
Journal of Photochemistry, 4 (1975) 17 - 26 
0 Elsetier Sequoia S.A., Lausanne - Printed in Switzerland 

17 

THE CHLORINE-ATOM INITIATED AND Hg 6(3P1)-PHOTOSENSITIZED 

OXIDATION OF CH,CC12 

EUGENIO SANHUEZA* and JULIAN HEICKLEN 

Departmenf of Chemi&ry and Center for Air Environment Studies, The Pennsylvania 
State University, University Park, Pa. 16802 (U.S.A.) 

(Received July 18, 1974) 

Summary 

The chlorine-atom initiated and Hg 6(3P1)-photosensitized oxidation 
of CH,CClz was studied at 32 “C. In both cases a long chain process was 
involved in which the major product was CHzClCCl(O), and the minor 
product was CClzO. In the chlorine-atom initiated study, CO was not an 
initial product, but appeared as a minor secondary product suggesting 
CHClO as a precursor. In the Hg-photosensitized study, minor amounts of 
CO appear to be an initial product. 

The chain steps in both studies are: 

Cl + CHzCClz -+ CH&lCClz 

CHzCICClz + 0s + CH&ClzOz 

2CH&lCClzO, + 2CHzClCClz0 + Oz 

CH,ClCCl,O + CH,ClCCl(O) + Cl 

In the chlorine-atom initiated oxidation -+{CH,CCl,] = @{CH,ClCCl(O)} = 
172 independent of [CH,CCls] , [0,] , or I,. In the Hg-photosensitized 
oxidation, both -+{CH,CCl,} and ~{CH,ClCCl(O)) were proportional to 
[CH2CC12], but independent of I,, and [O,] (for [O,] /[CHzCC1z] < 1.8). 
Thus the termination steps are different in the two systems, and various 
possibilities are discussed. 

Introduction 

The free-radical oxidation of CHzCCls apparently has not been studied 
previously. However, for &Cl4 both chlorine-atom initiated [l - 51 and Hg 
photosensitized 161 oxidation have been studied. Likewise for CzHCl, the 
chlorine-atom initiated [7, 81 and Hg photosensitized [9] oxidation have 
been studied. The results for C&l4 and CzHCl, were analogous. The oxida- 
tion was a long free-radical chain process, and for CzHCls, the chain steps 
are: 

*Fulbright Fellow. 
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Cl + CzHCl, + R (I) 

R+Oz --f RO, (2) 

2ROs + ZRO+Oa Pa) 

RO + CHCl&Cl(O) + Cl (4a) 
+ CO + HCl + CCla (4b) 

ccl, + %Oz + CClsO + Cl (5) 

where R is either CHClzCCl, or CClsCHCl, Reaction (4a) occurs when RO is 
CHClsCClsO, and reaction (4b) occurs when RO is CCl&HClO. 

The rate laws were different for chlorineratom initiation and Hg photo- 
sensitization. For chlorine atom initiation, the chain length was independent 
of all reaction parameters (at least for sufficiently high 0s pressures). 
Initiation and termination were, respectively: 

Clz + hv + 2Cl (6) 
2ROz + (RQ)2 + 02 (=I 

With Hg-sensitization, the chain length was proportional to the olefin pressure. 
The initiation steps proposed were: 

Hg+ + CaHCls + H&l + CzHClz (7) 

CzHC12 + 0s + C2HC1202 (8) 

CzHClaOs + CzHCl, + R’ + products (9) 

where R’ is either C2H2C13 or C2HCl*. The termination would then be first 
order in CzHC120z: 

C2HClz02 + termination (IO) 

The mechanistic details of reaction (10) are not clear. It is needed to explain 
the rate law, and possibly occurs on the wall of the reaction vessel. 

As part of a continuing study on chloro-olefin oxidation, we have 
extended our studies to CHzCCl,. The results of the free-radical oxidation 
of that molecule are presented here. 

Experimental 

The experimental procedure has been described elsewhere [ 5, 6, 10 J . 
The T-shaped reaction vessel was situated in the sample beam of a Beckman 
IR-10 spectrometer for continual analysis of CHsCClz removal and 
CHsClCCl(0) formation by their respective bands at 1640 and 1850 cm-l. 
Ccl,0 was analyzed after the radiation was discontinued, because its infra- 
red bands were masked by the other species present. The Ccl,0 was 
isolated for the analysis in the fraction volatile at -90 “C but condensable 
at -196 “C. CO analysis was by gas chromatography after the irradiation 
was terminated. 
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Results 

In both the chlorine-atom initiated and Hg-photosensitized oxidation a 
long chain process is involved. The major product is CHaClCCl(O), and its 
quantum yield of formation, @{CH,ClCCl(O)}, is essentially equal to the 
quantum yield of CHzCClz consumption, -+{CHzCCl,). In both studies 
minor amounts of Ccl,0 and CO are also found. There was no evidence for 
CHzO, CHCl,CH(O), HCl or CHClO production. For CHClO the upper 
limit for its quantum yield is 1.0 in the chlorine-atom initiated oxidation. 

The quantum yields for several runs in the chlorine-atom initiated 
oxidation are shown in Table 1. -+{CHsCCla} = +{CHzClCCl(O)} = 172 
independent of a change in [CH2C!C12] by a factor of 5.6, [O,] by a factor 
of 100, or the absorbed intensity, I,, by a factor of 7.5. The values for 
+{CClzO} show considerable scatter but are about 2. Initial quantum 
yields of CO are immeasurable (@{CO} < O-2), but in one run which was 
allowed to stand for 1 h after irradiation before analysis, +{CO} - 1. 

The reaction proceeds proportionately with irradiation time, as can be 
seen from Figs. 1 and 2 which are plots, respectively, of the intensity- 
normalized CHsCCls consumption and CH2ClCCl(O) production US. irradi- 
ation time. Both plots are linear, and all the runs can be represented by the 
same straight line which gives a slope (i.e. quantum yield) of 172 in both 
plots. Possibly the two runs at highest 0s pressure show some fall-off at 
long conversions, but this is minor, if indeed it is real. 

The results for the Hg-photosensitized oxidation of CH,CCl, are shown 
in Table 2. For these experiments, [CHzCC1,] was varied by a factor of 13, 
[Os] by a factor of 44, and I, by a factor of 12.5. During the runs, the radia- 
tion was periodically interrupted and the cell shaken to eliminate the inhibi- 
tion that occurs if shaking is not done. Here the quantum yields of the 
chlorinated compounds are much smaller than for the chlorine-atom initiated 
oxidation. Also -Q{CH,CCl,) and +{CH,ClCCl(O)} increase with [ CH,CCl,], 
but @{CO} and +{CClzO} are independent of parameters and are each between 
0.5 and 1.0. 

Figure 3 shows log-log plots of -@{CH,CCl,} and Q{CH,ClCCl(O)) 
US. [CHzCClz] . The plots can be fitted by lines of slope 1.0 indicating that 
the quantum yields are proportional to the CHzCClz pressure. The two runs 
at highest [Oz] /[CHzCClz] ratio lie noticeably below the line that best 
fits the other points, suggesting that 0, has an inhibiting effect, 

Discussion 

The main chain sequence certainly must be: 
Cl + CHsCCl, +- CH&lCClz 
CH2 CICClz + Oa -+ CH&lCClsOz 
2CHsClCClzOs + 2CH&lCCl,O + O2 
CHzClCClzO -+ CH,ClCCl(O) + Cl 

ClW 
(12) 

(134 
(144 
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IRRADIATION TIME, SEC 

Fig. 1. Plot of CH2CC12 consumption divided by Ia us. irradiation time in the chlorine- 
atom sensitized oxidation of CH&Clz at 32 “C. The key to the symbols is given in 
Table. 1. 
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IRRADIATION TIME, SEC 

Fig. 2. Plot of [CH#lCCl( 0)] /I, us. irradiation time in the chlorine-atom senstized 
oxidation of CHzCCl2 at 32 “C. The key to the symbols is given in Table 1. 
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I 1 I 

0.1 I lo loo 

[ CH,CClp] ,TORR 

Fig. 3. Plot of -@{CH,CCl,} (0, .) or @{CH$lCCl( 0)) (A, A) us. [ CH&!Cl ] in the Hg- 
photosensitized oxidation of CH~CCLJ at 32 “C. The plot for -@$CHZCClz P has been 
raised by a factor of 10 for clarity. A, 0, [O,]/[CH,CCl,] < 1.8;0, A, [O,]/[CH,CCl,] 
> 1.8. 

For every CHaCCl, consumed one molecule of CHaClCCl(0) is produced. 
A possible minor route which might compete with reaction (lla) is: 

Cl + CHsCCls + CC13CHa (lib) 

The CClaCHa radical would oxidize as follows: 

CCl,CH, + (%)Oa -+ CCl,CHaO -+ CHsO + Ccl, 

ccl, + (X)02 + ccl~o+cl 

The upper limit to kllb /k,,, = @{CC1,O}/~{CHzCICCl(0)} - 0.01. We 
found no CHsO, but we could have missed the small amount produced. 

In the chlorine-atom sensitized oxidation, the initiation occurs via 
reaction (6). Since the quantum yields are insensitive to the reaction 
parameters, there are only two possible terminating reactions: 

2CH, ClCCl,Os -+ (CH,ClCCl,O), + O2 (13b) 
CHs CICCl, 0 -+ CHaCl + CClaO (14b) 

In a separate study [ 111, we have shown that CH,Cl always oxidizes to 
CHClO in a non-chain process. Thus both reaction (13b) and (14b) are 
terminating steps. 

If reaction (13b) is the sole terminating step then klaa /k13,, = 86. 
Furthermore if (CHsClCCl,O)a does not decompose, then k,,, /k,, - 0.01. 
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However, if (CH2ClCC120)2 decomposes, presumably to give CClaO and 
CHClO, then reaction (lib) must be even less important, because CClzO is 
produced via termination. 

On the other hand, if reaction (14b) is the sole termination step then 
k,,,/k14,, = 86 and reaction (lib) does not occur at all, because all the 
CC&O comes from the termination (cP{CCl,O} = 2.0). Of course, if reaction 
(Ilb) does not occur at all, then @{CC120} should equal a{ CHClO) by 
either termination mechanism. Our results indicate that (P{CClsO} - 2 and 
+{CHClO} G 1. (Presumably +{CHClO} - 1, since for the run that was 
allowed to stand before CO analysis, cP{CO} - 1. The CO comes from the 
thermal decomposition of CHClO [12 3 .) Thus our very tentative conclusion 
is that reaction (lib) occurs to some extent, and that termination leads to 
(CH,ClCClsO)a part, but not all, of the time. 

In the Hg-photosensitized oxidation the initiation and termination 
possibilities are more numerous. The possibility that Hg-photosensitization 
gives exclusively molecular elimination of HCl can be discarded, since then 
there would be no chain process. We can also discard the possibility that the 
double bond is ruptured to produce CH, and Ccl,. Initiation by CCL, 
radicals does give the same products, but the rate law is intensity-dependent 
[lo], contrary to our observations here (CH, reacts with O2 to give HCOOH 
or Hz0 + CO, so it would play no role). 

Thus, as in the case with CzCla and C2HC13, Hg-photosensitization 
leads to the formation of free radicals. There are two possible radicals to 
consider, CHzCCl or CClsCH. They could be produced by several routes, but 
the kinetics are indistinguishable. Among the possibilities are: 

Hg* + CHsCCla + HgCl + CHzCCl 

+ Hg+H+CClsCH ’ 

or 

Hg* + CHPCC12 --f Hg + CH&Cl/ 

CHsCCl,* + Hg -+ HgCl + CH&Cl 

CH2CC12* (+ Hg) + H + CCl,CH(+ Hg) 

or 

Hg* + 0, + Hg+02* 

O,* + CH,CCl, + CH,CCla* + 0, 

CH,CCl,* + Hg + HgCl + CH&Cl 

CH,CCl,* (+ Hg) -+ H + Ccl&H (+ Hg) 

In any event either CH,CCl or CClsCH must be produced. In order to 
give the observed rate law, i.e. +{CH,ClCCl(O)) being proportional to 
[CHaCCl,] , these radicals, designated R”, must obey the following kinetics: 
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R” + O2 + R”02 (15) 

R’Q + termination W) 

R’O, + CHzCClz + CHsCC12 + stable products U7a) 

+ CH,ClCCl, + stable products U7b) 

Reaction (16) probably occurs on the wall and is the dominant reaction for 
R”Oz. Reaction (17) is the chain-initiating step and occurs 4 - 40% of the 
time (the chain lengths in the Hg-photooxidation are 4 - 40% of those in the 
chlorine-atom initiated oxidation). Thus the stable products of reaction (17), 
whatever they might be (glyoxals, HCl, CO), are unimportant. 

Reaction (16), on the other hand, must account for some of the Ccl,0 
and CO produced, since the sum of their quantum yields exceeds 1.0. It is 
not at all clear how reaction (16) proceeds, since ultimately it must involve 
another free radical to lead to stable products. However, speculative 
possibilities are : 

CHzCCIOz + HCl+HCO+CO 

CClsCHOa --f Ccl,0 + HCO 

where HCO terminates uia: 

HCO + 0s -+ CO+HOs --f (‘/2)H,Oa + (‘/2)02 

It is interesting to note that CH2CC102 does not give CC&O. Since 
@{CCl,O} is independent of [CH,CCIZ] , it must come mainly from 
termination, and CC1,CH02 would be the more important R”Os radical. 

Finally we point out that at high values of [O,] / [ Cl&CCl,] , the 
quantum yields in the Hg-photosensitization are reduced because of the 
reactions : 

Hg* + O2 -+ Hg + 02* 

O,* + O2 -+ 20, (or 0 + 0,) 
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