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The CHS + O, reaction system is considered an important process in atmospheric chemistry and in combustion
as a pathway for the exothermic conversion of methane-thiyl radicaJSCHeveral density functional and

ab initio computational methods are used in this study to determine thermochemical parameters, reaction
paths, and kinetic barriers in the @8 + O, reaction system. The data are also used to evaluate feasibility

of the DFT methods for higher molecular weight exsulfur hydrocarbons, where sulfur presents added
complexity from its many valence states. The methods include: B3LYP/6-3G(d,p), B3LYP/6-
311++G(3df,2p), CCSD(T)/6-311G(d,p)//IMP2/6-31G(d,p), B3P86/6-311G(2d,2p)//B3P86/6-31G(d), B3PW91/
6-3114-+G(3df,2p), G3AMP2, and CBS-QB3. The well depth for thesSH- 20, reaction to thesynCH;SOO

adduct is found to be 9.7 kcal/mol. Low barrier exit channels fromstheCH;SOO adduct include: CkB

+ HO,, (TS6,E,is 12.5 kcal/mol), CH + SO, via CH:SO, (TSZ, E,is 17.8) and CHSO + O (TS17,E,

is 24.7) where the activation energy is relative to #ygCH;SOO stabilized adduct. The transition state
(TS5) for formation of the CE500 adduct from Ck& + O, and the reverse dissociation of €300 to

CHsS + Osis relatively tight compared to typical association and simple bond dissociation reactions; this is
a result of the very weak interaction. Reverse reaction is the dominant dissociation path due to enthalpy and
entropy considerations. The rate constants from the chemical activation reaction and from the stabilized adduct
to these products are estimated as functions of temperature and pressure. Our forward rate consta®& and CH
loss profile are in agreement with the experiments under similar conditions. Of the methods above, the G3MP2
and CBS-QB3 composite methods are recommended for thermochemical determinations on these carbon
sulfur—oxygen systems, when they are feasible.

1. Introduction

Oxidation of small sulfur compounds resulting from algae
production are considered a source of sulfate production in

marine aerosols and cloud condensation nuclei and thus, may,

play a role in climate regulatiohThe S-H bonds in alkane-
thiols CHSH and CHCH,SH are 87.5 and 87.6 kcal/mol,
respectively, and are weaker than thel€bond which is 94.2
kcal/mol; thus the thiyl radical is a significant product in the
initial reactions of thiols (also named mercaptahhe CHS

+ O, reaction is potentially important for both combustion and

atmospheric chemistry as a pathway for the exothermic conver-

sion (oxidation) of methanethiyl radical, G&, and as a model
reaction for other alkyl thiyl radicals. The presence of sulfur in

oxyhydrocarbon systems presents added complexity in studies
Y ¥ P P y énethylsulfonyl radical (ChS(=0),, where both implicate

on thermochemical and kinetic parameters because it can hav
several valence states.

There are a number of experimental studies in the literature
on the reaction of Ck8 with O,;27° and there is one literature
review by Tyndall and Ravishank&an this system. The
reaction of CHS' with 30, is reported to be slow with a rate
constant to products (other than to the methethé/| —peroxy
adduct, CHSOO) measured by Tyndall and Ravishankara in
1989 as having an upper limit value of2.5 x 10718 cnm?
molecule’l s~ at 298 K3 In 1992, they revisited the system
and reported & of ~ 4 x 10717 cm® molecule’! s~ where the
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rate specifically refers to reaction through the SO adduct

to new productd.The rate constant of G + O, — CHzSOO
was measured as{28) x 10~ cm?® molecule! s, The well
depth for CHS + O, — CH3SOO was determined at 11
0.9 kcal/mol at 298 K, withASfor the reaction reported to be
—32.2+ 2.8 and—36.8+ 2.6 cal/mois from second and third
law methods of analysis. The equilibrium constant for the
reaction is also reported as (1.62 to 79.9) 10718 cm?
molecule! (measurements at 216 to 258 K in-680 Torr of
He)2 This shallow well, 11.7 kcal/mol, combined with a small
entropy gain from the adduct to the TS structure for dissociation
to CHsS + Oy, results in an adduct lifetime on the order of a
microsecond at room temperature.

There are two experimental studies on the dissociation of

CH3SOO as a product, one by Butkovskaya and Baraesl
one by Frank and Turecék(for brevity, CHS(=0), is
abbreviated here and in the remaining text as;&B}).
Butkovskaya and Barnésmeasured the decay of methyl
methanethio-sulfonate (MMTS, GB=O),SCH;), which re-
sulted in CHSQO, + CHsS in both b and Q at 1 atm. In Q

the CHS reacted to form CEB5OO0. They derived rate constants
for (CHsSO, — CHz + SO,) of 0.4+ 0.2 s'1, and for (CHSOO

— CH; + SO) = 8 571, and an equilibrium constarke(CHsS

+ O, — CH3SO0)= 1.4 x 1071° cm® molecule® at 298 K.
Frank and Turecékstudied the dissociation of GBO, and
methoxysulfinyl (CHOSO radical, includinganti- and syn
isomers) and ions by variable-time neutralization-reionization
mass spectrometry, combined with fast-beam laser photoexci-
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tation experiments. Their studies also included DFT (B3LYP/ “ROTATOR” programi'~13 is used for contributions from
6-31+G(2d,p)) and ab initio calculations (G2(PMP2)), and internal rotations tc 295 and Cp°(T).

RRKM kinetic analysis. They reportetHi°,gs for CHsSO, and The rate constants for the elementary reactions are calcu-
CH;0SO0 radicals as—50.4 + 1 and —55.0 & 1 kcal/mol,  J|ated from the computed frequencies, structures and energies
respectively. Transition states for G50, dissociation to Chl using canonical transition state theory with ri€) fit to the

+ SO, and isomerization tanti-CHz;OSO were reported with three-parameter modified Arrhenius equati@n= A x T" x
barriers of 14.3 and 23.4 kcal/mol at the GZ(PMPZ) level, exp(—Ea/RT), over the temperature range 237000 K11.14The
respectively. The rate constant of €atidition to SQ was fitted calculation of the preexponential tedinx T uses all vibration
as logA = 12.19 andg, = 1.3 kcal/mol. frequencies, but torsion frequencies are omitted. In place of the
The reaction of CHS + O; is also reported as an important torsion frequency the internal rotor potentials are analyzed and
submechanism to the detailed model development on photo-their contributions to entropy and heat capacity are included.
oxidation and combustion of dlmethyl sulfide and dlmethyl Temperature and pressure dependent rate constants for
disulfide® The rate constants of 5.8 10-*" and 600 (both in  reactions of the chemical activated §0* and the stabilized

cm® molecule's™) for CHsS + O; + M —~ CHsSOO + M CHsSOO adduct were calculated with multichannel, multi-
and reverse Ck$O0 + M — CHsS + O, + M are in this frequency QRRK theory fok(E) and master equation analysis
mechanism. for falloff.1! Elementary rate constants for the individual

In this study we present thermochemical properties of major reaction, preexponential factors and the energies were obtained
species, adducts, TS structures and kinetics for thgSGHO, from canonical transition state theory. The CHEMASTE®de
system. Results from computational studies at several levels areés used with energy levels from a full set of 3N-6 vibration
compared to evaluate reasonable calculation methods forfrequencies, but in a reduced form of three representative
thermochemistry and kinetic parameters on larger -oxy frequency sets, plus energy levels from one external rotor.
hydrocarbor-sulfur systems. Kinetic parameters, equilibrium The CHEMKIN Il program® is used to integrate the kinetics
constant, and C§%$ loss prOﬁleS are Compared with the literature for the CHS + O, mechanism; it incorporates thermodynamic

data. properties and microscopic reversibility to determine the reverse
rate constants, which are then included in the model. The
2. Methods reaction conditions are taken as the experimental conditions of

. . N Turnipseed et af and the modeling results are compared with
The reactants, intermediates, products, and transition statethe experiment.

structures resulting from the GB + 30, association reaction
are calculated at several density functional and composite ab
initio levels using Gaussian 03. Computation levels include
B3LYP/6-311+G(d,p), B3LYP/6-313++G(3df,2p), CCSD(T)/ The potential energy diagram for the ¢¥radical with Q
6-311G(d,p)//MP2/6-31G(d,p), B3P86/6-311G(2d,2p)//B3P86/ reaction system is illustrated in Figure 1. Values are standard
6-31G(d), and B3PW91/6-311+G(3df,2p). Zero point energies  enthalpy of formation at 298 K. The thermochemical properties
are corrected by 0.9806 (both B3LYP methods), 0.9608, 0.9759, for atoms, diatomics, H§ SO, CHs, CHsS, CHO, CH:O, and
and 0.9774 for MP2/6-31G(d,p), B3P86/6-31G(d), and B3PW91/ 350, are from the literature. All other intermediates including
6-311++G(3df,2p) methods, respectively. The CBS-QB3 and CH,S0, are from calculations with isodesmic work reactiéfs.
G3MP2 composite methods are utilized for improved energies The values for the transition states are calculated from the
and analysis. G2 and G3 are applied when the CBS-QB3 andifference in the enthalpies of formation of reactants and the
G3MP2 do not agree. corresponding barriers, except TS5 which is calculated from
The enthalpies of formation for stable species (non-TS’s, product, anti-CHsSOO (using the reverse barrier height).
Table 3 of the previous articl® are calculated using the total ~ Enthalpy values for transition states are at G3MP2 level except
energies at B3LYP/6-311+G(d,p), B3LYP/6-31#+G(3df,2p), those marked with or #x, which are at the CBS-QB3 or G2
and CBS-QB3 levels with work reactions that are isodesmic in levels, respectively. The thermochemical properties are listed
most cases. Isodesmic reactions conserve the number and typé Table 3 and some of th&H;°,9g data are derived in a previous
of bonds on both sides of an equation. The use of a work study!® The potential energy diagram in Figure 1 includes a
reaction with similar bonding on both sides of a equation, results number of paths that do not show importance to the forward
in a cancellation of calculation error and improves the accuracy reaction of the ChS + O, system; these paths have value in
for energy analysis. The reported enthalpy values can be reaction systems such as g+ SO, CHO + HSO (or SOH),
compared with the known enthalpies of several molecules in CHz + SO, and will be further discussed in future studies.
the system to serve as a calibration on the thermochemistry and The association of Ct$ with O, forms an energized adduct,
the PE diagram. anti-CH3zSOO* (dihedral anglé]CSOO= 179 at CBS-QB3
The energy of each transition state structure is calculated fromlevel) with 9.2 kcal/mol of energyAH®,gs of the anti-CH3;SOO
the corresponding reactant plus the energy difference betweernadduct, 20.7 kcal/mol, is determined by reference tosyre
the TS structure and the reactant (adduct). If the TS is closer in CH;SOO2° The energy of the transition state structure for the
structure to the product, then the enthalpies of formation of the CH3S + O, association (TS5) is determined relative to the
transition state species is calculated from the correspondingCH3;SOO adduct and is approximately 5.0 kcal/mol below the
product plus the energy difference between TS and product. entrance channel of the reactants. We treat thgSCiH O,
Contributions t0S293 and C,°(T) of each species and TS  reaction to TS5 as having rf, and TS5 at the energy of the
structure are calculated using the “SMCPS” progfamhich reactants. The reactant’s energies forsSkre from literature,
incorporates the frequencies, moments of inertia, mass, sym-which is supported by work reaction calculation, and from the
metry, number of optical isomers, from the CBS-QB3 or G3MP2 definition, AH°29g), for 3O,.
Gaussian calculation. It also incorporates frequency correc- The CHSOO adducts (energized and stabilized) can isomer-
tions. Torsion frequencies are omitted in SMCPS, and the ize via several processes; these include internal rotation about

3. Results and Discussion
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Figure 1. Potential energy diagram at 298 K (in kcal/mol). All barriers are calculated at G3MP2 level, except those labeled with an asterisk are
calculated in CBS-QB3 level. TS6 with two asterisks is from the G2 calculation. Energy of TS5 is treated as being at the energy:8f-t@,CH

reactants.

CH3S—00, H atom transfer, rearrangement of the-(3-0)
moiety, and dissociation back to reactants.

The TS5 structure suggests that thesSBO* is formed in
the anti-form, and the reaction path analysis indicates that H
transfer reactions and HOnolecular elimination paths occur
from the synform.

CH,S + %0, TS5~ anti-CH,SO0*
synCH,SOO*— products
and

(anti- + syn) CH,SOO*+ M <
(anti- + syn) CH;SOO+ M
The anti-CH3SOO undergoes an internal rotation with a
barrier of only 0.1 kcal/mol at 298 K to theynCH;SOO

(dihedral angleddCSOO = 0° at CBS-QB3 level). Thesyn
CHsSOO is 0.5 kcal/mol more stable than thaeti-form. The

CH,S + °0,<> synCH,SO0* < TS6— CH,=S + HO, (I)
CH,S + %0, <> synCH,SO0* < TS2 — CH, + SQ, (Il)
CH,S+ 30, <> synCH,SO0* < TS17— CH,SO+0 (Ill)

It is interesting to compare the thermochemistry of ;CH
radical with that of CHS in overall reactions with ©and NO
to observe the significant difference in reaction energy resulting
from the change in valence of sulfur. We note that;88 exists
in the CHS(=0) resonant form.

CH;+°0,<> CH,0+ 0 AH,. = +29.8 kcal/mol
CH,S+%0,<> CH,SO+0  AH,,=+10.7
CH;+ NO,<>NO+ CH,O  AH,,=—16.4
CH,S+ NO, <> NO + CH,SO AH, = —35.2

barriers to other isomers or products are all above the energy

of the CHS + O, entrance channel.

There are three low-energy forward reaction channesyof
CH3SOO. The most important at atmospheric conditions is
molecular elimination of H@(I) with an E; of 12.5 kcal/mol
and a tight transition staté\feg = ~ 4E+11) at 298 K via TS6.
The peroxy oxygen atom forms a bond with the H atom in a
five member ring TS structure, the-® bond cleaves and the
C=S double bond is formed. The second low barrier forward
reaction Il, is isomerization via attack of the peroxy radical on
the S atom (addition, formation of a three member SOO ring)
and cleavage of the weak R&@ bond to form a much more
stable CHSQO, adduct AHx, = —73.9) with E; of 17.8 kcal/
mol and a tight transition staté\fgs = ~ 5E+11). The third
important unimolecular reaction is GEHO—O bond cleavage
to CHsSO + O via TS17 (lll) with E; of 24.7 kcal/mol; but a
somewhat less tight transition statl,ds = ~7E+12). This
channel will be more important at elevated temperatures.

3.1. Comparison of Enthalpy and Reaction Barriers vs
Level of Theory and Basis Set.Our previous study on
thermochemistry of carbersulfur—oxygen specié8 showed
that use of larger basis sets with the B3LYP calculations and
work reaction analysis resulted in improved accuracy. The
B3LYP/ 6-31H-+G(3df,2p) level was, however, still not
sufficiently accurate to be in agreement with the accepted
literature or G3MP2 data for approximately 20 percent of the
reactions. The B3PW91/6-33+HG(3df,2p) calculation level
showed similar accuracy to the B3LYP/6-31-+G(3df,2p) and
these were judged as the best in this DFT comparison. The
CCSD(T)/6-311G(d,p)//MP2/6-31G(d,p) calculations (with work
reactions), were not as accurate as the best DFT level calculation
sets. The B3P86/6-311G(2d,2p)//B3P86/6-31G(d) level per-
formed in a manner similar to the B3LYP/6-3t1+G(d,p).
Overall, we concluded that the results from the work reactions
and these DFT methods were not consistently satisfactory or
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TABLE 1: Comparison of E, (Forward or Reverse) at Different Calculation Level$b

B3P86/
cCcsD(T)  6-311G(2d,2p)/ G3MP2 G2(PMP2)
B3LYP B3LYP  6-311G(d,p)// B3P86/ B3PW91/ OK, (0K,
E 1Y MP2/6-31G(d,p)  6-31G(d)  6-311++G(3df,2p) CBS-QB3 G3MP2 ref16)  ref8)

CHsS+ 0, —TS1 20.6 20.3 29.3 26.2 20.3 243 253 112
synCH;SO0— TS2 306 228 33.6 27.1 232 17.8 18.6
CHsSO, — TS3 399 450 4738 455 47.4 48.1 462 494 3.4
CH;0SO— TS4 31.9 276 385 30.0 29.1 28.6 301 309 36.3
TS5— synCH;SOC? 438 7.0 8.4 8.3 6.6 47 8.3
SynCH;SO0— TS6' 13.2 14.2 11.9 11.8 13.4 13.1 9.9
C'H,SOOH— TS7 -05 -0.7 3.4 —-0.4 2.0 -1.1 -0.7 1.0
C'H,SOOH— TS8 3.6 8.8 7.8 7.3 8.8 7.0 138 134
CHsSO, — TS9 13.0 13.4 144 14.3
CHsSO, — TS10 456 51.8 465 48.6 51.4 53.8 52.6
C'H,SOH — TS11 322 34.2 36.8 25.3
CHsSO, — TS12 541  56.9 57.5 53.7 55.4 56.2 57.0
C'H,SOH — TS13 14.4 204 19.6 213 23.2 24.8
CH,(OH)S=0—TS14  53.8 54.5 55.4 535 52.3 52.2
CH,(OH)S=0—TS15 814 753 84.0 774 74.0 74.4
synCHsSO0— TS16 35.3 37.6 345 34.3 384 306
synCH,SO0— TS17 24.7
C'H,SOOH— TS18 260  27.0 322 30.5 27.9 31.9
CH;0SO— TS19 488
CH;0SO— TS20 53.6
anit-CHS00— TS21 0.07

aUnits in kcal/mol, at 298 KP See Figure 1 for an illustration of the transition stateB3LYP | = B3LYP/6-311+G(d,p).B3LYP Il =
B3LYP/6-31H+G(3df,2p).e TS5 is the transition state for GH+ O, — synCHs;SOO, The vales here aEg for the reverse reaction to the TS5.
fTS6 is calculated at 12.5 at G2 and 12.4 at G3 levels of calcul&tibhis is foranti-CH;OSO, which is 2.2 kcal/mol higher in energy than the
syn form at G2(PMP2).

were too dependent on the work reaction. We observed thatand 1.279 A, and the forming r65 bond is 1.178 and 1.357 A,
the two composite methods, CBS-QB3 and G3MP2 yielded the at CBS-QB3 and G3MP2 levels, respectively. We performed
best results compared to experiment and these calculationhigher-level calculations on this TS-structure at the G3 and G2
methods are recommended for this carbealfur—oxygen level because of the importance of this channel; these results
system. show good agreement at 12.5 and 12.4 kcal/mol respectively,
Reaction barriers from three DFT methods (B3LYP, B3P86, and are in moderate agreement with the CBS-QB3 data at 13.1
and B3PW91) using several basis sets, along with two compositekcal/mol. We choose the G2 value for use in our kinetic analysis.

methods CBS-QB3 and G3MP2 are compared in Table 1 for  tpg gifference in calculated values for TS11 by CBS-QB3
most. of the 21 trqnsnmn state structures. Data on several and G3MP2 is 11.2 kcal/mol: with values of 25.3 at G3MP2
reactions fro”.‘ studies by Frank and_ Turecek and by Wang €land 36.8 at CBS-QB3. Here we observe that the r31 and r41
al. are also listed. Energy values in Table_ 1 are activation g lengths and the412 plusld541 bond angles in TS11 are
energies at 298 K calculated from the relat!ve _total Energies significantly different at the two levels. The bond length of r31
between TS and reactants (except TS5, which is between T is 1531 and 1.496 A and 41 is 2.017 and 2.404 A. at CBS-
and products). The following discussion addresses some of theQBé and GSMI52 Ieve’Is respectivelly The bond angle,_s’.zUIZ
data in Table 1. » are 111 and %4 and theTJ541 are 108 and 94at CBS-QB3
There is reasonable agreement (within 2 kcal/mol) for the and G3MP2 levels, respectively. We choose the CBS-QB3 value
energies of activation between the CBS-QB3 and G3MP2 T ) . -
calculation methods, in 8 out of 11 reactions (see Table 1). based on our evaluation that the reverse rgactlon, OH addition
to the S, does not have a 11 kcal/mol barrier, and further note

Possible reasons for the varied results from the different . . . . X
calculation methods and basis sets include the following: (1) tsr;ztter;actlon through TS11 is unimportant in this $SH- O

differences in geometry that arise from use of different methods
and basis sets; (2) varied treatment of the multivalence One additional barrier where the CBS-QB3 and G3MP2
complexity of the S atom by the methods (the S atom can have calculations result in different values is TS8, where the structures
four different valence states); (3) improvements in the composite are also different at the two levels (Table 2). The activation
methods resulting from techniques to extend the basis function€nergy to TS8 is 7.0 kcal/mol at CBS-QB3 vs 13.8 kcal/mol at
energies to those of a complete or a more complete basis setG3MP2:

For the density functional methods, the data in Table 1 show

that the higher-level B3LYP and the B3PW91 have better C'H,SOOH (TS8)— CH,S+ HO,

agreement with the composite methods a majority of the time.

A 3.2 kcal/mol difference is observed between CBS-QB3 and ) . . . . .
G3MP2 calculations for TS6 (see Table 1), where TS6 The bamer'helght of TS8 is relatlvely. unlm.porta.nt in the
represents HOmolecular elimination from the C4$00 adduct forward direction, because*R,SOOH rapidly dissociates to
with a low barrier. It is an important path because it controls OWer energy products GO + OH via TS7 with no barrier.
the product set from unimolecular reaction of the S80 It is also difficult for the initial CHSOO ad_duct to reach the
adduct at low temperatures and it may explain the reaction pathC'H2SOOH adduct because the conversion ofs880 to
observed in the low-temperature flow experiments of Turnipseed C'H2SOOH has a barrier (TS16) of 38.4 kcal/mol.
et al2 The CBS-QB3 and G3MP2 structure calculations result  There is a difference of 14.1 kcal/mol between our data and
in different r65 and r51 atom distances in the TS6 transition those of Wang et &€ for the abstraction of a methyl H atom
state structure (see Table 2). The breaking r51 bond is 1.447by O,, at the same G3MP2 level. We note that the TS structure
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TABLE 2: Geometries and (Imaginary) Vibrational Frequencies of Intermediates and TS ¢

Bond length Bond angle Dihedral angle
(Angstrom) (degree) (degree)
anti- CH,SOO R21 1.093
R31 1.090 - /312 109 -
R41 1.090 - A2 109 - Z4123 -122 -
R51 1.804 -~ /512 105 - /5123 119 -
_forn) R65 1.831 - Z651 9% - £6512 178 =z
o) Jf R76 1.282 - 2765 115 - Z7651 179 =
- 63 =
syn- CH;S00'%2 R21 1.090 =
'k@ R31 1.089 -~ 4312 112 -

- R41 1.103 - /412 109 - £4123 -120 -
1 R51 1.787 -~ /512 111 - 5123 125 o
- -~ R65 1.921 -~ Z651 98 - /6512 117 -

Her g0 Ry 1.261 = L968 117 - 27651 0 o

) 126 =

CHsSO, o@) R21 1.088 1.089
R31 1.090 1.092 /312 111 111
R41 1.088 1089 412 112 112 2£4123 126 -124
R51 1.836 1809 Z512 108 108 Z5123 116 117
R65 1.466 1481 £651 107 107 £6512 175 174
R75 1.466 1481 Z£751 107 107 Z£7512 54 53
152 197
R21 1.089 1.088
R31 1.091 1.090 Z312 110 111
R41 1.094 1.092 £412 110 110 24123 ) )
R51 1.442  1.446 Z512 106 105 Z5123 120 119
R65 1.662 1.657 £651 118 115 Z£6512 169 -176
R76 1.482 1483 £765 111 112 Z£7651 31 13
65 90
R21 1.082 1073
R31 1.082 1073 Z312 121 121
R41 1.679 1725 /412 118 118 ~£4123 -180 167
R54 1.691 1655 2341 104 101 Z5412 147 156
R65 1487 1399 £654 112 112 Z6541 79 79
R76 0.968 0951 Z765 100 102 Z£7654 101 -101
121 132
R21 1.083 1.083
R31 1.084 1083 /312 123 121
R41 1.755 1756 /412 119 119 Z4123 -170 -165
R54 1.473 1487 Z541 105 106 /5412 168  -169
R64 1.692 1.681 Z641 98 96 /6412 78 =55
R76 0971 0983 £764 108 108 Z7641 59 62
125 132
R21 1.092  1.100
R31 1.099 1093 /312 110 110
R41 1.873 1.844 2412 108 107 Z4123 -115 -118
R54 1.521 1497 /541 101 101 Z£5412 149 93
R61 1387 1392 Z612 110 113 £6123 126 123
R76 0972 0986 Z£761 107 105 Z£7612 153 85

92 82
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TABLE 2 (Continued)

Bond length Bond angle Dihedral angle
(Angstrom) (degree) (degree)
R21 1.680 1.674
R31 1.094 1.095 /312 119 120
R41 1.092  1.091 Z412 119 119 Z4123 -148  -150
R51 1.334  1.356 /512 105 105 /5123 103 99
R65 1.252 1208 Z651 170 161 Z6512 -171 -155
R76 1.250 1247 Z£765 113 110 £7651 30 26
2102 i3706
R21 1.089 --
R31 1.091 = 31D 111 =
R41 1.092 - Z412 111 - Z£4123 -123 -
R51 1.809 = L5112 106 - /5123 120 =
R65 1.547 - £651 104 - Z6512 -43 s
R76 1.755 - Z£T765 75 - Z7651 20 ==
o) i832 --
_ R21 1.083 1.088
of  R3l 1.085 1.088 Z312 116 111
R41 1.081 1.092 /412 115 113 Z4123 -137  -124
=L R51 2313 2060 Z£512 94 98 /5123 92 101
) R65 1.582 1.585 Z651 57 58 Z6512 114 130
R75 1.465 1482 /751 130 116 Z7512 20 24
i1004 139
TS3 R21 1.082
(Frank and Turecek)® R31 1.082 2312 120
B3LYP/6-31+G(2d,p) R41 1.081 Z412 119
R51 2.350 £512 88
R65 1.496 Z£651 35
R75 1.480 £751 104
i251
TS4 R21 1.080 1.080
R31 1.080 1.081 Z312 119 118
HR) R41 1.079 1.079 Z412 119 118 ~Z4123 -158  -153
l R51 2,152 2.055 /512 98 98 /5123 103 106
) R65 1.488 1457 £651 122 124 Z£6512 -50 -63
H(4) R76 1.461 1.448 /765 117 120 Z7651 75 78
o HE i403 i470 =y
TS5 0‘('5?,43@ .
H(4)
HE=c() _
HE)| ey
R21 1.090 1.090
R31 1.090 1.090 Z312 111
R41 1.095 1.106 ~Z412 108 108 /4123 -119  -119
R51 1.808 1.774 /512 111 112 Z5123 124 125
R65 2314 2032 Z651 90 94 Z6512 118 117
R76 1.214 1219 Z£765 120 117 Z7651 -180 0

ill5 i776
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TABLE 2 (Continued)

Bond length Bond angle Dihedral angle
(Angstrom) (degree) (degree)
R21 1.660 1.678
R31 1.090 1.088 /312 120 117
R41 1.090 1.088 ~Z412 120 117 Z£4123 -155  -143
R51 1.447  1.279 Z£512 93 95 Z5123 103 109
R65 1.178 1357 Z651 155 146 Z£6512 0 0
R76 1.265 1.262 [Z£765 102 97 Z7651 0 0
i990  i3596
R21 1.676  1.662
= R31 1.618 1.540 /312 106 108
R43 1.595 1.652 /431 112 113 Z4312 -83 -84
R54 0968 0976 £543 9 95 £5431 -116 - -122
R62 1.082 1.081 Z621 118 118 Z£6213 158 169
R72 1.082 1.081 £721 120 121 Z£7213 -22 =12
i458  i97L.
H(m
£
o@))
_ - i56 = 619
i) R ——ts®)
- H{ Gl r\
R21 1.085 1.087 mlG(1) bt 5 4 )
R31 1.084 1.087 /312 119 116 |-‘|(-2')|-' -
R41 1.629 1.622 /412 120 122 4123 -174 178
R54 1.926 2.074 /541 108 105 Z5412 131  -107
R65 1.413 1372 £654 111 114 £Z6541 -6 -98
R76 0.968 0980 /765 102 103 Z£7654 107 97
R21 -- 1083
R31 -- 1084 /312 - 117
R41 -- 1083 7412 - 118 Z4123 - -148
R51 -- 2361 /512 - 101 Z£5123 - 103
R65 -- 1472 £651 -~ 100 Z£6512 -- 179
R75 -~ 1472 Z£751 -~ 100  Z£7512 -- -58
-- i315
R21 1.085 1.086
R31 1.087 1.089 /312 121 120
R41 1.344 1315 Z412 109 108 Z4123 -126 -124
R51 1.811 1.789 /512 117 117 Z£5123 144 143
R65 1.465 1481 £651 108 108 Z6512 -151  -150
R74 1.239  1.251 Z741 114 110 Z£7412 -108  -107
i1951 2971
R21 1.613 1.601
R31 1.531 1496 /312 108 115
R41 2.017 2404 Z412 111 94 Z4123 -83  -120
R54 0972 0.981 /541 108 94 /5412 -163  -166
R62 1.083 1.083 Z621 117 117 Z£6213 -166 177
R72 1.082 1.084 /721 121 122 Z£7213 20 -1

i547 i442
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TABLE 2 (Continued)

Bond length Bond angle Dihedral angle
(Angstrom) (degree) (degree)
TS12 R21 1.089 1.089
R31 1.090 1.090 £312 113 114
R41 1.476  1.494 Z412 131 138 «Z4123 -152 -145
R51 1.789  1.734 £512 114 115 Z£5123 127 131
Ro4 1.253  1.267 Z641 122 119 Z6412 -109  -115
R75 1469 1.459 Z£751 115 118 Z£7512 12 17
i2449 2038
TS13 R21 1.081 -
R31 1.083 - Z312 121 --
R41 1.648 - Z£412 117 -- Z£4123 -175 --
R54 1.477 -- 541 112 - L5412 176 --
Rol 2.251 - £612 92 -~ £6123 113 -
R76 0.972 --  Z£761 94 - L7612 -152 --
i277 i2971
R21 1.082 1.082
R31 1.084 1.084 /312 121 120
R41 1.620 1.610 Z412 123 122 Z£4123 -180 -172
e TR = R54 1.485 1.509 Z£541 114 112 £5412 -4 -11
_—t R61 2.564 2297 £612 71 77 £6123 107 101
|1(2-)| R76 0977 0983 /761 86 B89 /7612 82 76
= i137 i265
TS15 (o)l R21 1.090 -
R31 1.090 - /312 116 -
@) R4l 1.802 -~ 412 119 - /4123 139 s
R54 1.465 - £541 112 - £5412 -147 -
HENC 1 o) R61 1.412 -- £612 116 - £6123 -142 --
ﬁ R76 1.740 - £761 113 -~ £7612 62 -
— il i799 --
TS16* R21 1.085 1.088
R31 1.090 1.090 /312 116 115
R41 1.753  1.783 Z412 114 116 Z4123 -140 -140
R54 1.773  1.730 /541 88 87 /5412 -153 -148
R65 1.400 1.404 £654 103 103 Z6541 51 49
R76 1.257 1.244 /765 94 95 /7654 -39 -42
i2759 3702
* = here use B3LYP/6-3114++G(2d,p) geom. And freq., CBS-QB3 is not found
TS17 R21 - 1.091
R31 - 1090 Z312 - 110
R41 -- 1093 Z412 - 110 Z£4123 - -121
RS51 - 1797 Z512 - 109 Z£5123 -- 121
R65 -- 1534 «£651 -- 104 £6512 -- -65
R76 - 1778 Z£765 - 114  Z£7651 -- 85
-- i838
R21 1.708 -
R32 1.698 - /4321 70 --
R41 1.081 - £412 118 - £4123 -78 -
R51 1.083 - £512 121 --  £5123 104 -
R63 1.790 - £632 114 -~ L6321 142 -
R76 0.969 -- Z£7T763 92 - L7632 179 --
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TABLE 2 (Continued)

Bond length Bond angle Dihedral angle
(Angstrom) (degree) (degree)
R21 1.283 -
R32 1.284 = 755 163
R43 1.538 - 432 86 - 4321 0 -
R54 1.244 - Z543 105 - Z5432 0 s
R61 1.102 - Z612 118 - £6123 -105 e
R71 1.102 - ZT12 118 -~ Z£7123 105 -
1275 -
R21 -~ 13%
R32 - 1782 Z521 -~ 100
R43 - 1481 432 - 114 24321 - 96
R53 —~ 1529 /532 - 76 /5321 . 10
R61 —~ 1086 Z612 —~ 114 Z6123 -~ =126
R71 - 1.088 /712 — 115 Z£7123 s 91
- 2314
- R21 1.090 s
H@) R31 1.094 - /312 109 -
‘k o R41 1.089 - Z412 111 - 24123 -121 =
C(1) =5} R51 1.807 - /512 111 - Z£5123 115 -
H( - R65 1.824 - Z651 96 - £6512 56 -
H@) R76 1.290 - 2765 115 - 27651 112 "
s

aFirst structure= CBS-QB3 level; second structure G3MP2 when they are differentFirst column= CBS-QB3 parameters; second column
= G3MP2 parameters.First imaginary frequency= B3LYP in CBS-QB3, second imaginary frequeaneyHF in G3MP2.

for abstraction reaction in Wang et al. is similar to our TS6 and thelJCSO angle. We ran a TS calculation on the geometry
(HO, molecular elimination from CESOO) rather than our  of Frank and Turecek using their B3LYP/6-8G(2d,p) method.
TS110 The output geometry was similar to the initial; but the IRC
There are three reaction barriers in this system that have beeranalysis suggested the TS may be forsO8O— CHs; + SO,
previously reported by Frank and Tureek their study on (TS4 in this study) rather than for GBSO— CH3SO, (TS3).
the CH; + SO, reaction surface. We include their data, which We note that our barrier for the GBSO— CH; + SO, reaction
is reported to be at a G2(PMP2) calculation level, in Table 1 (TS4) is 28.6 kcal/mol at CBS-QB3 and 30.1 kcal/mol at
for comparison. G3MP2. TheE, for TS4 is also reported as 30.9 kcal/mol by
One reaction is CE8O, — CHz + SO, (TS9 in this study), Wang et al. These values are more similar to the Frank and
where the barrier by Frank and Turecek is 14.3 kcal/mol, and Turecek data; but still several kilocalories per mole higher than
the value in this work is 13.4 kcal/mol at G3MP2 level. Wang their E, of 23.4. We will analyze this further in future work on
et al1® also reported this value as 14.4 kcal/mol at GBMP2 level. the CH; + SO, reaction system.
The well depth of CH+ SO, to CH;SO; is 14.1 kcal/mol at Frank and Turecek also calculated the barrier foG8O
G2(PMP2) level by Frank and Turecek, but our isodesmic — CHz + SO, (TS4 in this study) and reported tlig at the
reaction analysis on G330, radical places this well depth at  G2(PMP2) level, is 36.6 kcal/mol, which is 6 to 8 kcal/mol
17.9 kcal/mol. We feel these differences may be attributed to higher than our CBS-QB3 and G3MP2 results. We have
differences in reference species. We reference the TS to therecalculated this TST with their reported B3 geometry and
adduct energy, which is obtained from work reactions. Frank confirm the structure and path analysis are in agreement. The
and Turecek may be have referenced the energy to valuesdifference in energy may result from reference of the TS energy
calculated for the reactants. The Turecek research group has @o the CHSO, and CHOSO adducts in this study, i.e., the work
strong publication record for both enthalpy and kinetic barriers reaction analysis for th&H; values, vs reference of the TS
and we regard their work highly. energy to the calculated energy of the £H SO, reactants by
A second reaction in the Frank and Turecek study isSIb Frank and Turecek.
— CH30SO (TS3 in this study), and there is a 25 kcal/mol 3.2. Structures of TS and IRC Calculations.The geometries
difference between oug, (48.1 at CBS-QB3 level) and their  and the imaginary frequencies of the transition state structures
value (23.4 kcal/mol). Wang et #.also report this TST with ~ from the CBS-QB3 or G3MP?2 calculations are listed in Table
a value of 49.4 kcal/mol. The published TS structure by Frank 2; structures for the two forms of the initial adduct €300
and Turecek (reported as at B3LYP/643%&(2d,p) level in their and the intermediates are also included. The geometry and
SM) and ours (at B3LYP/6-311G(2d,d,p) in CBS-QB3) are frequencies were calculated in the CBS-QB3 method as CBSB7
compared in Table 2 (see TS3 section). There are significantor B3LYP/6-311G(2d,d,p). The method for geometry and
differences in th&(C—S), and one of the(O—S) bond lengths frequency calculation in G3MP2 is MP2(Full)/6-31G(d) and HF/
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TABLE 3: Ideal Gas-Phase Thermochemical Propertie3

Zhu and Bozzelli

G°(T)
species AHi°298 S’208 300K 400K 500K 600K 800K 1000K 1500K 2000 K ref
H 52.10 27.36 4.97 4.97 4.97 4.97 4.97 4.97 4.97 4.97 JANAF
O 50.58  38.47 5.07 5.07 5.07 5.07 5.07 5.07 5.07 5.07 JANAF
O, 0.0 49.01 6.97 7.24 7.48 7.69 8.03 8.30 8.75 8.89 JANAF
OH 8.80  43.88 7.17 7.08 7.06 7.06 7.15 7.33 7.87 8.36 ®IPL
HO, 35 54.70 8.42 8.93 9.41 9.86 10.67 11.33 12.39 12.96 JANAF
SO 12 53.08 7.23 7.56 7.85 8.09 8.39 8.57 8.76 8.84b,c
CHs 35.2 46.30 9.21 10.02 10.79 11.52 12.86 14.02 16.15 17.41 JANAF
SG; —70.9 59.30 9.53 10.39 11.13 11.72 12.53 13.02 13.63 13.92 JANAF
CH,S 28.3 55.14 9.06 10.31 11.48 12.47 14.04 15.22 17.12 18.1b,c
CH30 4.1 54.20 7.95 10.30 12.24 13.85 16.27 17.93 20.34 2151 THERM
CHz00 2.2 62.03 13.67 16.18 18.32 20.11 22.87 24.79 27.45 28.77 THERM
CHsS 29.9 57.61 10.71 12.48 14.03 15.35 17.49 19.15 21.86 23.3bc
CH;SO —10.3 61.12 12.34 14.55 16.28 17.60 19.50 20.83 22.88 23.94,c
CHO —26.0 50.90 7.91 9.42 10.69 11.74 13.37 14.51 16.22 18.14 21
SOH -11 57.44 8.85 9.54 10.09 10.52 11.13 11.57 12.38 12.88c.e
HSO —7.3 57.74 8.66 9.39 10.05 10.61 11.47 12.07 12.92 13.31b,c
cyc-(CH0S) 7.6 60.28 11.18 13.39 15.26 16.75 18.93 20.44 22.72 23.8®,c
cyc-(CHOSFO  —39.3 66.75 14.99 17.81 20.08 21.85 24.36 26.05 28.51 29.74,c
CHsSO 62.47 12.17 14.44 16.43 18.08 20.65 22.55 25.54 27.1@
5.40 1.49 1.32 121 1.15 1.09 1.06 1.02 1.01 IR1
—18.95 67.87 13.66 15.76 17.64 19.23 21.74 23.61 26.56 28.11 ltotal,
anti-CHsSOO 67.71 14.74 17.31 19.52 21.35 24.15 26.19 29.30 30.9%
5.61 1.27 1.16 111 1.07 1.04 1.02 1.01 1.00 IR1
5.34 3.42 3.07 2.58 2.19 1.70 1.45 1.19 1.10 IR2
20.71  78.66 19.43 21.54 23.21 24.61 26.89 28.66 31.49 33.07 total
synCH3;SOO 67.17 14.56 17.17 19.41 21.27 24.11 26.19 29.37 30.9¢
5.61 1.27 1.16 111 1.07 1.04 1.02 1.01 1.00 IR1
5.34 3.42 3.07 2.58 2.19 1.70 1.45 1.19 1.10 IR2
20.16  78.12 19.25 21.40 23.10 24.53 26.85 28.66 31.56 33.09 ltotal,
CH3SO, 67.01 15.44 18.38 20.85 22.85 25.83 27.95 31.21 32.88c
4.83 2.09 1.90 171 1.55 1.35 1.24 111 1.06 IR1
—53.65 71.84 17.53 20.28 22.56 24.40 27.18 29.19 32.32 33.94 ltotal,
CH,SOH 68.48 16.76 19.57 21.63 23.15 25.32 26.9 29.52 30.99c
4.48 1.85 1.70 1.55 1.43 1.28 1.19 1.09 1.05 IR1
2.52 2.40 2.33 2.23 2.13 1.93 1.75 1.46 1.30 IR2
—27.98  75.48 21.01 23.60 25.41 26.71 28.53 29.85 32.07 33.34 ltotal,
CH3;0SO 66.03 13.37 15.97 18.33 20.34 23.44 25.69 29.10 30.82
5.67 1.16 1.09 1.06 1.04 1.02 1.01 1.00 1.00 IR1
5.83 1.83 1.98 2.02 1.97 1.79 1.62 1.34 121 IR2
—54.81 7753 16.36 19.04 21.41 23.35 26.25 28.32 31.44 33.04 liotal,
CH,SOOH 67.86 15.52 18.09 19.97 21.39 23.45 24.98 27.55 29.0t
3.55 2.39 2.24 2.08 1.95 1.74 1.59 1.35 1.23 IR1
4.33 3.78 3.87 3.56 3.15 2.45 2.00 1.46 1.26 IR2
3.41 1.84 1.76 1.69 1.63 1.52 1.43 1.27 1.18 IR3
23.04  79.15 23.53 25.96 27.30 28.11 29.17 30.00 31.64 32.68 ltotal,
C'Hy(OH)S=0 67.63 13.48 16.36 18.81 20.79 23.73 25.82 29.05 30.74c
2.35 1.78 2.14 231 2.35 2.23 2.02 1.60 1.37 IR1
5.16 2.70 2.79 2.71 2.54 2.14 1.84 1.42 1.24 IR2
—54.03 75.14 17.96 21.29 23.84 25.68 28.10 29.67 32.07 33.35 ltotal,
CH3SCHs 55.30 13.61 17.18 20.50 23.39 28.05 31.63 37.38 40.41e
491 2.02 1.80 1.61 1.47 1.29 1.20 1.09 105 e
4.91 2.02 1.80 161 1.47 1.29 1.20 1.09 105e
—8.94  65.13 17.65 20.79 23.73 26.33 30.64 34.02 39.56 425k
CH3SSChH 70.67 18.73 22.69 26.20 29.18 33.92 37.52 43.29 46.33e
5.24 1.77 1.54 1.38 1.28 1.17 111 1.05 1.02 e
5.24 1.77 154 1.38 1.28 1.17 111 1.05 1.02e
—5.76  81.15 22.27 25.76 28.96 31.74 36.25 39.74 45.38 48.3%
TS1 55.2 79.54 18.00 20.70 23.02 24.92 27.69 29.57 32.28 33.60,c
TS2 68.48 15.66 18.13 20.22 21.92 24.54 26.46 29.47 31.04
4.83 2.09 1.90 1.71 1.55 1.35 1.24 111 1.06 IR1
38.0 73.31 17.75 20.03 21.93 23.47 25.89 27.70 30.58 73.31 fhotal,
TS3 —-7.5 71.92 17.36 19.96 2212 23.86 26.47 28.37 31.37 32.96,c
TS4 68.31 15.36 17.65 19.48 20.94 23.16 24.83 27.58 29.08
5.67 1.16 1.09 1.06 1.04 1.02 1.01 1.00 1.00 IR1
5.83 1.83 1.98 2.02 1.97 1.79 1.62 1.34 1.21 IR2
—24.7 79.81 18.35 20.72 22.56 23.95 25.97 27.46 29.92 29.92 fotal,
TS5 68.41 13.59 15.74 17.72 19.43 22.15 24.18 27.35 28.98
5.61 1.27 1.16 111 1.07 1.04 1.02 1.01 1.00 IR1
7.20 1.00 1.00 1.00 1.00 0.99 0.99 0.99 0.99 IR2
24.9 81.22 15.86 17.90 19.82 21.50 24.18 26.20 29.35 30.97 fatal,
TS6 32.7 71.25 16.64 19.68 22.22 24.26 27.23 29.24 32.10 33.48,c
TS7 22.3 74.84 19.75 22.33 24.19 25.58 27.58 29.06 31.57 33.0b,c
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TABLE 3 (Continued)

G°(M
species  AHi°2s S’208 300K 400K 500K 600 K 800 K 1000 K 1500 K 2000 K ref
TS8 75.61 18.25 20.83 22.89 24.49 26.85 28.57 31.37 3291
3.55 2.39 2.24 2.08 1.95 1.74 1.59 1.35 1.23 IR1
36.8 79.16 20.64 23.07 24.97 26.44 28.59 30.16 32.72 34.14 hhotal,
TS9 70.01 16.28 18.67 20.67 22.32 24.86 26.74 29.67 31.18d
4.83 2.09 1.90 171 1.55 1.35 1.24 111 1.06 IR1
—40.3 74.84 18.37 20.57 22.38 23.87 26.21 27.98 30.78 32.24 total
TS10 -11 69.89 17.23 20.51 23.03 24.96 27.69 29.54 32.22 33.54b,c
TS11 70.22 16.82 19.74 21.82 23.33 25.46 27.00 29.57 31.02b,c
2.52 2.40 2.33 2.23 2.13 1.93 1.75 1.46 1.30 IR1
—2.7 72.74 19.22 22.07 24.05 25.46 27.39 28.75 31.03 32.32 total
TS12 3.3 70.50 17.37 20.51 22.97 24.88 27.62 29.48 32.20 33.53b,c
TS13 —3.2 73.94 18.68 2151 23.58 25.12 27.30 28.87 31.49 32.97 b,c
TS14 71.73 16.88 19.63 21.66 23.18 25.34 26.92 29.54 31.01
2.35 1.78 2.14 2.31 2.35 2.23 2.02 1.60 1.37 IR1
—-18 74.08 18.66 21.77 23.97 25.53 27.57 28.94 31.14 32.38 lotal,
TS15 20.4 70.88 18.73 21.65 23.96 25.75 28.29 30.00 32.48 33.71b,c
TS16 58.6 70.13 17.10 20.42 22.98 24.94 27.71 29.57 32.25 33.57b,c
TS17 72.60 17.92 20.4 22.47 24.18 26.82 28.76 31.73 33.23d
5.61 1.27 1.16 111 1.07 1.04 1.02 1.01 1.00 IR1
—18.95 78.21 19.19 21.56 23.58 25.25 27.86 29.78 32.74 34.23 ¥otal,
TS18 73.09 17.47 20.08 22.01 23.44 25.5 27.01 29.56 31.01c
3.41 1.84 1.76 1.69 1.63 1.52 1.43 1.27 1.18 IR1
54.9 76.50 19.31 21.84 23.70 25.07 27.02 28.44 30.83 32.19 hhotal,
TS19 —6.0 70.19 16.07 19.06 21.64 23.77 26.92 29.06 32.07 33.49c
TS20 —-1.6 71.03 16.76 19.82 22.35 24.37 27.29 29.27 32.10 33.47c
TS21 67.52 14.79 17.38 19.60 21.42 24.21 26.23 29.37 30.99
5.61 1.27 1.16 111 1.07 1.04 1.02 1.01 1.00 IR1
20.78 73.13 16.06 18.54 20.71 22.49 25.25 27.25 30.38 32.99 total

2 AH¢®295 in kcal/mol, S205 and Cp°(T) in cal/mokK; temperature range 362000 K. AH°,95 is from ref 10.¢ Calculated in this study from
B3LYP frequencies using the “SMCPS” prograhCalculated in this study from HF/6-31G(d) frequencies using the “SMCPS” progrdnpublished
work, AH%2gg is the CBS-QB3 result with the use of isodesmic reactions=IRternal rotor contribution.

6-31G(d), respectively. The IRC analysis for the TEB2TS5 parameters of 5.6 A and 650 K are used. iedown is 1000
and TS7 to TS21 atom displacement is provided in Supporting calories and accounts for collisions with oxygen; an energy bin

Information Figures £19. IRC calculations for TS1 (CG4$ + of 100 calories is used. Rate constant data are shown and
O, — CH,S + HOy) and TS6 (CHSOO— CH,S + HO,) were explained in the series of figures and tables below for the
reported previously® chemical activation reaction.

3.3. AH{%gg (by Isodesmic Reactions)S°29s and Cy°(T) Figure 2 illustrates the log of the rate constant for formation

of All Species.Thermochemical parameters are listed in Table of stabilized adduct C§60O0 (combinedanti- and syn) vs
3. Comparisons of calculated enthalpies of formation with the temperature and pressure. The well depth of this adduct relative
available literature on a number of compounds are illustrated to reactants is very shallow, only 9.7 kcal/mol, and this weakly
in our previous papéer bound adduct dissociates rapidly back to the reactangSGH
3.4. Elementary Reaction Rate ConstantsAs noted above O,. The discussion below indicates that the adduct is formed
we find the energy of the transition state structure for thge®H rapidly, but it does not mean that the resulting concentration is
+ O, association (TS5) to be 5.0 kcal/mol below the entrance  high nor that is a highly stable final product.
channel of the reactants and note that this energy is calculated The three lower energy product channels areEH HO,,
relative to the CHSOO adduct. We treat the G8H + O, CHs + SO, and CHSO + O. The graphs of rate constants for
reaction to TS5 as having rigy; but being at the energy of the  these channels are also plotted in Figures 2 and 3. These
reactants. The preexponential factor is calculated from the TSchannels show less pressure dependence than the adduct
structure to be 1.2E12 at 300 K and 1.5E13 at 2000 K. formation; but the rate constants of these three product channels
Dissociation ofanti-CH3SOO back to CKS + O, has anE, of increase with temperature.
9.2 kcal/mol with an A factor of 2.2E13 at 300 K. CH,S + HO, comes from several paths, the most important
All other rate constants for the individual, elementary is molecular elimination of H®from the CHSOO adduct via
reactions are determined from the above thermochemical TS6. This barrier is 12.5 kcal/mol at 298 K, only3 kcal/mol
parameters using canonical transition state thébfhe results higher than the dissociation reaction of €0 back to ChHS
are fit through a temperature range of 3@D00 K and + O, The CHS + HO; product set also results from a
expressed in the form of a three-parameter Arrhenius ex- bimolecular abstraction of a hydrogen atom from4SHby O;
pression A x T" x expEa(kcal molY)/RT) and are listed in this channel contributes only up to 0.3% (at 2000 K). The least
Table 4. important path to CbB + HO; is the elimination path from
3.5. Calculated Rate Constants and Comparison with C.H;SOOH which contributes 0.02% (at 2000 K).
Literature. The elementary rate constants listed in Table 4 are  All of the CHz + SO, product set comes from the GEOO
used as input to the multichannel, quantum RRK calculations adduct isomerization through TS® the CHSGO; intermediate.
for k(E) with master equation calculatiodsfor pressure The barrier of this isomerization is 17.8 kcal/mol, 5.3 kcal/mol
dependence to estimate rate constants as a function of temperhigher than the competing H@limination channel, and it also
ature and pressure. The bath gas is He. The Lennard-Jonedfas a tight transition state. The formation of &+ HO,
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TABLE 4: Input Parameters for CH 3S + O, System for the Chemical Activation/QRRK-Master Equation Analysisf

no. reactions A2 n EP @@

1 CHsS+ O, — CH,S + HO, 3.33E+3 2.93 24.6

5 CH;S + O, — anti-CH3;SOO0 3.2788 1.35 0 398.3%7.623), 1611.2%3.893),
-5 anti-CH:SOO— CHsS + O, 5.21E+14 —0.352 9.2 3349.6xX2.484)

21 anti-CH;SOO— synCH;SOO 4.10811 0.098 0.07

—21 synCH;SOO— anti-CH;SOO 4.638-11 0.123 0.68 391.3(7.377), 1484.4%3.619),
2 SynCHs;SOO— CH3SG; 3.07E+12 1.677 17.9 3068.343.004)

16 synCH;SOO— C.H,SOOH 3.498-7 1.40 37.9

6 synCHsSOO— CH,S + HO, 1.92E+8 1.21 12.1

17 synCH;SOO— CH3;SO+ O 6.07E-8 1.51 24.3

-2 CHSO, — synCH3zSOO 7.0868-11 0.606 92.0 347.1¢5.138), 1183.1%6.306),
10 CHSO, — C.H,SOH 9.12E+8 1.31 52.3 3137.1x3.056)

3 CH;SO, — CH;0SO 1.20B8-11 0.751 46.3

9 CHsSO, — CHz + SO, 2.16E+12 0.575 14.8

—-10 C.HSO,H — CH3SO; 1.25E+10 0.579 26.8 348.647.350), 1038.7%4.013),
13 C.HSOH — CH,(OH)S=0 6.24E+11 0.338 25.0 3407.042.637)

11 C.HSO,H — CH,SO+ OH 1.91E+11 0.348 27.1

-13 CH(OH)S=0 — C.H,SO.H 1.02E+11 0.689 50.9 321.24.323), 990.2 £ 7.489),
14 CH,(OH)S=0 — CH,SO+ OH 4.77E+10 0.790 53.0 3503.242.188)

15 CHy(OH)S=— cyc-(COS¥O + H 6.48E+7 1.52 73.9

-3 CH;OSO— CH3SG;, 2.46E+8 1.25 47.2 341.4X4.411), 1211.6%6.742),
22 CH3;0SO— CH30 + SO 4.0E-8 0 57.3 3092.1%2.847)

4 CH;OSO— CHs3 + SO, 2.92E+11 0.815 30.5

19 CHO0SO— CH,O + SOH 2.898-7 1.403 48.4

20 CH0OSO— CH,0 + HSO 2.448-6 1.816 53.0

—16 CH,SOOH— synCH3zSOO 4.33810 0.181 35.5 375.2(7.533), 544.1%3.516),
7 CH,SOOH— CH,SO+ OH 6.37E+11 0.087 0 3507.7X2.451)

18 CH,SOOH— cyc-COS+ OH 9.91E+12 —0.180 32.3

8 CH,SOOH— CH,S + HO, 3.67E+11 0.482 13.7

a Ain unit of cn 3 mol s.® E, in kcal/mol. € Reduced frequency sets, frequency (degeneracy), from CPHTEM 1. 9 Via k_», and microscopic
reversibility (MR); A_», = 5.0E7 andE,_,, = 0 from estimation® Lennard-Jones parameters are 5.6 A and 650 K from ref&Brate constants
(exceptkyy) are calculated using canonical transition state theory (TST) with TS calculated at CBS-QB3, G3MP2, or G2 levels of theory. Please
see discussion in text.

T (k) 400 300 T (k) 400 300
Figure 2. CH;SOO @nti- andsyn) and CHSO + O formation rate Figure 3. Two product sets formation rate constant (l&y vs
constant (log) vs temperature and pressure. temperature and pressure.

dominates Chl+ SO, over all temperature (36€2000 K) and

pressure (1 to 100 atm) ranges, as illustrated in Figure 3. The total forward rate constant as a function of pressure and

The difference between these two paths narrows with increasedtemperature is shown in Figure 4. The total forward rate constant

temperature, the ratio of these two rate constants is 5000 at 300s 6.9 x 10t cm~3/(mol-s) at 300 K and 1 atm, and the dominant

K and decreases to 4 at 2000 K. species are the two forms of GBOO. The rate constants for
The formation of CHSO + O shows little pressure depen- the formation of CHS + HO,, CHz + SO, and CHSO + O

dence but a strong temperature dependence. The comparisoare 6.4 x 1, 4.6 x 107, and 4.9 x 1073 cm3¥/(mol-s),

in Table 5 shows that this channel has the highest barrier amongrespectively, at 300 K and 1 atm.

the three important new products, however it also has the largest The calculated rate constants as a function of pressure from

A factor of these three paths. It becomes more important at highQRRK-master equation analysis for the important channels are

temperatures, as one would expect. listed in Table 6.
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TABLE 5: Calculated Elementary (High-Pressure Limit) Rate Constants for Selected Products

synCH;SOO— TS2 synCH;SOO— TS6 synCH;SOO— TS17
product CH+ S0, @ CH,S + HO, CH;SO+ O
Ear (kcal/mol)
av of 300-2000 K 175 12.8 25.4
A (sh
300 K 5.47E-11 3.89E-11 6.54E-12
400 K 5.99E+11 3.86E-11 8.96E+12
500 K 6.60E-11 4.26E-11 1.19E+13
600 K 7.28E+11 4.95E+11 1.55E+13
800 K 8.84E-11 7.04E-11 2.41E-13
1000 K 1.058-12 9.93E-11 3.46E+13
1200 K 1.238-12 1.34E+12 4.64E+13
1500 K 1.478-12 1.93E+12 6.62E+13
2000 K 1.848-12 3.04E-12 1.04E+14

aThrough adduct CE8O*: CH3SOO— CH3SO,* — CHs + SO,.

TABLE 6: Calculated Rate Constants (206-2000 K) for
Products vs Pressure

(kcal/ pressure
reactions A N mol)  (atm)

CHsS + O, — anti-CHsSOO  1.838-37 —-11.0 52 1E5
1.83E+38 —11.0 5.2 1E4
1.84E+39 —-11.0 52 1E3
1.91E+40 —-11.0 52 1E2
2.64E+41 —-111 53 0.1

log K - 9.51E+42 —11.2 58 1
4.54E+44 —11.4 6.8 10

2.22E+45 —11.3 7.6 100

102 CHsS+ O, — synCH;SOO  2.788-37 —11.1 52 1E5

10! 2.79E+38 —11.1 52 1E4

& 2.80E+39 —-11.1 52 1E3

& 2.91E+40 —11.1 52 1E2

2008, 3.99E+41 —11.1 54 0.1
8001600, 400 107 & 1.39E+43 -11.3 59 1

1200, 999 10+ 7.00E+44 —115 6.8 10

T T 105 1.98E+46 —11.6 7.9 100

(k) 200 CHsS+ 0, —~CH,S+HO, 4.71E+24 —-47 83 1E5

Figure 4. Total forward rate constant (lok) vs temperature and 471E+24 -47 83 1E4

pressure. 4.71E+24 —-4.7 8.3 1E3

471E+24 —-47 83 1E2
474E+24 —-47 83 0.1

The available experimental results, primarily from the review Eo5Er24 —47 83 1

article by Tyndall and Ravishank&rare listed in Table 7. 2 o5Ero5 —49 87 10
The most recent experiment by Turnipseed, Barone, and 154E+27 -54 100 100
Ravishankara reports the rate constant of;€H O, — CH:S+ 0,—~ CH:SO+ O  5.25E+13 —15 16.9 1E5
CH3SOO to be (#18) x 1071* cm3(molecules), which 5.25E+13 -15 169 1E4
converts to 4.2x 10 to 1.1 x 10 in cm®(mol-s) (units of 5.25EF13  —-15 169 1E3
this study) at 216 and 258 K respectively, and-80 Torr of 525BF13  —1.5 169 1B2
524E+13 -15 169 0.1
He. Our results estimate the the rate constant ofS>H O, — 519E+13 —-15 169 1
CH3S0O0 at 237 K and 0.1 atm at 3:210% cm?/(mol-s), which 4.66E-13 -15 16.8 10
close to the lower end of the experimental value. 2.49E+13 —14 16.7 100

A small elementary reaction mechanism, for the low tem- CHS+0,—CH;+S0Q,  9.44E+25 -3.8 123 1ES

. . . . 9.44E+25 —-3.8 123 1E4
perature early time reactions, is constructed in Table 8. All Q44E 25 38 123 1E3

reactions except R14 are reversible with reverse rate constants 045E+25 -38 123 1E2
calculated from the thermochemical parameters and principles 947E+25 —-38 123 0.1
of microscopic reversibility. R3 to R13 in Table 8 of this 9.77E+25 -38 123 1
mechanism are the results of the QRRK-master equation analysis 144E+26 -39 124 10

on the CHS + O, system at pressure of 0.1 atm, with only the 7.31EF27  —44 132 100

noted important channels included. We further include a number ) ) )
of reactions in this mechanism relating to reactions of initial included and assumed irreversible (R14). The methyl radicals

reaction with an initial concentration of GH radical from the ~ xperiment) are active in this QQich environment and the
data of the experiment, at time zero. As the initial source of reactions R15 and R224 are amended. The barrierless

CHsS is CHSCH; we also add an equal quantity of gkadical. radicat-radical associations of G&3 with CHSOO and CHOO
Two CH;S radicals can combine to dimethyl disulfide without form energized adducts (GHOOCH* or CH3SOOSCH?)
a barrier. R1 and R2 are included in this model to account for with up to 70 kcal/mol excess energy and these energized
these association reactions. The loss ofsEHadical due to adducts undergo exothermic dissociation of the weak peroxide
diffusion at the reported rate constant of the experiment is bonds to oxy radicals, reactions R17 to R21. As an example:
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TABLE 7: Literature Data on CH 3S + O, Reaction System

k (cm¥/(molecule s)) experimental method ref
2E-13 product study Hatakayama and Akimito
3E-17 product study Grosjedn
>1.5E-16 product study Balla and Heicklgn
<2E-17 LP/LIF Balla et alt
<2E—-16 LP/LIF Black and Jusinski
<2E-18 LP/LIF Tyndall and Ravishankara
(7—-18)E-14 LP/LIF, CHSOO Turnipseed et &l.
5.4E-14 computational chem this study

aConditions: ~ 0.1 atm and room temperature to 200 K.

TABLE 8: Kinetic Model for CH 3S + O, System (0.1 atm, 2062000 K)

reactions A2 n Ep ref
CH3;SCH;— CH; + CHsS (R1) 4.898-37 —7.05 78.14 [
CH3;SSCH— 2CH;S (R2) 7.108-39 —=7.75 70.33 d
CHsS + O, — anti-CHs;SOO (R3) 2.64H41 —11.07 5.29 e
CHsS + O, — synCH;S00 (R4) 3.99841 -11.13 5.36 e
CHsS + O, — CH,S + HO; (R5) 4.74E-24 —4.67 8.29 e
CH3;S + O, — CH;SO+ O (R6) 5.24H-13 —1.50 16.85 e
CHsS + O, — CH3SO; (R7) 3.44E+12 —-5.94 14.14 e
CH3S + O, — CH; + SO, (R8) 9.47E+25 —3.80 12.33 e
anti-CH;SO0— synCH;SOO0 (R9) 2.49E46 —~10.06 80.48 e
synCH;SOO— CH,S + HO; (R10) 7.868-44 —10.86 79.95 e
SynCH;SO0— CH;SO+ O (R11) 2.80B-44 —10.55 79.95 e
SsynCH;SOO— CH3SO, (R12) 4.678-48 —10.40 79.95 e
CH3;SO— CH; + SO, (R13) 2.318-00 3.39 9.58 e
CHsS— CHsS(INV) (irreversible) (R14) 120 0 0 f
CHs + O, — CH;00 (R15) 1.2812 0 0 g
CHsS + CH;00 — CH3;SO+ CH30 (R16) 1.08-13 0 0 g
CHjsS + anti-CH3;SOO— 2CH;SO (R17) 2.58-12 0 0 g
CH;sS + synCH;SOO— 2CH;SO (R18) 2.58-12 0 0 g
anti-CH;SOO+ anti-CH;SOO— 2CH;SO + O, (R19) 3.4E-10 0 —1.5 h
anti-CH;SOO+ synCH;SOO— 2CH;SO + O, (R20) 3.4E-10 0 =15 h
SynCH;SO0+ synCH;SOO— 2CHSO+ O, (R21) 3.4E-10 0 -15 h
CHs + CH; — C;Hg (R22) 4.318-33 —6.65 4.64 i
CHs + CH;00— 2CH,0 (R23) 1.08-13 0 0 g
CH300 + CH;00— 2CH;0 + O, (R24) 5.5E+10 0 —0.42 h

aA'in unit of cn3, mol, and s? E; in kcal/mol. € High-pressure limitk is estimated a®\ = 2E+16, E, = 73.3, and then used as inputs of
QRRK-master equation analysis. The results are shown fetigh-pressure limik is estimated a8 = 2E+16, E, = 65.0, and then used as inputs
of QRRK-master equation analysis. The results are shown AiErem QRRK-master equation analysis, input are in TableC4HsS (INV) is the
invisible CHsS: the loss of CkS is due to diffusiort. 9 Estimations Reference 28.High-pressure limik is estimated a# = 3E13,E,= 0, and
then used as inputs of QRRK-master equation analysis, the results are shown here.

CH;S + CH;SO0< CH;SOOSCH* <= 2 CH,SO, The product profiles from the Chemkin run are shown in
AH. = —90 kcal/mol Figure 6 for conditions of 216K and 0.1 atm of He, with,JO
o = 1.3 x 10 molecules/cm3. The major species in the system
. . are CHOO and CHSOO. CHSOO starts to dominate GH
g?ﬁg?\f\?oaggggg??:éS;?glﬁrmg%g?gﬂgg{gg;i?gﬁ&g% r:]ne]nt radical after 1 ms. The G300 concentration is 10 times higher
CH,S/(=0)). than dimethyl disulfide before 1 ms, 10Q times higher than-CH
S SO, and about 4 orders of magnitude higher than&HHO,,

If the energy is partitioned equally in the two €50  hich is the most important unimolecular (forward) reaction
products, then each GHO will have sufficient chemical  from the CHSOO adduct.

activation energy AHx) to dissociate to bD + HC'=S or
CH,S + OH before collisional stabilization occurs. (Barriers

for these last two reactions are not included in the thermo- 4. Summary

chemical estimate). Thermochemistry, kinetic parameters, and a potential energy
The CHEMKIN Il mechanism integrator is used to model surface for the CEB + O, reaction system are studied using

the three reaction conditions of Turnipseed et alhere Q density functional, ab initio, and composite methods in com-

concentrations are 1.2986, 3.48E+16, or 4.6E-16 molecules/ putational chemistry. The analysis extends into thermochemistry
cm?. The temperature is 216 K and the pressure is 80 Torr of and potential surfaces for the @H- SO, and CH=S=0 +

He as used in their experiment. The profiles of SHadical OH association reactions and unimolecular dissociation of
from our mechanism are compared with the experiments in CHsSO,, and CHOSO. Kinetics of the CkE + O, system
Figure 5. Our mechanism overestimates the loss 0okSCH are analyzed in detail and compared with experimental studies
radicals at all three [g) conditions, since our overall G$ + from the literature.

O, well depth is lower, 9.7 vs 11.2. We feel this result is The well depth for the Ck& + 30, reaction to CHSOO
acceptable for this initial quantum RRK chemical activation adductis very shallow at 9.7 kcal/mol. Three exit channels from
analysis and will move to RRKM analysis for improved the CHSOO adductto CHS+ HO,, CH; + SO, and CHSO
accuracy. + O are found to have low reaction barriers; but all of these
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Concentration of CH3S
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Figure 5. Comparison of model with the experiment data for the decay
of CH;sS radical at 216 K and 80 Torr of He.
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Figure 6. Major species at 216 K and 80 Torr of He,jJG= 1.29E+16
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barriers are slightly higher than reverse reaction o88IO to
CHsS' + O,. All transition states in this weakly bound G&-
OO system including adduct formation/dissociation are tight,

J. Phys. Chem. A, Vol. 110, No. 21, 2008037

reactants. Rate constants and thermochemistry of th&0B
adduct and transition states are in reasonable agreement with
the experimental data in the literature. The G3MP2 and CBS-
QB3 composite methods are recommended for sutfoxygen
hydrocarbon systems and show significantly better agreement
with literature than the density functional methods used in this
study.
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