-Ramsperger-Kassel (QRRK) analysis for k(E) based on
a master equation analysis for falloff and stabilization as
implemented in the CHEMASTER code. [29, 47] Reduced
sets of three vibrational frequencies and their degeneracy
plus energy levels of one external rotor are used to yield the
ratio of density of states to partition the coefficient, p(E)/Q
for each adduct (isomer in the chemical activation or
dissociation reaction system). The Master Equation analysis
used an exponential-down model for the energy transfer
function with (AEgw,") 900 cal mol™ for N, as the third body.
[48] Rate constants, k(E), were evaluated by using
incremental energy bins of 1.0 kcal mol™ up to 75 kcal mol™
above the highest barrier. Lennard-Jones parameters, o (R),
and ¢/k (K) were obtained from tabulations and from an
estimation method based on molar volumes and
compressibility. [49] High-pressure-limit elementary-rate

parameters were used as
calculations.

input data to the QRRK

3. Results and Analysis

3.1. Reaction Pathways and Geometries of Optimized
Transition States

According to the recent studies by Mansilla ef al. [17]
and Cao et al. [8], the partial oxidation of MES in th from
each MES molecule by one hydroxyl radical: [10-13, 17,
50, 51]

CH3SCH2CH3 +HO* — CHz’SCH2CH3 + H20
CH3SCH2CH3 + HO* — CH}SCH'CH} + H20
CH;SCH,CH; + HO* — CH;SCH,CH,* + H,0

The radicals formed after loss of one hydrogen atom from
different carbon sites will subsequently react with O, to form
active sulfuric alkyl peroxy radicals: [8, 14, 16, 50]

CHz'SCHzCHj, +0O 2—> CHz(OO')SCHchj,
CH;SCH+CHj; +0, — CH3SCH(OO-)CH;
CH3SCH2CH2' +0O 2—> CH3SCH2CH200'

This paper focuses on the thermochemistry, reaction paths
and kinetics of the CH3SCH<*CHj; radical reaction with O,
and subsequent reactions.

The elementary reaction steps investigated in this paper
belong to the following categories: [8, 29, 46, 47, 50, 52]

Forward association and reverse dissociation reactions of
the CH3;SCH*CHj radical with O, are investigated by VT ST;

Intramolecular hydrogen transfer from carbon the three
carbon sites to the peroxy oxygen radical (TS211, TS231);
plus the H-transfer from the ipso carbon to the peroxy
oxygen, which further reacts with no barrier to form an
aldehyde plus hydroxyl radical (TS221);

Molecular dissociation caused by C—S bond cleavage
(TS213, TS234);

Reactions to cyclic ether ring formation plus OH radical
(TS212, TS232);

Intramolecular addition of peroxy oxygen radical to the
sulfur atom with simultaneous cleavage of the weak O—O
and C—S bonds, resulting information of two products with
C=0 and S=0 double bonds (TS251);

HO, elimination to generate CSC=C (TS233, TS241)

The optimized lowest energy  structures and
thermochemical properties of MES along with its radicals
and the peroxide molecules and radicals have already been
previously studied [7].

Transition states are characterized as having only one
negative eigenvalue of Hessian (force constant) matrices. The
absence of imaginary frequency verifies that the structures
are true minima at the respective levels of theory. The
optimized lowest energy transition state conformers from the
CBS-QB3 level are drawn in Figure 2.
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CH;SCH(OO+)CH; <TS211>H,C*SCH(OOH)CH3 --TS212-> H,CSC-CHy+ OH
~TS213> CH,S + OH +

CH;CH=0

CH;SCH(OO#)CH; —T$221> CH;SC+(OOH)CH; = CH;SC(=O)CH; + OH

CH;SCH(OO+)CH; €TS231-> CH;SCH(OOH)CH,+ —-TS232->H, csﬁc H,+ OH

--T8233->CH;SCH=CH,+ HO2
--T8234-> CHS* + CH,=COOH

CH;SCH(OO)CH; --TS241-> CH;SCH=CH, + HO,
CH;SCH(OO*)CH; --TS251-> CH;CH=0 + CHS'=0

CH;SCH(OO*)CH; <VTST—=>CH;SCH*CH; + O,

Figure 1. Subsequent reaction steps of CHSCH(OO¢)CHj radical along with the numbering of the corresponding transition states.

TS211 TS212
CSC(O0e)C — C-SC(OOH)C

CSC(OOH)C — C5C-C + OH

TS213 18221
C+SC(OOH)C — CH,=S + CC=0 + OH CSC(0O0+)C — CSC(=0)C + OH

70
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TS231

CSC(00)C — CSC(OOH)Ce

TS8233

CSC(OOH)Cs — CSC=C + HO,

TS232

CSC(OOH)C — CSéC +0H

TS234

CSC(OOH)Ce — CH;38+ + C=COOH

Figure 2. Geometry of lowest energy conformer of transition states at 298K calculated under CBS-QB3 level.

3.2. Variational Transition State Theory (VTST) Analysis

A Zero-point corrected potential energy surface for the
RC—O0Oe bond is illustrated in Figure 3. Potential energy
scans were performed along the R—OO+ — Re + O,
dissociation path in the MES peroxide bond cleavage
reaction at 0.05 A intervals. Frequency and thermodynamic
calculations were performed at each of the points along the
potential energy surface. Thermochemical properties and rate
constants as a function of temperature were calculated at
each point along the potential energy surface.

Variational transition kinetics were calculated based on
thermochemical data obtained at the M062X/6-311+G(2d,p)
level. Each point on the M062X reaction potential energy
scan, was scaled by a factor that accounted for the ratio of the
CBS-QB3 reaction enthalpy to the M062X reaction energy in
order to improve the precision of dissociation energy points.
Rate constants were calculated as a function of temperature
at each bond distance. The overall minimum rate constant at
each temperature was then determined. Rate constants (T)
were fit to the three-parameter form of the Arrhenius
equation to yield the rate parameters A, n and E, listed in
Table 1.

The VTST plot of O, separation from peroxide radical
indicates the BDE of «OO—CH,SCH,CH; is about 30.0
kcal/mol, close to the value of 30.2 kcal/mol that is indicated
by the PE diagram in Figure 4. For comparison to
hydrocarbons, Sheng et. al. reported values for CH;CH,—
0O¢° BDE of 35.32 kcal/mol by CBS-QB3 and 35.5 kcal/mol
by and B3LYP/6-31G(d, p) level VTST analysis.
Snitsiriwat’s et. Al reported R—COO¢* BDE values in tertiary
carbon of -isooctane hydroperoxide based on CBS-QB3
calculation and B3LYP/6-31G(d, p) level VTST scans at 34.7
kcal/mol and 33.5 kcal/mol, respectively. [48] Similar to the
dissociations of Jin, Sheng and Snitsiriwat’s C—OO-* bonds,
dissociation of the CH,SCH(—OO<*)CH; bond undergoes
with no barrier other than AHrxn. [29, 46, 47] For
Snitsiriwat’s tert-isooctane hydroperoxide C—OO-+ bond
dissociation, the TS was 3.0 A at T=300 K. [47]

The normalized energy versus bond length plot in Figure 3
indicates that transition state occurs between the *OO—
CH,SCH,CHj; bond length of 2.0 ~ 2.3 A. Based on the
analysis to the rate constants of both the association and
dissociation reactions, and the M062X method was able to
converge on an optimized TS geometry with the C—OQO-
bond length of 2.15 A for CH,SCH(--O0+)CHj. It appears
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that compared to saturated hydrocarbons, with only carbon
and hydrogen, the presence of sulfur reduces the chemical
activation energy and the transition state C—OO-< bond

72

length for O, association to carbon atoms adjacent to the
sulfur moiety by about 7 kcal/mol and 0.8 A, respectively.

35.00
30.00
25.00
= 20.00
>
¥ 15.00
o
10.00
5.00
0.00
1.40 1.50 1.60 1.70 1.80 1.90 2.00 2.10 2.20 2.30 2.40 2.50
C--OO Bond Length (A°)
Figure 3. The CH,SCH(—OQO+)CH; bond length scan for VIST calculation.
Table 1. Elementary rate parameters from VIST analysis for CH,.SCH(OO+)CHs.
Association Dissociation
A® n E, (kcal) A" n E, (kcal)
2.86E+3 2.24 -1.61 8.80E+12 0.33 29.41

“The unit of pre-exponential factor for the association reaction is cm® mol™ s™.
"The unit of pre-exponential factor for the dissociation reaction is s™.

3.3. Thermochemical and Kinetic Analysis

The energy barriers (E,) and reaction enthalpy (AH,,) for
the reactions of CH,SCH(OO¢)CH; under the M06-2X/6-
311+G(2d,p), G3MP2B3 and CBS-QB3 calculation levels
are listed in Table 2. The energy of each transition state
structure is calculated from the corresponding reactant plus
the energy difference between the transition state and the

reactant. The CBS-QB3 calculation shows good agreement
with the MO062X/6-311+G(2d,p) calculation in the
intramolecular hydrogen shift and -scission reactions. There
is however a 4 ~ 7 kcal/mol difference in the E, and AH,,
values of the reactions involving ring formation and for O
attachment to S. The two composite methods CBS-QB3 and
G3MP2B3 agree reasonably well for AH for each of the
reactions and TST’s.

Table 2. E, and AH,, values under different calculation levels (kcal/mol).

. CBS-QB3 M062x/6-311+G(2d,p) G3MP2B3

Reactions

E. AHixn E. AHixn E. AHixn
CSC(0O0*)C — C+-SC(OOH)C 18.3 8.3 20.7 12.1 20.4 10.3
C-SC(OOH)C —>cs<‘f__\c + OH 26.0 -143 30.9 -16.1 27.1 -16.1
C+SC(OOH)C — CH>=S + CC=0 + OH 22.1 -8.7 22.5 -7.6 24.9 -12.1
CSC(0O0°)C — CSC(=0)C + OH 36.3 -36.3 39.5 -35.3 38.7 -38.3
CSC(0O0*)C — CSC(OOH)C- 34.6 16.6 37.7 70 - 16.6
CSC(OOH)C- _’cscf-\ﬁ OH 7.8 -14.9 14.4 -15.8 10.9 -16.2
CSC(OOH)Ces — CSC=C + HO, 15.3 6.2 18.0 6.3 16.3 43
CSC(OOH)C+ — CH;Se + C=COOH 9.0 8.5 9.8 8.8 10.6 7.2
CSC(00°)C — CSC=C + HO, 28.5 22.8 30.1 233 27.7 20.9
CSC(00°)C — CC=0 + CS*=0 31.1 -533 38.9 -46.8 322 -53.3
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Figure 4. CBS-0B3 level potential energy diagram for CH;SCH*CH; + O; reaction system.

The potential energy diagram in Figure 4 are based on the
CBS-QB3 level potential energy calculations for each
species. The enthalpies of formation for the peroxides,
radicals, aldehydes and ketones of MES are from our
previous work,[53, 54] while those of O,, OH, HO, are from
Ruscic et al. [56] The total enthalpies of products for each
reaction step in Figure 4 are calculated based on the
difference between the CBS-QB3 total energies of the
reactants and the products.

TS211 in Figure 4 illustrates the intramolecular transfer of
H atom from the methyl carbon of CSC(OO¢)C to the peroxy
radical site, through a six member ring TST structure. The
reaction results in formation of CeSC(OOH)C, and has a
barrier of 18.3 kcal mol™.

The methyl radical on this newly formed CsSC(OOH)C
intermediate can undergo a substitution reaction into the
carbon bonded oxygen of the hydroperoxide to form a cyclic
four-member ring ‘thiol-ether’ with elimination of an OH
radical. The reaction barrier is 26.0 kcal mol™.

The CeSC(OOH)C radical can also undergo CeS--
C(OOH)C bond beta scission to form CH,=S and CC-OOH
over a barrier of 23.8 kcal/mol. The CC+OOH radical is
unstable and instantaneously undergoes B-scission forming a
CC=0 = bond and CC=0—OH scission to the lower energy
products CC=0 and OH.

TS221 represents the formation of the CSC(=0O)C ketone
plus hydroxyl radical via intramolecular transfer of the H
atom from the secondary carbon, i.e. the carbon of the
peroxide group to the peroxy radical site, forming an unstable
the [CSC+(OOH)C]*. The CSC+(OOH)C is unstable and
instantaneously forms a new CSC=0 & bond of about 80 kcal
mol-1; while cleaving the weak (~ 45 kcal mol-1 [CSC=0—
OH] bond forming CSC(=0) ketone and OH radical. This
ketone formation path has a barrier for the peroxy oxygen
attack on the ipso hydrogen of 36.3 kcal/mol.

TS231 involves the intramolecular transfer of a H atom
from the primary carbon on the ethyl group of CSC(OO*)C

to the peroxy radical site, through a five member ring TST
structure, resulting in formation of CSC(OOH)Ce.

The TS231 has a 34.6 kcal mol™ barrier. The higher barrier
is a result of strain in the 5-member ring and the stronger C—
H bond of this primary carbon site on the ethyl group.

Following this intramolecular hydrogen transfer, the newly
formed methyl radical [CSC(OOH)Ce] can undergo
substitution into the peroxide oxygen, TS232. This has a low
barrier of 7.8 kcal/mol for formation of a 4-member epoxy
ring, CSy(COC) plus OH radical.

B-scission of the CS--C(OOH)Ce bond generates CH;Se
and C=COOH, with a barrier of 9.0 kcal/mol that is
represented by TS234.

The CSC(OOH)Ce radical can also undergo HO,
elimination to generate CSC=C, with a barrier of 15.3
kcal/mol shown as TS233.

TS241 represents HO, molecular elimination from the
CSC(0OO¢)C adduct, generating CSC=C with a barrier of
28.5 kcal/mol. These products are the same as those of the
path represented by TS233.

The dissociation of CSC(OO¢*)C into CC=0 and CS+=0 is
illustrated by TS251 and occurs over a barrier of 31.1 kcal
mol”. The peroxy oxygen radical adds to the sulfur. Bond
formation between peroxy oxygen and sulfur initiates, along
with cleavage of both the sulfur—ethyl carbon and the
CH3CH,0—OS+CH; peroxide bond. Two =m bonds are
formed: CH3S=0O and CH;CH,=0O, and the sulfur—ethyl
carbon bond is cleaved.

The intramolecular hydrogen transfer from the primary
ethyl carbon to the carbon peroxyl radical (5-member ring)
has a 16.3 kcal/mol higher barrier and is 8.2 kcal/mol more
endothermic than the 6- member ring TST for the hydrogen
transfer from the methyl carbon on the sulfur to the peroxyl
radical site.

Following hydrogen shift, a barrier of 26.0 kcal/mol is
required for the y(CSCO)C ring structure formation by
C+SC(OOH)C that has a AH,y, value of -12.6 kcal/mol.
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The barrier required for the CSy(COC) ring formation
from CSC(OOH)C?- is 7.8 kcal/mol with the AH,,, value of -
14.9 kcal/mol.

The CSC(=0)C ketone formation has a barrier of 36.3
kcal/mol, which is the highest among all the subsequent
reactions of CSC(OO¢)C.

The dissociation into CC=0O plus CSe=0O and the
CSC(=0)C ketone formation paths are the more exothermic
reactions for CSC(OO*)C, with AH,,, value of -53.3 and -
36.3 kcal/mol, respectively. Both are more exothermic than
reactions leading to a ring structure.

There are two routes from the initial peroxy radical

CSC(00¢)C to CSC=C + HO,: The direct HO, via TS241
has a 6.1 kcal/mol lower barrier than the TS231path via the
ethyl primary radical hydroperoxide CSC(OOH)Ce.

The chain branching unimolecular dissociation reaction of
CSC(0O0°)C — CSC(0O°*)C + Oe has a reaction energy of
59.6 kcal/mol. This is some 23 kcal mol” higher than the
highest barriers in the unimolecular reactions presented. The
rate constant of this channel is not important at the
temperatures and pressures of this study.

The ideal gas-phase thermochemical properties of species
calculated from the CBS-QB3 level for the lowest energy
geometries are listed in Table 3.

Table 3. Ideal gas-phase thermochemical properties.

SpeCies AH{°s * Sozosb Cp300b Cp400 Céoo Cp600 Cp800 Cp1000 Cp1500
CSC-C* 26.10 66.09 16.86 21.36 25.49 29.04 34.70 39.00 45.83
C+SC(OOH)C* 4.30 74.75 21.86 27.41 32.13 36.01 41.93 46.30 53.25
CSC(00°)C* -4.10 72.18 20.98 26.75 31.86 36.16 42.78 47.63 55.11
CSC(OOH)C-* 11.70 75.14 22.02 27.65 32.39 36.26 42.13 46.45 53.33
CH;SC(=0)CH5* -49.72 69.91 20.03 24.71 28.87 32.41 37.96 42.09 48.54
CH,=S [35] 27.60 55.13 9.05 10.29 11.46 12.45 14.02 15.21 17.11
y(CSCO)C -17.20 69.16 18.92 24.39 29.23 33.27 39.41 43.82 50.50
CSy(CCO) -11.70 69.23 18.36 23.66 28.31 32.14 37.96 42.16 48.61
CH;SCH=CH, 15.50 66.16 16.52 20.95 24.83 28.08 33.15 36.94 42.96
CH;Se 29.40 57.69 10.80 12.54 14.07 15.38 17.51 19.16 21.86
CH;S=0 -17.80 62.48 12.16 14.43 16.42 18.07 20.64 22.54 25.53
0, [57] 0.00 48.90 7.02 7.20 7.43 7.60 8.00 8.20 8.60

OH [57] 8.89 43.88 7.17 7.08 7.06 7.06 7.15 7.33 7.87

CH;CH=O0 [57] -39.60 63.00 13.00 15.50 18.00 20.20 23.80 26.60 30.90
HO, [57] 2.90 54.60 8.30 8.80 9.40 9.90 10.70 11.30 12.30
CH,=CHOOH [57] -9.20 73.00 18.40 21.60 24.40 26.70 30.10 32.50 36.20
TS211 14.23 76.32 24.85 31.48 37.04 41.54 48.23 52.94 59.98
TS212 30.34 84.46 29.43 35.40 40.30 44.23 50.13 54.45 61.31
TS213 28.13 90.33 29.07 34.27 38.78 42.51 48.29 52.60 59.46
TS221 32.20 84.38 28.40 3431 39.42 43.65 50.12 54.78 61.85
TS231 30.49 76.95 23.79 30.19 35.60 39.98 46.51 51.13 58.08
TS232 19.53 91.21 29.87 35.37 40.11 44.00 49.96 54.34 61.28
TS233 26.98 78.05 24.27 29.84 34.52 38.33 44.14 48.42 55.29
TS234 20.68 78.57 24.03 29.55 34.24 38.08 43.95 48.28 55.20
TS241 24.44 78.23 24.36 30.39 35.58 39.87 46.34 50.96 57.95
TS251 27.03 78.98 26.33 32.01 36.94 41.05 47.41 52.08 59.34

“ Units in kcal mol™. ?

The elementary high-pressure limit Arrhenius rate
parameters for the forward and reverse reactions are given in
Table 4.

Units in cal mol™ K. ¢ Previous work by the same author.

isomerization by intramolecular H transfer reactions have
quantum tunneling corrections added to the ab initio rate
coefficients. The tunneling corrections for the intramolecular

The kinetic rate constants representing *OOCSCC  hydrogen atom transfer reactions are listed in Table 5.
Table 4. Elementary High Pressure Rate Parameters by CTST.
n _La
Reaction k = A(T)"exp(—%) (300< T/KS 2000)
As™) n E, (kcal mol™)

CSC(00)C — C*SC(OOH)C 3.8E+7 0.9 1.8E+4
C+SC(OOH)C — CSC(00+)C 8.5E+8 0.1 9.7E+3
C+SC(OOH)C — (f + OH 1.5E+9 0.4 2.6E+4
C+SC(OOH)C — CH,=S + CC=0 + OH 4.5E+12 0.1 2.4E+4
CSC(00+)C — CSC(=0)C + OH 8.0E+7 1.1 3.6E+4
CSC(00#)C — CSC(OOH)Ce 1.7E+9 0.9 34E+4
CSC(OOH)C* — CSC(00+)C 3.4E+8 0.6 1.8E+4
CSC(OOH)C» — (f+ OH 6.2E+8 0.8 7.6E+3
CSC(OOH)C+s — CSC=C + HO, 1.6E+11 0.4 1.6E+4
CSC(OOH)C+ — CS- + C=COOH 5.3E+9 1.2 8.7E+3
CSC(00+)C — CSC=C + HO, 1.5E+9 1.1 2.8E+4
CSC(00°)C — CC=0 + CS=0 1.3E+10 0.3 3.1E+4
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Table 5. Quantum tunneling corrections for CSC(OO¢)C isomerization by intramolecular H transfer and their reverse reactions.

Temperature Reactions

(K) CSC(00°)C — CSC(OOH)C C+SC(OOH)C — CSC(00°)C CSC(00+)C — CSC(OOH)Cs CSC(OOH)Cs — CSC(00°)C
298 46 26 1150 616
300 46 26 1150 616
350 15.1 10.4 500 300
400 6.1 5.4 46 37
500 32 3.1 6.1 6.1
600 2.1 2.1 32 32
700 1.5 1.5 2.1 2.1
800 1.5 1.5 2.1 2.1
900 1.5 1.5 1.5 1.5
1000 1.2 1.2 1.5 1.5
1100 1.2 1.2 1.5 1.5
1200 1.2 1.2 1.5 1.5
1400 1.2 1.2 1.2 1.2
1500 1.2 1.2 1.2 1.2
1600 1.1 1.1 1.2 1.2
1800 1.1 1.1 1.2 1.2
2000 1.1 1.1 1.2 1.2

Figures 5 and 6 gives the plots of reaction rate constants
versus 1000/T(K) from 298-2000 K under the pressures of 1
and 4 atm, respectively. 4 atm is chosen as the typical
pressure in the diesel engine.

The temperature has significant effect on the rates of each
reaction path under both pressures. Meanwhile, increasing
the pressure from 1 to 4 atm does not significantly change the
rate of any elementary reaction step under each temperature.
Stabilization of and HO, elimination from
CH3SCH(OOQO¢*)CHj; are both important at room temperature
under two pressures. A low temperature enhances CSCeC
activation by O,. The two paths of CH3;SCH(OO<)CH;

isomerization by intramolecular hydrogen shift both become
more important at temperatures between 400-1000 K. The
rates of molecular dissociations caused by C—S bond f-
scission and the formations of CSC(=0O)C ketone and
Y(CSCO)C and CSY(CCO) ring structures are close to each
other above 700 K and are all enhanced by higher
temperature. Under a temperature below 400 K, the most and
least important reactions besides the isomerization of and O,
dissociation from CH;SCH(OO<)CH; adduct are HO,
elimination from CH3SCH(OO¢)CH; and Y(CSCO)C
formation by CH,*SCH(OOH)CH3;, respectively.

12.0

ml:l EI:ID g o 8 P r
O ¢ M -
8.0 Q QZ % o CSCQjC
oAl ﬁ n 0 - O CSCjC + 02
o 60 + g K = A CSC(=0)C
% B 8 8 X X m % CSCQjC > CSC=C + HO2
S 40 8 * X _
E 30 8 A . x  CC=0 +Sj(=0)C
£ .
i 208 o A e cjscQc
= D A % +— Y(CSCO)C + OH
2 oo |- - = o Q &&_e_ - CH2=S + OH + CC=0
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- 2
20 2 a o CSY(CCO) + OH
| £ + (m) O CSCQCj -> CSC=C + HO2
-40 .. # & CSJ+C=COOH
-
6.0 |
0.5 1.0 15 2.0 2.5 3.0 35
1000/T

Figure 5. Rate constant vs. temperature for the CH;SCH*CH; + O, reaction system under P=1 atm, where *j” represents the location of radical site.
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Figure 6. Rate constant vs. temperature for the CH;SCH*CH; + O; reaction system under P=4 atm, where *j” represents the location of radical site.

The plots of reaction rate versus pressure under T=298 K
and T=700 K are given by Figures 7 and 8, respectively. 700
K is chosen as a typical temperature of sulfuric compound
combustion and pyrolysis. [2, 57-59]

Under T=298 K, the stabilization, dissociation and
isomerization of CH3SCH(OO<)CH; adduct are
independent of pressure under room temperature. Reaction
rates of C—S and O—O bond p-scission, HO,
elimination, ring structure formation and CSC(=0)C
ketone formation are enhanced under lower pressure.

Stabilization to the peroxy radical, intramolecular
hydrogen shift generating CH,*SCH(OOH)CH;, O,
dissociation and HO, elimination from

CH,*SCH(OOH)CH; are the most important reactions
under all pressures. The rates of intramolecular hydrogen
shift leading to CH,SCH(OOH)CH,* are about 4-5 orders
of magnitude lower than those leading to
CH,*SCH(OOH)CH;. HO, elimination from
CH,SCH(OOH)CH,* and y(CSCO)C formation are among
the least important reactions and decrease under higher
pressure.

Compared to T=298 K, Figure 8 indicates the pressure has
stronger effects on reaction rates under T=700 K. Peroxy
radical stabilization remains independent of pressure when
temperature rises from 298 to 700 K. Under T=700 K

intramolecular hydrogen shift leading to
CH,SCH(OOH)CH,e is the least important reaction and is
significantly slower than that leading to
CH,*SCH(OOH)CHs.

A higher pressure reduces all reactions besides the

isomerization of and O, dissociation from the peroxy
radical. Peroxy radical stabilization, O, dissociation and
HO, elimination from peroxy radical,
CH,*SCH(OOH)CH; generation, and CH,eS--
CH(OOH)CHj; bond B-scission leading to CH,=S, OH and
CC=0 are the most important reactions under T=700 K
within  the pressure range of 0.5-20.0 atm.
CH;SCH(OO-)CH; dissociation via peroxy radical
addition to the sulfur atom is significantly enhanced by
increasing the temperature from 298 to 700 K. Meanwhile,
decreasing the pressure from 1 to 0.5 atm does not alter
any reaction rate under 298 or 700 K. Hence there is no
need to pressurize or vacuumize the reaction system to
make the CSC+C + O, reaction system move forward.
Hence Figures 5 and 6 indicate the temperature of 600-
800K is recommended for the CH;SCH*CH; + O, reaction
system to move forward within the pressure range of 1-4 atm.

4. Summary

Thermochemical and  kinetic studies of the
CH;SCH+CH; + O, reaction system are presented. The
CBS-QB3 composite method of calculation is
recommended for the oxidation of organosulfur
compounds. The presence of sulfur reduces the chemical
activation energy for O, association to secondary carbon
atoms adjacent to the sulfur moiety by about 7 kcal/mol.
The sulfur presents new paths in molecular dissociation by
C—S bond B-scission and formations of aldehydes and
sulfur — oxygen bond systems.



77 Guanghui Song ef al.: Thermochemistry and Reaction Kinetics of Secondary Ethyl Radical of Methyl Ethyl
Sulfide, CH;SCH*CHj, with *0, to CH,SCH(OO*)CHj

10.0
< OO OO O
8.0
6.0 CscQjC
n CSCjC + 02
T 40 " 06-p0g g . CSC(=0)C
‘3 X o % CSCQjC ->CSC=C + HO2
£ 20 XXX x x .
s X *  CC=0 +S$j(=0)C
2 00 A e Y S cjscQe
= S ) 2 rxr - +— Y(CSCO)C + OH
ey 2.0 A /\ A A A
S -2 g g o _ -— CH2=S + OH + CC=0
EI e o4 = CSCQCj
-4.0 00 pg - & CSY(CCO) +OH
60 +—4 + = O CSCQCj -> CSC=C + HO2
s + A CSJ+C=COOH
-8.0
05 0.0 0.5 1.0 1.5
logP(atm)

Figure 7. Rate constant vs. pressure for the CH;SCH*CH; + O, reaction system under T= 298 K, where “j” represents the location of radical site.
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Figure 8. Rate constant vs. pressure for the CH;SCH*CH; + O, reaction system under T= 700 K, where *j” represents the location of radical site.

Several new reaction paths are presented. These involve  sulfur with cleavage of the sulfur — carbon bond, which
addition of the newly formed peroxy oxygen radical to the  allows the carbon — oxygen carbonyl bond to form.

C+SC(OOH)C — CH,=S + CC=0 + OH (AH,y, = -7.0 kcal/mol)
CSC(OOH)C+ — CH;S+ + C=COOH (AH, = 8.5 kcal/mol)
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CSC(00°)C — CC=0 + CS*=0 (AH,x, = -53.3 kcal/mol)

Rate constants vs. pressure at 300 and 700K and rate
constants vs 1000/T(K) at 1 and 4 atm pressure are presented.

Rising the pressure from 0.5 to 20 atm does not
significantly affect any elementary reaction step in the
CH;3SCH+CHj; + O, reaction system under either 298 or 700
K. Stabilization of CH3SCH(OO¢)CH; adduct is dominant
below 500 K and minor above 900 K.

The two paths of CH3;SCH(OO¢)CHj; adduct isomerization
by intramolecular hydrogen transfer are important in the
temperature regime 400-800K. All the subsequent reactions
of CH;SCH(OO¢)CH; adduct and its isomers are
significantly enhanced by increasing the temperature from
298 to 700 K or higher.

The CBS-QB3, G3MP2B3 composite and MO062x/6-
311+G(2d,p) DFT methods are recommended for sulfuric
compound oxidation reactions.

Supporting Information Description

Information about the inputs and outputs of Chemaster
code, vibrational frequencies of the transition states under the
CBS-QB3 level, and reduced set vibration frequencies under
the CBS-QB3 level are given in the Supporting Information.
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