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ments the O; uv band disappeared gradually as the
temperature was raised, whereas the ir bands disap-
peared quickly over a small temperature range. Fur-
thermore, if the ratio of the ir and uv extinction coef-
ficients for O; are the same in the vapor phase and when
condensed at —185°, then the 2100- and 1030-cm™?
bands were too intense by a factor of 10 to be con-
densed Os.

If the above species is a complex it could be either a
m or ¢ complex. The possibility of such complexes
has been suggested by several workers.!.%.43.4¢ Evj-
dence for a 7 complex from l-mesityl-1-phenylethylene
and other mesityl compounds has been given very re-
cently by Bailey, ef al.**

The considerable speculation as to the number of
species involved in the transformation of olefin to
high-temperature products by reaction with ozone!. .3
must be tempered by the existence of a single primary

(43) P. S. Bailey, J. W, Ward, and R. E. Hornish, J. Amer. Chem,

Soc,, 93, 3552 (1971).
(44) D. G. Williamson and R. J. Cvetanovié, ibid., 90, 4248 (1968).

ozonide at temperatures above —175°. The implica-
tions suggest that any new species to be invoked must
either be transitory on the way to products from the
primary ozonide (such as the zwitterion 2 or the Staud-
inger molozonide 7) or be transitory on the way to pri-
mary ozonide at —175° (such as a m complex).

Conclusion

The reaction of ozone with simple olefins and the
subsequent product transformations can be followed
in the ir in the temperature range —175 to —80°.
The results indicate the possibility of a 7 complex and
the formation of one primary ozonide characterized by
strong bands around 1000 and 700 cm™—!. The primary
ozonide decomposes to yield the normal ozonolysis
products observed at higher temperatures.
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Abstract: The SO, photosensitized decomposition of thiophene vapor was studied at 25 = 3° with irradiation
from a mercury arc (effective A\ = 3130, 3022, and 2967 A). Two types of products were formed. Type I products
are those produced in the direct photolys1s of thiophene, i.e., C;H,, CH,CCH,, CH;,CCH, CS,, CH,CHCCH, and
polymer. Type II products are H; (the major product), CH,CO, and SCO. Traces of C,H, and C;H; were also
found. Experiments with NO, which quenches the triplet states of SO,, and with N,, which quenches the emitting
singlet state of SO,, as well as experiments in which the triplet emitting state SO, was directly produced by radia-
tion >3600 A established that 35O, was not the sensitizing state, that type I products came from sensitization of
SO.* and SO,** (the nonemitting singlet and triplet states of SO,, respectively), and that type II products came

mainly, if not entirely, from sensitization by !SO, (the emitting singlet state) and SO.*.

A simplified mechanism

is presented which adequately explains the results, and a number of rate constant ratios are obtained.

he interest in the mechanism of the reactions be-
tween electronically excited SO, and different added
gases has increased in the last years mainly because of

The mechanism for the primary photophysical pro-
cesses in SO, when excited into this band is

the general concern about the nature of the chemical SOz + Ay —> 150, ()
processes taking place in SO, polluted atmospheres. 'S0, + SO; —> 250; (1a)
Since the ozone present in the atmosphere absorbs the —> 380, + SO. (1b)
radiation lying in the 2000-3000 A region, the wave- .
lengths of interest are those larger than 2900 A which 8Os = SOx o+ f 22)
correspond to energies lower than 99 kcal/mol. Thus, — 50, (26)
under atmospheric conditions, the high OS-O bond dis- —> S0, (20)
sociation energy (132 kcal/mol at 298°K) precludes its 580, —» SO, + Ay (3a)
direct photodecomposition. Hence, the reactions of

. N —_ SOz (3b)
atmospheric importance are those of electronically ex-
cited SO, principally when excited into the first singlet 380, + SO, —> 280: (4a)
band, centered at 2900 A. —> 80; + SO (4b)
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The details of this mechanism have been elucidated by
several workers through emission studies using direct
and sensitized excitation.'=!? The rate constants have
been calculated for all the steps. The results obtained
during the study of the reactions between SO and O; are
consistent with the above mechanism.!*-18 The photo-
chemical reaction between SO, and O, has been the ob-
ject of several studies, but the mechanism for the pro-
duction of SO; is still not well understood.!®:2 The
reactions of excited SO, with CO and excited SO, with
hydrocarbons have been the object of several studies
which include those from Dainton and Ivin,2!22 Tim-
mons, ?® and Calvert and coworkers.24-2¢  The Calvert
group studied the SO,~CO system when SO, was di-
rectly excited to 3SO, and found that CO, was produced
in a manner consistent with the above mechanism.

The studies of the photochemlcal interaction of SO,
with CO and SO, with C,F; using 3130-A radiation were
performed in our laboratory.?” Inboth cases, the prod-
uct quantum yields were independent of the SO, pres-
sure at high SO, pressures, a result not expected from
the above mechanism. The same result was found in
the SO,-hydrocarbon systems by Dainton and Ivin.??

The addition of excess N,, a known® quencher of SO,
had no effect in the SO,~C,F, system. The same addi-
tion reduced ®{CO,} about 60% at low CO and SO,
pressures but had no effect at large CO pressures in the
SO,-CO system. These results agree with those of
Timmons?3 who found that the addition of CH4, another
good quencher of singlet SO, molecules, did not
affect product formation. In both cases (SO,-CO,
SO,-C;F,), the addition of NO inhibited but did not
eliminate product formation.
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The results were interpreted in terms of a more com-
plex mechanism in which the chemically reactive species
(a singlet and a triplet) were different from those re-
sponsible for the emitting processes. The mechanism
proposed was consistent with the emission and the other
photochemical studies.

In order to further elucidate the mechanism of the
photochemical reactions of electronically excited SO,,
we have studied the system SO,~thiophene. The photo-
chemistry of thiophene itself was elucidated in our lab-
oratory recently.?® Thiophene vapor was photoexcited
with 2139 and 2288 A radiation, as well as by mercury
sensitization at 2537 A. In all cases the products were
C,H,, CH,CCH,, CH;CCH, CS,, CH,CHCCH, and
polymer; they could be explained by the same mech-
anism at all wavelengths.

In this paper we report on the results obtained in the
photosensitized decomposition of thiophene by SO, at
room temperature. The absorption band of thiophene
starts at 2600 A, so wavelengths longer than 2600 A
were used. leferent SO, and thiophene pressures were
used, and the effects of absorbed intensity, added N,
and added NO were examined.

The system SO.-thiophene was also irradiated with
high-intensity radiation of wavelengths longer than
3600 A, i.e., within the triplet band of the SO, electronic
spectrum. The results show that 3SO, does not partic-
ipate in the reactions with thiophene molecules.

Experimental Section

Matheson Co. SO: (Anhydrous), NO (Technical), CO (C.P.), and
N: (prepurified) were used. The SO., which contained about
0.5% CS; and 0.1%; HsS as the only impurities, was purified by gas—
solid chromatography on a silica gel column (3 ft long by 0.25 in. in
diameter) using a programmed temperature rise from 170 to 250°
and a helium flow rate of 60 cc/min. For NO, the fraction volatile
at —186° was used after degassing at —196°. The CO was
passed through a trap filled with glass wool and immersed in
liquid N, to remove the CO.. The N. was used without further
purification and contained only 660 ppm of O.. Thiophene
(Sharpless Chemical Inc.) was purified by gas-liquid chromatog-
raphy on a 20 ft long column packed with 1097 tricresyl phosphate
on Chromosorb G (N.A.W.) at 100° and a helium flow rate of 60
cc/min. CF;I was obtained from Peninsular Chem Research Co.
The major impurity was C;Fg which was removed by using the
fraction of CF;l volatile at —130° but condensable at —160°,

A cylindrical quartz cell 10 cm long by 5 cm in diameter attached
to a conventional grease-free, high vacuum line was used. The
radiation was from a Hanovia medium-pressure mercury U-tube
lamp, type 30620. The products were condensed at —196° and the
H, produced was measured in a McLeod pressure gauge. All the
condensable products were analyzed in a 40 ft by 0.25 in. column
packed with 109 dimethylsulfolane on Chromosorb G (N.A.W.)
at 0° with a helium flow rate of 40 cc/min, in conjunction with a
Gow-Mac Thermistor detector operated at 0°. For the runs with
added NO, the reaction products were condensed at —186° and the
noncondensable gases removed before analysis with the same gas
chromatographic system as the one used for the other runs. The
identification of the products, except CH.CO, was performed by
comparison of their gas chromatographic retention times with
those of authentic commercial samples.

The identification of the CH.CO was performed by photolyzing
acetone, at room temperature, with 3130-A radiation and com-
paring the retention time of the CH,CO produced with the retention
time of the supposed CH>CO in our system. Thus calibrations were
not made and the reported quantum yields are relative, probably
only correct to a factor of 2 in absolute value.

Since polymer formation was observed, air was admitted to the
cell and heated with an oxygen torch to about 500° after each
experiment to remove polymer. Quantum yields of the products

(28) H. A. Wiebe and J. Heicklen, Can.J. Chem., 47, 2965 (1969),
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Figure 1. Plots of ®{CH;CCH} vs. thiophene pressure for ex-
periments with 3.0 Torr of SO, at full lamp intensity. The solid
lines are computed from the derived mechanism and the rate con-
stant ratios listed in Table IV. Curve 1 corresponds to ®{ CH;CCH }
as computed from eq A ([N:] = 0) and should fit the data points
with no added gas. Curve 2 corresponds to ®* {CH;CCH} as com-
puted from eq C ([Ny] = 0) and should fit the data points with NO
added. Curve 3 is the curve computed from eq A ([Nz} = 373
Torr) and corresponds to the data points with added N.. The
two data points with arrows indicate upper limits, as no CH;CCH
was detected.

were measured utilizing CF;I as actinometer., The C;Fs produced
during the photolysis of CF;l in the presence of mercury (to remove
iodine) was measured in the McLeod gauge, trapping the non-
decomposed CF;I at —160°. The quantum yield for the pro-
duction of C:Fs during the photolysis of CF;I in the presence of
mercury was taken as 0.5,28

Preliminary runs were performed using the radiation filtered
through a Corning 0-54 filter which removes all the radiation
below 3000 A. The absolute yield of the products was very small.
Then, in order to increase the absolute amount of products pro-
duced, the full Hg arc was used.

Equal optical densities of reagent and actinometer gases were
used to avoid errors due to the uncertain path length of light.
The ratio of the average extinction coefficient for the SO, to the
average extinction coefficient for the CF,l for the three principal
wavelengths used (3130, 3022, and 2967 A) was taken as 9,%.51
Fortunately, the relative extinction coefficient at the three wave-
lengths is similar in both CF;I and SO, so that actinometry errors
are minimal,

Several runs were performed in a cylindrical Pyrex cell 100 cm
long by 5 cm in diameter. The radiation in these runs was from a
Hanovia 418C-9 Xe arc (800 W) filtered through a Plexiglass filter
which removed all the radiation below 3600 A. The products of
the irradiation of SO,-thiophene mixtures in this system were
analyzed following the same procedure described above. The
products of the irradiation of SO,~CO and SQ,~CO-N. mixtures
in this system were analyzed on a 20 ft long by 0.25 in. diameter
Porapak Q column at 0° with a helium flow rate of 60 cc/min,

Results

When mixtures of SO, and thiophene were irradiated
with the full mercury arc (radiation principally at 3130,
3022, 2976 A) at 25 = 3°, the products of the reaction
were: Hs as the predominant product; CH.CO, SCO,
C,H., CH,CCH,, CH;CCH, CS,, and CH,CHCCH as
significant products; and traces of C,H; and C;H,.
Polymer was also formed, but CO and CH; were ab-
sent. No additional products were found in the pres-

(29) 1. R. Majer and J. P. Simons, Advan. Photochem., 2, 137 (1964).

(30) J. R. Dacey, Discuss. Faraday Soc., 14, 84 (1953).

(31) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” Wiley,
1967, p 210,
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Figure 2. Plots of ®{ CH;CCH} vs. thiophene pressure for experi-
ments with 10.3 Torr of SO.. The solid lines are computed from
the derived mechanism and the rate constant ratios listed in Table
IV. The upper curve corresponds to {CH;CCH} as computed
from eq A and should fit the data points. The lower curve cor-
responds to ®*{ CH;CCH } as computed fromeq C.

ence of N, or NO. Dark runs did not give any reac-
tion products.

Table I shows the effect of extent of conversion on the
product quantum yields, The = values reported for
the reactant pressures do not reflect uncertainties in
measurement, but rather variation in the experimental
parameters. For short irradiation times, all the mea-
surable product yields were independent of time to
within the experimental uncertainty, which was large
because of the small yields. The C;H, and C;H; yields
were so small that they were ignored. It is difficult to
see how they could be initial products of the reaction.
To check that thiophene was not photolyzing by itself
with the wavelengths used in this study, pure thiophene
was irradiated under the same conditions used in a
typical run and no products were found.

The product quantum yields for three different SO,
pressures (3.0, 10.3, and 50.1 Torr) and different thio-
phene pressures are listed in Table II.  From the results
it can be seen that there are two different kinds of prod-
ucts. One group consists of C;H,, CH,CCH,, CH;-
CCH, CS,, and CH,CHCCH. We call these products
type 1 products because they are the same as those
found in the short-wavelength photolysis of pure thio-
phene.?® Except possibly for C;H,, they are produced
in the same ratios as in the direct photolysis. They
must come from the decomposition of excited thio-
phene molecules produced by an energy-transfer pro-
cess between an excited SO: molecule and a ground-
state thiophene molecule. The quantum yields of the
type I products increase by increasing the thiophene
pressure for low thiophene pressures, reach a maximum
of about 2-10 Torr of thiophene, and then drop at
higher thiophene pressures.

Increasing the SO. pressure reduces the quantum
yields of these products. These results are shown
graphically in Figures 1-3 for CH;CCH. CH,CCH
was selected as the typical product since during the
photochemical study of pure thiophene® it was found
that CH;CCH was the only product coming directly
from an excited thiophene molecule in a unimolecular
step, without requiring an additional intermediate.
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Table I. Effect of Irradiation Time on Product Yieldse

Irradiation 104p- 104p- 104- 104®-

time, min  10%{H,} {CH,CO}]* 10%¢{SCO} 10%¢{CH;} {CH.CCH,} {CH,CCH} 10%{CS,} {CH,CHCCH}
60.0 7.8 0.38 0.12 1.88 0.57 0.45 1.52
120.0 0.14 0.05 1.58 0.46 0.26 0.53 1.93
120.0 6.0 0.16 0.12 1.93 0.60 0.34
180.0 7.8 0.19 0.14 1.81 0.53 0.37 0.60 1.75
300.0 6.2 0.25 0.22 1.97 0.47 0.33 0.52 1.71

@ [SOg} = 25.0 = 0.5 Torr, [Th} = 18.2 = 0.3 Torr. [, = 196 u/min. ° Relative yields. Calibration uncertain to a factor of 2.

Table II.  Photolysis of SO; with a Medium-Pressure Mercury Arc at 25 == 3° in the Presence of Thiophene

[Th},  Trradiation L, 104- 104¢- 10%-  1049{CHy  10%- 104-  104b{CHy
Torr time, min  w/min  10%{H,] [CH,CO}¢ {SCO}  {CH} CCH,} {CH,CCH} {CS,} CHCCH}

[SO;} = 3.0 + 0.1 Torr

0.128 243.0 7.10 246 4.0 7.04 42.6 6.95 2.57 8.94 19.8
0.192 243.0 7.10 141 2.18 3.60 43.0 11.1 5.25 10.7

0.320 267.0 9.24 136 0.80 3.01 66.0 15.7 1.80 29.0 11.7
0.602 211.0 14.64 118 1.12 2.18 60.5 11.5 5.55 34.0 11.2
0.935 180.0 14.64 174 0.62 1.84 65.2 12.2 10.8 13.2 30.3
0.987 1287.0 0.69 4.4 4.9 83 20 12.6 58
1.435 241.0 9.24 109 0.54 68.0 21.8 8.3 11.7 34.8
1.615 90.0 14.64 92.5 0.57 1.22 69.1 13.2 11.4 95.5
2.42 90.0 14.64 69.5 1.14 0.92 66.5 15.4

3.00 180.0 14.64 88.2 0.73 1.18 79.2 15.7 12.1 11.3 71.5
3.67 123.0 9.24 96 0.62 1.07 104 18.9 10.9 129
4.02 91.0 14.64 45.7 0.67 13.9 9.95 4.70

4.08 1008.0 0.69 9.1 1.37 94 23.5 10.7 19.7 80.0
4.87 91.0 14.64 59.5 1.32 70.1 21.9 12.0 6.60 69.0
5.27 188.0 9.24 87 0.60 1.88 62.4 19.0 7.21 22.3 48.0
6.14 124.0 14.64 67.6 0.48 1.03 61.0 9.85 6.65 2.74 125
7.04 180.0 12.2 47 1.17 51.7 12.8 9.50 8.90 55.5
8.42 180.0 14.64 34.9 0.80 0.76 46.7 9.95 7.80 16.6 51.2
11.51 225.0 14.64 28.0 0.38 0.25 23.8 3.60 3.93 1.67 30.7
16.8 204.0 12.2 30.0 15.0 8.07 4.90 8.14 21.5
23.9 182.0 12.2 19.0 0.19 0.42 12.4 5.08 4.38
28.3 190.0 9.24 27.9 0.43 0.69 21.0 5.15 1.40 12.8 13.3
36.8 222.0 9.24 24 0.36 0.52 20.4 3.85 4.13 36.6
49.2 697.0 0.69 0.21 5.7 3.8 2.2 12.4
52.9 247.0 9.24 14.5 0.60 0.47 11.9 2.48 1.71 14.3
7.2 256.0 9.24 10.3 0.37 0.45 12.2 3.09 2.26 2.73 17.4

[SO,] = 10.3 == 0.2 Torr

0.153 120.0 39.9 50.9 0.53 0.56 3.82 0.98 0.55

0.269 180.0 39.9 46.7 0.79 0.79 5.83 0.89 1.11

0.410 224.0 39.9 68.2 1.09 1.46 8.52 1.43 2.68 2.88 2.61
0.756 180.0 39.9 50.9 0.63 0.83 9.07 1.84 1.97 4.65 1.93
1.294 180.0 39.9 46.7 0.61 0.79 11.00 2.70 3.53 3.10 2.94
1.923 240.0 39.9 44.6 0.55 0.86 12.15 2.79 1.85 3.99 7.45
2.50 216.0 39.9 36.4 0.36 0.51 12.70 2.70 2.22 2.64 6.40
3.29 240.0 39.9 31.8 0.56 0.65 11.85 3.34 1.90 2.68 9.28
5.00 140.0 39.9 43.6 0.92 14.05 4.05 2.57 2.93

6.91 150.0 39.9 30.6 0.53 0.61 12.80 2.92 1.86 2.09 12.90
9.12 180.0 39.9 25.5 0.52 0.53 11.70 2.88 1.93 3.33 12.1
10.43 150.0 39.9 20.3 0.27 0.68 13.30 3.70 2.93 12.26
12.82 174.0 39.9 26.3 0.37 0.58 12.05 3.94 2.80 11.4
15.14 121.0 39.9 25.3 0.37 0.36 11.85 2.45 2.56 1.72 11.50
19.21 180.0 39.9 16.8 0.46 0.45 10.40 2.70 2.22 2.56 10.90
23.23 100.0 39.9 18.3 0.41 0.34 10.50 2.22 1.86 2.78 8.95
29.10 210.0 39.9 14.5 0.98 0.47 8.83 2.36 1.75 2.43 9.31
33.24 180.0 39.9 10.0 0.36 0.30 9.95 2.20 2.60 9.41
48.53 189.0 19.4 16.5 0.61 6.48 8.90 2.47 1.40 3.20
70.38 189.0 19.4 16.5 1.43 G.55 7.25 1.64 1.25 10.20

[SO.} = 50.1 = 0.1 Torr

0.660 617.0 70.88 9.0 0.46 0.13 0.41 0.04 0.05 0.31 0.49
0.974 300.0 85.28 8.3 0.35 0.07 0.51 0.11 0.21 0.29
2.21 180.0 85.28 20.0 0.71 0.41 2.43 1.25 0.81 1.12 3.66
4.10 360.0 70.88 10.7 0.55 0.24 1.35 0.31 0.26 0.50 1.36
5.52 324.0 85.28 16.5 0.63 0.39 2.96 0.85 1.46 0.49 1.40
9.31 517.0 70.88 10.0 0.63 0.28 1.75 0.39 0.32 0.50 2.17
15.66 304.0 85.28 8.2 0.45 0.29 1.81 0.57 0.72 0.53 1.51
68.30 253.0 85.28 4.2 0.31 0.24 1.23 0.31 0.48 0.68 0.73

@ Relative yields. Calibration uncertain to a factor of 2.
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Figure 3. Plots of ®{CH;CCH} vs. thiophene pressure for ex-
periments with 50.1 Torr of SO.. The solid lines are computed from
the derived mechanism and the rate constant ratios listed in Table
IV. The upper curve corresponds to ®{CH,;CCH} as computed
from eq A and should fit the data points. The lower curve cor-
responds to $*{ CH;CCH } as computed fromeq C.
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Figure 4. Plots of ®{H.} vs. thiophene pressure. The solid lines
are computed from eq B ((N;] = 0) and the rate constant ratios
listed in Table IV. Both the data points and computed curve for
10.3 Torr of SO, have been shifted upward by a factor of 10 for
clarity.

The second group of products, not produced in the
direct irradiation of thiophene, is called type II prod-
ucts. This group consists of Hy,, CH,CO, and SCO as
major constituents. Some of the acetylene produced
also probably belongs to this group.

The quantum yields of the type II products de-
crease by increasing the thiophene pressure for the
lowest SO, pressure. For the other two SO, pressures
studied they increase somewhat by increasing the thio-
phene pressure for low thiophene pressures, reach a
maximum, and then decrease at high thiophene pres-
sure. The quantum yields of these products decrease
as the SO, pressure is raised. This behavior is shown
graphically in Figure 4 for H, and in Figures 5-7 for
SCo.

The effect of absorbed intensity also is shown in Table
I1. For three runs at 3.0 Torr of SO, the absorbed in-
tensity, /., was reduced to 0.69 u/min, a reduction by a

L)
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Figure 5. Plot of ®{SCO} vs. thiophene pressure for experiments

with 3.0 Torr of SO, at full lamp intensity. The solid lines are
computed from the derived mechanism and the rate constant ratios
listed in Table IV. The upper curve corresponds to &{SCO} as
computed from eq B and 3 (®{SCO} = ®{H,}) and should fit the
data points with no added gas. The lower curve corresponds to
&*{SCO} as computed from eq F and 8 (*{SCO} = 8&*{H.}) and
should fit the data points with N2 added.

10.3 TORR S0z

10*{sco}

[ro].ToRR

Figure 6. Plot of ®{SCO} vs. thiophene pressure for experiments
with 10.3 Torr of SO.. The solid lines are computed from the de-
rived mechanism and the rate constants listed in Table IV, The
upper curve corresponds to ®{SCO} as computed from eq B and
8 @{SCO} = B®{H,}) and should fit the data points. The lower
curve corresponds to ®*{SCO!} as computed from eq F and 8
(®*{SCO} = Bd*{H}).

00 -

10* d{sco}
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Figure 7. Plot of ®{SCO} vs. thiophene pressure for experiment$
with 50.1 Torr of SO.. The solid lines are computed from the
derived mechanism and the rate constant ratios listed in Table IV.
The upper curve corresponds to ${SCO} as computed from eq B
and 8 (®{SCO} = B®{H:}) and should fit the data points. The
lower curve corresponds to ®*{SCO} as computed from eq F and
B(@*{SCO} = BP*{ H:}).
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Table ITI.  Effect of Added Gases on Product Yieldse
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Irradiation 104p- 104p- 10%¢- 10%p- 104p-
[Th}, Torr [X], Torr time, min {CH.,CO}* {SCO} 1049{C,H;} {CH,CCH,} {CH,CCH} 10%{CS,} {CH,CHCCH)
X = NO
0.166 0.150 952.0 2.75 1.90 <0.2 <0.2 <0.4 <0.8
0.166 0.900 1201.0 2.68 2.56 0.46 <0.2 <0.2 <0.3 <0.6
0.166 10.96 1237.0 2.71 0.93 0.34 0.84 <0.2 <0.3 <0.6
0.166 75.8 688.0 3.40 0.71 1.96 0.21 <0.2 <0.5 <1.0
4.05 0.100 247.0 0.73 3.75 40.0 10.4 7.0 17.0 35.2
4.05 0.430 224.0 0.45 1.97 17.7 9.95 8.75 12.2 31.0
4.05 1.64 261.0 2.23 5.72 22.8 13.0 7.8 10.8 30.3
4.05 12.34 320.0 0.87 2.27 18.2 6.30 5.4 5.03 28.6
4.05 191.4 303.0 5.30 7.18 19.8 4.00 3.08 5.47 11.0
46 10 268.0 2.50 13.3 2.98 1.64 6.25 13.2
46 82 223.0 7.10 3.68 16.5 3.77 2.28 2.74 3.93
46 144 207.0 .60 3.00 12.6 2.46 1.12 11.8
X = N,

0.205 373 693.0 1.19 0.60 0.50 <0.2 <0.2 <0.5 <1.0
4.01 370 189.0 2.90 0.48 10.1 1.60 0.75 1.63 5.7
26.45 376 620.0 3.60 0.84 13.2 1.92 1.74 1.62 6.45
47.38 375 249.0 2.91 0.91 16.0 2.64 2.04 1.83 9.8

@ [SOe} = 3.0+ 0.1 Torr, I, = 13.5 = 1.4 u/min,

factor of 13.4-21. The quantum yields of product for-
mation were not affected except for CS, and CH,CO.
The quantum yield of CS, formation, ®{CS,}, increases
markedly as I, was reduced in the one run for which data
were available. This effect is the same as in the direct
photolysis of thiophene.?® For CH,CO, the quantum
yield is also markedly enhanced at the lower intensity.

Besides the intensity effect on ®{CS,} and ®{ CH,CO},
the values obtained show extremely large scatter, which
reflects the experimental difficulty for analysis of these
products. The same large scatter for ®{CS,} was ob-
served in the direct irradiation of thiophene. 2

Table 111 shows the effect of added N, and NO to the
system. The NO addition was done at 3 Torr of SO,
and at three different thiophene pressures.

The addition of NO at low thiophene pressures does
not change the values for the quantum yields of the type
IT products within the experimental error but drastically
reduces those for the type I products.

The addition of NO when the thiophene pressure is 4
Torr (i.e., the region at which the type I products reach
a maximum) reduces the amount of type I products by
about 309 (the data are shown in Figure 1 for CH;-
CCH) but increases the type 11 products.

The NO addition does not affect the type I products
at high thiophene pressure but markedly enhances the
type I products.

The effect of the addition of N, on the CH;CCH pro-
duction is shown in Figure 1. The addition of N,
lowers ®{CH;CCH }, the effect being more pronounced
as the thiophene pressure is reduced. The effect on the
other physical products is qualitatively the same.

The N, effect on ®{SCO} is shown graphically in
Figure 5. In this case, the addition of N; drastically re-
duces the SCO production at Tow thiophene pressure
but does not affect it at thiophene pressures larger than
4 Torr.

Several mixtures were irradiated with wavelengths
longer than 3600 A in the long vessel (100 cm) with a
very intense source (800-W Xe lamp) of radiation. A
24-hr irradiation of a mixture of 4 Torr of thiophene and
3 Torr of SO, where maximum product formation oc-
curred with a full Hg arc, did not give any products.

® Relative yields.

Calibration uncertain to a factor of 2.

In order to check if the SO, was actually excited to the
triplet state in these experiments, mixtures of SO, and
CO were irradiated under similar conditions and CO;
was actually found as the reaction product. Addition
of N, to the SO;—~CO mixtures reduced CO; production
confirming that 3SO, directly produced by the absorp-
tion of radiation at these wavelengths is responsible for
production of CO,,

By comparison of the SO.,-thiophene and SO,-CO
systems, the quantum yields of product formation in
the SO,-thiophene system must be <10~3 of the CO,
yield in the SO,~CO system. In the SO,—CO system,
®{CO,} < 107124 Also for radiation between 2650
and 3130 A, the formation of 38O, occurs less than 109
of the time.”-32:3% Therefore with radiation at 3130 A,
the quantum yield of product formation in the SO.-
thiophene system from 38O, is <1075 which is neg-
ligible.

Discussion

To account for the results found in the SO,~CO and
SO,-C,F. systems, the intervention of two new non-
emitting states of SO, was postulated.” Those states
were a singlet called SO,* and a triplet called SO.**.
The mechanism outlined in the introduction was slightly
modified to account for these states. Also at the pres-
sures used in this study (>3.0 Torr of SO,) the first-
order steps, reactions 2 and 3, are known to be unim-

portant.®* The mechanism for pure SO, becomes
SO; + Ay —> 1SO, (1)
1SO; 4+ SO; —> 380; + SO, (1b)
—> SO,* 4 SO, (1c)
SO* —> SO, ** (5)
SO.* + SO; —> SO** + SO, (6)
SO.** —> SO @)

The fate of *SO. has been omitted, since our results in
which 2SO, was produced directly show that SO, does
not interact with thiophene. (It should be mentioned

(32) T.N.Rao and J. G. Calvert, J. Phys. Chem., 74, 681 (1970).
(33) A. Horowitz and J. G. Calvert, private communication, 1971.

Braslavsky, Heicklen | Photolysis of SO



4870

that 38O, produced directly by 3660-A radiation may
have more vibrational energy, and thus be more reac-
tive, than *SO, produced by intersystem crossing from
180, a collisionally induced process producing vibra-
tionally thermally equilibrated *SO..)

Since the production of type I products is not com-
pletely quenched by adding excess N, the states prin-
cipally responsible for type I product formation should
be those not quenched by N, i.e., the nonemitting
states. At low thiophene pressures, the addition of
small amounts of NO (~ 1 Torr) drastically inhibits
product formation, whereas at high thiophene pressure,
NO has no effect Cehelnik, et «l.,* have shown that
about 1 Torr of NO removes about 759 of SO,**.
Consequently SO.** must be the important sensitizer at
low thiophene pressures, and SO,*, the important sen-
sitizer at high thiophene pressures.

In the case of type II products, the addition of NO
either has no effect or increases CH,CO and SCO for-
mation (no data are available with H, since NO inter-
fered with the analytical scheme). While the possibility
of SO,** playing some role cannot be excluded, it
cannot be the important precursor to type II product
formation, since it is readily scavenged by NO. For
simplicity we will assume that the type II products arise
solely from SO, and SO,*.

The additionally required steps are

1S0, + Th —> SO, + Thil (8a)
—> SO + Th (8b)

SOy* + Th —> SO, + Th! (9a)
—> SO, + Tht! (9b)

SO.** + Th —> SO, + Th! (10a)
—> S0, + Th (10b)

where Th is ground-state thiophene, and the super-
scripts I and II represent the excited states which lead to
type I and type II products, respectively.

The fate of Th! is well known from the work of Wiebe
and Heicklen. %

Th! — type I products (11)
Th! + Th — 2Th (12)
Th?! 4+ SO, —> Th + SO, 13)

The quenching of Th! by SO,, reaction 13, was not
studied by Wiebe and Heicklen, but C;H4, CO,, and O,
all reduced product formation. Presumably SO, be-
haves similarly.

The simplest reaction scheme for type II product for-
mation is

Thil —> H, + CH,S (14)
Thit + Th —> 2Th (15)
Thil + SO, —> Th + SO, (16)

The C,H,S intermediate may be either
HC—C:, /é—(’:
4
HC Ce HC CH
N TN

The former could eject C,H, or react with SO, to give
the other type II products

CHCHCSO + SCO

HC—Cc-8—0 - /
HC’\ C--0 CH,CO + CS
s’ CH;, + SO — SCO
HC—C-
so, + HC. ¢
2 \S/
N\ H
o=s—o=-:_-_-_"c'7c'c(c
. .
N/

SO + CHCO + CS

The CS, C:S, and SO would be incorporated into the
polymer. The reason for the enhancement in ®{CHo,-
CO} when excess N, was added is not clear, but it
cannot be due to stabilization of ‘hot” CH,CO, since
then CO should have been produced at low pressures
contrary to our observations.

The above mechanism does not include a direct
transfer of an oxygen atom from electronically excited
SO, to thiophene. Oxygen atom transfer was the ex-
clusive photochemical process in the CO and C,F,
systems, and perhaps CH,CO is produced in this way in
the present study. However CH,CO is a minor prod-
uct; thus oxygen atom transfer, if it does occur, is not
a major photochemical process in the SO,-thiophene
system.

Finally to complete the mechanism the quenching
steps of N, are included

1502 + Ny —> SOz* -+ Nz (17)
Th! + N; —> Th 4+ N. (18)
Thi! + Nz —> Th + Nz (19)

The quenching of SO, by N, must produce SO,* at
least part of the time as shown by Cehelnik, et al.?
Similarly the same must be true here, since products
were produced in the presence of excess N, Neither
SO,* nor SO.,** is quenched by N, as deduced pre-
viously. ¥

The mechanism predicts that

®{CH,;CCH} = & {CH,;CCH} +
d**{CH,CCH} (A)
®{H,} = ®'{Ho} + &*{H,} (B)
where ®*, &** and ®! are those portions of ® arising
from SO.*, SOs**, and !SO., respectively. Specifically
these are
®*{CH;CCH} = akeku[Th]/(ks + kdSO:] +
ko[ThD)(ku + kio[Th] + k15[SOs] + ki[N2])  (C)
@**{CH;CCH} = akioku[Thl(ks + kedSO.)/(ks +
k{SO:] + kdTh)(kr + ki ThD(ku +
kilTh] + ki3[SOs] + kis[N:]) (D)
®{Hy} = ksak1[Th]/(ki[SO:] + ks[Th] +
kI NoD(kie + kis[Th] + kie[SO:] + kis[N2])  (E)
®*{H,} = kewk1[Th)/(ks + keSO,] +
ko Th) (ki + ki Th] + kifSOs] + kidNaD) ()
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where « is that fraction of reaction 11 which leads to
CH;CCH formation, k1 = kw + ki, ks = ksa + ke,
ko= kea + koo, and k1o = k10a + kiob. In deriving eq
C-F it was further assumed, for simplicity, that ko =~
ki, and kg, =< ks. It has been shown’ that k;, = 0.08%,,
so that the former assumption is justified and consistent
with the interpretation of Cehelnik, et al.? We shall
soon show that the results can be fitted with ksa/ks =
1.1 X 102, so that the latter assumption is also justified.

By a process of curve fitting a number of rate con-
stant ratios were obtained and they are listed in Table
IV. With these rate constant ratios we have computed

Table IV. Rate Constant Ratios

Ratio Value Units
o 0.077 None
ki/ksa 38.2 Torr
kelksa 9.6 None
kov/koa 2.0 None
klz/kn 1.7 Torr™!
k13/k11 0.97 Torr™!
kis/ku 0.010 Torr™!
kr/k10a 100 Torr
K1o/k10a 300 None
ki/ksa 24 None
ks/kga 900 None
kisfkys 6.6 Torr™!
Kys/K1a 0.145 Torr™!
B 0.0256 None

®{CH,CCH} in the absence and presence of N,, and
®*{CH;CCH} and ®{H,} in the absence of N

The computed curves for ®{ CH;CCH} in the absence
of added gases are shown in Figures 1-3 for the three
SO, pressures used. In Figure 1, this curve is curve 1.
It fits the data well at low and high pressures of thio-
phene but is about 307 low at intermediate pressures.
This fit is not too bad, considering the scatter in the data
and the simplifying assumptions in the mechanism.
The data are well fitted at 10.3 Torr of SO, (Figure 2)
and 50.1 Torr of SO, (Figure 3).

With N, present, ®{CH;CCH} was computed only
tor 3.0 Torr of SO, since experiments were done only at
this SO, pressure. The computed results are given by
curve 3 in Figure 1, and it adequately fits the badly
scattered data.

The curves computed for &*{CH;CCH} should cor-
respond to runs with added NO (since >3 Torr NO was
shown?” to scavenge SO,**), This will only be true if
NO is not an efficient scavenger of Thl. To test this
hypothesis, 1.25 Torr of Th was irradiated with radia-
tion from a Phillips 25-W cadmium resonance lamp
(mainly 2288 A, but also some 2265- and 2144-A radia-
tion) at room temperature in the absence and presence
of 1.3 Torr of NO. The results are shown in Table V
and are identical with the results with added 0,.28 The
C;H,, CH,CCH,, and CH;CCH yields are unaffected,
®{CH,CHCCH} drops by about !/, its value, and

Table V. Photolysis of Thiophene with a Cadmium
Resonance Lamp#

[NOJ, & &{CH,- &- &{CH,-
0 0.057 0.020 0.0071 0.029 0.072
1.3 0.045 0.016 0.0061 0.010 0.030

@ [Th} = 1.25 Torr, irradiation time = 30 min, /. = 37 u/min.
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®{CS,} is substantially reduced when NO is added.
For our purposes, the fact that ®{CH;CCH} is essen-
tially unaffected substantiates the hypothesis. The
curve for ®* {CH;CCH} in Figure 1, i.e., curve 2, fits the
results with NO present at high thiophene pressures, is
consistent with the data point at low thiophene pressure
(even though the data point represents an upper limit,
it must be essentially correct from an examination of
®{CH,CCH.} in the same run), and is satisfactory at
intermediate pressures. With 4 Torr of thiophene,
curve 2 should actually have passed between the two
data points with NO added, since the upper point was
for a run with insufficient NO to completely scavenge
SO,**, but the lower point was for a run with 191 Torr
of NO, so that some quenching of Th! should have oc-
curred.

The computed curves for ®{H,} are shown in Figure
4, and they adequately represent the data. If ®{SCO}
is always some constant fraction, 8, of ®{H,}, then
®{SCO} and ®*{SCO} can be computed also. This
has been done, using 8 = 0.0256, and these curves are
shown in Figures 5-7. The curves for ®{SCO} fit the
data reasonably well, except for low pressures of thio-
phene at 10.3 and 50.1 Torr of SO,. Since 8 may not be
a constant, the mechanism may be oversimplified.
Also the data are quite scattered. Therefore the degree
of fit that is achieved is acceptable. At least the ap-
propriate trends are reproduced.

The computed curve for *{SCO} in Figure 5 should
correspond to the data points with excess N, added.
Again the fit is hardly ideal, but it is also not too bad.

Finally it is necessary to see if the rate constant ratios
in Table IV agree with the previous studies. Cehelnik,
et al.,¥ found k;/ks = 4.6 Torr in the SO,-CO system
and 3.5 Torr in the SO,~C,F, system. Our results lead
to a value of 4.0 Torr in excellent agreement with the
earlier findings.

The relative quenching of Th! by Th, SO,, and N is
1.7/0.97/0.10, a trend expected considering the com-
plexity of the quenching gases. Wiebe and Heicklen?
did not use SO, or N, as quenching gases in their studies,
but they found that Th was 5-9 times as efficient as O,
(which should be similar to N;). Furthermore Wiebe
and Heicklen found « to be between 0.041 and 0.074,
whereas we obtain 0.077. Finally the ratio ky/ki was
found to vary with the energy input into Th* as shown in

Table VI. The values are listed in order of decreasing
Table VI. Values of kys/ky; for Various Conditions
kiofkn, Torr™! Conditions

0.021 2139 A, 305°¢

0.18 2288 A, 305°¢

0.28 2139 A, 25°¢

1.13 2288 A, 25°a

1.7 This work

2 From Wiebe and Heicklen.*

energy input into the molecule, and ki/ku increas‘es, as
expected. Our value fits nicely the trend found in the
earlier work.
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