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summary 
The photo-oxidation of CHsSH has been studied at 296 f 1 K by both 

direct photolysis of CHsSH at 253.7 nm and photolysis of (CHsS), above 
280 nm in the presence of CHsSH and Oz. The direct photolysis of CHsSH 
in the presence of O2 produces Hz, S02, HzS, CHsSCH2SCHs and (CH& as 
products. When (CHsS)z is photolyzed in the presence of CHsSH and 02, no 
Hz, SO2 or HaS is observed but CHaSCH#CHs is produced. Thus the forma- 
tion of Hz, SO2 and HIS does not come from CHsS oxidation but is asso- 
ciated with the hydrogen atom produced in the photolysis of CHsSH, while 
CHsSCHrSCHs comes from the oxidation of CHsS radicals. 

The competition for hydrogen atoms by CHsSH and 0, via the reac- 
tions 

H + CHsSH - Hz + CHsS (17) 

H+02+M+ HO*+M (29) 

was measured from both the Hz and the SO2 yields. The ratio k17/k30 is 
(1.07 f 0.09) X 10m3 Torr-’ with O2 as a chaperone from the H, data, and 
about the same value is obtained from the SO3 data. If kzo is taken as (5.5 f 
0.5) X 1O-32 cm6 s-i , then k,, is about (1.8 f 0.2) X IO-l2 cm3 s-l. 

From isotopic substitution measurements it was shown that 
CH3SCH2SCHs was produced from two CHSS radicals and one CHsSH 
molecule. CsH& is not formed directly from CH3S since its formation 
requires the presence of 02, but may be produced from both CHsS(O), and 
CH3S04 radicals reacting with CH3SH. 

It was also seen that CDsS and the oxygenated CD3S radicals can 
exchange with (CH,& to give CH&SCD3. 

1. Introduction 

In our earlier work on the photolysis of (CHSS)~ in the presence of O2 
at 253.7 nm and 296 K [ 13 we showed that O2 adds rapidly to CH3S, and 
that the oxidation can be explained by the mechanism 
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CHsS + O2 - CH$IOO (1) 

CH3SO0 - CH3S(0)2 (2) 

CH3SO0 + O2 - CH3S04 (3) 

CH3SOd - HO + CH20 f SO2 (4) 

CH3S04 + (CH3S)2 - termination (5) 

The rate coefficients k2/k3 and k4/k5 were found to be 110 + 24 Torr and 
0.98 f 0.19 Torr respectively. In this paper we extend these studies to the 
photo-oxidation of CH3SH. 

2. Experimental details 

The experimental procedure was similar to that described in our earlier 
reports [ 1 - 3 3. Photolysis of CH3SH at 253.7 nm and 296 f 1 K took place 
in the reaction system used for (CH3S)z photo-oxidation [ 11. 

A few experiments were performed in a 631 ml spherical quartz cell 
equipped with Pyrex-quartz graded seals which contributed no more than 
4% to the dead volume. One unfiltered low pressure Hanovia mercury lamp 
of the type described earlier [l] was used. 

Some runs were done in which (CH,S), was photolyzed in the presence 
of CHsSH or CDSSH. This could be done because (CH3S)z absorbs light 
slightly beyond 300 nm, while the extinction coefficients for CH3SH and 
CD3SI-I are negligible above 275 nm. In these experiments three Hanovia 
medium pressure type SH U-shaped mercury lamps were used with two 
Corning O-53 filters to remove radiation with wavelengths below 280 nm. 
To be certain that CHaSH was not absorbing any radiation an experiment 
was performed in which pure CHsSH was irradiated; no (CH3S)z was found. 
All experiments of this type were performed in the 631 ml quartz bulb. 

Continuous product analysis was performed by allowing the contents 
of the cell to bleed through a small pinhole into an Extranuclear type II 
quadrupole mass spectrometer. In the course of these experiments the total 
pressure in the cell ranged from 20 to 300 Torr. In order to maintain the 
operating pressure of the mass spectrometer below 4 X 10D6 Torr a series of 
three glass pinholes of different area were used. The glass pinholes were used 
over the following total pressure ranges: 20 - 60 Torr, 60 - 150 Torr and 
150 - 350 Torr. Under all experimental conditions, sample depletion never 
exceeded 5%. Mass spectrometric determinations were performed with 40 eV 
electrons by measuring the product ion current peaks relative to the m/e 40 
peak from a known amount of argon which was added to the mixture prior 
to irradiation. This reduces errors from instrumental or other fluctuations. 
(CH3S)2 and bis(methylthio)methane ((CH3S)2CH2) were quantitatively 
determined by measuring their signals at mfe 94 and m/e 108 respectively 
relative to that of argon at m/e 40. The mass spectral sensitivity of 
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deuterated compounds, except for CD3SH which could be measured directly, 
was assumed to be the same as for their protonated analogs. This introduces 
some error as the relative sensitivity of CH3SH and CD3SH is 0.86. 

Hz, S02, CH4 and H?S were analyzed using gas chromatography. After 
termination of irradiation, the contents of the reaction vessel were expanded 
into two sample loops. From one loop, H2 or CH4 was analyzed. CH4 was 
analyzed on a column 6 ft long and l/4 in in diameter containing molecular 
sieve 5A. Helium was used as a carrier gas with a flow rate of 45 ml min-‘. 
In order to prevent column contamination, all materials which would not 
pass through the column were retained in the sample loop by immersing it in 
liquid nitrogen. The separation of Hz was performed on a stainless steel 
column 12 ft long and l/4 in in diameter containing molecular sieve 5A 
maintained at room temperature. Nitrogen was used as the carrier gas with a 
flow rate of 40 ml min- I. All gases which would not pass through the 
column were retained in the s-ple loop using an isopentane slush bath 
maintained at 113 K. SO2 and H& were analyzed from the second loop; the 
loop was cooled to 77 K and all non-condensable gases were evacuated. A 
chloroform slush bath (210 K) was used to retain low vapor pressure com- 
pounds in the sample loop. The volatile compounds at this temperature were 
injected onto an FEP Teflon column 13 ft long and 3/16 in in diameter con- 
taining GP20% SP-2100/0.1% Carbowax 1500 on 100/120 Supelcoport at 
room temperature. 

CH3SH (minimum purity, 99.5%), obtained from Matheson, was further 
purified ustig trap-to-trap vacuum distillation from 179 to 113 K. Methane- 
d&hi01 (CD,SH) (minimum purity, 99 at.%) was obtained from MSD 
Isotopes. It was purified using the procedure described for CH,SH. Red label 

(CH3S)2, obtained from Aldrich, was distilled from 273 to 210 K. Bis- 
(methylthio)methane (minimum purity, QQ%), obtained from Aldrich, was 
not distilled but was thoroughly degassed prior to use. Anhydrous SO2 
(Matheson) was distilled from 179 to 142 K. Prepurified grade nitrogen 
(minimum purity, 99.998%) and extra dry grade oxygen (minimum purity, 
99.6%) were obtained from MG Scientific Gases. Prepurified hydrogen 
(purity, 99.95%) and prepurified argon (purity, 99.998%) were obtained 
from Matheson. The nitrogen, oxygen, hydrogen and argon were used 
without further purification. 

C-P. grade methane (minimum purity, 99-O%), obtained from 
Matheson, was distilled from 87 to 77 K. C.P. grade H2S (minimum purity, 
99.5%), obtained from Matheson was distilled from 142 to X13 K. Tetra- 
fluoromethane (CF4) (minimum purity, 99.7%), obtained from Matheson, 
was distilled from 113 to 77 K and was thoroughly degassed prior to each 
experiment. 

Methyl thionitrite (CH,SNO) was prepared by photolyzing (CH3S)z 
at 254 nm in the presence of a threefold excess of NO obtained from 
Matheson. The CH3SN0 was purified by trap-to-trap distillation from 200 
to 113 K. The purified material was stored in a darkened storage bulb at 
77 K to prevent thermal as well as photolytic decomposition. 
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Mass spectra of all gases were obtained and were compared with the 
Environmental Protection Agency-National Institutes of Health mass 
spectral data base. In all cases no extraneous peaks were obtained. 

Actinometry was performed by photolysis of CH3SH at 253.7 nm. The 
products obtained ((CHBS)Z and Hz) have quantum yields of 0.99 f 0.1(4) 
and 1.00 f 0.05(S) respectively. In all cases the absorbed intensity 1, ob- 
tained from (CH3S)2 by mass spectrometry and from HZ by gas chromatogra- 
phy agreed within a few per cent. 

In experiments where (CH& was photolyzed in the presence of 
CHsSH or CDsSH, actinometry was performed by photolyzing (CH,S), 
in the presence of NO and measuring the CHzSNO produced assuming 
+((CH$NO) = 2.0 [ 21. 

In these studies a product occurred at m/e 108. It was identified by a 
gas chromatography-mass spectrometry technique. A sample was prepared 
by photolyzing 300 Torr O2 with 20 Torr CH&H and condensing the 
mixture at 77 K. All reactants including CH&H were removed by pumping 
the mixture at 179 K. At this point only the product with m/e 108 and 
(CHsS), remained. These substances were injected into a Finnegan 3200 gas 
chromatography-mass spectrometry system and were analyzed by electron 
impact. Analysis took place on a glass column 5 ft long with an inside 
diameter of 2 mm containing 20% SE30 on Supelcoport. Separation was 
performed isothermally at 383 K using helium as a carrier gas flowing at 
20 ml min- i. Afterwards a sample of (CHJS)&H2 (m/e 108) was injected. 
The mass spectra of the unknown product and (CHsS)#H, were identical, 
and their respective retention times differed by only 0.03 min. 

In order to be certain about the parent mass of the compound, an 
experiment similar .to that described above was performed using a chemical 
ionization source. A Finnegan system was used with a batch inlet and with 
isobutane as the ionizing gas. A signal at m/e 109 was obtained which corre- 
sponds to a molecule of mass 108. 

3. Results 

In the absence of 02, the photolysis of CHsSH at 253.7 nm and 296 K 
gives HZ, (CH&z, CH4 and H2S as products. The quantum yields of HzS 
and CH4, which were nearly equal at about 0.18, are essentially independent 
of reaction time up to 1200 s, indicating that these compounds are primary 
products of the reaction. 

Earlier studies [ 4, 51 have shown an inert gas pressure effect on the 
photolysis of CHsSH. Therefore we studied the reaction in the presence of 
CF4. The effect of CFI, pressure on @I(CHsS),) and @(CH4) in the photolysis 
of CH#H in the absence of O2 is shown in Table 1. @{(CHsS)& remains at 
1.00 f 0.03 independent of pressure, but @(CH4) drops markedly toward 
zero as the CF4 pressure is increased to 763 Torr. The pressure effect on the 
other two products (H, and HzS) is shown in Table 2. The Hz yield stays 
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TABLE 1 

Effect of CF., pressure on CHBSH photolyais* 

[CBqJ (Tcrr) Za (mTorr s-r) ‘@{(CH#,) WCW 

Ob 0.95 1.17 0.196 
0 0.89 1.01 0.185 

59 0.92 0.97 0.138 
108 0.91 0.98 0.111 
202 0.67 0.96 0.095 
311 0.67 1.03 0.080 
492c 0.68 - 0.051 
509d 0.70 - 0.041 
763 0.68 - 0.024 

“[ CHaSH] = 20.4 ,+ 0.7 Torr; [Ar] = 15.0 -+ 2.3 Torr; irradiation time, 900 s. 
bkradiation time, 610 s. 
%radiation time, 916 s. 
d[Ar] = 0. 

TABLE 2 

Effect of nitrogen pressure on CHsSH photolysisa 

[Nzl 
(Tom) 

Zmidiation time 
fs) 

Z, W-f2S) *‘(Hz) 
(mTorr s-l) 

0 900 0.90 0.180 0.95 
0 900 0.81 0.214 1.05 
0 840 0.79 0.208 1.01 

103 973 0.80 0.123 1.16 
109 913 0.81 0.134 1.12 
308 900 0.85 0.106 1.00 
509 900 0.80 0.084 1.14 
779 900 0.81 0.086 1.04 

“[ CHsSH] = 21.2 a 2.2 Torr; IAr] = 0. 

constant at 1.06 -+ 0.06 as the inert gas (nitrogen in this case) pressure is 
increased. However, @(HzS) is quenched. 

CH3SH was photolyzed in the presence of Oa (and argon) at 253.7 nm 
and 296 + 1 K. Products of the reaction measured by gas chromatography 
were HP, H,S and S02. In addition (CH3S)2 and a product at m/e 108 were 
monitored by mass spectrometry. The mass spectrum of the product with 
m/e 108 was obtained by gas chromatography-mass spectrometry and it 
exactly matched that for CHaSCH#CHa, including the expected 8% sulfur 
isotope peak at m/e 110. It gave the same retention time by gas chromatog- 
raphy as authentic samples of CH3SCH2SCH3. Experiments performed with 
CDaSH shifted the mass spectral peak from 108 to 116, thus indicating that 
the thiol hydrogen atom is not incorporated into CH3SCHlSCHS. 
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In order to eliminate the hydrogen atom and its oxygenated analogs 
from the system, CHsS radicals were prepared from the photo-oxidation of 
(CH&l), at wavelengths above 280 nm. When (CH$3), was photolyzed in the 
presence of CHsSH and O2 (and argon), CH3SCH2SCH3 was still formed but 
there was no evidence for Hz, SO2 or any other product. The absence of SO2 
was very surprising since SO2 is a major product of the photo-oxidation of 
either (CHsS), or CHaSH in the absence of the other. At high O2 pressures, 
CH3SCH,SCH3 was an initial product of the reaction for CHsSH photo- 
oxidation, but at low O2 pressures there was evidence of an induction period. 
In the (CHsS), photo-oxidation in the presence ,of CHsSH, CHsSCH#CHs 
grew with an induction period under all conditions. Typical growth plots for 
CH3SCH2SCH3 are shown in Fig. 1 for the photo-oxidation of both CHsSH 
and (CHsS)r in the presence of CHsSH. For those runs that show an induc- 
tion period for formation, there is also some growth after the termination of 
irradiation_ This behavior suggests that CH3SCH2SCH3 might be formed from 
a long-lived precursor. Quantum yields for CHsSCH&ICHs formation were 
obtained from the straight-line portion of its growth curve (after the induc- 
tion period}. Experiments also were done in which (CH$3), was photolyzed 
in the presence of CD$H and O2 (and argon). The 108 mass spectral peak 
shifted from 108 to 111, thus indicating that only one CD$H is involved ih 

90 I I I I I 

LIGHT OFF 

80- . 

70- 

60- 

TIME, sac 

Fig. 1. Plot of C3HsS2 pressure vs. reaction time during and after photolysis: 0, 

[CHsSH] = 21.0 Torr. [O,] = 19.3 Torr, [Ar] = 15.8 Torr and I, = 0.48 mTorr s-l; A, 
[ CHsSH] = 21.2 Torr, [O,] = 99.3 Torr, [Ar J = 15.0 Torr and Ia = 0.48 mTorr s-l; 0, 
[(CHJS)J = 8.68 Ton, [CHISH] = 19.8 Ton-, [O,] = 19.9 Torr, [Ar] = 14.8 Torr and 

I* = 0.83 mTorr s- I; a, [(CH3S),] = 9.47 Torr, [CHaSH] = 26.1 Torr, [Oz] = 98.7 Torr, 
[Ar] = 18.8 Torr and I8 = 0.71 mTorr s-l. 
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its formation. For (CH&), formation, or its deuterated analogs, there was no 
induction period or post-irradiation growth under any conditions. 

The effect of irradiation time was studied in four series of runs with 
[CH3SH]‘= 19.6 Torr and [O,] values of 20, 62, 100 or 300 Torr. In each 
series *(SOP) and @(Hz) were independent of irradiation time from 300 to 
900 s. In all four series 9(SO2) + @{H2) = 0.95 f 0.06. However, @(SOz) 
increased and cP(H,) decreased as the O2 pressure was raised. 

For a series of runs with [CHsSH] = 25.6 f 0.1 Torr and [O,] = 25.9 
Torr the absorbed intensity was varied from 0.15 to 2.3 mTorr s-i; this had 
no effect on O{(CHsS)z] and (P(CJHsS2), and only a slight effect on @(SO,) 
and @(Hz). 

In order to test for an inert gas effect, nitrogen was added in a series of 
runs. The effect of added nitrogen on the photo-oxidation of CH#H is 
shown in Table 3. There is no trend for a,( S02) or @(Hz) and their sum 
remains at 0.92 f 0.03. There is a very slight increase in @{(CH$),} and a 
factor of 2.5 decrease in @(CsHsS,) as the nitrogen pressure increases from 
0 to 262 Torr. 

Two series of runs were done at 10.6 f 0.9 and 23.6 + 2.4 Torr O2 to 
see the effect of CHsSH pressure on the photo-oxidation of CHsSH. Varying 

TABLE3 

Effect of nitrogen on thephoto-oxidation of CHaSH 

[N2] Imdiution @{(CHsS)& rP(C3HBS2) 9(HzS) '@(SO1)a *(Hz) @(S02)+ *(HP) 
(Torr) time 

b) 

[CH$JH]=10.44*0.23 Ton-; [02]= 10.35f0.39 Tort-; [Ar] = I5.8kO.2 Tow; I,= 
0.96 f 0.02 mTowb_l 
Ob 655 0.90 0.076 - 0.110 0.87 0.98 
50 645 1.07 0.060 - 0.081 0.83 0.91 
101 565 1.20 0.035 - 0.086 0.84 0.93 
262 690 1.29 0.029 - 0.116 0.76 0.87 

[CH&H]= 19.8 f0.4 Torr;[02J =19.6*1.9 Torr;[ArJ= 16.1 f0.4 Tort-; I,,= 1.18 * 
0.02 mTorrs_l 

0 600 1.18 0.079 0.100 0.082 0.88 0.96 
53 660 1.18 0.055 0.067 0.085 0.81 0.90 
106 600 1.27 0.074 0.050 0.096 0.82 0.92 
302 600 1.58 0.132 0.032 0.110 0.76 0.87 

[CH3SH ] = 20.1 + 0.5 Torr; [0,] - IO1 f I Torr; [Ar] = 16.0 2 0.5 Tom; la = 1.21 + 0.03 
mTorrs_' 

0 300 - - 0.017 0.32 0.64 0.96 
100 600 - - 0.010 0.38 0.49 0.87 
300 610 - 0.004 0.40 0.42 0.82 
660 600 - - 0.003 0.44 0.31 0.75 

aAnalys~ofSO~bygaschromatography. 
b[CH3SH]= 9.00 Torr;[Ar]= 32.8Torr;I, = 0.82mTorr~-~. 
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the CHsSH pressure from 2.0 to 63 Torr had no effect on 9{(CH3S)3), 

WC3HsSA WSO2) 0~ WH2). 

The effect of O2 on the photo-oxidation of CH3SH is given in Table 4. 
‘P{(CHsS),} increases from values of less than unity at very low O2 pressures 
to about 1.5 at 300 Torr 02. The one run done with CDsSH at 96 Torr O2 
gives (P((CD3S)2) = 2.06, but without more data it is difficult to know how 
meaningful this is. (The difference between the deuterated and protonated 
species may reflect different analytical sensitivities and should not be given 
much importance.) @(C3HsS2) also rises with O2 pressure from 0.07 at 1.5 
Torr O2 to about 0.4 at 300 Torr OZ. Again the one point with CDsSH at 
96 Torr O2 gives @(C3DsS2) greater than expected from the nondeuterated 
results. <p(S02) increases and (P(H2) decreases with increasing O2 pressure, 
but their sum remains 0.94 * 0.06 except for the run with CDsSH where 
the sum is 0.70. 

tCH3S)2 was photo-oxidized at wavelengths above 280 nm in the 
presence of CH3SH in order to produce CHsS radicals in the absence of 
hydrogen atoms. The results are shown in Table 5. a( CsHsS2) behaves in the 
same manner as in the photo-oxidation of CHsSH, i.e. a(C3HsS3) increases 
with O2 pressure. However, neither SO2 nor H2 are produced in this system 
where hydrogen atoms and HO2 radicals are absent, but they are produced 
in the photo-oxidation of CH3SH where hydrogen atoms and HO2 radicals 
are present. Thus these products arise exclusively from hydrogen atom and 
HOz radical reactions. 

In order to obtain more mechanistic information, (CHSS)~ was 
photolyzed at wavelengths above 280 nm in the presence of CD3SH. Table 6 
shows the results in the absence of OZ. No Hz or C3H5D3SZ are formed, but 
considerable exchange occurs which first produces CHsS&D3 and then 
(CD3S)3 as a secondary product. The results in the presence of O2 are shown 
in Table 7. The exchange still occurs at about the same efficiency as in the 
absence of 03. However, now C3HsD3S2 is seen, but at much lower quantum 
yields than those for C3HsS2 in the fully protonated system. 

4. Discussion 

4.1. Photo-oxidation of (CH#), in the presence of CH3SH 
SO2 is formed when (CH3S)3 is photo-oxidized in the absence of CH3SH 

[ 11, but not in its presence. Therefore CH3SH must intercept the radicals 
that lead to SO2 formation. Furthermore these reactions involving CH3SH, 
although they do not lead to SO3 or Hz formation, do lead to C3HsS2 forma- 
tion and to deuterium exchange via a chain process. The exchange step is 
independent of both the CH3SH and 03 pressure. The C3HsS2 formation is 
independent of CH3SH pressure but increases with 03 pressure from a lower 
limiting value of 0.03 to an upper limiting value of about 0.15. 

In addition to reactions (1) - (5) the suggested reactions in the non- 
deuterated system are 



T
A
B
L
E
4
 

E
f
f
e
c
t
o
f
o
x
y
g
e
n
o
n
 

C
H
3
S
H
p
h
o
t
o
-
o
x
i
d
a
t
i
o
n
a
 

[0
2l

 
Ia

 
Z

m
ad

ia
 ti

on
 t

im
e 

P
ot

) 
(
m
T
o
r
r
s
-
*
)
 
(
s
)
 

‘@
{(

C
H

3S
)2

1 
@

,(
C

3b
S

2)
 

4’
W

2S
) 

W
O

2)
 

b 
@

‘(H
z)

 
*(

S
O

,)
 

+ 
W

J2
) 

0 
0.

69
 

0 
0
.
8
8
 

1
.
5
0
 

0
.
4
6
 

1
.
5
2
 

0
.
4
7
 

1
.
5
5
 

0
.
4
4
 

1
.
8
5
 

0
.
4
6
 

2
.
0
1
 

0
.
7
4
 

6
.
0
9
 

0
.
3
1
 

6
.
1
9
 

0
.
3
1
 

1
7
.
7
 

0
.
6
9
 

1
7
.
7
 

1
.
2
1
 

1
8
.
5
 

0
.
4
8
 

1
9
.
2
 

1
.
1
6
 

1
9
.
3
 

0
.
4
8
 

2
0
.
0
 

1
.
1
8
 

2
0
.
0
 

0
.
4
5
 

2
0
.
0
 

0
.
5
2
 

2
0
.
7
 

0
.
7
2
 

2
2
.
0
 

0
.
8
7
 

2
2
.
3
 

0
.
8
1
 

2
3
.
0
 

0
.
4
6
 

2
4
.
0
 

1
.
2
1
 

2
5
.
1
 

0
.
4
6
 

2
7
.
2
 

0
.
4
6
 

6
1
.
9
 

0
.
7
4
 

6
0
0
 

6
0
0
 

-
 

- - 

6
0
0
 

-
 
-
 6
0
0
 

6
0
0
 

3
0
0
 

-
 9
0
0
 

-
 9
0
0
 

9
0
0
 

7
2
0
 

-
 

1
2
1
5
 

-
 3
0
0
 

- 0
.
7
1
 

0
.
8
5
 

0
.
9
2
 

0
.
8
0
 

1
.
1
3
 

1
.
0
2
 

1
.
0
0
 

-
 

1
.
1
8
 

0
.
9
2
 

0
.
9
8
 

1
.
2
0
 

-
 

1
.
2
7
 

1
.
2
1
 

-
 

- 
- 

1
.
3
5
 

0
.
0
8
2
 

1
.
0
7
 

0
.
1
1
3
 

-
 

-
 

1
.
0
7
 

-
 

0
.
9
8
 

0
.
1
2
1
 

-
 

-
 

- - 0
.
0
7
0
 

- - 0
.
0
7
0
 

0
.
1
1
3
 

0
.
0
1
8
 

0
.
0
1
8
 

-
 

0
.
0
7
9
 

0
.
1
0
3
 

0
.
0
5
9
 

0
.
0
5
9
 

0
.
1
1
3
 

-
 

0
.
1
6
 

0
.
1
4
 

- - - - - - - 0.
09

3 
0
.
1
0
0
 

- 0
.
1
0
0
 

- 0
.
0
8
2
 

0
.
1
0
7
 

0
.
0
6
9
 

- - 0
.
0
6
7
 

- - 0
.
0
2
7
 

- 
- 

- 
- 

0
.
0
2
6
 

-
 

-
 

-
 

-
 

-
 

0
.
0
5
1
 

-
 

0
.
0
2
5
c
 

0
.
9
5
 

-
 

-
 

0
.
0
2
6
 

-
 

-
 

-
 

0
.
0
8
2
c
 

0
.
8
8
 

-
 

-
 

0
.
9
2
 

0
.
1
1
3
 

-
 

0
.
0
8
5
c
 

0
.
8
3
 

0
.
0
8
2
 

-
 

0
.
1
2
2
 

-
 

-
 

-
 

-
 

-
 

0
.
0
5
4
 

0
.
8
1
 

-
 

-
 

0
.
0
8
2
c
 

0
.
7
6
 

0
.
1
2
7
 

-
 

0
.
2
4
1
 

-
 

-
 

-
 

- - - - - - 0.
98

 
- - - 0.

96
 

- - 1
 0.

92
 

- 

0
.
8
6
 

0
.
8
4
 

-
 
-
 
-
 

0
 

(c
on

ti
nu

ed
) 

g 



T
A

B
L

E
 4

 (
co

nt
in

ue
d)

 

[0
21

 
hl

 
Iw

ad
io

ti
on

 
ti

m
e 

V
W

 
(m

T
or

r 
s-

l)
 

(6
) 

Q
i{

(C
H

3W
21

 
*(

C
BH

II
S2

) 
@

(H
2S

) 
w

JO
2)

 
b 

‘&
H

z)
 

@
(S

O
,) 

+ 
@

‘(H
z)

 

62
.2

 
0.

71
 

62
.6

 
0.

72
 

62
.7

 
0.

73
 

63
.5

 
0.

87
 

63
.7

 
0.

81
 

66
.9

 
1.

15
 

96
.0

d 
1.

83
 

99
.0

 
0.

48
 

99
.2

 
0.

66
 

99
.3

 
0.

48
 

99
.8

 
0.

65
 

10
0.

0 
0.

48
 

10
0.

0 
0.

47
 

10
0.

0 
0.

97
 

10
0.

0 
0.

73
 

10
1.

0 
1.

25
 

10
1.

8 
0.

71
 

20
4 

1.
92

 
30

0 
0.

46
 

30
0 

0.
41

 
30

0 
0.

48
 

30
1 

0.
70

 
30

5 
0.

42
 

30
5 

0.
85

 

60
0 

90
0 

13
95

 
30

0 
x2

00
 

30
0 

55
0 

- 

90
0 

- 

60
0 

- - 

60
0 

63
0 

90
0 

67
5 

58
5 

- 1.
15

 
2.

06
e 

1.
21

 
- 1.

23
 

- 1.
15

 
1.

22
 

1.
60

 
1.

81
 

- 1.
48

 
1.

38
 

1.
46

 
1.

62
 

1.
49

 
- 1.

51
 

- - - - - 0.
13

0 
0.

31
4f

 
0.

14
1 

- 0.
16

0 
- 0.

15
2 

0.
16

2 
0.

16
1 

0.
18

1 
- 0.

18
7 

- 0.
44

3 
0.

44
2 

0.
24

9 
- 0.

35
0 

- 

0.
09

7 
0.

04
1 

0.
03

6 
0.

02
7 

0.
04

0 
0.

03
8 

- - 0.
02

0 
- 0.

01
8 

- - - - 0.
01

7 
- - - - - <

 0
.0

1 
- < 

0.
01

 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

0.
18

1c
 

0.
78

 
0.

22
4’

 
0.

48
 

0.
25

4 
- 

- 
- 

0.
22

2 
- 

- 
- 

0.
49

 
- 

0.
40

 
- 

0.
56

c 
0.

46
 

0.
30

c 
0.

56
 

- 
- 

0.
43

c 
0.

59
 

0.
65

c 
0.

27
 

- 
- 

1.
05

 
- 

- 
- 

- 
- 

1.
17

 
- 

- 
- 

- - - - - 0.
96

 
0.

70
 

- - - - - - 1.
02

 
0.

86
 

- 1.
02

 
0.

92
 

- - - - - - 

*[
C

H
$?

,H
] 

= 
21

.0
 f

 1
.8

 T
or

r;
 [A

r]
 =

 1
5.

0 
f 

1.
7 

T
O

W
 

bA
na

iy
si

s 
of

 S
O

2 
by

 m
as

s 
sp

ec
tr

om
et

ry
 

ex
ce

pt
 w

he
re

 i
nd

ic
at

ed
. 

cA
na

ly
si

s 
of

 S
O

2 
by

 g
as

 c
hr

om
at

og
ra

ph
y.

 
dC

D
3S

H
 r

at
he

r 
th

an
 C

H
sS

H
. 

e(
C

D
$!

h 
ra

th
er

 th
an

 (
C

H
&

. 
fC

3D
&

 
ra

th
er

 t
ha

n 
C

~H
F

&
. 



321 

TABLE 5 

Photo+xidation of (CHsS)z in the presence of CHaSH * 

1021 ITorrI [ CHaSH] (Tow) Q’(C3WA) 

2.0 20.2 0.033 
9.9 19.8 0.032 

16.6 10.4 0.036 
19.7 19.7 0.036 
21.0 2.2 0.034 
23.8 60.9 0.018 
48.9 19.2 0.032 
51.5 18.9 0.058 
98.7 25.1 0.160 

105.7 19.4 0.143 
306 20.0 0.214 
310 61.7 0.141 

*[(CH3S)2] = 9.46 * 0.41 Torr; [Ar] = 11.5 - 18.8 Torr; Za = 0.81 f 0.14 mTorr s-l; 
@(SOz) and *(Hz) are zero (less than 0.01 in all runs). 

CH$(O), + CH$SH - C2H7S202 

CH3S04 + CH,SH - C2H7S204 (7) 

Since there is no dependence of @(C3H8S2) on [CHsSH], [(CHSS),] or I,, 
reactions (6) and (7) must be so rapid that the other reaction paths involving 
CH&J(O), and CHJS04 are unimportant under all the conditions studied. The 
adduct radicals formed. in reactions (6) and (7) can react with other 
CH,S(O), or CH$04 radicals to regenerate reactants or produce CsH&. At 
low 02 pressures, where CHSS(O)~ is the predominant oxygenated radical, 
the ratio of CJHsS2 formed to (CH,S), regenerated is about 0.03. At high O2 
pressures, where CH3S04 is the predominant oxygenated radical, the ratio of 
CsH& formed to reactant regenerated is considerably higher and reaches 
about 0.15. With CD$SH the formation of C3H5D3S2 is much less efficient 
than the production of C3HsS2 in the fully protonated system. 

The isotope exchange reactions can involve any of the oxygenated (or 
even unoxygenated) CHsS radicals, and occur via 

CHJSO, + CD3SH - CD,SO, + CHsSH (84 

CD,SO, + (CHsS), - CD3SSCHs + CHBSO, 

For long chains, mass balance considerations lead to 

-‘I’{(CH,S),I = -@(CD,SH) = @(CH$S,CD,) 

For the data in Table 6 

(9) 

(I) 
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TABLE 7 

Photo-oxidation of (CHaSh in the presence of CDsSH a 

[021 iCD3SHl -@‘,((‘=3S>2} -@(CD,SH) a(CH3S2CD3) WC3H3D3W 
(Torr) (Torr) 

2.2 19.6 8.8 8.8 7.0 0.008 
10.4 20.9 6.2 4.6 4.9 0.008 
15.6b 20.4 4.1 9.4 5.4 < 0.003 
19.8 54.4 7.8 9.4 5.4 0.036 
21.0 1.04 1.65 0.84 1.16 0.033 
63.0 19.0 5.8 - 7.4 0.015 
63.6 21.0 3.6 2.7 4.9 0.018 

103.2 18.3 8.9 9.2 10.6 0.029 

“[ (CH3S)2] = 9.6 f 0.7 Torr; fAr] = 14.9 f 1.6 Torr; I, = 0.72 + 0.06 mTorr S-‘; @(SO2) 
and @(Hz) are zero (less than 0.01); (CD3S)z is seen as a secondary product. 
b[(CH3S)2j = 1.05 Torr; 1, = 0.075 mTorr s-l. 

-w(cJwM = o 82 + o 21 

Q(CH3S3CD3) ’ - * 

and 

-a(CD3SH) 

Q(CH3SzCD3) 
= 1.02 + 0.42 

For the data in Table 7 

--WWH3W,I = 1 01 + o ,_ 

-G’(CD,SH) * - ’ 

and 

-G’(CD,SH) 

@,(CH,SzCD3) 
= 1.11 f 0.40 

The uncertainties are mean deviations. They are very large because it is 
difficult to obtain loss yields with an accuracy to better than a factor of 2. 
Within the large uncertainties the ratios all have values of unity as required 
by eqn. (I). 

In the absence of O2 termination can occur via 

2CH3S __* (CH3S)z (IO) 

2CD3S + (CD3S)2 (11) 

CH3S + CD3S - CH3S2CD3 (12) 
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At low CDsSH pressures, termination will be mainly by reaction (lo), and 
the rate law for CH&CDs formation becomes 

ha [CD,SHl 
@(CD&CHd = k 

10 
1 112 

a 

(11) 

where x = 0 for reaction (8a). At high CD3SH pressures termination will be 
mainly by reaction (ll), and the rate law for CH3S2CH3 formation becomes 

k9 
WCWWH,) = p 

[ (CH3S)21 

11 
1 f/2 

a 

where x = 0 for reaction (9). The data in Table 6 show no systematic varia- 
tion of @(CD3S&H3) with [CD3SH]; the system is always in the high pres- 
sure regime and yields lz,/Jz,,1’2 = (2.2 + 0.7) X lo-’ (cm3 s-~)~“. 

In the presence of 02, termination can occur by 

CH3S0, + CD,SH + termination (8b) 

CD3S0, + CD,SH --+ term ination 03) 

Reaction (13) is less important than reaction (8b) since the chains are long 
and CD,SO, is effectively removed by reaction (9). Thus 

kss 
@(CH3S2CD3) = 12 

8b 
(IV) 

The data in Table 7 show that, except at 1.0 Torr CD,SH, @(CH3S2CD3) is 
independent of all variables. Equation (IV) gives k,Jksb = 6.5 f 1.6. At 1 .OO 
Ton CD3SH, the CD3SH pressure is so low that termination can occur by 
reactions (2) or (5) which would reduce the value of (P(CHsS2CDs). 

4.2. Photolysis of CH3SH 
The photolysis of CH3SH at 254 nm in the absence of O2 was first 

studied in detail by Inaba and Darwent [6]. They found Hz and CH4 as 
products. The H2 yield was constant and unaffected by irradiation time. 
However, the CH4 yield decreased with increasing reaction time in some 
experiments but increased with reaction time in other experiments. Our 
results in Table 1 show that both a( CH4) and +(H2S) are unaffected by 
changing the reaction time and thus these products are primary. 

Steer and Knight [ 5 ] studied the photolysis at 254 nm and found that 
Q{H,) = 1.00 * 0.05 independent of pressure. This agrees with our result of 
1 .OO + 0.03 independent of pressure. They also found that CF4 quenches 
@(CH4) from 0.19 in its absence to zero at high CF4 pressure. Again our 
results confirm these findings. 

However, Bridges and White [4] found that *(H,) = 0.83 f 0.03, 
@{(CH3S)2} = 0.99 f 0.1 and @(CH4) = 0.16 f 0.03 independent of CH3SH 
pressure. Like us they also found @(H2S) = @(CH& In the presence of 
n-C4Hl,,, @(CH4) was reduced and ia increased toward unity. 
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The only discrepancy among these findings is whether @(Hz) = 0.83 or 
1.00 at low pressure. The result of Bridges and White that G(H,) = 0.83 at 
low pressure (i.e. @(HZ) + <P(CHa) = 1.0 under all conditions) seems to make 
more sense, and we accept their finding. Bridges and White interpreted their 
results in terms of a hot hydrogen atom mechanism 

CHsSH + hv - CH3S + H* 

H* f CH3SH - H2 + CH3S 

WW 

(154 

(15b) 

(16) 

(17) 

(18) 

(10) 

- H2S + CH3 

H*+M +H+M 

H + CH,SH - H2 + CHjS 

CH, + CH3SH - CH, + CHJS 

2CHaS - (CH& 

where M in reaction (16) is any gas other than CH3SH. 
Bridges and White also considered that the primary process 

CH3SH + hv - CH, + SH (14b) 

could occur with a yield of 0.07 to account for the fact that n-C4H10 did not 
quench @(CH4) to zero. There is some evidence for this reaction from our 
work also as Q(H2S) appears to level off at 0.08. However, the fact that it 
has been found both by Steer and Knight [5] and in our work that *(CH4) 
could be pressure quenched to zero rules against reaction (14b). Our results 
obtained in the presence of Oz indicate that nitrogen can pressure quench 
@(H2S) to zero. Thus most of the data indicate that reaction (14b) is not 
needed, and for simplicity we ignore it. 

The reaction mechanism, neglecting reaction (14b), yields rate laws 
which are consistent with the results in the absence of OZ. However, in the 
presence of Oz, it predicts values for @(HZ) which are larger than those ob- 
served. Thus we have to modify the mechanism by deleting reaction (15a) 
and adding another primary process 

CHsSH + hv - CHaS + H (14c) 

The mechanism consisting of reactions (14a), (14c), (15b), (10) and (16) - 
(18) gives the rate laws 

+((CH,S),) = 1.0 w 

WW = $14~ + 
kl6 WI 

kdCH3SHl + k,,tMl 

kl6 WI 
k 15b [CHaSH] 

(VII) 
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T 16 - 

7 

Is 
Q-d IE- 

1 I 1 I I I I I 

0 2 4 6 6 IO 12 14 16 16 20 22 24 

1 CCF,l + CArl )/tCH,SHl 

Fig. 2. Plot of (P(CH&’ us. ([CF,+] + [A~])/[CHJSH] in the photolysis of 
[CHsSH] = 20.4 k 0.7 Torr and [Ar] = 15.0 + 2.3 Torr. 

CHJSH for 

Equation (VI) predicts that @(HZ) will increase from #14c = 0.83 at low [M] 
to &4c = 1.0 at high [M] . In the absence of foreign gas eqn. (VII) predicts 
that @(H*S) = @(CHa) will be 0.18 f 0.01 from our data, 0.19 from the data 
of Steer and Knight [53 and 0.16 k 0.03 from the data of Bridges and 
White [ 41. 

Figure 2 is a plot of @(CH& 1 versus ([CF,] + [Ar])/[CH$H] in the 
absence of Oz. The data fit a straight line which gives an intercept of 4.3 f 
1.1 and a slope of 0.68 f 0.08, where the uncertainties are one standard 
deviation. The ratio of slope to intercept gives ki6/k1sb = 0.157 * 0.056. 

The data for Q(H+) do not quench to zero as nitrogen is added in the 
absence of 02, but they do quench to zero in the presence of OZ. We con- 
sider the failure to quench completely in the absence of O2 to be an experi- 
mental artifact. The appropriate quenching plots in the presence of Oz are 
shown in Figs. 3 and 4. With 19.6 Torr 02, the data in Fig. 3 fit a straight 
line which gives an intercept of 11.3 f 1.1 and a slope of 1.32 f 0.14. The 
ratio of slope to intercept gives a value of k16/k15b of 0.117 + 0.022. With 
101 Torr 01, the data in Fig. 4 fit a straight line which gives an intercept 
of 70 + 28 and a slope of 8.8 f 1.6. The ratio of slope to intercept gives a 
value for k 16/k 15b of 0.125 f 0.068 in excellent agreement with the value 
obtained at 19.6 Torr OZ. These values are slightly less than those obtained 

for k,,/krsb from Fig. 2, which indicates that the quenching efficiency of 
nitrogen is a factor of 0.77 of that of CF4. 

4.3. Photo-oxidation of CH$H 
When CH3SH is photo-oxidized, the products are H,, SO,, H2S, C&S, 

and (CH$%, but not CH4. The SO2 must come from hydrogen atoms or 
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32 - 

28 - 

24 - 

4- 

0 I I I I I I I I I 

0 2 4 6 8 IO 12 f4 16 18 20 

CN,l/CCW,SHl 

Fig. 3. Plot of *(HzS)-’ ~8. [N&[CHsSH] in the photo-oxidation 
[CW,SHl = 19.8 f 0.4 Torr, [O,] = 19.6 * 1.9 Torr, [Ar] = 16.1 f 0.4 
1.18 f 0.02 mTorr s-l. 

300- 

250 - 

50’) 

0 I I I I I r I 

0 4 8 12 16 20 24 28 32 

CNJ/CCySHl 

Fig. 4. Plot of @)(H3S)-’ us. [N2]/[CHsSH] in the photo-oxidation 
[CH&?H ] = 20.1 f 0.5 Torr, [O,] = 101 f 1 Torr, [Ar] = 16.0 f 0.5 Torr 
0.03 mTorr s-l. 

of CH3SH for 
Torr and 1, = 

of CH3SH for 
and Ip= 1.21 f 

CHa radicals as precursors, as it is not formed in the photo-oxidation of 
(CH& in the presence of CH$H. The necessary additional reactions are 

CH3 + O2 + M - CH302 + M (19) 



H+02+M--HOz+M (26) 

CH3SH 
CH302 + CH$SH - SO2 + nCH,S (21) 

CH3SH 
HOz + CHsSH - SO2 + nCH,S (22) 

where reactions (21) and (22) represent some overall reactions which lead 
to SO2 production. They are branched-chain reactions needed to account for 
the fact that @{(CH,S),} can exceed unity. For simplicity the value of n is 
assumed to be the same in both reactions. 

The mechanism now consists of reactions (14a), (14c), (15b), (16), 
(17)s (19) - WL (1) - (3), (6) and (7). The fact that CH4 is not formed 
indicates that reaction (18) is negligible compared with reaction (19). This 
mechanism leads to the rate laws 

@MC + wbe 
W32) 

= 1 + ~20[02l[Ml 

k~, WW=l 
(VIII) 

h + w14a 
Q>w32) - (I- ~Ml4a 

WO2) - (I- Q)#144l 

WH2) 

where [M] is taken to 

= 1 + k17[CHsSHl 

k20 [021 WI 
(Ix) 

= k20 P21 WI 

k 17 1 C&W 
6) 

be [Nz] + [Ar] + [02] + 3 [ CH,SH] . The quantity ~1 is 

Ly 
1216 [Ml 

kldCH3SHI + k,,Wl 

where here {M] = [ N2] + [ Ar] + [ 02]. The quantity o can be computed for 
each run from the VdUeS Of k16/kIsb reported above, Thus the left-hand sides 
of each equation can be computed for each run and plotted against the 
appropriate reactant pressure ratios. 

Figure 5 is a plot of the left-hand side of eqn. (VIII) uersus f02] [MI/ 
[ CH,SH]. The plot gives a good straight line with an intercept of 0.85 + 0.05 
and a slope of (9.09 + 0.27) X 10e4 Torr- l. The intercept should be unity; 
thus the value of 0.85 indicates a consistent error in the H2 determinations. 
The ratio of slope to intercept gives kZO/kl, = (1.07 f 0.09) X 10e3 ToIY’. 

Figure 6 is a plot of the left-hand side of eqn. (IX) uersu8 [CH3SH]/ 
[ 02] [M] . For this plot the data are very scattered because the denominator 
of the left-hand side of eqn. (IX) is the difference of two similar numbers. 
Only values in which @(S02) - (1 -a)&& were 0.10 or more were used to 
minimize the scatter. The least-squares straight line gives an intercept of 
1.66 + 0.25 and a slope of (1.11 +, 0.12) X lo3 Torr. The intercept is con- 
siderably larger than unity and reflects the large error in computing the left- 
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8 I f I I I I I I I I 1 

I$CO,l CM3 / CCH,SHI, Torr 

Fig. 5. Plot of (&hc + &Q&/@(Hz) us. [ 021[Ml/[CH,SHl in the photo-oxidation of 
CH3 SH. 

I 2 points Al 

0 I I I 1 I I I I 
0 8 16 24 32 40 46 56 64 72 

104CCHSSH1/COz3 CMI. Tarr-’ 

Fig. 6. Plot of (r& + CK&~~)/{@(SO~) - (1 -c~)#& VS. [CHJSH J/[02][Ml in the photo- 
oxidation of CHsSH. 

hand side of eqn. (IX). However, the slope gives k,,/i~~~ = (0.90 A 0.10) X 
10W3 Tor~-l in good agreement with the value obtained from eqn. (VIII) and 
Fig. 5. The ratio of intercept to slope gives a value for kZO/k17 of (1.50 f 
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0.35) X 10d3 Tori’, which is also in good agreement with that obtained 
from eqn. (VIII) and Fig. 5. 

Equation (X) is a combination of eqns. (VIII) and (IX) and permits the 
evaluation of k&k 17 over a much larger range of the variables. Figure 7 is a 
log-log plot of the left-hand side of eqn. (X) vertxts [Cl,] [M ]/[ CH,SHJ. The 
data are fitted by a least-squares line of slope 1 .O and give k&k 17 = (0.59 f 
0.26) X 1O-3 Torr-‘, which is about a factor of 2 lower than that obtained 
from Figs. 5 or 6. 

The literature value for kao is (5.6 f 0.5) X 10m3* cm6 s-l at 300 K with 
nitrogen as a chaperone [ 73. Taking k r7/k20 as 1000 Torr gives kl, = 1.8 X 
lo-l2 cm3 s-l. In part I of this series we reported kl, = 4.1 X lo-l3 cm3 s-’ 
based on the competition for hydrogen atoms between NO and CH3SH [ 23. 
These two values have a discrepancy of a factor of 4.4. However, the value 
obtained by the competition for hydrogen atoms between CH3SH and NO 
assumed a rate coefficient for the H + NO + M reaction based on argon as a 
chaperone and equal efficiencies for argon and NO. For the H + O2 + M 
reaction 0s is 3.4 times as efficient as argon f7]. If this same efficiency 
factor applies to the H + NO + M reaction then the earlier determination for 
k17 should be raised to 1.4 X lo-l2 cm3 s-r which is in good agreement with 
the value of 1.8 X lo-l2 cm3 s-l obtained in this study. Furthermore the 
value of k17 obtained in the earlier study was based on an analysis that 
neglected reaction (14~). A reanalysis of the data with reaction (14~) 

LO,1 CMI/CCH,SHI, Torr 

Fig. 7. Log-log plot of {@(SOz) - (1 -@&.+,)/@(H~) ~8. 
photo-oxidation of CHJSH. 

in the 



331 

0.4 
t 1 

0 I I I I I I I I I I I 1 
0 0. I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 I.1 1.2 

Fig. 8. Plot of Q((CH3S)2} + @(C3H&) us. *(SOz) in the photo-oxidation of CH3SH: 
0,2 Torr CH3SH;A, 10 Torr CH,SH; 0,20 Torr CH3SH;-0, 60 Torr CH3SH. 

included raises It,, by 71% to 2.4 X lo-l2 cm3 s-l [8]. This value is still in 
reasonable agreement with that obtained in this study. 

In addition to eqns. (II) - (IV) the mechanism also predicts 

@(Hz) + @(SO2) = 1.0 (XI) 

Values of @(Hz) + @(S02) are tabulated in Tables 3 and 4 and it can be seen 
that eqn. (XI) is satisfied to within the experimental uncertainty of the data. 

The mechanism also predicts 

@(C3HsS2) -I- Q,(CHsS)2} = 1.0 + 
n-1 

- @@02) 
2 

(XII) 

Figure 8 is a plot of the left-hand side of eqn. (XII) versus @(S02). The data 
are very scattered, but the least-squares straight line gives 

@(C3HsS2) + @{(CH3S)2} = 1.19 + 0.06 + (0.70 f 0.14)Q(S02) (XIII) 

The ratio of slope to intercept is 0.58 * 0.14 which gives n = 2.16 f 0.28. 
We do not understand the detailed mechanism by which C3HsS2 is 

formed from the CzH,Sz02 and C2H,S204 radicals produced in reactions (6) 
and (7) respectively. Neither do we have any idea how the SOz-forming steps 
(reactions (21) and (22)) occur. All these processes may be heterogeneous. 
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