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Summary

The photo-oxidation of CH3SH has been studied at 296 £ 1 K by both
direct photolysis of CH;SH at 253.7 nm and photolysis of (CH;S), above
280 nm in the presence of CH3;SH and O,. The direct photolysis of CH;SH
in the presence of O, produces H,, SO,, H,S, CH;SCH,SCH; and (CH;S), as
products. When (CH;S), is photolyzed in the presence of CH3SH and O,, no
H,, SO, or H,S is observed but CH3SCH,SCHj; is produced. Thus the forma-
tion of H,, SO, and H,8 does not come from CH;S oxidation but is asso-
ciated with the hydrogen atom produced in the photolysis of CH;SH, while
CH;SCH,SCH; comes from the oxidation of CH;3S radicals.

The competition for hydrogen atoms by CH3;SH and O, via the reac-
tions

H + CH,SH — H, + CH,S 17)
H+0,+M— HO,+M (20)

was measured from both the H, and the SO, yields. The ratio k;;/k,q is
(1.07 £0.09) X 1072 Torr! with O, as a chaperone from the H, data, and
about the same value is obtained from the SO, data. If k,, is taken as (5.5 ¢
0.5) X 10732 ¢m® 57!, then k,, is about (1.8 £ 0.2) X 10~ 12 cm3 s7!.

From isotopic substitution measurements it was shown that
CH3;SCH,SCH;3; was produced from two CH,S radicals and one CH,SH
molecule. C3;HgS, is not formed directly from CH,;S since its formation
requires the presence of O,, but may be produced from both CH;S(0), and
CH3SO0, radicals reacting with CH;SH.

It was also seen that CD3;S and the oxygenated CD3;S radicals can
exchange with (CH3S), to give CH3SSCD;.

1. Introduction

In our earlier work on the photolysis of (CH;3S), in the presence of O,
at 253.7 nm and 296 K [1] we showed that O, adds rapidly to CH;S, and
that the oxidation can be explained by the mechanism
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CH3S + O, —> CH3S00 1)
CH;SO0 — CH,3S(0), , (2)
CH;800 + O, —* CH380, (3)
CH;S0, —> HO + CH,0 + SO, (4)
CH,;S0, + (CH;3S), — termination (5)

The rate coefficients k,/k3; and k4/ks were found to be 110 + 24 Torr and
0.98 £ 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]. Photolysis of CH3;SH at 253.7 nm and 296 * 1 K took place
in the reaction system used for (CH3S), photo-oxidation [1].

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 [1] was used.

Some runs were done in which (CH3S), was photolyzed in the presence
of CH3SH or CD3;SH. This could be done because (CH3S), absorbs light
slightly beyond 300 nm, while the extinction coefficients for CH3;SH and
CD;SH, are negligible above 275 nm. In these experiments three Hanovia
medium pressure type SH U-shaped mercury lamps were used with two
Corning 0-53 filters to remove radiation with wavelengths below 280 nm.
To be certain that CH3SH was not absorbing any radiation an experiment
was performed in which pure CH;SH was irradiated; no (CH3S), 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 107° 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), and bis(methylthio)methane ((CH3S8),CH,) were quantitatively
determined by measuring their signals at m/e 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 CD3;SH 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 CH;SH and CD,SH is 0.86.

H,, SO,, CH,; 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, H, or CH, was analyzed. CH, was
analyzed on a column 6 ft long and 1/4 in in diameter containing molecular
sieve 5A. Helium was used as a carrier gas with a flow rate of 45 ml min™1.
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 H, was performed on a stainless steel
column 12 ft long and 1/4 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~!. All gases which would not pass through the
column were retained in the sample loop using an isopentane slush bath
maintained at 113 K. SO, and HQS 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 using trap-to-trap vacuum distillation from 179 to 113 K. Methane-
d;-thiol (CD3;SH) (minimum purity, 99 at.%) was obtained from MSD
Isotopes. It was purified using the procedure described for CH;SH. Red label
(CH3S),, obtained from Aldrich, was distilled from 273 to 210 K. Bis-
(methylthio)methane (minimum purity, 99%), obtained from Aldrich, was
not distilled but was thoroughly degassed prior to use. Anhydrous SO,
(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, 99.0%), obtained from
Matheson, was distilled from 87 to 77 K. C.P. grade H,S (minimum purity,
99.5%), obtained from Matheson was distilled from 142 to 113 K. Tetra-
fluoromethane (CF;) (minimum purity, 99.7%), obtained from Matheson,
was distilled from 113 to 77 K and was thoroughly degassed prior to each
experiment.

Methyl thionitrite (CH3SNO) was prepared by photolyzing (CH3S),
at 254 nm in the presence of a threefold excess of NO obtained from
Matheson. The CH3;SNO 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 CH5SH at 253.7 nm. The
products obtained ((CH;S), and H,) have quantum yields of 0.99 £ 0.1(4)
and 1.00 = 0.05(5) respectively. In all cases the absorbed intensity I, ob-
tained from (CH3S), by mass spectrometry and from H, by gas chromatogra-
phy agreed within a few per cent.

In experiments where (CH3S), was photolyzed in the presence of
CH3;SH or CD3;SH, actinometry was performed by photolyzing (CH3S),
in the presence of NO and measuring the CH3;SNO produced assuming
P(CH;SNO) = 2.0 [2].

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 O, with 20 Torr CH3;SH and condensing the
mixture at 77 K. All reactants including CH3SH were removed by pumping
the mixture at 179 K. At this point only the product with m/e 108 and
(CH;S), 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~!, Afterwards a sample of (CH3S),CH, (m/e 108) was injected.
The mass spectra of the unknown product and (CH;S),CH, 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 O,, the photolysis of CH,SH at 253.7 nm and 296 K
gives H,, (CH3S),, CH,; and H,S as products. The quantum yields of H,S
and CH,4, 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, 5] have shown an inert gas pressure effect on the
photolysis of CH3;SH. Therefore we studied the reaction in the presence of
CF,. The effect of CF, pressure on ®{(CH,S),} and ®(CH,) in the photolysis
of CH3SH in the absence of O, is shown in Table 1. ${(CH38),} remains at
1.00 + 0.03 independent of pressure, but ®(CH,) drops markedly toward
zero as the CF, pressure is increased to 763 Torr. The pressure effect on the
other two products (H, and H,S) is shown in Table 2. The H, yield stays
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TABLE 1
Effect of CF4 pressure on CH3;SH photolysis?

[CF4] (Torr) I, (mTorr s71) ${(CH38),} $(CH,)
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
492¢ 0.68 — 0.051
5099 0.70 — 0.041
763 0.68 - 0.024

28[CH3SH] = 20.4 £ 0.7 Torr;[Ar] = 15.0 £ 2.3 Torr; irradiation time, 900 s.
bIrradiation time, 610 s.

¢Irradiation time, 915 s.

d[Ar] = 0.

TABLE 2
Effect of nitrogen pressure on CH3SH photolysis®

[Na] Irradiation time Iq P(H,8) $(H,)
(Torr) (s) (mTorr s™1)

0 9200 0.90 0.180 0.95

0 200 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
779 200 0.81 0.086 1.04

a[CH3SH] = 21.2 * 2.2 Torr; [Ar] = 0.

constant at 1.06 £ 0,06 as the inert gas (nitrogen in this case) pressure is
increased. However, $(H,S) is quenched.

CH3;SH was photolyzed in the presence of O, (and argon) at 253.7 nm
and 296 £ 1 K. Products of the reaction measured by gas chromatography
were H,, H,S and SO,. In addition (CH3S), 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 CH3SCH,SCH;, including the expected 8% sulfur
isotope peak at m/fe 110. It gave the same retention time by gas chromatog-
raphy as authentic samples of CH3;SCH,SCH,. Experiments performed with
CD,SH shifted the mass spectral peak from 108 to 116, thus indicating that
the thiol hydrogen atom is not incorporated into CH;SCH,SCH .
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In order to eliminate the hydrogen atom and its oxygenated analogs
from the system, CH3S radicals were prepared from the photo-oxidation of
(CH;S), at wavelengths above 280 nm. When (CH3S), was photolyzed in the
presence of CH3;SH and O, (and argon), CH,SCH,SCH, was still formed but
there was no evidence for H,, SO, or any other product. The absence of SO,
was very surprising since SO, is a major product of the photo-oxidation of
either (CH,S), or CH53SH in the absence of the other. At high O, pressures,
€CH,;SCH,SCH; was an initial product of the reaction for CH3;SH photo-
oxidation, but at low O, pressures there was evidence of an induction period.
In the (CH3S), photo-oxidation in the presence of CH3;SH, CH;SCH,SCH;
grew with an induction period under all conditions. Typical growth plots for
CH,SCH,SCHj; are shown in Fig. 1 for the photo-oxidation of both CH3;SH
and (CH;3S), in the presence of CH;SH. 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 CH,SCH,SCH ; might be formed from
a long-lived precursor. Quantum yields for CH,SCH,SCH; formation were
obtained from the straight-line portion of its growth curve (after the induc-
tion period). Experiments also were done in which (CH3S), was photolyzed
in the presence of CD3SH and O, (and argon). The 108 mass spectral peak
shifted from 108 to 111, thus indicating that only one CD3;SH is involved in
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Fig. 1. Plot of C3HgS,; pressure vs. reaction time during and after photolysis: O,
[CH3SH] = 21.0 Torr, [O;] =19.3 Torr, [Ar] = 15.8 Torr and I, = 0.48 mTorr s7!; 4,
{CH38H] = 21.2 Torr, [0;] = 99.3 Torr, [Ar] = 15.0 Torr and I, = 0.48 mTorr s~!; O,
[(CH38).] = 8.68 Torr, [CH3SH] = 19.8 Torr, [O;] = 19.9 Torr, [Ar] = 14.8 Torr and
I,=0.83 mTorr s71; &, [(CH38),] = 9.47 Torr, [CH3SH] = 25.1 Torr, [0O,] = 98.7 Torr,
[Ar] = 18.8 Torr and I, = 0.71 mTorr s~ 1.
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its formation. For (CH;S), 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
[CH;SH] = 19.6 Torr and [O,] values of 20, 62, 100 or 300 Torr. In each
series $(S0,) and P$(H,) were independent of irradiation time from 300 to
900 s. In all four series $(SO,) + $(H,) = 0.95 * 0.06. However, $(SO,)
increased and ®(H,) decreased as the O, pressure was raised.

For a series of runs with [CH3SH] = 25.6 = 0.1 Torr and [O;] = 25.9
Torr the absorbed intensity was varied from 0.15 to 2.3 mTorr s™!; this had
no effect on ®{(CH;S),;} and ®(C3HzS;), and only a slight effect on $#(S0,)
and ®&(H,).

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;SH is
shown in Table 3. There is no trend for ®(S0O,) or ®(H;) and their sum
remains at 0.92 * 0.03. There is a very slight increase in ®{(CH3S),} and a
factor of 2.5 decrease in ®(C;HgS,) as the nitrogen pressure increases from
0 to 262 Torr. .

Two series of runs were done at 10.6 £ 0.9 and 23.6 £ 2.4 Torr O, to
see the effect of CH;SH pressure on the photo-oxidation of CH,SH. Varying

TABLE 3
Effect of nitrogen on the photo-oxidation of CH3; SH

[N,] [Irradiation ®{(CH38),} ®(C3H3S,) P(H,S) P(S50,)* $(H,) P(S0,) + P(H,)
(Torr) time

(s)

[CH,8H] = 10.44 +0.23 Torr; [O;]= 10.35+0.39 Torr; [Ar] =15.8%0.2 Torr; I, =
0.96 £ 0.02 mTorr s1

o 655 0.90 0.076 — 0.110 0.87 0.98
50 645 1.07 0.060 - 0.081 0.83 0.91
101 655 1.20 0.035 — 0.086 0.84 0.93
262 690 1.29 0.029 — 0.116 076 0.87

[CHaSH] = 19.8 £ 0.4 Torr; [0,)=19.6 1.9 Torr; [Ar]=16.1 104 Torr; I,=1.18%
0.02 mTorr s1

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 0.098 0.82 0.92
302 600 1.58 0.132 0.032 0.110 0.76 0.87

[CHaSH]}=20.1 £0.5 Torr; [0;]1=101 %] Torr;[Ar]=16.020.6 Torr;I,=1.21 £0.03
mTorr ™1

0 300 - — 0.017 0.32 0.64 0.96
100 600 — — 0.010 0.38 0.49 0.87
300 610 - - 0.004 040 0.42 0.82
660 600 — — 0.003 0.44 0.31 0.75

8 Analysis of SO, by gas chromatography.
PICH;3SH] = 9.00 Torr; [Ar] = 22.8 Torr; I, = 0.82 mTorr s 1.
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the CH3SH pressure from 2.0 to 63 Torr had no effect on ${(CH,S),},
®(C3HgS,), $(S0,) or ®(H,). .

The effect of O, on the photo-oxidation of CH;SH is given in Table 4.
${(CH3S),} increases from values of less than unity at very low O, pressures
to about 1.5 at 300 Torr O,. The one run done with CD3;SH at 96 Torr O,
gives ®{(CD;3S),} = 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.) $(C3H3S,) also rises with O, pressure from 0.07 at 1.5

Torr O, to about 0.4 at 300 Torr O,. Again the one point with CD,SH at
96 Torr O, gives $(C3DgS,) greater than expected from the non-deuterated
results. $(S0O,) increases and ®(H,) decreases with increasing O, pressure,
but their sum remains 0.94 = 0.06 except for the run with CD3sSH where
the sum is 0.70.

(CH3S), was photo-oxidized at wavelengths above 280 nm in the
presence of CH3SH in order to produce CH;S radicals in the absence of
hydrogen atoms. The results are shown in Table 5. $(C3HgS,) behaves in the
same manner as in the photo-oxidation of CH;SH, i.e. ®(C;HgS,) increases
with O, pressure. However, neither SO, nor H, are produced in this system
where hydrogen atoms and HO, radicals are absent, but they are produced
in the photo-oxidation of CH3SH where hydrogen atoms and HO, radicals
are present. Thus these products arise exclusively from hydrogen atom and
HO, radical reactions.

In order to obtain more mechanistic information, (CH,S), was
photolyzed at wavelengths above 280 nm in the presence of CD;SH. Table 6
shows the results in the absence of O,. No H, or C;H:D3S, are formed, but
considerable exchange occurs which first produces CH3;S,CD; and then
(CD38), as a secondary product. The results in the presence of O, are shown
in Table 7. The exchange still occurs at about the same efficiency as in the
absence of O,. However, now C,HD S, is seen, but at much lower quantum
yields than those for C3HgS, in the fully protonated system.

4. Discussion

4.1. Photo-oxidation of (CH3S), in the presence of CH3;SH

S0, is formed when (CH;3S), is photo-oxidized in the absence of CH3SH
[1], but not in its presence. Therefore CH3SH must intercept the radicals
that lead to SO, formation. Furthermore these reactions involving CH;SH,
although they do not lead to SO, or H; formation, do lead to C;HgS, forma-
tion and to deuterium exchange via a chain process. The exchange step is
independent of both the CH3SH and O, pressure. The C3;HgS, formation is
independent of CH;SH pressure but increases with O, 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



o]
-
™

(panuuoo)

— — - LZ00 - - 00¢ pLO 619
— - 1%2°0 - 131°0 8670 — 9%'0 7L
- - L3T0 - - Lot — 90 1aee
¥8'0 9L'0 2380°0 £90°0 - - S121 131 (1 44
- - - — gIT°0 L0°T - 9%'0 083
98°0 18'0 $S0°0 — 280°0 T d 0L 18°0 £33
- - - 6900 - — 006 L8°0 022
- - - LOT"0 - - 006 3Lo L'0%
- - 210 - gI1'0 17°1 - 29°0 002
- - 2800 - - Lzt - g0 002
26'0 £8'0 0880'0 280°0 - - 006 811 0'02
- - eIT'0 - 6500 0Z'1 - 8¥'0 261
- 360 - 001°0 6600 860 00¢ 9T'1 A
- — - - £0T'0 26°0 — 8y 0 ¢'81
96'0 88°0 2380'0 00T°0 6L0°0 8T'1 009 131 LY
— — - £60'0 - - 009 69°0 ULl
— — 920°0 - 810°0 00t - €0 619
— — - - 810'0 20'T - 180 609
860 S6'0 28300 — gI1°0 eT'1 009 ¥L0 102
- - 150°0 - 0L0°0 080 - o 681
— — - - - 26'0 - o 99T
— — - - -~ ¢80 — L¥F0 391
— - 9300 — 0L0°0 Lo — 9%0 08’1
- — - 710 - - 009 88°0 0
— — - 91°0 - - 009 69°0 0
(s) (;_suorw) (uor)
(*He + (*os)d (*H)® q(*08)d  (8°H)$ (*s®H®D)®d {4S*HO)}® awyy uoyvIpOL] ° (*0]

Luonepixo-ojoyd HSEHD uo uadixo Jo 19319
¥ 31dv.L



320

"IgBHED ueyy souel CgiqeD,

"Y(S*HD) ueys JeyzEr H(5QD),

"HSEHO weys Joy3es HSEADp
*Sydeadojewoayd sed £q LO§ JO SIsABuy,
"pajedipul axaym 1dadxa Arjauioxdads ssew Aq LG JO sIsApBuy

U0l L'T 09T =[1y] 10T 8'T7 0'1% = [HS*HD )

- - - 100> - - 0S¥ e80 gog
- - LTt — 05€0 191 - tadl) q0e
— - - 100> - - (1§14 0L'0 10¢€
- - - - 6%2°0 6%'1 - 870 008
- - S0'T - 57¥0 z9'1 - 170 00¢
- — - — A4l 'l - 970 00¢
260 L%0 2990 - - 88T e 261 174
30T 690 2870 - L8T'0 8% 1 QL9 L0 8101
- — - L10°0 - - 006 qz'1 0'10T
98°0 990 2080 - 1810 18'1 089 eL'0 0'00T
30T 9%'0 »99°0 - 1910 09'1 009 L60 0'00T
- - 0%'0 - 3910 3T'1 - A4 0'00T
— - 6%°0 - 3ST0 ST'T - 8%'0 0'00T
- - - 810°0 - - 009 990 8'66
- — 3350 — 0910 e2'1 - 870 £'66
- — - 0200 — - 006 990 3’66
- - ¥92°0 - ¥T°0 121 - 8¥'0 0'66
0L'0 8%°0 o¥232'0 - F1€°0 290'3 " 099 €8T p0'96
960 8L°0 >I81°0 8€0°0 08T'0 eT'T 00 ST'1 6'99
- - - 0%0°0 - - 0031 180 L'e9
- - - L300 - - 00¢ L8O g'e9
- - - 9800 — - 9681 8L0 L'z9
- - - 170°0 — - 006 3Lo 929
- - - L60°0 - - 009 L0 2’29
(8)  (swmogw)  (uog)
(*H)¢ + C08)d (*H)P q(*f08)d (s'Wd  (*s®HPO)p  {USPHO)}®  awy uonmpouy I [0l

(panuyuod) ¥ IV L,



321

TABLE 5
Photo-oxidation of (CH3S), in the presence of CH38H @

[02] (Torr) [CH3SH] (Torr) ®(C3H;S,)
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

106.7 19.4 0.143

306 20.0 0.214

310 61.7 0.141

8[(CH38);] =9.46 £ 0.41 Torr; [Ar]=11.5-18.8 Torr; I,=0.81%0.14 mTorr s !;
P(80,) and P(H;) are zero (less than 0.01 in all runs),

CH,S(0), + CH;SH — C,H,S,0, (6)
CH3SO4 + CH3SH I 02H78204 (7)

Since there is no dependence of ®(C;HgS,) on [CH;SH], [(CH;S),] or I,
reactions (6) and (7) must be so rapid that the other reaction paths involving
CH;3S(0), and CH3SO, are unimportant under all the conditions studied. The
adduct radicals formed. in reactions (6) and (7) can react with other
CH3S(0), or CH;3SO, radicals to regenerate reactants or produce C3HgS,. At
low O, pressures, where CH3S(0), is the predominant oxygenated radical,
the ratio of C;HgS, formed to (CH;S), regenerated is about 0.03. At high O,
pressures, where CH3SO, is the predominant oxygenated radical, the ratio of
C;3HgS; formed to reactant regenerated is considerably higher and reaches
about 0.15. With CD;3;SH the formation of C3;H;D;S; is much less efficient
than the production of C3HgS, in the fully protonated system.

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

CH;380,, + CD3;SH — CD5SO,, + CH,SH (8a)
CD380, + (CH;3S), — CD3;SSCH; + CH;3S0, (9)
For long chains, mass balance considerations lead to

—®{(CH;8);} = —®(CD;3SH) = ®(CH;S,CDy3) (1)
For the data in Table 6

—®{(CH;S),}

=098 +0.41

—&(CD,SH)



322

"j3onpoad Arepuodas e se uaas st Y(g€qD) *10°0 > (*“H)P *100°0 > (*SEAHED)P ‘HOoL 17 T ST = [V ]

L9G 891 ¥ 03 01l 8L°0 7'6 887
g9°e LT A eyl 88'0 Al 803
093 8¢ 021 78 £80°0 LTI ¢'02
90°'T z'9 A Te eLo0 L'8 791
PLT 1T €9 8L g9'0 6 80T
PLT YT 9V 0'6 L90 ve 184
AN:AT,.W m.ﬁ&v ﬂTm aroJ,wy) (ax0f) (mog)
(01 X 7,154/%4 (SAD*s*HD)P (HStaD)d— {4stHO)}p— b [UstHD)] (HStao)

o aouasaxd ayj ui {SEHN) J0 SIsA[o10U4

I HIgV.L

w
o

£

St



323

TABLE 7
Photo-oxidation of (CH3S), in the presence of CD3SH *

[O:] [CD3SH]  —®{(CH3S),} —®(CD;8H) P(CH;8,CD;) PD(C3HsD;8S;)
(Torr) (Torr)
2.2 19.6 8.8 8.8 7.0 0.008
10.4 20.9 6.2 4.5 4.9 0.008
15.6® 204 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
53.0 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

2[(CH38);]1 = 9.6 £ 0.7 Torr; [Ar] = 14.9 £ 1.6 Torr; I, = 0.72 + 0.06 mTorr s~ !; (S0,)
and P(H;) are zero (less than 0.01); (CD38), is seen as a secondary product.
b[(CH38),]1 = 1.05 Torr; I, = 0.075 mTorr s~ 1.

—&{(CH,S

{(CH58),) _ 0.82 + 0.21
&(CH,S,CD3)
and
—&(CD,SH

(CD,SH) =1.02 +0.42
&(CH,S,CD3)
For the data in Table 7
—®{(CH,S

{(CHSS)} _ 1.01 + 0.38
—&®(CD,SH)
—&{(CH,S

{(CHS)} _ 1.21 +0.33
&(CH,S,CD;)
and
—&(CD,SH)

=1.11 + 0.40

®(CH;S,CD,)

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 O, termination can occur via

2CH,S —> (CH,S), (10)
2CD;3S —> (CDaS), (11)
CH;S + CD;S — CH,S,CD; (12)
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At low CD,;SH pressures, termination will be mainly by reaction (10), and
the rate law for CH38,CD; formation becomes

ksa [CD;SH]
B(CD:8,CHy) = =03 — 172
10 a

where x = 0 for reaction (8a). At high CD;SH pressures termination will be
mainly by reaction (11), and the rate law for CH;3S,CH, formation becomes

ks  [(CH38),]
E " 1/2 Ia 1/2

where x = 0 for reaction (92). The data in Table 6 show no systematic varia-
tion of ®#(CD;S,CH;) with [CD3;SH]; the system is always in the high pres-
sure regime and yields ky/k ;2= (2.2 £0.7) X 10~ 7 (cm3s 1) 1/2,

In the presence of O,, termination can occur by

CH,SO,, + CD3;SH — termination (8b)
CD3SO, + CD3SH —— termination (13)

(1D

@(CD3SZCH3) = (III)

Reaction (13) is less important than reaction (8b) since the chains are long
and CD3SO,, is effectively removed by reaction (9). Thus

P (CH,S,CD,) = k;s“ (IV)

kgy
The data in Table 7 show that, except at 1.0 Torr CD3SH, ®(CH3S,CD;) is
independent of all variables. Equation (IV) gives kg, /kg, = 6.5 £ 1.6. At 1.00
Torr CD3SH, the CD3;SH pressure is so low that termination can occur by
reactions (2) or (5) which would reduce the value of $(CH3S,CD3)}.

4.2. Photolysis of CH3SH

The photolysis of CH3SH at 254 nm in the absence of O, was first
studied in detail by Inaba and Darwent [6]. They found H, and CH, as
products. The H, yield was constant and unaffected by irradiation time.
However, the CH, 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 ®(CH,4) and P(H,S) 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
$(H,;) = 1.00 * 0.05 independent of pressure. This agrees with our result of
1.00 £ 0.03 independent of pressure. They also found that CF, quenches
®(CH,) from 0.19 in its absence to zero at high CF, pressure. Again our
results confirm these findings.

However, Bridges and White [4] found that $(H,)=0.83 £0.03,
P{(CH;3S),} =0.99 £ 0.1 and $(CH,) = 0.16 + 0.03 independent of CH;SH
pressure. Like us they also found ®(H,S)= $(CH,). In the presence of
n-C4Hy, ®(CH,) was reduced and ®(H,) increased toward unity.
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The only discrepancy among these findings is whether ®(H,) = 0.83 or
1.00 at low pressure. The result of Bridges and White that ¢-(H,) = 0.83 at
low pressure (i.e. P(H;) + ®(CH,) = 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

CH,SH + hv — CH,S + H* (14a)
H* + CH,SH — H, + CH,S (15a)

—- H,S + CH,4 (15b)
H*+M —H+M (16)
H + CH3;SH — H, + CH,S 17
CH; + CH,SH — CH, + CH;S (18)
2CH;S — (CH,S), _ (10)

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

CH,SH + hv —> CH, + SH (14b)

could occur with a yield of 0.07 to account for the fact that n-C,H,, did not
quench ®(CH,) to zero. There is some evidence for this reaction from our
work also as ®(H,S) 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 ®(CH,)
could be pressure quenched to zero rules against reaction (14b). Our results
obtained in the presence of O, indicate that nitrogen can pressure quench
P(H,S8) 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 O,. However, in the
presence of O,, it predicts values for ®(H,) which are larger than those ob-
served. Thus we have to modify the mechanism by deleting reaction (15a)
and adding ancther primary process

CH,SH + hv —> CH,S + H (14c)

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

$((CH;S),)=1.0 (V)

_ RisIM]
P = Prae G [CHLSH] + Ry M VD
ol

Fase [CH,SH]

®(H,8) ' = B(CH,) ' = ¢m_'(1 + (VI1I)
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Fig. 2. Plot of ®(CH4) ! vs. ([CF4] + [Ar])/[CH3SH] in the photolysis of CH3SH for
[CH3SH] = 20.4 £ 0.7 Torr and [Ar] = 15.0 £ 2.3 Torr.

Equation (VI) predicts that ®(H;) will increase from ¢4, = 0.83 at low [M]
to ¢4, = 1.0 at high [M]. In the absence of foreign gas eqn. (VII) predicts
that ®(H,S) = ®(CH4) will be 0.18 * 0.01 from our data, 0.19 from the data
of Steer and Knight [5] and 0.16 £ 0.03 from the data of Bridges and
White [4].

Figure 2 is a plot of ®(CH,) ! versus ([CF,] + [Ar])/[CH3SH] in the
absence of O,. The data fit a straight line which gives an intercept of 4.3 +
1.1 and a slope of 0.68 + 0.08, where the uncertainties are one standard
deviation. The ratio of slope to intercept gives k ¢/ 15, = 0.1567 £ 0.056.

The data for ®(H,S) do not quench to zero as nitrogen is added in the
absence of O,, but they do quench to zero in the presence of O,. We con-
sider the failure to quench completely in the absence of O, to be an experi-
mental artifact. The appropriate quenching plots in the presence of O, are
shown in Figs. 3 and 4. With 19.6 Torr O,, the data in Fig. 3 fit a straight
line which gives an intercept of 11.3 £ 1.1 and a slope of 1.32 £ 0.14. The
ratio of slope to intercept gives a value of k,4/ky5, of 0.117 £ 0.022. With
101 Torr O,, the data in Fig. 4 fit a straight line which gives an intercept
of 70 £ 28 and a slope of 8.8 = 1.6. The ratio of slope to intercept gives a
value for k,s/k,5, of 0.125 + 0.068 in excellent agreement with the value
obtained at 19.6 Torr O,. These values are slightly less than those obtained
for kis/Rkys5, from Fig. 2, which indicates that the quenching efficiency of
nitrogen is a factor of 0.77 of that of CF,.

4.3. Photo-oxidation of CH,SH
When CH,SH is photo-oxidized, the products are H,, SO,, H,S, C;HgS,
and (CH3S),, but not CH4. The SO, must come from hydrogen atoms or
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Fig. 3. Plot of ®(H,8)™! wvs. [N,])/[CH3SH] in the photo-oxidation of CH3SH for
[CH3SH] =198 £ 0.4 Torr, [0;]=19.6%1.8 Torr, [Ar] =16.1 £0.4 Torr and I, =
1.18 +0.02 mTorr s™L.
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[N,1/ [CH,SH]
Fig. 4. Plot of ®(H,8)™! vs. [N;)/[CH38H] in the photo-oxidation of CH3;SH for

[CH3SH] = 20.1 % 0.5 Torr, [O,] = 101 + 1 Torr, [Ar] = 16.0 0.5 Torr and [, =1.21 +
0.03 mTorrs—!.

CH; radicals as precursors, as it is not formed in the photo-oxidation of
(CH3S); in the presence of CH3SH. The necessary additional reactions are

CH; +O0, +M —> CH30, + M 19)
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H+O,+M—>HO,+M (20)
CH3;SH
CH,0, + CH,SH ——— SO, + nCH,S (21)
CH3SH
HO, + CH,SH ——— SO, + nCH;S (22)

where reactions (21) and (22) represent some overall reactions which lead
to SO, 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), (19) -(22), (1) -(3), (6) and (7). The fact that CH, is not formed
indicates that reaction (18) is negligible compared with reaction (19). This
mechanism leads to the rate laws

Prac + AP1aa _ 1+ k30[0:][M]

et et VIII
®(H,) k7 {CH3SH] ( )
Dic t a4 14+ k,;[CH;3SH] (IX)
P(S0;) — (1 —a)P14a k10[0,2][M]
P(80;) — (1 — )P 4q _ k3o [0:][M] (X)
P(H,) k;,[CH,SH]

where [M] is taken to be [N,] + [Ar] + [O,] + 3[CH;SH]. The quantity o is

k1s[M]
k150 CH3SH] + k16[M]

o

where here {M] = [N,] + [Ar]} + [O,]. The quantity o can be computed for
each run from the values of k,4/k 15, 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) versus {O,]1[M]}/
[CH53SH]. The plot gives a good straight line with an intercept of 0.85 £ 0.05
and a slope of (9.09 £ 0.27) X 107* Torr 1. The intercept should be unity;
thus the value of 0.85 indicates a consistent error in the H, determinations.
The ratio of slope to intercept gives B,o/k;7 = (1.07 £ 0.09) X 1073 Torr .

Figure 6 is a plot of the left-hand side of eqn. (IX) versus [CH;SH]/
[O2]1[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 ®{S0,;) — (1 — &)¢;4. 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 10® Torr. The intercept is con-
siderably larger than unity and reflects the large error in computing the left-
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Fig. 5. Plot of ($gac + aP14,)/P(H2) vs. [O2]1[M]/[CH3SH] in the photo-oxidation of
CH;SH.
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Fig. 6. Plot of ($14c + 0014,)/ {P(SO2) — (1 — )14} vs. [CH3SH]/[O,][M] in the photo-
oxidation of CH;SH.

hand side of eqn. (IX). However, the slope gives ky9/k17 = (0.90 + 0.10) X
1073 Torr ! in good agreement with the value obtained from egn. (VIII) and
Fig. 5. The ratio of intercept to slope gives a value for k,o/k;; of (1.50 %
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0.35) X 1073 Torr !, 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,4/k;; over a much larger range of the variables. Figure 7 is a
log—log plot of the left-hand side of eqn. (X) versus [O,][M]/[CH3;SH]. The
data are fitted by a least-squares line of slope 1.0 and give k,4/k,7, = (0.59 £
0.26) X 1073 Torr™!, which is about a factor of 2 lower than that obtained
from Figs. 5 or 6.

The literature value for k,q is (5.5 £ 0.5) X 10732 cm® 57! at 300 K with
nitrogen as a chaperone [7]. Taking ky;/k. as 1000 Torr gives k;;,=1.8 X
" 10712 cm? §7!. In part 1 of this series we reported k;; = 4.1 X103 ecm3 57!
based on the competition for hydrogen atoms between NO and CH,SH [2].
These two values have a discrepancy of a factor of 4.4. However, the value
obtained by the competition for hydrogen atoms between CH;SH 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+ O, + M
reaction O, is 3.4 times as efficient as argon [7]. If this same efficiency
factor applies to the H + NO + M reaction then the earlier determination for
k1, should be raised to 1.4 X 107!2 cm?3 s™! which is in good agreement with
the value of 1.8 X 107!2 cm?3 s™! obtained in this study. Furthermore the
value of k,; obtained in the earlier study was based on an analysis that
neglected reaction (14c). A reanalysis of the data with reaction (14c)
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Pig. 7. Log-log plot of {®(S0;)— (1 — a)P1aa /P(H,) ve. [02][M]/[CH3SH] in the
photo-oxidation of CH3SH.
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Fig. 8. Plot of ®{(CH3S),} + ®(C3HgS;) vs. P(SO,) in the photo-oxidation of CH3SH:
¢, 2 Torr CH3SH; 2, 10 Torr CH38H; O, 20 Torr CH3SH; O, 60 Torr CH,3SH.

included raises k,; by 71% to 2.4 X 1072 cm?® s™! [8]. This value is still in
reasonable agreement with that obtained in this study.
In addition to egns. (II) - (IV) the mechanism also predicts

d(H,) + (SO;)=1.0 (XI)

Values of ®(H,) + ®(SO,) are tabulated in Tables 3 and 4 and it can be seen
that egn. (X1I) is satisfied to within the experimental uncertainty of the data.
The mechanism also predicts

n—1

@(CgHsSz) + Q{(CH3S)2} ~ 1.0 + (I’(SOz) (XII)
Figure 8 is a plot of the left-hand side of eqn. (XII) versus $(SO,). The data
are very scattered, but the least-squares straight line gives

®(C3H,S,) + P{(CH;3S),} = 1.19 * 0.06 + (0.70 + 0.14) P(SO,) (XIII)

The ratio of slope to intercept is 0.58 £ 0.14 which gives n = 2.16 * 0.28.

We do not understand the detailed mechanism by which C3;HgS, is
formed from the C,H,;S,0, and C,H,S,0, radicals produced in reactions (6)
and (7) respectively. Neither do we have any idea how the SO,-forming steps
(reactions (21) and (22)) occur. All these processes may be heterogeneous.
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