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The discharge flow-EPR-mass spectrometric technique has been used to determine the rate constant for the reaction Cl + 
CH,SH+CH,S +HCl (1). We determined k, = (1.1&0.4)x lo-” cm’ molecule-’ s-’ at room temperature and at 0.3 Torr. 
This reaction was found to be a convenient source of CH,S in discharge flow systems and was used to study the mechanism of the 
CHpStN02 reaction. Rate constants were obtained for the reactions CHsSO+NOI +CH,SOI tN0 (4) and CHsS02 t M- 
CH3 +SOz +M (5) giving k, = (3+ 2) x 10-i’ cm3 molecule-i s-’ and k5 6 10 s-’ from modelling the experimental profiles of 
the reactant and products. 

1. Introduction 

The organic sulfides CHSSCHS (DMS), 
CH$SCH3 (DMDS) and CH$H (methanethiol) 
are primarily oxidized in the atmosphere by reac- 
tions with OH and NO3 which have been extensively 
studied over the last few years [ l-51. For DMS, two 
recent studies have also suggested that reaction with 
IO could be an additional sink of DMS in the marine 
atmosphere [ 6,7 1. Even if the mechanisms of these 
reactions are not yet fully understood, CH$ appears 
to be an important product of the reactions of OH 
and NO3 with these sulfur compounds. Further po- 
tential oxidation routes of CH$ in the atmosphere 
are considered to be reactions with 02, NO and NOz. 
It is therefore of interest to assess their relative im- 
portance in order to gain a better knowledge of the 
atmospheric sulfur cycle and especially the acid de- 
position process. 

Balla et al. [8] have recently measured the rate 
constants for the reactions of CH$ with 02, NO and 
NO2 as a function of pressure ( l-40 Torr of N2 or 
SF,) and temperature (298-5 11 K) using the laser 
photolysis-laser-induced fluorescence technique. 
Tyndall and Ravishankara [9] have reported rate 
constant measurements for the reactions of CH,S 
with NO1 and O2 at 298 K using the same technique. 
Barnes et al. [lo] have recently carried out contin- 

uous photolysis experiments together with FTIR 
analysis of the products for the reaction CH3S + NO2 
at room temperature in 760 Torr of synthetic air. 

The purpose of the present discharge flow study 
was to gain additional information on the kinetics 
and mechanisms of the secondary steps of the 
CH$ +NOZ reaction from a quantitative analysis of 
the products NO and SO,. We also report a kinetic 
study of the reaction Cl + CH$H, which was used as 
a non-photolytic source of CH$. 

2. Experimental 

The discharge flow-EPR-mass spectrometric ap- 
paratus has previously been described [ 111. Briefly, 
a 22 mm inner diameter quartz reactor coated with 
halocarbon wax (Halocarbon Corp., wax 12.00) 
equipped with movable inlets is interfaced with a 
Varian El 12 EPR spectrometer using a E235 large 
access cavity and a Riber QX200 mass spectrometer 
with effusion sampling of the species through a 100 
pm pinhole. 

Cl atoms were generated in a side arm or in the 
sliding injector from a microwave discharge in a Cl*- 
He mixture. Cl atoms could be monitored quanti- 
tatively by EPR by comparing the spectrum to those 
of known concentrations of molecular oxygen. The 
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absolute Cl atom concentration was also obtained 
from a mass-spectrometric titration using the fast re- 
action Cl t C2H,Br-,Br t C2H3Cl and monitoring 
&H,Br at its molecular peak (m/e= 106). 

The SO,’ peak at m/e=64 and NO+ peak at m/ 
e= 30 were calibrated by flowing known amounts of 
SO2 and NO into the reactor. The NO+ peak was 
monitored at low electron energy ( 14 eV) in order 
to remove the intense signal at the NO+ peak de- 
rived from NOS. The other peaks were monitored at 
23 eV. In a first series of experiments, CH$H was 
introduced through the central injector whereas in a 
second series, Cl atoms were flowed through the cen- 
tral injector and CH3SH directly into the reactor in 
order to avoid recombination of the Cl atoms in the 
reaction zone. 

Gases were stored in 10 II bulbs and diluted with 
helium. Purities were as follows: methanethiol99.5%, 
chlorine 99.5%, NO, 99.5%, C2H3Br 99.5%, NO 99%. 
They were taken from Matheson cylinders. SO, 
99.9% was supplied by l’Air Liquide. Helium (l’Air 
Liquide 99.995%) was passed through a liquid ni- 
trogen trap to remove impurities before entering the 
discharge. The other gases were used without further 
purification. 

3. Results and discussion 

3.1. The reaction Cl+ CH,SH 

This reaction has been chosen to generate CH,S in 
our discharge flow reactor according to 

C1+CH3SH+CH3S+HCl . (1) 

Strong evidence for the predominance of this reac- 
tion as opposed to Cl + CH, SH-KH, SH t HCl was 
obtained by Dill and Heydtmann [ 121 on a ther- 
modynamic basis from infrared measurements of the 
nascent HCl in vibrationally excited states o= 1 and 
U= 2. A branching ratio of unity for reaction ( 1) was 
also recently measured [ 13 1. 

Regarding the kinetics of this reaction, which has 
never been previously studied, a first series of ex- 
periments was carried out by EPR analysis of Cl at- 
oms, CH,SH being used in excess over Cl. The 
observed fast decay of Cl atoms and the fairly low 
sensitivity of EPR detection for Cl atoms ( 1 x 10” 
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cm- 3 for S/N = 1) did not allow for a precise rate 
constant measurement for reaction (1) under 
pseudo-first-order conditions. 

Further experiments were carried out under see- 
ond-order conditions with initial ratios ( CllO/ 
ICH$Hlo=0.4 to 2.7 using mass spectrometry for 
the analysis of CH$H at its molecular peak (m/e 
=48). The total pressure measured in the center of 
the reaction zone was 0.33 Torr and the mean flow 
velocity of the gases was 44 m/s. With initial reac- 
tant concentrations in the range 1 x lo”-1 X lOI 
cm-3, it was possible to obtain temporal profiles for 
the reactant and products in the range 0 to 6 ms. A 
qualitative analysis of the reaction products (fig. 1) 
led to the detection of the CH,SCl+ peak at m/e= 82. 
The CH3S+ peak also observed was corrected for 
contributions of CH3SH measured at its molecular 
peak (m/e=48). Results obtained at m/e=82 
(CH,SCl+ ) are consistent with the detection of 
CH3SCl which would result from the reaction of 
CH3S with Cl2 undissociated in the discharge: 

CH3StC12+CH3SCltC1. (2) 

It was clear that the chain mechanism ( 1) + (2) 
was not suitable for a kinetic study of reaction ( 1). 
In order to avoid complications due to the regen- 
eration of Cl atoms, NO* was added together with 
the reactants in fairly high concentrations ( > 5 X 
lo3 cmm3) so that reaction (2) was unlikely to occur 
according to the high rate constant reported for the 
reaction 

CH3S+NOz-tCH3SO+N0 (3) 

by Balla et al. [8], k3= 1.O9x1O-‘o, and Tyndall 
and Ravishankara [ 91, k3 = 6.1 x 10 --I’ at room 
temperature. Experimentally, the addition of NO* 
led to the disappearance of the CHJCl+ peak with 
appearance of peaks at m je= 63, 30 and 64 corre- 
sponding to CH$O+, NO+ and SO: (fig. 2). 

For the kinetic studies in the presence of N02, ini- 
tial concentrations of CH3SH were varied from 
2.0x lOI to 1.0x lOI cm-3 and initial concentra- 
tions of Cl from 1.48X lOI to 1.73X lOI cm-3. Cl 
atoms were titrated with C2H,Br before and after 
each experiment. Experimental profiles of CH,SH as 
a function of reaction time were compared with those 
obtained from a computer simulation of the reaction 
mechanism (table 1) and k, was varied in order to 
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PEAK HEIGHT (a.~.) 

t (ms) 

1 2 3 4 5 

Fig. 1. Cl t CH,SH-+CH$+ HCl ( 1): profiles as a function of reaction time for the CH,SH concentration, and the CH,S+ and CH$Cl+ 
peak heights, showing the occurrence of the secondary reaction: CH,S+ Clz + CH,SCl t Cl (2) from Cl2 undissociated in the microwave 
discharge. Initial concentrations were: [CH,SH], =2X lo’*, [Cl], ~3.2~ 10” and [C&l0 =7X IO’* cme3. 

ICH3SH 1 
INO] :I 

1oi2 cmm3 

so*+ 
CH3SO* :I 

peak height 

Fig, 2, Reaction system Cl, NOz, CH,SH: the profiles of CH,SH and NO as a function of reaction time are given in absolute concentra- 
tions. The SO,’ and CH,SO+ peaks are given in arbitrary units. Initial ancentrations were [CH$JH]~ =3.2x IO”, [Cl]0=4.5X lo’*, 
[C12],=7x10’2and [NOl]0=1x10’4cm-‘. 
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Table 1 
Mechanism used for the computer simulation of the CH,SH, Cl, Cl,, NOZ system at 298 K. Rate constants for reactions (7)-( 10) are 
estimations and are taken from Amano et al. [ 141. The rate constant for reaction (11) is taken from Leu [ 151, that for reaction (6) 
from the review of Tsang and Hampson [ 161 and for reaction (12) from Balla et al. [ 8] 

(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 

Cl+CH,SH~CH,S+HCl 
CH,S+Cl~-tCH$CI+Cl 
CH,S+NO,+CH,SO+NO 
CH~SOtNO~-+CH~SO~tNO 
CH,SOZ+M4CH,+SO,+M 
CHJ+CH,tM+H6tM 
CHS+CHSStM+CH$CH,tM 
CH,+CH,SH-CH,StCH, 
CH,S+CH+CH,SHtCHzS 
CH$tCHIS+M~CHISSCH~tM 
Cl+NO,+ClONO 
CH3StNOtM-+CH3SNOtM 

k, 
L 
(0.61-1.09)x IO-lo 
ka 
ks 
3.5x 10-I’ 
2.0x lo-” 
2.0x 10-12 
1.0x IO-12 
1.0x 10-12 
9.3x lo-‘5 
1.0x10-‘2 

achieve agreement between them. From 23 experi- mechanism (table 1). The following steps were con- 
ments we obtained sidered for the oxidation of CH,S with NOz: 

Some experiments were also carried out without 
NO2 so that reaction (2) was likely to modify the 
CH3SH profile, but no variation in k, beyond the 
range of precision was obtained under such condi- 
tions. In some exieriments without NOz, NO was 
added in concentrations high enough to downshift 
the CH,SCl* profile due to the reaction CH$+ 
NO+M+CH3 SNO+ M. Calculations were then 
carried out to reproduce the modified CH,SCI+ pro- 
file. From these calculations, it was found that re- 
action (2) could be given the approximate rate 
constant kz = 1 X 1O-‘2 cm3 molecule-’ s-l. 

CH$+NOz+CH3SO+N0, (3) 

CH$O+NOz+CHJ02 +NO , (4) 

CH3SOz +M+CH3 +SOz I-M. (5) 

Reactions ( 1 ), ( 3), (4) and ( 5) are the dominant 
steps in this mechanism, 

3.2. The reaction CH,S+ NO2 and subsequent steps 

In the experiments described above in which Cl, 
CL, CH$H and NOz were flowed together, the pro- 
tiles of the NO+ and SO,’ peaks were also moni- 
tored in addition to the CH$H+ peak. NO+ and 
SO: were calibrated for NO and SOz as indicated in 
section 2. This calibration is justified for NO+, since 
this peak is characteristic of NO after correction for 
the contribution from NO1. The SO: peak calibra- 
tion is described below. 

The profiles of CH$H+, NO+ and SO: as a func- 
tion of reaction time were processed on a microcom- 
puter in order to fit the experimental profiles with 
those obtained from simulation of the reaction 

By adjustments of k4 and k5 (table 1) it was usu- 
ally possible to reproduce the NO+ profile but not 
the SO: profile. Comparison of the experimental and 
calculated profiles of SO: suggest that in addition to 
S02, another compound should contribute to this 
peak. It was assumed that the SO: peak intensity 
calibrated for SO2 alone should be taken as: 
SO: = [ SO2 ] + a [ CH$GOz 1, where (Y is the sensi- 
tivity of the mass spectrometer for CH$OI at the 
SO: peak, relative to SOz. With this assumption, we 
calculated a couple of values (k,, (Y) so as to repro- 
duce the SO: peak profile. A a factor of 0.4-0.5 was 
usually obtained. In the simulations, the rate 
constant 6.1 X lo-” reported by Tyndall and 
Ravishankara [ 93 was usually taken for reaction (3) 
but calculations were also done using the value 
1.09x lo-lo of Balla et al. [8]. Each value is large 
enough to have no significant effect on the deter- 
mination of k4 and k5. The following values were 
found for k4 and k,: 

k,=(3+2)xlO-“cm3molecule-Is-‘, 

k,alOs-‘. 
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Additionally for different initial conditions, the 
ratio I NO 1 ProdUced/ 1 CH$H I naeted for a reaction 
time of 4-5 ms was found to be in the range 1.5-2. 
A typical simulation result is shown in fig. 3. 

These kinetic and mechanistic data can be com- 
pared with previous work. In the laser photolysis- 
laser-induced fluorescence work reported by Balla et 
al. [ 81, the reaction CHJS+NOz was studied as a 
function of pressure (in the range l-200 Torr of N2) 
and temperature (between 295 and 5 11 K). Only a 
small variation of k3 was noticed with pressure: 
k,= (0.8+0.074)x 10-l’ for 1 Torr of Nz and 
k3 = 1.06x 10 - lo for 200 Torr of Nz at 295 K. These 
authors assumed that the high-pressure limit was ob- 
tained for a pressure of 200 Torr and the Arrhenius 
expression for k3 was 

No product analysis was carried out and two pos- 
sible initial channels were suggested by analogy with 
the similar reactions of CH,O: CH,S+NO, +M-+ 
CHjSNOz +M and CH3S+NOz+CHzS+HON0. 

But the essential pressure independence of the rate 
constant between 1 and 200 Ton of N2 and the small 
negative temperature dependence led these authors 
to propose the following steps: CHjS+N02 + 
CH$ONO*+CH, SO + NO. Therefore, they were 
unable to unambiguously determine the CH$ + NOz 
reaction mechanism. 

In their FTIR study, when mixtures containing 
CH,SSCH, and NO, were photolysed in N2 at at- 
mospheric pressure, Barnes et al. [ lo] found that 2- 
3 molecules of NO were produced from the photol- 
ysis of 1 molecule of CH,SSCH,. These results have 
led these authors to suggest the occurrence of steps 
(3) and (4). Similar observations and conclusions 
have been reported by Tyndall and Ravishankara [ 9 ] 
from their laser photolysis-laser-induced fluores- 
cence study. They also found a yield of 2 molecules 
of NO produced per CH$ reacted and they dbtained 
k,=(6.1*0.5)xlO-” at 298 K_ Our value ob- 
tained by a different method also supports the above 
mechanism, in agreement with these two recent 
studies. These data also yield the first determination 
of ka. 

COWfl'RATIOHS 
CHaSH, MO 

Fig. 3. Result of a simulation run under the following initial conditions: [CH,SH10 =3.27x lo’*, [Cl], =2.09x LO” and [NO,]o= 
2.16~ lOI cmm3. Solid lines are the calculated curves and the dots represent the experimental data. OL (see text) was found to be 0.43, 
k,=l.07~10-‘~,k,=5x10-“cm’molecule~’s~’andk~=10s~‘. 
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Reaction ( 5 ) was mentioned by Barnes et al. [ 10 ] 
to explain the formation of SO2 in their experiments. 
They found SO2 yields of 38 and 46% per CH$ re- 
acted in 760 Torr of NZ and in synthetic air, respec- 
tively. Even if no rate data are given in their study, 
the observation of SO* may be consistent with our 
k5 measurement, if we consider the higher reaction 
times of their study ( 120 to 600 s instead of less than 
10 ms in our work) and higher pressure (760 Torr 
compared to 0.3 Torr) because we can expect that k5 
is pressure dependent. 

Our k, measurement can also be compared with 
the results obtained by Good and Thynne [ 17 1, who 
considered reaction (5) as the reverse step of the re- 
action CH, + SO, + M+ CH3 SOZ + M. They used 
a pressure of 50 Torr and a temperature range 
298-437 K and obtained kS(s-1)=1~1013 
x exp ( - 22400/RT). Their activation energy is 
markedly higher than the estimate of 17.2 kcal/mole 
given by Horowitz [ 181 from a study of the radiol- 
ytic decomposition of methanesulfonic chloride in 
the liquid phase. This last value is in good agreement 
with the thermochemical determination of 18 kcal/ 
mole reported by Benson [ 19 1. If we assume a pre- 
exponential factor of 1 x 1013 as given by Good and 
Thynne, our upper limit of 10 s-’ for k5 would cor- 
respond to a lower limit of 16.5 kcal/mole for the 
activation energy. This estimate is consistent with 
the value of Horowitz and Benson. 

In conclusion, this work shows that in flow reac- 
tors, the reaction Cl +CH,SH is a suitable source of 
the CH3S radical and its rate constant was measured. 
From a computer analysis of CH3SH+, CH3SO+, 
NO+ and SO,’ peak profiles and using the rate con- 
stants reported for the reaction CH$ t NO*, a value 
was obtained for the rate constant of reaction (4). 
The decomposition rate of CH3S02 was not impor- 
tant at low pressure and the SO: peak was mainly 
representative of CH3S02. 

For atmospheric applications, the present study 
confirms that the CH,S t NO, reaction can be an im- 
portant oxidation route of CH3S with NOz concen- 
trations at ppb levels or lower. The actual importance 
of this reaction will depend on the rate constant for 
the reaction CH3S t 02, for which an upper limit of 
3x lo-‘* at 298 K [9] is currently the best estimate. 
The present determination of the rate constant for 
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the reaction CH3S0 t NO* indicates that this reac- 
tion is also of potential atmospheric importance. This 
will depend on possible alternate oxidation routes of 
CH3S0, for instance by O2 and Oj, which are pres- 
ently unknown. Finally, these results should eontrib- 
ute to a better understanding of the chemical 
transformation of some organic sulfides in the at- 
mosphere and to the evaluation of their SOZ yields. 
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