J. Phys. Chem. R000,104,935-946

Mechanism of the Reaction of CHSO with NO»

935

in Relation to Atmospheric Oxidation of

Dimethyl Sulfide: Experimental and Theoretical Study

Alexander Kukui,* Val€rie Bossoutrot, Geard Laverdet, and Georges Le Bras
Laboratoire de Combustion et Systes Ractifs, C.N.R.S., 1c:.a de la Recherche Scientifique,

45071 Orlans Cedex 2, France

Receied: September 7, 1999; In Final Form: Member 17, 1999

CHsSG, radical decomposition and the mechanism of &@d CH formation in the reaction of C4$0 with
NO, were experimentally investigated in the pressure rang@l® Torr of He using laser pulsed photolysis/

laser-induced fluorescence and discharge flow mass spectrometry/laser-induced fluorescence techniques. The

upper limit for the thermal decomposition rate of €D, in the investigated pressure range has been found
to be 100 s! at 300 K. High-pressure limik® = 2.08 x 10° s™%, and low-pressure limik® = 2.72 x 1077

cm?® molecule® s72, of the rate coefficient of the G330, decomposition have been derived from ab initio
and RRKM calculations. The 30O, decomposition rate at 760 Torr and 300 K has been estimated to be
about 200 s from falloff calculations. Reaction of CG3$O with NG, has been found to form GHand SQ

with a yield varying from (0.33t 0.05) at 13 Torr to (0.18& 0.03) at 612 Torr of He. The rate constant for
the reaction of CES0 with NG, has been found to be (15 0.4) x 10 cm® molecule® st at 300 K,

independent of pressure. On the basis of ab initio and RRKM calculations, the experimental results have

been interpreted by assuming the reaction 0§86l with NG, to form chemically activated C§$O,* radical
followed by its thermal stabilization or prompt decomposition to;@Hd SQ. The implication of the obtained
results for the atmospheric oxidation of dimethyl sulfide is discussed.

Introduction

Release of dimethyl sulfide (DMS) by marine biota has been
recognized as the largest natural global source of sulfur in the

One of the possible key intermediates in DMS oxidation
mechanism is the methylsulfonyl radical (¢$0,).8 It may be

formed either directly in reactions of the @& intermediate

atmosphere exceeding anthropogenic sulfur emissions in theWith NO2 and Q or via isomerization of CESOO generated

southern hemisphefegAtmospheric oxidation of DMS has been

by addition of Q to CHsS? The CHSO radical is produced in

suggested to play an important role in the formation of clouds the abstraction route of the OH oxidation mechanism and in
by producing new sulfate particles which act as cloud condensa-the NG; oxidation through the sequence involving the

tion nuclei (CCNY This source of non-sea-salt sulfate is
considered to be predominantly the gas-phase oxidation gf SO
to H,SO, by reaction with the OH radical. Knowledge of the
SO, yield from DMS oxidation is therefore crucial to assess
the capacity of DMS to produce aerosol. TheS@eld is
determined by the mechanism of DMS oxidation which is quite
complex and far from being well understood. It is now known
that the main initiation step of DMS oxidation is the reaction
with OH which proceeds by both abstraction and addition
channels, the latter being dominant at low temperatéifése
other significant channel, the reaction with jy@ppears to
proceed exclusively by hydrogen abstractid@ased mostly on
field measurements and chamber type studlfethe main
oxidation products are believed to be, besides,Sfiethane
sulfonic acid (MSA) and dimethyl sulfone (DMSY) although

the mechanism of their formation remains poorly defined in
terms of elementary reactiohsThe relative yields of the
products may also strongly depend on temperature and othe
atmospheric conditions, like N@oncentration or intensity of
vertical mixing. In fact, no reliable and unambiguous data exist

on the correlation between products yields and atmospheric

parameters. Considering the complexity of the system, experi-
mental studies of the elementary steps involved in DMS
oxidation remain of prime importance.

* Corresponding author. E-mail: kukuy@cnrs-orleans.fr.
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CH3SCHO, and CHS intermediates. C4$0 has also been
suggested to be formed in the OH addition reaction through
dimethyl sulfoxide (DMSOQO) in a mechanism involving H atom
abstraction from DMSO by OFlHowever, it has recently been
shown in a more direct study that the OH reaction with DMSO
produces methane sulfinic acid (MSIA), @&{O)OH, which
may react with OH to produce G8Q0,.1° Then, both mecha-
nisms suggested for the OH addition reaction of DMS would
produce CHSGO,. This radical would be, therefore, an interme-
diate in all the oxidation routes of DMS. In such a case, the
reactions of CHSO, formation and fate may influence the 5O
and MSA yield and hence the capacity of DMS to produce new
CN from SQ oxidation. CHSO, can decompose to GHand
SO, or react with @, Oz, and NQ to produce CHSGO; and
possibly MSA.

The stability of the CHSGO; radical and its reaction with NO
have been investigated recently in this laboratory by Ray €t al.
using the discharge flow LIF/MS method. The decomposition
of CH3SO; has been found to be very fast, with a rate around
500 st at 0.75 Torr of He and at room temperature. In the
present work, decomposition of GHO, radical and the
mechanism of the reaction of GHO with NG, were further
investigated in an extended pressure range by monitoring the
absolute yields and kinetics of $@nd CHO. Theoretical
analysis of experimental data is also presented.

10.1021/jp993158i CCC: $19.00 © 2000 American Chemical Society
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Experimental Section cavities for F or Cl atoms generation. For the source of F atoms,
ceramic (AbOs) inserts were used in the discharge region. Inner
surfaces of the reactor were coated with Halocarbon wax. Inner
surfaces of the injector were coated with phosphoric acid to
minimize wall loss of Cl atoms. Flow velocities of He were in
The range 519 m s! at a total pressure of 1 Torr of He.

CHsS was produced via the fast reaction §3H + Cl —
CH3S + HCI (k = 2 x 10710 ¢cm?® molecule’? s71),13 with
subsequent conversion of G&ito CHO and SQ as described
in the next section. All experiments were performed in excess
concentrations of N@and CHSH over Cl atoms. Typical
concentrations of N CH;SH, and Cl were (0.550) x 10,
(3—10) x 103, and (5-20) x 10 molecules cm3, respec-
tively. NO, and CHSH were introduced directly into the main
flow tube via a sidearm. Chlorine atoms were produced by
passing G¥He mixtures through a microwave discharge and
added to the mixture of NOand CHSH via the movable
injector.

The LIF signal recorded from the CI/GHH/NG; reaction
mixture resulted from the fluorescence of both{0Hand SQ.

The kinetic measurements were performed by monitoring LIF
signals at several, four or six, excitation wavelengths in the range
289-295 nm as a function of reaction time. Extraction of {H

and SQ specific contributions from the LIF composite signal
was performed by a least-squares method using known relative
signal intensities at the used wavelengths for;Gtand SQ
measured routinely for every experimental run. LIF signal
excitation and detection schemes were the same as described
for laser photolysis experiments with the difference that the dye
density filter. laser was pumped by a Lambda Physik excimer (XeCl) laser

CH30 was detected by pumping of itA; — XZ2E transition operated at a pulse repetltlpn rate of 20_ HZ_'
at 292.8 nm using frequency doubled output of a Lambda Physik Reference methoxy radical LIF excitation spectra were
FL3002 tunable dye laser (Rhodamine 6G dye) pumped by a recorded using reaction of Givith NO; as the source of C4®.

Continuum Surelite 1-10 Nd:YAG laser. The dye laser pulse CHs radicals were produced by reaction of F atoms with
energy was ca. 0.1 mJ and was monitored after passing themethane. LIF spectra of S@nd absolute sensitivity of the LIF

fluorescence cell by a LAS PM200 pyroelectric detector for detection system to SQwere obtained by adding a known
every pulse. concentration of Sgto the investigated reaction mixture without

The fluorescence light was detected by a Hamamatsu R2560diScharge and by recording the resulting spectra.
photomultiplier after passing through a band-pass filter. The ~ Chlorine atom concentrations were determined by mass
multiplier output was amplified with a fast preamplifier SRS Spectrometric measurements of the yield of vinyl chloride,
D-300. The LIF signal was registered in a photon-counting C.H3Cl, in the titration reaction of Cl with vinyl bromide,
integration mode using a SR430 multichannel scaler/averager.CZH3Br-14
The gate of the counter was opened with a delay of8.after
the laser pulse. The gate width was®2us. The fluorescence  Experimental Results
signal was normalized to the average probe pulse energy upon
integration of 106-200 laser shots.

DMDS (or CHl) and NG, diluted in He were added to the
He carrier gas flow in the glass manifold. No difference has
been found when the reactants were injected directly into the
flow cell, suggesting a negligible influence of possible hetero-
geneous reactions of DMDS and M@ low velocities were in
the range (5100) cm s, while the laser pulse repetition rates ) v -
were chosen to ensure mixture renewal between two Iou|Sesl_thermocherr_ncally feasible ch_annels, but the most likely channel
Typical concentrations of DMDS, G and of NG used in IS that forming two CHS radicals:
the present experiments are presented in the comments to Table
2. Further experimental details are presented in the Experimental CH,SSCH, + hv (248 nm)— 2 CH,;S (1a)
Results section.

Discharge Flow—MS/LIF Experimental Setup. The ex- Barone et al® have determined a yield of G8B of (1.65+
perimental setup was similar to that used in the previous 0.38), with a negligible production of H atoms. Lee et®&tave
investigation of the CkBO, decompositiot with some modi- studied the photodissociation of DMDS by translational spec-
fications for the detection of C# and SQ. The reactor troscopy and concluded that dissociation occurs predominantly
consisted of a 36 mm i.d., 400 mm long quartz flow tube and via S—S bond scission. On the basis of these results, we assumed
a movable inlet tube of 15 mm i.d. made of Pyrex. Both tubes that only channel 1a occurs corresponding to a photolysis yield
had sidearms, each equipped with inlet ports and microwave of CH3S from DMDS of two.

Two different experimental setups have been employed in
this study. The experiments at low pressure, 1 Torr of He, were
conducted in a discharge fast flow reactor coupled to a combined
mass spectrometric/laser-induced fluorescence detection syste
(DF-MSI/LIF). For the experiments at 3®00 Torr of He, a
pulsed laser photolysis with LIF detection (PLP-LIF) technique
has been used.

Pulsed Laser Photolysis/LIF Experimental Setup.The
PLP-LIF experiments were performed by photolyzing
CH3SSCH; (DMDS) or CHsl in DMDS/NO,/He or CHI/NO,/

He mixtures, respectively, and by monitoring the {CHadical
kinetics by LIF. The CHO profiles obtained by photolysis of
CHsl/NO2/He mixtures were used for GB calibration and for
the determination of the rate constants for the reactions of CH
and CHO with NO,, as described in the Results section.

The reaction cell was similar to that previously described by
Mellouki et al?? It consisted of a jacketed 4.5 cm diameter Pyrex
flow tube with 15 cm long orthogonal sidearms equipped with
light baffles and quartz windows. The temperature in the reactor
was maintained with an accuracy #fl K by flowing temper-
ature regulated liquid through the jacket. The photolysis and
probe beams were perpendicular to each other and to the flow
direction. The delay time between the photolysis and probe
lasers was varied from 10s to 1 ms.

The photolysis was performed at 248 or 351 nm using a KrF
or XeF Lambda Physik excimer laser operating at-6 Hz
pulse repetition rate. The pulse energy of the cm diameter
excitation laser beam was kept below 1 mJémsing a neutral-

Pulsed Laser Photolysis/LIF ResultsIn the experiments
using photolysis of DMDS/N@mixtures either at 248 nm or
at 351 nm the CgD radical has been detected with typical
dependence of LIF signal intensity on reaction time as shown
in Figure 1. The mechanism used for the treatment of theGCH
kinetics includes reactions—9, and it is described below.

The photolysis of DMDS at 248 nm may proceed via several
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Figure 1. Time dependencies of GB concentrations in the photolysis
of CHsl (®) and DMDS Q) in the presence of N{atp = 100 Torr,
T = 300 K, and [NQ] = 8.58 x 10" molecules cmq. Solid lines

represent concentration profiles calculated using reaction rate constants

ks =5.77x 10711, ko= 1.17 x 10711, ks = 1.09 x 10714, in units cn?
molecule® s, anday = kayks = 0.14.

The CHS radical produced via reaction la reacts with,NO
to form CHSO:

CH,S+ NO, — CH;SO+ NO (2)
This fast reaction has been found to produce;®8 with a
unity yield at 297 K and 1 Torr of H&. This is in agreement
with a NO vyield of (0.84+ 0.2) measured by Tyndall and
Ravishankara8 Taking into account the pressure independence
of ky in the range 3200 Torr and only a weak temperature
dependencé®2°we assumed C$$0 to be formed with a unity
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cording to reaction 4a on the basis of kinetics and absolute yield

of NO observed by photolyzing DMDS in the presence of,NO
CH;SO+ NO, — CH,SQ, + NO (4a)

Ray et al! assumed Cg80, formation and its fast decomposi-

tion to CH; and SQ from the CHO and SQ kinetics measured

by LIF in discharge flow reactor experiments. Similarly to Ray

et al.}1 formation of the CHO radical, observed in the present

work, has been assigned to the reaction sequence including

formation of the CH radical followed by its reaction with NO

(5a):

CH; + NO,— CH;0 + NO (5a)
Direct formation of CHO in the reaction of CkBO with NG,

is endothermic by about 33 kcal/mol and therefore negligible.
The source of Ckimay be either the thermal unimolecular
decomposition of CEBO, (6) or the reaction of CESO with
NO; (4b):

CH,SO, + He— CH, + SO, + He
CH,SO+ NO,— CH, + SQ, + NO

(6)
(4b)

As it is discussed below, formation of GHind SQ may
also proceed via a mechanism, including formation of a
chemically activated C§BO,* radical in reaction 4, and its
prompt decomposition which would compete with its thermal-
ization. Nevertheless, as the prompt decomposition/thermaliza-
tion processes proceed on a time scale 0300’ s, the two

our experiments.

At 248 nm photolysis, an additional source of §&Hand
CH3SO radicals is the reaction of DMDS with O atoms
generated by photolysis of NOks = 1.5 x 10710 cm?
molecule’! s71):2

3

Initial concentrations of O atoms, [P} (0.1-2) x 101
molecules cm?3 at 4 = 248 nm, were calculated using known
excimer laser fluence and N@hotolysis cross section. The
resulting corrections for the initial concentrations of £s+and
CH3SO depended on the ratio of the initial DMDS and NO
concentrations and were in the range3D%, as determined
from the numerical simulations and estimated from the ratio of
initial concentrations of Cg§ and CHSO produced from
reaction 3 to the initial CES concentration generated by DMDS
photolysis. The ratio is equal tan(o,/opmps)/(Ko+no ks +
[DMDSJ)/[NO3]), ono, and opmps being the absorption cross
sections of N@ and DMDS at 248 nm an#lono, the rate
constant of O+ NO, reaction Koino, = 9.7 x 10712 cm?®
molecule’® s71).21

Several experiments were performed by photolyzing DMDS/
NO., mixtures at 351 nm. In this case, reaction 3 was the main
source of CHS and CHSO radicals, photolysis of DMDS being
negligible compared to that of NO

The CHSO radical reacts predominantly with M@, = (1.2
+ 0.25) x 107 cm® molecule* st at 1 Torr of He)'?

O + CH,SSCH,— CH,S + CH,SO

CH,;SO+ NO, — products 4)
The products of reaction 4 have not been directly identified,
although indirect evidence of GHO, formation has been found.
Tyndall and Ravishankatasuggested Ck80O, formation ac-

CH30 and SQ concentration profiles which, therefore, have
been analyzed assuming a mechanism including reactions 4a
and 4b.

In addition to reaction 6, another removal process of
CHsSO, may be its reaction with N&X7), which may also lead
to the formation of CH via decomposition of CESO; (8)
formed in (7a):

CH,SO, + NO, — CH,SO; + NO (7a)
— CH; + SO, + NO (7b)
— products (7c)

CH,;SO, + He— CH; + SO, + He (8)

The CHO radical formed in reaction 5a is predominantly
consumed in reaction with NO

CH;0 + NO, — products 9)

The experimental C§O concentration profiles were analyzed
in order to determine the rate constants for reactions 4, 6, and
7. For this reaction system the influence of diffusion on the
rate parameters derived from modeling may be significant. The
influence becomes stronger at low pressures and low reaction
rates, e.g., low N@concentrations in our system. Characteristic
diffusion time has been roughly estimated from the expression
tp = R?/4D, whereR is a radius of the detection zone abd
the diffusion coefficient of the reactive species in He. At 10
and 100 Torr pressurgy ~ 5 and 50 ms, respectively. The
concentration of N@used in the experiments, [ND> 10
molecules cm?, was high enough to make the time constant
for reaction at least 10 times shorter than the estimated
characteristic time of diffusion.
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TABLE 1: Reactions Used for Simulation of CHO 2.0
Concentration Profiles
k, e Tw 1.5 -

reaction moleculets™t ref é
2 CHsS + NO, — CH3SO+ NO 6.1x 10711 19 f 10
4b  CHSO+ NO, — CH3; +S0O, +NO variable 5§
4a  CHSO+ NO,— CH3S0O, +NO variable b=
6 CHsSO, — CH3 +SO; variable e o5
7a  CHSO, +NO, — CH3SG; +NO variable 5
8 CH;SO; — CH3; +S0; variable
5b  CH; +NO; +He— products See text 0.0
5a CH;+NO,— CH;O + NO 25x 101 25 0 200 400 600
9a CHO + NO,; +He— CH3;ONO, + He  See text P, Torr

9  CHO + NO,— CH,O + HONO
10a O+ CHsl — CH; +10O

10b O+ CHsl— CH.l + OH

10c O+ CHsl— products

3 O + CH3SSCH — CH;S + CH;SO
11 O+ NO;— O, +NO

2.0x 10718 21
0.79x 10711 28
0.29x 10°1* 28
0.72< 10711 28
1.51x 10°%0 21
9.73x 10712 21

Figure 2. Pressure dependence of the second-order rate constant for
the reaction of CKD with NO; (9): () experimental points; (solid

line) falloff curve calculated using parameters from Frost and Sthith
mixtures (see next section).

W : 1 I TJ
T L
The reaction of CHO with NO, has been studied previously

-1
in the pressure ranges-10 Torr22and 30-100 Torr of Hez324 20 ‘
The comparison oke derived from our experiments with the 0 200 400 600
previous results has been used as a test. P. Torr
The reaction of Chlwith NO, proceeds via two channels,
reaction 5a and the pressure-dependent channel 5b:

a4
o

Simulation of the experimental GB profiles was performed
using the rate constakt = 6.1 x 101 cm® molecule’ s71.1°
The rate constants used for the reactions of @kl CHO with
NO, were those determined in this work from the M
concentration profiles obtained from photolysis of INO,

»
o

ks, 10" cm® molec™ s™

Figure 3. Pressure dependence of the second-order rate constant for
the reaction of Chwith NO,: (®) experimental points; (solid line)
calculated falloff curve (see text).

CH, + NO, + He— CH;NO, (CH,ONO) + He (5b) (atio:

Then, the pressure dependence of the;GHield had to be O+ CHyl — 10 + CH;, (10a)
considered. At low pressure, the fast reaction 5a formingGCH
is predominant s, = 2.5 x 107! cm® molecule® st at 1 Reaction 10Kio= 1.7 x 10"t cm?® molecule’! s 1) has been
Torr of He)?5 The addition channel (5b) forming GNO, or reported to proceed with a GHyield of 44% + 4% and a
CHsONO is known2s but no direct measurement of the rate negligible yield of CHO2
constant at room temperature and in the pressure range of our The results obtained in this work for the pressure dependence
study has been reported so far. of kg andks are presented in Figures 2 and 3, respectively. For
In this work, the pressure dependence of the total rate constani€action 9, the results are in good agreement with those of Frost
ks and of the CHO yield has been accounted for by recording and Smith?* The data for reaction 5b were fitted to the falloff
the CHO concentration profiles from CGHNO, photolysis. curve described by the Troe expresst®mhile the rate constant
These were recorded under the same experimental conditiondOr reaction 5a has been considered to be independent of pressure

(NO, concentration, pressure, flow conditions, and lasers (Ksa= 2.5x 107** cm® molecule* s7%).2> Using a broadening

fluence) as for the experimental runs with DMDS/N@ixtures.

CH3l/NO, Photolysis. Photolysis of CHI is known to
produce the Chkiradical with unity quantum yield In a large
excess of N@ the dependence of the experimental sOH.IF
signal intensity|€Hd, on reaction time is determined mainly
by the reaction of CED formation (5) and the consumption
reaction with NQ (9).

For the determination dfs andky, the following procedure
has been used. First, the rate constgnivas estimated from
the quasilinear dependencies oflfit's' = f(t) at long reaction

factor of 0.6, the following low-pressure and high-pressure limit
values ofksp have been derived at 300 K:

ke, = (2 + 1) x 10 2 cm molecule *s™*
and
kg, = (4.2+ 0.5) x 10 ™ cm® molecule* s™*

The only previous estimatiohg, = 3.44 x 107! cm?

times where reaction 5 became less significant compared tomolecule’ s™* 26 is in fair agreement with our result. The

reaction 9. This estimation & was used in the optimization
of ks by least-squares fitting of the GB profiles. Finally, the
two parametersks and ko, were optimized simultaneously by
least-squares fitting, using the estimatedand kg as initial

present determination €, can be compared with the low-
pressure limit value (6= 2) x 10°2° cm® molecule? s,
estimated for the CENO, formation channel by McCaulley et
al.3% Considering the given uncertainty ranges and taking into

values for the optimization. The two-parameter optimization was account the possible contribution of the reaction channel forming
performed using the set of reactions listed in Table 1. In addition CH;ONO to the rate constarg, determined in this work, as

to reactions 5 and 9, the reaction of O atoms withsIC{10)
was of importance in the experiments with a low [{JHNO ;]

well as a somewhat arbitrary value chosen for the broadening
factor, these results may be considered as consistent.
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TABLE 2: Experimental Results Obtained by Photolyzing DMDS/NG, and CHsl/NO, Mixtures at 248 and 351 nn#

P, ko, 10711 ks, 10711 ks, 10711

Torr cm® moleculels™? cm® moleculels™? cm® moleculels™? oy = Kan/ky
T=300K

12 0.64+ 0.06 4,28+ 1.2 1.99+ 0.3 0.33+ 0.05

30 0.96+ 0.09 493+ 0.9 1.79+ 0.3 0.29+ 0.08

48¢ 1.07+0.15 490+ 0.4 1.10£ 0.5 0.19+ 0.03

51° 1.02+ 0.15 5.62+ 0.2 1.15+ 0.3 0.23+ 0.03

101¢ 1.19+0.20 495+ 0.2 1.30+ 0.5 0.18+ 0.04

104 1.05+0.17 5.26+ 0.5 1.46+ 0.4 0.17+ 0.04

200 0.96+ 0.20 5.14+ 0.6 1.8+ 0.3 0.17+ 0.05

302 1.30+ 0.04 5.76+ 0.3 1.72+ 0.7 0.15+ 0.05

400 1.33+ 0.07 6.02+ 0.5 1.32+0.4 0.12+ 0.05

451P 1.29+ 0.04 5.62+ 0.3 1.55+ 0.5 0.12+ 0.02

560 1.42+0.15 496+ 1.0 1.42+ 0.6 0.18+ 0.06

612 1.25+ 0.15 6.07+ 0.5 1.33+: 0.4 0.18+ 0.03
T=243K

50° 1.50+0.10 490+ 0.5 1.30+ 0.2 0.10+ 0.04
T=313K

56° 0.69+ 0.08 5.54+ 0.9 1.17£0.1 0.24+ 0.02
T=333K

500 0.83+0.20 3.2+ 15 0.95+ 0.4 0.31+ 0.04

2 Presented are averages of values derived from experiments at differecbNEntrations ranging froms 10 to 6 x 10'® molecules cmq.
Concentrations of DMDS and GHwere (2-10) x 10" and (15) x 10" molecules cm?®, respectively? Photolysis at 248 nnf.Photolysis at
351 nm.

determination, as might be expected. Within the accuracy of
the experiments, the description of the §Hconcentration
profiles could be achieved using different combinationgk.of
andks. The lower limit ofk, corresponds to the value found
using model ak, > 1.5 x 10~ cm® molecule'! s71. To fit the
calculated CHO profiles to the experimental onés; corres-
ponding to the lower limit ok, has to be higher thanb x
1C° s1. In that case, reaction 4 is the limiting step of £H
formation. The lower limit okg is conditioned by the accuracy
0 200 400 600 of the experimental data.

P, Torr The other limiting case, assuming fast reaction 4, provides

Figure 4. Pressure dependence of the second-order rate constant ford! estimate of the lower limit for the rate of thermal decomposi-

the reaction of CHBO with NQ; (4) at 300 K. tion (6). Increasind, requires loweringdis with the limit value
ke =5 x 10* s reached aks = 5 x 1070 cm® molecule’?

DMDS/NO, Photolysis. Numerical simulation of CkD s*l._ However, the values &g obtained by the fitting procedure
concentration profiles was performed assuming several kinetic at fixedks, 5 x 10719 = ks = 1.5 x 107** cm® molecule s,

@
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Ks4 10" ¢m® molec” 5™
N
o
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models of CH formation: (a) formation of Chiin reaction ~ Were found to be dependent on the Né@ncentration, which
4b; (b) thermal decomposition of GBO; (6) with production IS inconsistent with the assumed mechanism.
of CH3SQO;, via reaction 4a; (c) formation of CHin both Similar results have been obtained using model ¢ assuming

reactions 4b and 6; (d) formation of GHirectly via reaction CHs; formation via both channels 4b and 6. The model requires
of CH3SO, with NO, or indirectly via thermal decomposition ks = 1.5 x 107! cm® molecule! s™* and a fast thermal

of the CHSO; radical. decomposition (6) wittks around the above limiting valudég
The fitting procedure of CkD profiles using model a was = 5 x 10*s™%, slightly dependent on the ratlay/ks. Another
performed by varying only the rate coefficigat while ks and possibility with model c is to assume a slow decomposition of

ko were determined from the photolysis of §MO, at the same ~ CHsSO; via reaction 6, with a raté < 100 s*, combined
NO, concentration as used in the DMDS/N@ixtures. Reac-  With CHs formation in reaction 4b. The upper limit & in this
tion 4 was considered to proceed only via the channel 4b case is determined by the characteristic time of the photolysis
forming CHs. Varying the branching ratioy = kay/ks would experiment and by the accuracy of the £LHprofiles; atks <
affect the calculated absolute concentration ofsOHbut not 100 s the fitted calculated CkO profiles are not sensitive to
the shape of the C¥D profile from which the total rate ke
coefficientks was determined. The rate constakiobtained Assuming model d, the rate of the @ibrmation may be
with this model did not exhibit any systematic dependence on limited either by formation of CEBQ; in reaction 4 or by
NO, concentration and, as shown in Figure 1, provided a good formation of CH in reactions 6-8. In both cases, the model
description of the experimental profiles. The mean valuds of  requires unusually high rate constant for the faster step with
obtained at different pressures between 12 and 612 Torr fromthe decomposition rates of GHO, or CH;SO; dependent on
experiments carried out at different N@oncentrations are ~ NO, concentration. In addition, the mechanism assuming SO
presented in Table 2 and Figure 4. Thksealues are pressure  formation is inconsistent with the S@ormation observed by
independent within the given errors, yielding the average value LIF and mass spectrometry in low-pressure experiments.
ks = (1.5% 0.4) x 107 cm® molecule’t s71. Summarizing the simulation results, we conclude that relative
Simulation of CHO profiles using model b required variation concentration profiles of C¥0 can be adequately described
of two parameterss, andks, and did not allow their independent  assuming formation of CHn reaction 4 withk, = (1.54+ 0.4)
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x 10711 cm® molecule’® s71. Nevertheless, the possibility of

CHz formation via CHSO, decomposition (6) cannot be ]

excluded provided that reaction 6 is either sufficiently fé&st, - 3

> 5 x 10*s71, or very slowks < 100 st in the pressure range m'o”

used. e
Yield of CH3. The CH; yield has been determined by >

comparing the CkD concentration profiles obtained by pho-

tolysis of DMDS/NGQ and CHI/NO, mixtures under the same

experimental conditions. The GA profiles obtained by pho- 5 ‘ ‘

tolysis of CHI/NO, were fitted by modeling using appropriate 0 1 2 3

values for rate constankg andkg. These rate constant values concentration, 10" molecule cm™

were used to find the value &f by model calculation by fitting Figure 5. Dependencies of total GJ@ fluorescence quenching rate

the experimental C§D profiles from the photolysis of DMDS/ K Vs concentration of Chil (O) and DMDS () atP = 103.7 Torr

NO,. The vyield of CH has been derived from the ratio of and [NQJ =5 x 10" molecules cm?.

integrals of the LIF signal over reaction time calculated using

the determined rate constams ko, andki. L
Assuming direct formation of Cgtadical in reaction 4b, the B e
ratio of the integrals is related to the branching ratio= ks o6 T
k4 according to the following expression: < 7200 _
~ 04 I %
([CH4lo + O~103CH3|[O]SH3|) LOO'DMDSdt B (§ |
0y =q - 02 K. U
(CH:Slo + 2omodlOI8™) [ e e R
_ ) 0.0 : : T—
where [€Hs and IPMPS gre the time-dependent LIF signals 0 200 400 600
intensities of CHO from the photolysis of CE/NO, and p, Torr

DMDS/NO,, respectively;q is a correction coefficient taking  Figure 6. Calculated pressure dependence for the thermaSCH
into account the different fluorescence quenching rates in the decomposition rate coefficient (solid line with points) and pressure

CH3l/NO, and the DMDS/N@ mixtures; [CHj]o, [CH3S]o, degggdggeg&é C:i'!/(ijegs(?(). (©), (m), (IA))Z(gglnm phc;]tolylsis_aT
DMDS Hl I : - = , , , an , respectivelid nm photolysis at
[Olo  and [OE a_re the_ initial r.adlcal Eoncentratlons 300 K. Pressure dependencies of $SBy* prompt decomposition
produced by photolysisguo = Kiodkio; fcra = klO[C.Hfil]/ fraction a2 calculated usindgs* = 13.44, 13.72, 14.09 kcal/mol and
k11[NO2] and fomps = ks[DMDS]/kii[NO,] are coefficients  thermal distribution witHEC= 16.9 kcal/mol are presented by dashed,
accounting for the O atom consumption by NO solid, dotted, and dotteedashed lines, respectively.
O+ NO,—NO+ 0O, (112) As the laser fluence was the same during the experiments with

the two reaction mixtures, the value corresponding to this term
The above expression has been derived assuming the thermadf independent of the photolysis laser fluence.
decomposition (6) to be either much faster than reaction 4 or  The coefficient accounting for different rates of fluorescence
sufficiently slow to be negligible on the time scale of the duenching by Ckl and DMDS has been estimated using the

experiments. following expression:
The integrals have been evaluated by numerical integration BMDS) 2
of calculated concentration profiles obtained by numerical _ [ Dot expl (K — K )t}
simulation using the reaction scheme presented in Table 1. tCl:ls.l DMDS CHyl/™0
(0]

Reactions not included in Table 1, e.g., radical cross reactions,

reactions with NO, and others, are of minor importance and do 1o re KE)I:/IDS and nggl are the total fluorescence quenching

not influen_ce the validity of th_e_above.equation. In fact, any rates in DMDS/NQ and CHI/NO, mixtures:Kouos andKcyy
other functional dependence giving statistically correct descrip- ;.0 the quenching rates by DMDS and {espectivelyKovos

tion of 1M and IPMDS ys reaction time can be used for the _ Komps[DMDS] and Keiy = Kerg[CHal]: to = 100 ns is the

. . . .. 3! 3 ’

integral evaluation and, provided such description, the value of yo|a hetween the probing laser pulse and the start of LIF signal
o4 obtained using this procedure is not sensitive to the rate integration.

constants used to calculate the integrals. The fluorescence quenching ratksgy, were determined from

The ratio in the expression fax, containing radicals and O w6 cO fluorescence decay rates, which were exponential.
atom initial concentrations was evaluated from the initial Komps = (7 % 2) x 10-10 c® molecule? s andkeyy = (4.2
5 .

concentrations of C#f, DMDS, and NQ using known pho- "5 gy . 10-10 cn8 molecule? s have been derived from

tolysis cross sections at 248 notHs = 7.73 x 1071931 gPMDS ; . ;
= ol : ; the slope of the straight lines obtained by plottidg vs CHil
=1.243 Xl_10_18'32 ando™%: = 2.75x 1072%,*in units of cnt and DMDS concentrations, as shown in Figure 5. The maximal
molecule™: correction for quenching corresponded to the lowest;NO
concentrations and was about 10%.
CHyl
([CHgly + oy By [Olo ™) The yield of CH; has been found to be independent of the
DMDS. NO, concentration and it exhibited a pressure dependence
(ICH3S] + 2Bomps[Olo™ ) varying from 0.33 at 12 Torr to 0.18 at 612 Torr, as shown in
(0“™[CH,N + amBCH3,aN°2[N02]) Figure 6 and Table 2. Each point represents an average 5
DVDS NO, measurements performed at different NsOncentrations rang-
(20 [DMDS] + 26pmpso INO,]) ing from 5 x 10 to 6 x 10' molecules cmd.
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200 TABLE 3: SO, Yield in the CI/CH 3SH/NO, Reaction System
{ at 1 Torr of He and T = 300 K
" { [NOg], 10 [Cl]o, 10
‘§ % % molecule cm? molecule cm?® 0so,
€ 100 i 1.44 6.25 0.98
i 2.0 0.375 0.99
= ) 2.22 0.375 1.23
5.0 0.73 0.86
5 7.4 1.5 1.12
0 7.85 0.375 1.11
0 5 10 8.6 6.5 0.81
t, ms 8.6 1.5 1.05
Figure 7. Kinetics of SQ (®) and CHO (O) obtained in a discharge 10.5 6.5 1.00
flow experiment at 1 Torr pressure of He and [J&= 3.46 x 10* 12.5 15 1.26
molecules cm®. Solid lines are the calculated dependencies obtained ﬁ g 2'375 ggg
i = = 1 .
with o4 = 0.4 andks = 57 s'%. 51 68 09
. . . . 26 6.92 0.92
The branching ratiay obtained from the 248 nm photolysis 49.8 15 101

data is based on the assumption of unity yields o @l CHS

frqm the phot_olysis of Chl and_DMDS, respectively. To verify a4 = kan/ks and decomposition rate constigivere determined
this assumption, some experiments were performed by photo-py fitting calculated S@profiles with simultaneous optimization
lyzing DMDS/NG; and CHI/NO, mixtures at 351 nm. Inthis ot hoth parameters. The most important reactions included in
case, the photolysis of DMDS and Glhk negllg!ble compared the model were the reaction G8H + Cl forming CHS and
to that of NG and CH and CHS are formed in reactions 10 reactions 2, 4, and 6. Sineg, andks influence different parts
and 3, respectively. The relation between the fluorescence ot the SQ profile, their unambiguous determination using
intensity mtegrals and pranchlng ratims is given by the” simultaneous optimization was quite possible and provided
following expression, which also accounts for the equal initial unique combinations of the parameters. The resulting average
concentrations of O atoms in both reaction mixtures: values arew = (0.4 + 0.2), which is in good agreement with

. the photolysis results extrapolated to low pressure (Figure 6),

04Ky [CH,l] ﬁ)

|PMDS it andks = (50 + 30) s%.
%= 95 [DMDS] [ a
0

The “slow” SO, generation process observed in the experi-
ment at long reaction times may be also explained by wall
decomposition of the C}$O; radical with releasing of S£to

As presented in Figure 6, the valuescofderived from the the gas phase. As we could not distinguish between gas-phase
photolysis at 248 nm and at 351 nm are in good agreement,and heterogeneous $@eneration, the value & given above
which validates the assumed reaction mechanism and providesshould be considered as an upper limit for the gas-phase thermal
indirect confirmation for the valuesig, kio, ks, and photolysis decomposition of CkBO, at 1 Torr of Heks < (50 + 30) s'%.
cross sections used in this study. The absolute SPyield was measured as the ratio of SO

The yield of CH in reaction 4,04, has been found to be  concentration at long reaction times corresponding to the
temperature dependent. As presented in Figure 6 and Table 2guasistationary part of the S@oncentration profiles to the
at a pressure of 50 Tore,4 increases from 0.% 0.04 at 243 initial Cl atom concentrationgsg, = [SO2]«/[Cl]o. As shown
K to 0.31+ 0.04 at 333 K. in Table 3, the measured yield was independent of; NO

Discharge Flow— MS/LIF Results. Formation of both S@ concentration in the investigated range, [N& (0.14-5) x
and CHO has been observed in the discharge flow experiments 10'® molecules cm? with an average yield close to unityiso,
at a pressure of 1 Torr in agreement with the previous study = (1.01+ 0.1). Unity yield of SQ indicates that at a pressure
from this laboratory! At short reaction times, the LIF signal of 1 Torr of He the reaction of C§80 with NO, proceeds
was a superposition of G& and SQ fluorescence, while the  predominantly via channels 4a and 4b, leading te 8@nation.
fluorescence excitation spectra could be represented as their Assuming reaction 4b and GBHO, decomposition (6) or wall
weighted sum. At long reaction times, the LIF excitation spectra decomposition to be the only sources of ;8@d reaction with
were those of S@only. NO; (7) to be the only other consumption channel of 5B,

Typical reaction time dependencies of S&hd CHO LIF in the system, we obtaik[NO,]/ks < 0.1 based on the
signals are presented in Figure 7. Similarly to the results independence of SOyield on NG, concentration. The upper
obtained in the photolysis experiments, the concentration profileslimit of 0.1 for thek;[NO,]/ks ratio is determined by the accuracy
of SO, and CHO exhibit a fast initial increase in agreement of the oso, value estimated accounting for & &tatistical error
with the mechanism assuming formation of £&hd SQ in in measurement of SCLIF signal intensities and calibration
reaction 4b. A slower increase of $@ncentration is observed of Cl and SQ. Using an upper limit of 50 S for ks derived
at longer reaction times, and the kinetics of,3@mation could from these experiments we obtaky < 1 x 10715 cm?
be divided in three distinct regions: a fast initial generation, a molecule! s™1 from the highest N@concentration used ([N£
much slower one at longer reaction times, and a quasistationary= 5 x 10> molecules cm?d).
part where the concentration of $®as independent of reaction To describe the fast increase and decay parts of the
time. experimental CHO profiles, it was also necessary to include

Observed behavior of SGinetic profiles could be adequately  two different CH forming routes in the model. Nevertheless,
described with the mechanism including two different,SO because of the dominant contribution of Sfluorescence at
formation routes: fast formation of S@ogether with CH in reaction times corresponding to the decay part of3;QH
reaction 4b and slow unimolecular decomposition of the concentrations profiles, an unambiguous determinatidg ahd
CH3SO; radical produced in reaction 4a. The branching ratio o4 from CH;O profiles was not possible. We can only conclude
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TABLE 4: Relative Energies (in kcal/mol) and ZPE Corrected Total Energies (in Hartrees) of Stationary Points on Potential
Energy Surface of the CHSO, Decomposition

CHsSG; [CHs:—SO]* CH3 SG; CHz; + SO,
B3LYP/6-314-G* —588.42947 —39.81334 —548.59281 —588.40615 (14.63)
B3LYP/6-31H-G** —588.50567 —39.82610 —548.65831 —588.48441 (13.34)
MP2/6-31G* —587.34672 —587.32376 (14.4%) —39.64352 —547.69376 —587.33728 (5.93)
MP2/6-311G** —587.63217 —587.61016 (13.81) —39.69626 —547.92671 —587.62297 (5.77)
G2 —587.78423 —587.76317 (13.22) —39.74509 —548.01574 —587.76083 (14.69)
G2/IMP2(ZPE= MP2) —587.78482 —587.76244 (14.04) —39.74409 —548.01829 —587.76238 (14.08)
G2/1QCI —587.78403 —39.74506 —548.01772 —587.76278 (13.33)

aEnergies in kcal/mol relative to energy of 50;.

TABLE 5: Relative Energies (in kcal/mol) and ZPE Corrected Total Energies (in Hartrees) of Stationary Points on the
Potential Energy Surface of the CHSO + NO, Reaction

CHsSO NG CHsS(O)ONO NO CHSG; + NO
B3LYP/6-31+G* —513.24409 —205.07528 —718.33814¢11.78} —129.89105 —718.32052 ¢0.72}
G2 —512.65961 —204.83686 —717.54001¢27.32) —129.73995 —717.52418 ¢17.38)

aEnergies in kcal/mol relative to energy of €D + NO..

1800

that the experimental GI® concentration profiles qualitatively

agree with the above proposed mechanism. 14
Theoretical Study 12
i X . 1300 - —_—a— CH?(EE") -
According to the experimental results of this work, the L —— e
reaction of CHSO with NQ, would proceed predominantly via —— T 10
the two reaction channels forming @50, (4a) and CH + * :ﬂsmg; 'g‘
SO, (4b). Considering both the weak negative pressure depen- E £ 800 o-- VJ(CHB',ocking) 8 =
dence of CHyield and pressure independencekpbbserved Z " X-- vlCHy rocking)l | O
in this study, the following mechanism including formation of ae :(SC():‘r)ocking)” 6 W
chemically activated C80,* is suggested: --0-- va(SO; racking)
..o -- vs(CH, torsion)
300 - m BiLYPEnergy | 4

CH,SO+ NO, — CH,S(0)ONO*—
CH.SO* + NO (4¢)

CH,SO* — CH, + SO, (12a)

0 : ‘
CH;SQ,* + He— CH;SQ, + He (12b) 15 20 25 30 35 40 45 o
r(C-S), A
. , . .
The cheml_c_ally activated GSQ;* may “”de_rg_o either a_pror_npt Figure 8. G2 and ZPE corrected B3LYP/6-31(d) relative energies
decomposition to Chiand SQ (12a) or a collisional stabilization  4n4 31 YP/6-33 G(d) vibrational frequencies along the reaction path
(12b) followed by thermal decomposition (6). for the dissociation of the C$0; radical.
To validate the above mechanism and to verify its consistency
with experimental results, a computational study has been The geometries of the stable €50, radical optimized on
performgd, in which RRKM theory has bgen used fqr the MP2 and B3LYP are very similar, the B3LYP-S bond length,
calculation of the CHSO,* prompt decomposition to stabiliza- ~ ~0.03 A longer. The geometries are identical to those reported
tion rates ratio and of the B30, thermal decomposition rate.  earlier3”-3which were optimized using MP2 and B3LYP with
Reaction Path Calculations for the CHSO, Decomposition 6-311G(d,p) and 6-3tG(2d,p) basis sets.

® G2 Energy
Morse potentia |

and the CHsSO + NO, Reaction. Ab initio and DFT The G2 energy of CE80; relative to CH + SOy is —14.69

calculations have been performed using the GAUSSIAN 94 kcal/mol. Using the geometries optimized at MP2 and QCISD

program packag# levels slightly lowers this energy difference t614.08 and
The geometries of species relevant to the;86, decom- —13.33 kcal/mol, respectively. The G2(MP2) dissociation

position were optimized on the MP2 level and using the DFT energy of CHSO; has been reported to be 14.1 kcal/mol in the
B3LYP model. The energies were calculated using G2 theory very recent paper of Frank and Turecgk.

which provides the energies at effectively the QCISD(T)/6-  The transition state for the GBO, decomposition has been
311+G(3df,2p) level for the equilibrium geometries obtained located on MP2 level and corresponds to @%bond length

at the MP2(Full)/6-31G(d) level and with zero-point energies of 2.36 A for both basis sets 6-31G* and 6-311G**. No saddle
(ZPE) obtained from HF/6-31G(d) frequencies. To estimate the point has been found using the B3LYP model with both basis
influence of the different equilibrium geometries, the energies sets 6-3%+G* and 6-31%#G**. As shown in Figure 8, the
were also calculated using G2//IMP2(ZPEP2) and G2//QCI B3LYP energies steadily increase with the separation of CH
variations of G2 theory. In G2//MP2(ZREBVIP2), the geometries  and SQ fragments reaching at the largéC—S) the sum of
and ZPE are calculated at MP2(full)/6-311G(d,p) level. The ZPE CHs; and SQ energies. Also, G2 energies corresponding to the
are scaled by 0.9748.In G2//QCI, the geometry is obtained MP2 geometry of the transition state are lower than the
at the QCISD/6-31G(d) levéb The results of the calculations  dissociation energies calculated at the same level, indicating
are presented in Tables 4 and 5. that in accordance with B3LYP results the reaction path for
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Figure 9. Stable CHS(O)ONO intermediate along the GO+ NO,

reaction path. B3LYP/6-3tG(d) and MP2/6-33+G(d) geometry:r(C—

S)=1.83(1.81)r(S—0;) = 1.74(1.70)y(N—O;) = 1.48(1.60)y(N—

03) = 1.17(1.17),r(S—01) = 1.49(1.49),r(C—Hs) = 1.092(1.091),
r(C—H;) = 1.093(1.092)r(C—H;) = 1.094(1.093) A(C—S—-0y)
106.07(105.4),A(0;—S—0,) = 110.24 (110.87),A(S—0,—N)
114.61(112.21),A(O,—N—03) = 109.49(108.82),A(H;—C—-S) =
109.32(109.32)A(H,—C—S) = 109.17(106.88)A(H;—C—S) = 109.28-
(109.47), D(C—S—0,—0;) = 103.9(104.00),D(0;—S—0,—N) =
—53.83(-51.35),D(0s—N—0,—S) = 174.27(171.24)D(0,—S—C—
H3) = —66.12(-67.29),D(0,—S—C—H;) = 56.23(55.07)D(0,—S—
C—Ha) = 175.23 (174.4).

the CHSO, decomposition has no chemical barrier, although
on G2(MP2) a small barrier for the recombination, 0.3 kcal/

mol, has been reportéed.
The exoergicity of reaction 4a on the G2 level-47.38
kcal/mol. In contrast with the results obtained for the €H

SO, system, the exoergicity calculated on the B3LYP level,

—0.72 kcal/mol, is quite different from the G2 result.

A stable intermediate, CG4$(O)ONO, has been located at the

HF level, and its geometry has been optimized on MP2/6&G1
(d) and B3LYP with 6-3%G(d) and 6-313+G(d,p) basis sets.

As presented in Figure 9, the structures optimized on MP2 and
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were performed using the UNIMOL program suifeThe
position of the transition state along the reaction path was
determined by minimization of the high-pressure rate coefficient
according to the canonical variational transition state theory
(CVTST)40

The microcanonical rate coefficienkéE,J) were computed
accounting for angular moment conservation using the modified
Beyer-Swinehart method for calculating rovibrational density
of states’! Rotational constants and projected vibrational
frequencies along the reaction path have been calculated at the
B3LYP/6-3HG(d) level with the step 0.2 A, as shown in Figure
8. The potential energy was represented by a Morse potential
with De corresponding to the G2 dissociation energy 14.69 kcal/
mol andB = 5.77 A1 chosen as a compromise between the
G2 and B3LYP energies.

The angular momentum corresponding to the two-dimensional
external rotations about the two axis approximately perpen-
dicular to the G-S bond was considered to be conserved and
the corresponding rotational energy was accounted for by
calculating the effective critical energy at the position of
centrifugal barrier on the effective potential along the reaction
path. One external rotation, approximately aroundSCbond
was considered to be active. A torsional £3Hotion was treated
as free rotation with rotational constant of free £tddical.
The rocking of SQ@ fragment was considered as a vibration,
except for the &S bond longer than 2.8 A, where these motions
were considered as free rotations.

At T = 300 K, the high-pressure rate coefficient has been
found by variational procedure to § = 2.08 x 10° s™* with
the transition state located a(C—S) = 2.6 A. This value
corresponds to the high-pressévéactor, A, = 10'4*8s~1, and
high-pressure activation enerdy, = 15.32 kcal/mol:

k& (300K) = 10"**®exp(—15320RT)

B3LYP are similar. The G2 energy of the stable intermediate The high-pressure rate coefficient obtained by Frank and

is —27.3 kcal/mol relative to CE5O0 + NO,.
Adopting the G2 energies for both [GBO-NO,] and [CH;—

TureceR® using RRKM calculations with G2(MP2) energies
and transition state located giC—S) = 2.415 A is 2 times

SOy systems, we come to the mechanism in which the reaction lower.

of CH3SO proceeds via the stable intermediate;S@)ONO.
Possessing 27.32 kcal/mol excess energy compared@dcal/
mol dissociation energy, the GE(O)ONO intermediate is likely
to decompose promptly with formation of activated 3.
Assuming the decomposition of GB(O)ONO to be sufficiently
fast to neglect collisional energy transfer, the 458 radical

Falloff calculations for the thermal decomposition of £H
SO, were performed using the UNIMOL program suifeFor
the collisional vibrational energy transfer, the exponential model
has been used with estimated average energy transfer per CH
SO,—He collision [AEgown 1= 150 cnt! and Lennard-Jones
collisional parameters estimatéto beocp,so,—He = 3.8 Aand

will possess the excess energy determined by the exoergicityécH:so.-He = 50 K. For the rotational energy transfer a strong

of the reaction 4aAE4, = —17.38 kcal/mol, by the activation
barrier of the entrance channel and by the thermal energy of

collision model has been adopted.
The calculated pressure dependencekgfat 300 K is

the entrance transition state corresponding to the formation of Presented in Figure 6. At 1 andl 760 Torr of He, the rate
CH3S(0)ONO. The B3LYP energy calculations performed in Coefficients are 1.0°$ and 285 s, respectively. The low-

this work for the CHS(O)ONO geometries optimized at
different fixed r(S—0,) bond lengths showed continuous

increase of the energy with increasingr¢6—0,) and in the

pressure rate coefficient has been found tokpe= 2.72 x
10717 cm® molecule® s2. Using the above values fé¢ and
ks, the calculateds may be presented by Troe expression with

following calculations we assume the potential surface for the Feent = 0.5 for the pressure range from 1 Torr to 760 Torr of
entrance channel to possess no barrier. Assuming also theHe (Figure 6).

thermal energy to be determined by the number of vibrational
degrees of freedom, 21 for GH(O)ONO, and the energy

The calculated rate constants for the thermal decomposition
of CHsSO, are in reasonable agreement with experimentally

partitioning according to the degrees of freedom numbers ratio, estimated values df; < 100 s! at pressures of 26600 Torr

the available energy for the GHO, may be estimated to be
15/21x (17.38+ (21 x 0.3))= 16.9 kcal/mol, which is about

2.2 kcal/mol higher than the GBO, dissociation energykg
= 14.69 kcal/mol.

Thermal Decomposition of the CHSO, Radical. The
RRKM calculations for the thermal decomposition of £30,

andks < 50 st at a pressure of 1 Torr. It should be noted that
the falloff behavior is very sensitive to the values of collisional
parameters which have been only roughly estimated for the
present calculations. Considering the weakness of the-CH
SO, bond, the value of AEgow[J) Which is dependent on the
internal excitation energy, may be significantly lower and, as a
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consequence, the calculatedwill be also lower, giving better  for the accuracy of G2 calculations, about 1.5 kcal/mol, the
agreement with experimental results. Also, it should be men- prompt decomposition fraction calculations may be considered
tioned, that the calculated rate constant is strongly dependentas consistent with experimental results of the present work.
on the critical energy used. As the expected accuracy of the

presented G2 values is likely to be not better than 1 kcal/mol, Discussion

the calculated rate constants should be considered only as a . . .
y The reaction of CHSO with NG, (4) has been studied by

rough estimation. - - . X
Pg ‘D i f Chemically Activated CHS monitoring kinetics and absolute yields of g and SQ in
rompt Decomposition of Chemically Activated CHSO,. the pressure range from 1 to 612 Torr of He. The reaction rate

The fraction of chemically activated GHO; radicals undergo- constank, = (1.5+ 0.4) x 10-1 cn® molecule™ s~ has been
ing prompt decomposition has been determined by solving thefound to be independent of pressure in the pressure range used

master equation describing time evolution of the:68;, energy in this study. On the basis of the observed pressure dependence

distribution function. The master equation was solved numeri- . L -
. . ) ~ " of CH30 yield and unity yield of S@at 1 Torr of He, reaction
cally using the BDF method implemented in the DO2EJF routine 4 has been suggested to proceed predominantly via the channel

of NAG Fortran Library. TheJ-averaged microcanonical rate forming chemically activated C3$O, radical with 20% of

coefficientsk(E) and energy transfer probabilities were calcu- o
. . . prompt decomposition to CGHand SQ at 300 K and +612
lated as described above using the MASSS progfawith Torr of He pressure. This mechanism has been validated

modified OUtPUt' o o theoretically by ab initio calculations.

The evolution of the distribution function is dependent on Formation of thermalized C3$0, has not been directly
the initial energy distribution and determined by the competition ,nserved in this study. Nevertheless, assuming the validity of
between collisional energy relaxation and loss via decomposition ¢ suggested mechanism, the 588, decomposition rate &
to CHs + SO, products. The prompt decomposition proceeds — 1_g12 Torr of He has been estimated to be less than 100

within less than 107 s and is followed by relaxation of the g1 \hich is in fair agreement with the RRKM calculations
initial energy distribution to quasithermal distribution on the 5 ried out.

time scale 10’—107° s, depending on pressure. The fraction
of prompt decomposition was determined from the ratio of

intzgrals_of distritﬁjt:(on lf(unc_tions ov;er e_r;ergy t?k’ 10‘5hs calculated and experimental @Bl profiles varying only one
and att = 0, a1 = kiodkiz = 1 = 3fiua0o(E)/Yfo(E). The parameter, the rate coefficiekt. Within the limits of experi-
pressure dependence of the fraction has been calculated fo mental error, the obtained valug,= (1.5+ 0.4) x 101 cr?
various initial energy distributions, and the obtained results are |, Jjacule Sil is consistent With the. only airect mass spec-
presented in Figure 6 together with the experimental data. .o atric meaéurement of Doniireg al. k; = (1.2 + 0.25) x
The critical parameters determining the calculaiggivalues 10~ ¢ molecule’! s~1.17
are the energy* assumed to be deposited in 30, and The CHSO; thermal decomposition was studied by Ray et
the? effecugf? critical energy for the GBO, decomposlltlon,. all at 0.75 Torr of He using the discharge flow technique
E,'. TheEy” was calculated using the G2 result for dissocia-  similar to that of the present work. Disagreement between their
tion energyEo = 14.69 kcal/mol. With accounting for angular  rate coefficient = (5104 150) st L and the upper limiks
moment conservation, the effective critical energy is pressure < 100 s experimentally derived in the present work may come
dependent and, assuming thermal rotation energy distribution, from the fitting procedure used by Ray et'alThe coefficient
the ngf varies from 12.88 kcal/mol at 1 Torr to 13.17 kcal/mol kg was derived from fitting of experimental S&nd CHO
at 760 Torr of He. profiles with simultaneous variation & andk; coefficients.
The influence of thé&e* on the calculated prompt decomposi- However, further analysis of the experimental data of Ray et
tion fraction has been derived using the initial distribution in al.'! shows that, as a rule, these two parameters cannot be

Comparison with Previous Studies.The rate coefficienk,
has been derived in the present study by least-squares fitting of

the form of theo function f(E; — E*) = 1 with different E*. uniguely resolved and a statistically acceptable description can
Also, the solution has been obtained, using the initial energy be obtained with several combinations of varying parameters.
distribution calculated assuming tht is the sum of—AEs, The result of this analysis is qualitatively the same as that

= 17.38 kcal/mol and the part of thermal energy, distributed presented in the Experimental Results section of the present
among CHSOy*, NO and their relative motion according to  work. Furthermore, the experimental curves of Ray ét ehuld

the energy dependence of the combined density of staldse also be simulated using the model suggested in this work,
resulting initial distribution function is centered Bt= 16.9 including two sources of SQi.e., prompt decomposition of
kcal/mol and has a width of about 8 kcal/mol. The results of CHsSO,* formed in (4) and slow formation possibly on the
these calculations, presented in Figure 6, show a strongsurface of the reactor. Also, scattering of the parameters
dependence of the calculated prompt decomposition fraction onextracted from the data of ref 11 was large, which may be
the initially available energi#*, while the pressure dependence explained by inaccurate correction for the contributions of LIF
is not very sensitive to the form of initial energy distribution.  signals of CHO and SQto that of SQ and CHO, respectively.
Assuming that total energy released in reaction 4a is depositedThe above discussion gives tentative but not definitive explana-
on the exited CHSO, radical leads to the fraction of prompt tion for the disagreement between the two studies. It is
decomposition from 0.73 at 1 Torr to 0.61 at 760 Torr of He. noteworthy, that the present results for the rate of;€B}
Good agreement with the experimental results is reached usingthermal decomposition are consistent with those of an earlier
Ex = 13.7 kcal/mol. The calculated pressure dependence discharge flow study of CI/C¥8H/NO, mixtures from the same
reproduces well the experimental one. Also, the experimental group#® The decomposition rate < 10 st at 0.3 Torr of He
temperature dependence is in qualitative agreement with thewas estimated from the mass spectrometric kinetics at thé SO
model. The valueE* = 13.7 kcal/mol is 3.2 kcal/mol lower  peak corresponding to the contribution of both4SB, and SG.
than estimated above as available for §S5B,. Nevertheless, Besides, NO has been identified by Tyndall effabs a
considering the assumptions made about the form of potential product of reaction 4 with about unity yield. The total yield of
surface along the C4$0 + NO; reaction path and accounting NO from the photolysis of DMDS/N@mixture at 248 nm has
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been found to be about 2. This is consistent with the conclusion ~ (2) Charlson, R. J.; Lovelock, J. E.; Andreae, M. O.; Warren, S. G.
of the present work about the formation of €30, radical, Nature 1987, 326 655. .

stable on the time scale of photolysis experiment, and a yield 4, f&gynes' A.J.; Wine, P. H.; Semmes, D. 81.Phys. Cheml986

of only about 0.2 for CHlformation in reaction 4. Considering (4) Butkovskaya, N. I.; Le Bras, Gl Phys. Chem1994 98, 2582.

this latter result and assuming unity yields of NO in reactions (5) Patroescu, I. V.; Barnes, |.; Becker, K. H.; MihalopoulosAkinos.

4 and 2 and~0.5 yield of NO in reaction of Cklwith NO; at Environ. 1999 33, 25.

a pressure of 300 Torr used in ref 18, the total NO yield should  (6) Sorensen, S.; Falbe-Hansen, H.; Mangoni, M.; Hjorth, J.; Jensen,

: ; N. R.J. Atmos. Cheml99§ 100, 8895.
be about 2.1 in the DMDS/N£photolysis. In contrast, the fast (7) Berresheim. H.. Wine, P.. Davis, D. Bomposition, Chemistry,

thermal c_:H'SOZ deco_mposition assumed by Ray etalould and Climate of the Atmospher8ingh, H., Ed.; Van Nostrand Reinhold:
lead to higher NO yield. New York, 1995; p 251.
Atmospheric Implications. The results from this work (8) Barone, S. B,; Turnipseed, A. A.; Ravishankara, A.Faraday

Discuss.1995 100, 39.
(9) Turnipseed, A. A.; Barone, S. B.; Ravishankara, A.JRPhys.
Chem.1992 96, 7502.

provide some information about S@rmation and yield in the
atmospheric oxidation of DMS. First of all, the results suggest

the possible existencg pf anew formation route obStamely (10) Urbanski, S. P.; Stickel, R. E.; Wine, P. H.Phys. Chem. A998
the prompt decomposition of excited @50, while the thermal 102, 10522.

decomposition of CEEO, has been the only source of 0 (11) Ray, A.; Vassalli, |.; Laverdet, G.; Le Bras, G. Phys. Chem.
considered so far. 1996 100 8895.

The direct atmospheric application of the present study Ch%”;;f;"gg&gig%%”' S.; Laverdet, G.; Quilgars, A.; Le Bras, .

concerns NQ@rich coasta}l areas where the_reg(_;tion368_+ _ (13) Nicovich, J. M.; Wang, S.; Wine, P. Hnt. J. Chem. Kinet1995
NO; (4) can be the major or at least a significant oxidation 27, 359.

pathway of CHSO in the DMS oxidation. The present results (14) Park, J.-Y.; Slagle, I. R.; Gutman, D. Phys. Chem1983 87,
suggest that the S@ield from reaction 4 would be at least on ~ 1812. _ _ _

the order of 168-20% corresponding to the branching ratio of (15) Barone, S. B.; Turnipseed, A. A.; Gierczak, T.; Ravishankara, A.

: i i R. J. Phys. Chem1994 98, 11969.
reaction 4b at atmospheric pressure. The contribution of the (16) Lee, Y. R.; Chiu, C. L.; Lin, S. MJ. Chem. Phys994 100, 7376.

thermal decomposition of G330, will depend on reaction rates (17) Domirie F.; Murrells, T. P.; Howard, C. d. Phys. Chem199Q
of reaction 6 and reactions of GBO, with oxidants such as 94, 5839.
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may be the major source of CN and CCN. In such a lowxNO fgggeggsi,llgéF.; Wayne, R. P.; Caralp JFChem. Soc., Faraday Trans.

atmosphere, the CHSO OX_idation by N@ will be negligi_ble (23) Frost, M. J.; Smith, I. W. MJ. Chem. Soc., Faraday Trank99Q
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