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Summary 

SO2 was photolyzed at 25 “C and at wavelengths of 3600 - 4100 A in the 
presence of allene. The quantum yields of the gas phase products CzH4 and 
CO were determined over a range of allene and SOs pressures as well as in the 
presence of CO2 and NO. At lower pressures the quantum yield + {C2H4}of 
CzH4 increases with the ratio [allene] / [SO,] to a maximum value of 0.0024. 
In the presence of CO2 or NO or at the higher allene pressures + {CzH4) is re- 
duced. The results can be explained in terms of all the CzH4 coming from the 
emitting triplet S02(3B1). The quantum yield Ip {CO}of CO also increases 
with the ratio [allene] /[SO,] to a maximum value of 0.026. However, the 
increase is very slight over a large variation in this ratio. In the presence of 
CO2 or NO @ (CO )is reduced, although COZ does not cause a very dramatic 
reduction. The emitting triplet as well as the non-emitting triplet are neces- 
sary to interpret ip {CO}. The proposed mechanism derived from our previous 
studies of the photo-oxidation of allene and acetylene by excited SO2 can be 
used to fit the results of this study. 

Introduction 

The photo-oxidation of acetylene and allene by SO2 irradiated at 3130 
a has recently been reported from this laboratory [l - 31. The products of 
these photolyses were CO and an aerosol for acetylene [4] , and CO, CzH4 
and an aerosol for allene [ 51. For acetylene the reaction was shown to pro- 
ceed solely through triplet states, both the emitting triplet, designated SO2 
(3B1), and a non-emitting triplet, designated SOY, first proposed by Cehelnik 
et al. [6] . In order to test this hypothesis the photo-oxidation of acetylene 
by SOz at 3600 - 4100 a was investigated [‘7] . In this wavelength region the 
absorption produces S0,(3B1) directly. Although SO$* was still found to be 
necessary to interpret our results, basically S02(3B1) was responsible for at 
least 90% of the CO production in accordance with our expectations. 
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In the photolysis at 3130 A of SOz in the presence of ahene (CsH,) the 
mechanism was considerably more complex than for acetylene [3] . Not only 
does it appear that the emitting singlet SOz(lB1) as well as the two triplet 
states are reactive, but a quenchable excited intermediate was necessary in 
order to fit the results. 

The mechanism which we have previously proposed for the photo-oxida- 
tion of olefins by SO2 [l - 51, and which was obtained from previous work in 
our laboratory on photo-excited SOs [S - 111, correlates with the work of 
others. For example Wampler [12] and Wampler and Bottenheim [13] have 
recently shown that the S02(3B1) state is very efficient in causing the &-tram 
isomerization of substituted but-2enes. Wampler also found that it has a very 
high cross section for quenching by aromatic hydrocarbons [14]. The S02(3B1) 
state was produced both by intersystem crossing from the singlet(s) produced 
on absorption and by direct absorption into the triplet band. Previous to this 
Calvert and coworkers [15 - 181 and Timmons [19] had also presented evi- 
dence of the reactivity of S02(3B1). 

In addition recently many workers have needed SO;’ or a state similar 
to it to explain their results at high pressures. Thus for example Simons et al. 
[20] needed another triplet state that is not competitively quenched by Ar, 
He or CH4 to explain the production of SO (x3X-) in their flash photolysis 
of SO2 at X > 2350 A. Penzhorn and Filby [21] needed a similar state to 
explain their high isomerization yield of cis-but-2-ene photosensitized by SOa. 
Calvert and coworkers [22 - 241 agree that at high pressures a new state is 
formed but they have argued that this state only serves to produce excess 
SO&B1) rather than to react directly. Cox [25], in a study of the cis-but-a- 
ene isomerization by excited SOS, obtained similar results (excess yields over 
those predicted by only SOz(3B,)), but he suggested that the singlet may be 
reacting. 

In a similar manner to the SOs-acetylene system it would be interesting 
to see whether the mechanism proposed for the SOz-allene system at 3130 A 
would accommodate the results of photolysis at 3600 - 4100 A. In this region 
the relative amounts of S02(3B1) and SOr that should be present are known 
from the previous SOz-CzHz study [ 71, and contributions from SOz( ‘Br) 
should be eliminated or greatly reduced. In order to test further the consis- 
tency of the mechanism that we have previously proposed, we have under- 
taken a study of the reaction of SO2 excited at 3600 - 4100 A with allene in 
the absence and in the presence of other quenching gases. 

Experimental 

The apparatus used in this study was identical to that used in our previ- 
ous study of the SO,-CsHz system at 3600 - 4100 A [7], except that some 
additional equipment was needed to measure C2H4. The gas handling and pu- 
rification procedures for SOs, NO and COs were exactly as described before. 
The photolysis cell, radiation source and filter system were identical to those 
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used previously. The spectral distribution of the optical system as well as the 
procedure for matching the SOz absorbance to that of azomethane are 
described elsewhere [7] . 

The allene used in this study was supplied by Linde/Union Carbide. It 
was purified with a modified preparative gas chromatograph (Loenco Model 
160 series) employing a 30 ft column of dimethyl sulfolane and was then 
distilled twice from - 130 “C (n-pentane slush) to - 160 “C (isopentane slush). 

Since only about one-tenth as much CO was produced under similar 
conditions by this system as by the S02-C&Hz system, and yet we used the 
same analytical procedure, our experimental error was greater in this study. 
In order to collect sufficient CO for measurement longer photolysis times had 
to be used. Other than this all procedures concerning CO measurement were 
exactly as described previously [ 2,7 ] . 

In order to measure CzH4 a Varian Model 1520 gas chromatograph with 
flame ionization detection was used. The mixture was separated by a 6 ft X l/4 
in o-d. copper column packed with 60/80 mesh Chromosorb 101 maintained 
at 35 “C and with a flow rate of 210 cm3 mine1 of helium. The amount of 
C!zH4 produced was so small that it had to be transferred, using a Toepler 
pump, to a sample loop with a volume of approximately 10 cm3 and injected. 
The SOP and most of the C3H4 were held back by a spiral trap cooled to 
- 160 “C (isopentane slush). The flame ionization detector was calibrated 
with standard samples of CzH4 and was checked each day by injecting a stan- 
dard mixture of C&H4 in C3H4. The ratio of C3H4 to CzH4 remained constant 
to within 10% and the sensitivity varied from injection to injection by about 
20%. This error which came from injection system irregularities as well as 
changes in burning of the flame from day to day is our minimum experimen- 
tal error using the flame ionization detector. 

The - 160 “C trap allowed us to hold back COz when this was added as 
a quenching gas and CzH4 was measured. However, with NO as the quenching 
gas it was impossible to separate the CzH4 from NO by using a cooled trap. 
Since only small amounts were added, however, all the NO was collected 
with the C&H4 and injected into the gas chromatograph. This resulted in sub- 
stantial broadening of the peaks. 

Because of insufficient product, the whole sample was needed for anal- 
ysis. Therefore separate experiments were done to measure CO (concentra- 
tion by Toepler pump and thermistor detection) and f&H4 (concentration by 
Toepler pump and flame ionization detection). 

After each experiment the cell was thoroughly pumped out, a few torr 
of He were added and the cell was again thoroughly pumped out. This was 
done twice to remove any background traces of CsH,. In order to keep the 
concentration of reactants virtually constant at their initial values, photolysis 
times were kept as short as possible, consistent with allowing adequate prod- 
uct to be collected for analysis. 
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All experiments were carried out at 25 “C! with radiation centered at 
3850 A and a full-width half-maximum of 230 A (effective radiation from 
3600 to 4100 A). First it was verified that SOsexcited with radiation in this 
region reacts with C3H4 to give CzH4. After this experiment, with the SO2 
pressure at 25 + 3 Torr, the C3H4 pressure was varied from 45 mTorr to 27 
Torr. Photolysis times were varied by a factor of 2 from 4000 to 8000 s with 
no systematic variation in @ (C2H4}within the experimental error. The 
absorbed light intensity I, for these runs was 0.028 + 0.003 mTorr min-‘. The 
data are shown in Fig. 1. 

Fig. 1. bg-log plots of 0 {CzHl ) us. ICaHJ /[SO,] for various SO2 pressures (in Torr): 
0 25 2 3.0, 0 40, A 100 c 5. The curve is drawn to fit all the data at low pressures of 
[C$-IJ and the [ SOz] = 25 Torr data at higher pressures of [CaHb] . 

Another series of experiments was done with an SO2 pressure of 100 * 
5 Torr, [CsH,] from 0.214 to 50 Torr and I, = 0.114 f 0.003 mTorr mm-‘. 
Again the photolysis times were varied by a factor of 2 and no systematic 
variation was noted in @ {CsH*). Two runs were also done with an SOz pres- 
sure of 39 Torr, 0.58 Torr of C3H4 and I, = 0.045 mTorr min-‘. The data 
from these runs are also plotted in Pig. 1. 

At low values of [ C3H4] /[SOa] , @ {C2H4 Iincreases with the ratio to an 
upper limiting value of 0.0024 at [CsHJ /[SO,] = 0.02. At 25 Torr of SOs, 
Q (CsH4)remains at 0.0024 as [CsHJ /[SOS] is increased further. However, 
at 100 Torr of SOs, Cp {CzH4}falls to 0.001 as [CsHJ /[SO,] increases to 0.5. 

With [SO,] = 39.5 & 0.4 Torr, [CsH,] = 0.59 + 0.01 Tom, and i,= 0.045 
f 0.001 mTorr min-‘, up to 470 Torr of COs was added. A plot of c9 {CzH4 r1 
versus [CO,] is shown in Fig. 2. The plot is linear and the least-squares line 
gives a slope of 4.22 ToIY~ and an intercept of 639. 

With NO added, the quenching was marked and large amounts of NO 
were not needed. With [SOS] = 39.7 + 0.5 Torr, [CsH,] = 0.58 + 0.02 Torr, 
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Fig. 2. Plot of 9 {CzH*rl us. [CO21 for [SO,] = 39.5 * 0.4 Torr, [C3H4] = 0.59 + 0.02 
Torr, Ia = 0.045 f 0.001 mTorr rnin-‘. The line drawn is the least-squares fit to the data 
points. 
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Fig. 3. Plot of 9 (C2H*}-1 vs. [NO] for [SO21 = 39.7 5 0.5 Torr, [CBHQ] = 0.68 * 0.02 
Torr, I, = 0.045 * 0.001 mTorr min-‘. The line drawn is the least-squares fit to the data 
points excluding the point at highest [NO], 

andIa= 0.045 k 0.001 mTorr min-l up to 0.655 Ton: of NO was added. The 
results are shown in Fig. 3. Because NO is not easily separated from CzH4, all 
the NO was collected with the CsH4 and injected into the gas chromatograph. 
This broadened the CaH4 peaks and the data are very approximate. Neverthe- 
less, except for one data point, the plot of @ {CzH4}-’ uersus [NO] can be 
represented by a straight line with a slope of 1923 Torr-’ and’an intercept of 
445. 

In a similar manner it was verified that CO was produced upon photolysis. 
Five series of runs were made under the conditions given in Table 1. 

The quantum yields @ {CO } of CO formation are given in Fig. 4, with the 
data at [ SO2 ] = 25 Torr and [SO,] = 35 Torr being combined. With 25 Torr 
of SO2 and 2.9 Torr of allene, the photolysis time was varied from 2400 to 
5400 s. There was no systematic variation in the quantum yields, indicating 



TABLE 1 

[SOz] (Ton-) [ f&H41 (Torr) I, (mTorr min -l) 

12 - 14 0.097 - 0.983 0.015 f 0.001 
20 - 30 0.048 - 260 0.028 f 0.005 
35.1 0.126 0.040 
70 - 100 0.164 - 28.6 0.100 ?r 0.014 

196 - 204 0.422 - 34.1 0.23 i 0.020 

0.001 I I I I1111 I I “I_ 

0.001 0.01 0.1 1.0 10.0 

[W&[SOe] 

Fig. 4. Plots of @{CO } us. [ C3H4] / [ SOz] . The data points are for the following pressures 
of SO2 (in Torr): V 12.5 f 1.0, 0 28 i 8.0, A 85 * 13.0,0 200 * 4.0. All the curves are 
computed using the rate coefficients listed in Table 2. Curves (b), (f) and (h) are G3 {CO} 
for [SO21 = 25, 100 and 200 Torr respectively with curves (f) and (h) shifted by factors 
of 10 and 100 respectively. Curves (a), (g) and ( ) i are @**{CO 1 for [SO21 = 25,100 and 
200 Ton respectively with curves (g) and (i) shifted by factors of 10 and 100 respectively. 
Curves (c), (d) and (e) are @{CO )for [SO,] = 25,100 and 200 Torr respectively. 

that CO is an initial product and light scattering by the aerosol is not impor- 
tant under our conditions. The same can be said, although not as conclusively 
since the experimental scatter is greater, for Cp (CsH4) 

In Fig. 4 @ {CO } is essentially independent of the SO2 pressure and 
shows a mild dependence on [C&J /[SO,], rising from 0.009 at [CsH,] / 
[SO,] = 0.002 to about 0.025 at [CsH4] /[SO23 = 1.0. 

Q {CO } was obtained in two series of runs in which CO2 was added. In 
one series with [SO,] = 12.5 + 0.5 Torr, [CsH43 = 1.18 + 0.03 Torr, and 1, = 
0.0145 f 0.005 mTorr min-‘, up to 368 Torr of COs was added. In the second 
series with [ SO2 ] = 98.6 f 1.0 Torr, f CsH,] = 1.17 + 0.04 Torr, and 1, = 
0.113 + 0.002 mTorr min-I, up to 476 Torr of CO2 was added. These results 
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Fig. 5. Plots of @{CO} us. [ COz] . The curves are computed using the rate coefficients listed 
in Table 2. For curve (a) [SO21 = 12.5 * 0.04 Torr and [C,H4] = 1.17 + 0.02 Torr. For 
curve (b) [SO,] = 98.6 * 1.0 Torr and [CaHd] = 1.17 f; 0.04 Torr. The data points are (in 
Torr): 0 [SO,] = 12.6 .t 0.4, [C3Hd] = 1.17 f 0.02;* [SO,] = 98.6 + 1.0, [C,H,] = 1.17 
f 0.04. 

[NO], Torr 

Fig. 6. Plot of @(CO } us. [NO] for [SO,] = 100 l 3.0 Torr, [CaHJ = 1.18 f 0.03 Torr, 
Ia = 0.116 f 0.004 mTorr min-? 

are shown in Fig. 5. In both series @ (CO } drops slightly from about 0.018 
in the absence of CO2 to about 0.015 in the presence of 400 Torr COP How- 
ever, the drop is so slight that it lies within the uncertainty of the measurements. 

Up to 21.5 Torr NO was added with the SO2 pressure at 100 f 3 Torr, 
the CaHd pressure at 1.18 + 0.03 Torr, and 1, = 0.116 + 0.003 mTorr min-l. 
Figure 6 shows a plot of + {CO }uersus [NOI . Reduction of + {CO } from 
about 0.018 in the absence of NO to about 0.004 in the presence of about 
20 Torr NO occurs readily. 

Blank runs were done with large pressures of each of the gases and there 
was no background CO or C2H4. Also 600 Torr of SO2 was photolyzed alone 
for 2 h with no CO or C2H4 being produced. In addition a mixture of 100 Torr 
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of SO2 and 5 Torr of C3H4 was alIowed to stand overnight. No dark reaction 
to produce CO or CzH4 was observed. However, background C&H4 could 
always be found in the system using the Toepler pump and presumably this 
came from aerosol or other impurities which decompose in the Toepler pump. 
By cIeaning the Toepler pump periodically (including the mercury) and by 
passing helium through it before each analysis this background correction 
was kept negligible. With CO analysis this problem was not encountered. 

Discussion 

The major conclusions that can be drawn from this study can be summa- 
rized as follows. 

(1) SO2 photo-excited at 3600 - 4100 A reacts with C3H4 to produce 
both C2H4 and CO. 

(2) The chemically reactive states are triplets, since both CO and CzH4 
production are readily eliminated in the presence of relatively small amounts 
of NO, a known efficient triplet quencher. 

(3) @ (CzH4}depends on the pressures of SO2 and C8H4, as well as on COZ 
if it is added. 

(4) @ {CO } is somewhat dependent on [ CIHQ] / [ SOz] , but is otherwise 
not very dependent on the SOz pressure or the COz pressure if COz is added. 

The mechanism chosen to fit our results is similar to that used in the 
study of SOz-C3H4 at 3130 A, except that now SO&B,) is absent and SO; is 
produced at some fraction fi of the absorbed intensity 1,. The entire mecha- 
nism is 

soz + hv 

ssos 

3S02 + C3H4 

I 

I + C,H, 

I+M 

3soz + soz 

3S02 + M 

SO; 

SO; + C3H4 

+ 3s02 
-+ so; 
+ SO2 + hv, 

+ I 

+ SO2 + C3H4 

+ CO + CzH4 (+SO) 

-, CO (+&H&JO) 

+ not CO or CZH4 

-+ not CO or CzH4 

+ 2502 

+ SOz+M 

+ removal 

+ SO;* + C3H+ 

rate = (1 - p)I, 

rate = PI, 

0) 

(2a) 

(2b) 

(3a) 

(3b) 

(4a) 

(4b) 

(5) 

(6) 

(7) 

@a) 



SO;+M 

so;: 
SO: + CsH4 

sop + NO 
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-+ SO2 + C3H4 (3b) 

--, SOy+M @a) 

+ S02+M (=I 

+ so2 (14) 

+ co (1W 

+ removal of SO; (15b) 

+ removal of SOY (16) 

For comparison purposes we have used the same reaction numbers as 
Partymiller et al. [ 31. We abbreviate the emitting triplet S02(3B1) as 3S02, an 
excited state formed directly on absorption in this study. The SO; state is a 
singlet and it is also produced on absorption. As was found from the photo- 
lysis of SO2 in the presence of acetylene at 3600 - 4100 A, there is also a 
small fraction of SO*, formed with radiation at this wavelength. 

The SO: state is the non-emitting triplet which is not quenched by SO2 
and leads to CO formation at least part of the time by reaction with allene. 
The symbol I represents an intermediate, postulated by Partymiller et al. [ 31, 
formed when 3S02 reacts with allene. It was introduced to fit the quenching 
data which otherwise did not fit the known quenching constants for 3S02 by 
SOs, COs, NO and HsO. 

Reaction (3), which may or may not be a fundamental reaction, is writ- 
ten as such to show two parallel paths, one of which produces CO while the 
other produces both CO and C2H4. The intermediate may also be quenched 
by SOS, CO2 and NO not to give CO or CzH4. In reaction (15) a similar situa- 
tion applies where the SO; * - C3H4 adduct has two possible fates, one of 
which produces CO. 

A detailed analysis of the steady state expressions reveals that 

@ {Cd% I= (1 - Ph&3W3H41 

@2[C3H41 + h5[SO21 + MM1 ) (k3 + UC3H41 + k4dMl) ‘I) 

and similarly 

@{CO} = 
(I- P)k&3[C3H41 

W2CC3H41 + kdS021 + kdMl I (k3 + bJC3H41 + k4dMl I + 

+(k 

PbaaCC3H41 (kdWJ41 + bJM1 I 

7 + kdC3H41 + kJM1) &4 + kdC3H41 + kdNO1) 
(11) 

In the above two equations M represents S02, CO2 or NO except in reaction 
(6) where it cannot be SO2. In eqn. (I) Ep { CaH4) = a3( CsH4); i.e. all the 
ethylene comes from the emitting triplet as found by Partymiller et al. [ 31. 
The first term on the right-hand side in eqn. (II) is merely (k3/kh)4[, {C2H4} 
and is the quantum yield of CO from the emitting triplet. We shall call this 
a’{ CO }. The second term on the right-hand side in eqn. (II) represents the 
contribution of SO: to Q, {CO }. It will be called Q, ** {CO 1 
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TABLE 2 

Summary of rate coefficient information 

Ratio Value Units M Reference 

124 None 
90 None 

0.0167 None 
0.14 None 
0.029 T0rr-- l 

0.02 Torr- ’ 
0.012 Ton-l 
0.02 Torr-’ 

-260 None 
80 None 
80 None 
74 None 
64 None 

-100 None 
190 None 
200 None 

0.42 None 
0.55 None 
0.65 None 
0.31 None 
0.29 None 

70.6 Torr 
-32 Torr 

22 Torr 
-1 None 
-1 None 
-1 None 

0.159 Torr 
0.255 Torr 
0.164 Torr 
0.17 TOR 
0.34 Torr 
0.25 None 

> 0.05 None 

C3H4 
C3H4 
C3H4 

ca4 
co2 
co2 

ii: 
NO 
NO 
NO 
NO 
NO 
NO 

co2 
co2 
co2 

co2 

El; 

so2 
;$54 

CO; 

C3H4 

CsH4 
C3H4 
NO 
NO 
NO 

C3H4 
- 

This work 
Partymiller et al. [3] 
Partymiller et 01. [ 31 
This work 
This work 
Partymiller et al. [3] 
This work 
Partymiller et al. [ 31 
This work 
Kelly et 02. [Z] 
Partymiller et al. [ 3 ] 
Kelly et al. [7 ] 
Mettee [ 263 
Stockburger et aL [ 10 ] 
Sidebottom et al. [27 ] 
Penzhorn and Gusten [ 28 ] 
Kelly et al. [2] 
Stockburger et al. [lo] 
Partymiller et al. [ 33 
Mettee [ 261 
Sidebottom et al. [27] 
Kelly et al. [7] 
Kelly et al. [7] 
Partymiller et al. [ 3] 
Kelly et d. [ 71 
This work 
This work 
This work 
Partymiller et al. [ 33 
Kelly et al. [2] 
PartymiIler et al. [ 33 
Cehelnik et al. [ 8 ] 
This work 
Kelly et al. [ 7 ] 

TABLE 3 

Average quantum yields for C!2H4* 

50 0.0024 
67 0.00195 

100 O.OOlS3 
125 0.00132 
200 0.00096 
333 0.00070 
500 0.00054 

*Obtained from the curve in Fig. 1. 
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Analysis of &I& data 
In the absence of foreign gases eqn. (I) can be rearranged to 

Q {C2H,J1 = 
kz k3 - l+- 

(I- Pk k3a ( kc, [SO21 

kz [(AH41 I 

1 + UC3H41+ ~4dSO21 

k3 k3 1 
WI) 

Using the rate coefficient ratios of Partymiller et al. [ 31 listed in Table 2 
along with their finding that k&k3 4 0.02 and the finding of Kelly et al. [7] 
that l-/3- 1, we find that 0.0167 should be the upper limiting value for 
Cp { CsH4 ). From Fig. 1 we see that in fact the upper limiting value is about 
0.0024. Thus the efficiency with which reaction (3) forms CsH4 must be 
much less at 3600 - 4100 A than that at 3130 A. If kdka is approximately 
0.14 this would be the case, while at 3130 A this ratio was found to be 0.5 
[3]. Although the data in Fig. 1 are scattered we can draw a smooth curve 
that fits all the points at low values of [C&H41 /[SO,] . The data are not good 
enough to see any dependence other than on the ratio at low [C&H*] /[SO,]. 
The curve drawn represents average quantum yields (Table 3), and from eqn. 
(I) we may plot the reciprocals of these average quantum yields Versus 
[SO,] /[CsH4] to obtain kdk6 as the ratio of intercept to slope (Fig. 7). An 

2000) I I I I I 

[so*] / [w] 
Fig. 7. Plot of @{CgW4r1 us. [SO23 /[C3H4] _ The points used are not data points and are 
obtained from the smooth curve drawn in Fig. 1 and listed in Table 3. 

implicit assumption in using these average quantum yields has been that 
1 + kb[ C3H4] lka + k&SO21 /k3 is about 1 for [ SO21 = 25 - 100 Torr and 
[C3Hrl/ 1 SO21 = 0.002 - 0.02. Since Partymiller et al. [ 31 report k4$k3 to be 
0.02 and their data did not require SO2 to act as M in reaction (4b), this 
assumption seems to be valid. The ratio of intercept to slope in Fig. 7 gives a 
value of kgfkb = 124, in reasonable agreement with the value of 90 found by 
Partymiller et al. [ 31. Both values are listed in Table 2. 

We can obtain an estimate from our data of kdk3 and k4,Jk3 from a plot 
of Q, fC2H4 )-l(l + MSO21 lk2[C3H41)-1 uersus [C3H4] for the points where 
[SO,] = 100 Torr. That is, from eqn. (I), 
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Fig. 8. Plot of 
+{CzH4}-’ 

k6 [SO21 
1+ - - 

k2 F3H41 
us. IC3H41 

for [SO,] = 100 + 5 Ton. 

( 1 + ~6[S%l 

) 

-l 1 kz ks 

kdC3H41 
+ {C3H4)-lz - - - 

k&t 
I+- 

l-Pkz, ha i 
k3 [CsH41 + 

+ 2 w21) (W 

Figure 8 shows a plot of the left-hand side of eqn. (IV) versus [C3H4]. Although 
the data are scattered we draw the best line and obtain a slope and intercept 
of 13.1 and 448 respectively. From the slope and with k,hs/(l - p) k&z% - 
450 from the rate constant ratios listed in Table 2 we obtain k&k3 = 0.029, 
with an experimental uncertainty of about + 30%. This is in good agreement 
with the value of 0.02 obtained by Partymiller et al. [3] . From the intercept 
of Fig. 8 we obtain k&/k3 - 0; that is, there does not seem to be any quench- 
ing of the intermediate by 100 Torr SO2. Partymiller et 41. [3] also discovered 
this, although they did not use such high SO2 pressures. 

With CO2 added as a quenching gas we observe a strong quenching of 
CsH4 production. In order to evaluate the quenching of the intermediate by 
CO2 we may rearrange eqn. (I) to 

c@ (C2H4)-1 1 + kS tso,l + _ hi [CO21 b&3 

k2 W3H41 k2 WaH41 = (1 -/3)k&3a 

+ ~~CO,l) (VI 

From the data in Fig. 2 and the rate coefficients already evaluated the 
left-hand side of eqn. (V) can be evaluated. It is plotted against [CO,] in Fig. 
9. A straight line is forced through the data. From the slope of this line, 
0.534 To16 , we may evaluate k&k3 to be 0.0012 Torr-’ with error limits of 
a factor of 2. The reason for these large error limits is that, at 470 Torr of C02, 
@ { C2H4 ) is so near zero that there is a very large error in measuring this 
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for [SO,] = 39.5 f 0.4 Torr, [C3H4] = 0.59 f 0.02 Torr. 

amount of product. Any slight background C2H4 or slight amount of C2H4 
from other states would cause non-linearity of this plot. 

The C2H4 formation is strongly quenched by NO because it is a strong 
triplet state scavenger. Therefore the NO pressure used was always low 
enough for quenching of the intermediate I by NO to be unimportant. The 
rate law for Cp {C2H4}becomes 

1 k2 k3 
* {CaH4}-1= - -- 1 + k5~so21 k,[NOl 

l-0 kza kz, k2IC3H41+ kz[C,H,I 

x 

( 
1 + LLC3Hd + k4b[so2] 

k3 k3 
WI) 

Figure 3 is a plot of Cp {CsH4}-l uersus [NO]. The ratio of slope to intercept gives 
4.32. Since [C,H,] = 0.58 Torr, k6/k2 = 2.51. Now k2/k5 - 100 (see Table 2), 
so that k&5 * 251 from this study. This is considerably larger than the val- 
ues of 64 - 100 obtained in some studies [2,7, 261, but in line with values of 
190 - 200 obtained in other studies [27, 281. However, the error limits are so 
large on our value that it can be considered consistent with all the studies and 
cannot be used to differentiate between them. 

Analysis of CO data 
In the absence of foreign gases and knowing + 3{C0 } from the previously 

determined Q 3 (CsH4) we may compute Cp ** {CO 1: 

~**{co)~ @{CO}- cp3{CO}= 
hi,JC3H41 tkdC3H41 + baW21 I 

(k, + kstC3H41 + WSO21) (1214 + k15W3H41 I 

For the runs where SO2 is 85 and 200 Torr and [C3H4] < 2.5 Torr reaction 
(8) is negligible and eqn. (VII) can be rearranged to 
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Fig. 10. Plot of a** (CO 1-l us. l/Q$HJ. The pressures of [SO,] are: a [SO,] = 85 * 13.0 
Torr, 0 [SO21 = 200 f 4.0 Torr. Q, {CO ) wan calculated as the difference between 9 {CO ) 
(from data points of Fig, 4 for these SO2 pressures) and a3 {CO }which can be calculated 
using the rate coefficients of Table 2. 

k16 k7 + kQ[SO2l @**{co}-1 = - 1 + k14 

iJk1sm &kJ so21 k 1dC3H41 
(VIII) 

In Fig. 10 are shown plots of (P** (CO}-1 versus 1/[CIH4] for the two 
SO2 pressures of 85 f 13 Torr and 200 f 4 Torr. The ratio of slope to inter- 
cept for [SO,] = 200 and 85 Torr are 0.183 and 0.135 Torr respectively. A 
simple average gives lZIJklb = 0.159 Torr in reasonable agreement with the 
value of 0.255 found by Partymiller et al. [3]. From the intercept of about 
100 of these two plots in Fig. 10 we may make an estimate of pk&kl~. If we 
use the values of k7/k9 - 32 Torr and ksJks - 1 as found by Kelly et al. [7], 
we obtain /3kl&k16 = 0.0139 and 0.011 for SO2 pressures of 85 and 200 Torr 
respectively. The average, 0.0125, along with 0 - 0.05 gives klS$k15 = 0.25. 
Partymiller et al. [3] knew that there had to be physical quenching of SO; 
by allene and in fact that it had to occur about four times as often as with 
acetylene. However, they were not able to evaluate it from their data. We 
may now use the evaluated rate constants to predict @ {CO }and the curves 
drawn in Fig. 4 are computed in this way. Only one additional assumption 
needed to be made and that is k,Jk8 - 1 since this rate constant was not eval- 
uated and we could not evaluate it on the basis of our data. 

In Fig. 4 curves (d), (e) and (f) show plots of Q, (CO) for [ SO21 = 25, 
100 and 200 Torr respectively. For [SO,] = 25 Ton the fit is not very good. 
There are two possible reasons for this. First there could be some CO coming 
from the emitting singlet. At 25 Torr of SO2 over half of the SO: is decaying 
by a unimolecular process to produce ‘S02. At the higher SO2 pressures this 
amount would be less and so qualitatively the incorporation of ‘SO3 should 
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help to explain the discrepancy. Also, however, very small amounts of prod- 
ucts were collected in these runs at low SO2 and CsH4 pressures and the exper- 
imental error is greatest here. Therefore we have not included the ‘SO2 con- 
tribution in our mechanism. 

When COs is added as a quenching gas with the SOz pressure at 12 Torr 
and an allene pressure of 1.17 Torr we may evaluate Q, 3 {CO ) from the already 
known rate constants. In order to evaluate @**{CO}we may use kz/ks - 70.6 
Torr obtained by Kelly et al. [7] and assume that kJks - 1 for COs as it is 
for S02. If @ {CO } is calculated in this manner we obtain the curves shown in 
Fig. 5 for the SOs and C3H4 pressures shown. For the runs at 100 Torr of SOs 
the fit is good, while for 12.5 Torr of SO2 it is only fair. In both cases the 
predicted curve is consistently low. Part of the reason for this could be that 
our estimate of k&k3 for COs is high, i.e. CO2 quenching of the intermediate 
is not as important as was estimated from the treatment of the ethylene data. 
For the runs at 12.5 Torr of SO2 of course the experimental error is very 
great, while with 100 Torr of SOs, where eight times as much product was 
collected in the same amount of time, the precision is greater. 

When NO is the quenching gas, its pressure is low and it makes no con- 
tribution to the quenching of SO; via reaction (9). Thus eqn. (II) can be re- 
arranged to 

***{cop= (~{co)-~3{co))-1 =+$L k;+[kCB;;*yjk+,l;;fiI1 x 
7a 

x 1+ ( kl, + k,,CNOl 
~dC~H41 bW3H41 I 

(IX) 

and a3{C0 }is computed from the rate coefficients in Table 2 with ks/k6 = 
80 for NO. Then a** {CO }-’ can be computed and it is plotted against [NO] 
in Fig. 11. The ratio of slope to intercept, 0.133 Torr-l, can be equated to 

[NO], Tort 

Fig. 11. Plot of a* * 
Torr where a** {CO 5 

CO}W1us. [NO] for [SO,] = 100 f 3 Torr, [C$Q] = 1.18 f 0.03 
was calculated as the difference of *{(CO }(from data points of Fig. 

6) and G3 (CO}which was calculated using the rate coefficients in Table 2 with k,k, = 
80 for NO. 
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k16/(k14 + k15[C3H4J ). Since kl$k15 = 0.159 Torr and [C3H4] = 1.18 Torr, 
k14/k16 = 0.89. This is very much higher than that found by others (see Table 2) 
and indicates that some other processes must be occurring. Perhaps these in- 
volve the emitting singlet which is not readily quenched by NO or the third 
triplet SO$ previously incorporated to account for excess product yields [2,9] . 

Conclusion 

The data obtained from this study are accommodated by the previous 
mechanisms proposed from this laboratory. As in the SO,-C&H, system at 
3600 - 4100 A, the SO; state is needed to explain some of the CO at high 
pressures. We feel that the combination of all of our studies leads to a consis- 
tent, although not complete, picture of the SOz-acetylene and SOz-aIIene 
systems. 
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