
Journal ofPhotochemistry, 4 (1975) 161 - 169 
0 Elsevier Sequoia S.A., Lausanne - Printed in Switzerland 

161 

THE Hg 6(3P)-SENSITIZED PHOTO-OXIDATION OF C&13H 

EUGENIO SANHUEZA* and JULIAN HEICKLEN 

Department of Chemistry and Center for Air Environment Studies, The Pennsylvania 
State University, University Park, Pa. 16802 (U.S.A.) 

(Received November 14, 1974) 

Summary 

The Hg 6(3P)-sensitized photolysis of C&13H was studied at 25 “C both 
in the absence and presence of Oz. For C2Cl,H alone, the main products are 
Hg&12 and a solid deposit. Small amounts of an unidentified product with 
infra-red bands at 720 and 770 cm-’ were also found. 

In the presence of O2 the major products are CClzHCCl(O), CO, CC120, 
and HCl. These products are produced in a long chain free radical process. 
Quantitative analysis was not done for HCl, but for the other products and 
for C2Cl&I disappearance, the quantum yields were independent of 1, and 
[O,] , unless [Oz] /[C2C13H] > 4 in which case the yields dropped as the 
ratio increased. For [O,] /[C&&H] < 4, the quantum yields were related 
to [C,Cl,H] uiu the expressions: -Q{CzC13H] = 5.0[C2C13H], @{CC12- 
HCCl(0)) = 4.0[C&l,H], +{CO} -- 1 = 0.64[C,Cl,H], and +,cCC120} = 
0.14[CaC13H], where the olefin pressure is in Torr. A detailed mechanism, 
based on the chlorine atom chain oxidation, is presented, and appropriate 
rate constant ratios are evaluated. It is concluded that Hg 613P) sensitization 
of C,Cl,H leads to monoradical production. 

Introduction 

In an earlier study [I] of the Hg-sensitized oxidation of &Cl4 we found 
that a long chain oxidation occurred similar to that in the chlorine atom 
initiated oxidation. The chain length was proportional fo [C2C!14], but inde- 
pendent of [O,] or the absorbed intensity, 1,. The results could be explained 
by the mechanism: 

Hg 6(3P) + C&l4 -+ C&la* + Hg 6(%) (1) 

Hg 6C3P) + O2 + O;* + Hg 6(%) (2) 

02* + C&l, -+ c&l** + 02 (3) 

C&l,* + Hg 6(lS) + C&l, + HgCl (4) 

* Fulbright Fellow. 
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CzCls + 02 + CzClaOs (5) 

CaCl,Oa + CO via termination (6) 

CzClaO2 + C&l, -+ CaCls + CClzO + co (7) 

followed by the chain oxidation of C&15. In the above mechanism the aste- 
risk superscript denotes electronic excitation. Reaction (6) is an unusual 
reaction. It may occur on the wall and must ultimately involve another rad- 
ical. It must be kinetically first-order in radicals, because the chain length 
is independent of the absorbed intensity, 1,. CO is presumably a product of 
this reaction since +{CO} = 1.0, and CO is not produced in the chain steps. 

The free-radical oxidation of CaClsH has also been studied [2 - 43, and 
the mechanism has been shown to be: 

Cl + C&&H --f CHClaCCla @a) 

-+ CClsCHCl (8b) 

R+Os-+ ROs (9) 

2ROa --f (RO), + O2 (loa) 

--f 2R0 + O2 (lob) 

CHCllCClzO + CHCl,CCl(O) + Cl (11) 

CCIsCHClO + CO + HCl + CCls (12) 

cc13 + (l/2)02 --f cc120 + Cl (13) 

where R is either CHC12CC12 or CCl,CHCl. 
In this paper we extend our previous studies and report on the Hg-sen- 

sitized photo-oxidation of CaClsH. The purpose of this work was to estab- 
lish the initial fragmentation step in the Hg sensitization. There are three 
possibilities. First is the possibility of molecular elimination as occurs in 
C2H4 and C,HsF: 

Hg 6(3P) + C&13H -+ Hg 6(%) + C&l2 + HCl (14) 

Second is the possibility of double-bond cleavage as occurs in CzF4 : 

Hg 6(3P) + C&13H + Hg 6(%) + Ccl2 + CClH (15) 

and finally is the possibility of mono-radical formation as occurs in CZC14: 

Hg 6c3P) + C&&H + HgCl + C&12H (16) 

Reaction (14) leads to no chain oxidation since free radicals are not pro- 
duced. Both reactions (15) and (16) should lead to the free radical oxidation, 
but the rate laws would be different. If reaction (15) occurred the system 
should behave identically to the 0(3P)-atom initiated oxidation and the 
chain length would depend on [C2C13H] /I$ [4] . Finally, if reaction (16) 
occurred, the free radical oxidation should behave analogously to that for 
the Hg-sensitized oxidation of CaC14, i.e. there should be no intensity depen- 
dence . 
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Our results show a long-chain oxidation with a rate law independent of 
intensity, and reaction (16) must be operative. Reaction (16) may not be a 
one-step process, and may proceed through an excited CzClaH intermediate. 
In fact our detailed observations suggest that this is the case, as will be dis- 
cussed later. 

Experimental 

The experimental procedure was identical to the infrared technique 
described previously [4]. The gases were irradiated in a T-shaped reaction 
vessel with the top of the T situated in a Beckman IR-10 spectrophotometer. 
The top of the T was 12.0 cm in length except for a few runs in which a 
cell of 6.7 cm length was used. 

Since O3 was produced during the reaction, and it inhibited the rea[c- 
tion, the irradiation was periodically interrupted and the reaction vessel 
shaken, so that the Hg drop would react with the 0s. For each run a new 
Hg drop was used. 

For a number of experiments the reaction mixture was irradiated in 
a quartz cell. At the end of the series, the cell was rinsed with dilute HNOa. 
AgNOa was added to the resultant solution, and the characteristic AgCl 
precipitate was obtained. 

Results 

In the Hgsensitized photolysis of C2C13H at 25 “C in the absence of 
02, the major product is a solid deposit. The Hg drop becomes coated and, 
when-dissolved in HN03 and reacted with AgN03, gives a AgCl precipitate 
indicating the presence of HgzClz. The only other product found was con- 
densable at -90 o C and had infra-red absorption bands at 770 and 720 cm-r, 
the former being more intense. We were unable to identify this product, and 
refer to it as product X. 

The loss of CzClsH was monitored and the quantum yields of consump- 
tion, --@{CzC13H}, are shown in Table 1. The results are somewhat scat- 
tered, -+{C,Cl,H} being < 1.0 at the highest intensities and 1.5 - 2.0 at 
lower intensities. However, there is no pressure effect, and it is clear that a 
long chain polymerization is not involved. As a first approximation, 
--+{CzC13H} - 1.0. Also shown is an attempted analysis for the unknown 
product X, based on the assumption that its infra-red bands have extinction 
coefficients similar to the average of the C-Cl stretch for CZC14, CzC13H, 
and CaHaCla in the 700 - 800 cm-’ region. It can be seen that X is a minor 
product. 

In the presence of Oa, the Hg drop became coated, but the coating was 
different than in the absence of OZ. While some Hg,Clz may be present, 
presumably most of the coating is HgO. The major gaseous product was 
CCl,HCCI(O) with smaller amounts of CO and CClzO. We were unable to 
determine the absence or presence of C&l4 or CClaH because their vapor 
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TABLE 1 

Hg-sensitized photolysis of C&13H at 25 o C 

fC2a3Hl Ia 4’(C2C1,H} b [Xl c 
(Torr) ( mTorr /s }a 

A[C&l,H 1 

0.65 0.94 0.80 <0.07 
1.46 0.29 1.8 <0.08 
1.56 0.91 0.68 - 

- 2.54 0.16 1.53 - 
4.72 0.33 2.00 - 

a I, at the beginning of the run. b From the initial decay rate. 
’ The amount of the unidentified product produced per C#,H consumed 
for long exposure. 

pressures are similar to and their infrared spectra underlie those of C2C13H 
and CC12HCCl(0). However, both CHClCHCl and CCl,CH(O) were absent, 
the quantum yield of the latter being < 0.01 (I,{CC12HCC1(0)}. We reported 
in our previous work [4] that WC1 was not found, but this represents a lack 
of sensitivity. In this study we also could not detect HCl in any individual 
experiment. However, if the fraction of the reacted mixtures non-conden- 
sable at -130 ’ C from several runs was collected, then the characteristic 
infra-red bands of HCl at 2750 - 3050 cm-’ could be detected. 

Figure 1 shows a first-order decay plot for C2C13H in the Hg-sensitized 
photo-oxidation of C2C13H. If the irradiations are periodically interrupted, 
and the reaction cell shaken, then good first-order plots are obtained. The 
slope of the line gives the decay coefficient for --+(C2C13H} = 4.7[CsCl3H] 
where [ CgC13H] is expressed in Torr. This expression holds for runs in which 
the initial C2C13H pressure, [ C2C13H] a, was varied by a factor of 4.9; [02] , 
by a factor of 6.7; and I,, by a factor of 2.2. One set of data points shows 
a marked inhibition. In this run the reaction cell was not shaken periodically. 
We take this as evidence for 03 accumulation, since 03 inhibits the free 
radical oxidation of CaC& [5]. Shaking the reaction cell removes the O3 by 
reaction with the Hg drop to produce HgO which coats the drop. 

Product quantum yields in the oxidation are listed in Table 2. The 
reaction parameters were varied by the following factors: [CsCl3H] a, 16.2; 
[O,], 1579&,, 10. The quantum yields all increase with [C2C13H3, are inde- 
pendent of I,, and are independent of [O,] until [OS] /[&C13H] > 4. Then 
the quantum yields drop slowly as [O,] /[C2C13H] is further raised. Even 
for [O,] /[C2C13H] < 4, @{CO} and (P{CC130} are lower if the cell was not 
shaken continually during the run. We consider this further evidence for in- 
hibition due to 03 formation. For those runs with [02] /[C2C13H] d 4, the 
dependence of the quantum yields on [CsC13H] is shown graphically in 
Fig. 2. (In those runs in which the cell was not shaken continually, the data 
points for @{CO} and @{CCl,O) are omitted from the graphs.) For 
-+,(CaCl3H) and +{CCl,HCCl(O)}, the plots give good straight lines of 
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Fig. 1. Semi-log plot of [C&l~H] o/[C&13Hl us. 1,t in the Hg-photo-sensitized oxidation 
of CaCI,H at 25 “C. In each experiment, except those denoted by hexagons, the photo- 
Iysis was interrupted after every determination and the reaction cell shaken. For the 
data denoted by hexagons the irradiation was continuous, and the reaction cell was un- 
disturbed during the irradiation. 

slope one. For CO, the plot shown is *{CO) -1, for reasons to be discussed 
later. The data for that plot and for +{CC120} are badly scattered. We have 
drawn the straight line of slope one that best fits the data. From the plots, 
the quantum yields are seen to be proportional to [C3C13H] . The propor- 
tionality constants are 5.0, 4.0, 0.64, and 0.14 Torr-‘, respectively, for 
4(CzC1aH], +{CC12HCC1(0)}, @{CO} - 1, and G{CCl,O). The value of 
5.0 Tar--l for -+{CPClaH} is in good agreement with the value of 4.7 Torr-l 
found from Fig. 1. 

One run was done in which the Hg-sensitized photo-oxidation of Ccl,- 
HCCl(0) was studied. The reaction parameters were: [CClsHCCl(O)] = 
1.75 Torr, [O,] = 3.70 Torr, and I, = 0.40 mTorr/s. The results were: 
-@{CCl,HCCl(O)} - 1.0, &{COj - 0.5, and +{CO}/+{CC120) - 8. 

Discussion 

The results of this study are almost exactly analogous to those in the 
Hg-sensitized oxidation of C&l4 [l] . The oxidation proceeds by a long- 
chain free radical mechanism, the chain length being proportional to the 
olefin pressure, but independent of I, and [ O2 ] . The reaction mechanism 
is that outlined in the Introduction except that the initiation step (16) is 
expanded to include excited C2ClaH as an intermediate and all the possible 
free-radical products : 

Hg 6(3P) + CsClsH + Hg 6(‘S) + C2C13H* (17) 

C&l,H* + Hg 6(‘S) -+ Hg 6(%) + H + C2Cl, USa) 

+ HgCl + CC1,CH USb) 

+ HgCl + CClHCCI USc) 
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Fig. 2. Log-log plot of the quantum yields US. the C$Z13H pressure in the Hg-sensitized 
photooxidation of C ClaH at 25 “C. The initial C$ZlaH pressure is used with -NC@l,H} 
and ~{CC1$-iCCl(O )f; th e average CzClaH pressure, with @{CO} - 1 and *{CC&O}. 
Tbe plot for MCCl,HCCl(O)] is displaced to the right by a factor of 10 for clarity 

If the reaction of Hg 6(3P) with Oa did not lead to oxidation of CPClaH, 
the chain length would be reduced by half as [Oa] /[C2C13H] increased from 
a small value to 2.2, since k2/k18 = 0.45 [6] _ In fact, there is no noticeable 
decline in the initial quantum yields until [02] /[&.Cl,H] > 4. Thus reaction 
(2) is followed by: 

Oa* + C&l,H -+ O2 + CaC13H* (19) 

except at high values of [O,) /[C2C13H] where the following reaction can 
also occur: 

02*+02 +202 (2Oa) 

--* 03 + o(3P) (20b) 

The occurrence of reaction (20) reduces the chain length since the major 
pathway is reaction (20a) [7] . Reaction (20b) is the source of Oa deduced 
to be present in our system. 

Reactions analogous to reactions (5 - 7) can be written for CCL&H and 
CClHCCl radicals: 
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CCl&H + Oa -+ CCl,CHOa (5’) 

CClHCCl + O2 -+ CClHCC102 

CClzCHOz + CO via termination 

(5”) 

(6’) 

CCIHCCIOz -+ CO via termination (6”) 

CC1zCH02 + C2C13H --, C&14H + HCl + 2C0 (7’) 

CClHCClO + &ClsH --f C&‘14H + 2C0 + HCI (7”) 

Reactions (6’) and (6”) are analogous to reaction (6). Their detailed fate is 
not known, but a possible sequence of events is: 

CzC12H02 + HCO + CClsO (or Cl* + CO) 

HCO+Oz+CO+HOz 

HOz + U/W320 + (WP2 

The mechanism leads to the conclusion that if reactions (7), (7’), and 
(7”) are unimportant compared to reactions (6), (6’) and (6”) respectively, 
then : 

+(CO} - 1= (P{CCl,O} = @{HCl} (I) 

--+{C&l,H) = Q~{CCl,HCCl(O)} + *{CO} (II) 

(Q>{CO} - l)/WXCl,HCCl(O)} = k,,/ks (III) 

where it is assumed that reactions (6), (6’), and (6”) give one CO and no 
cc&o. 

The mass balance as given by eqn. (II) is satisfactory, the ratio of the 
values for the right-hand side of eqn. (II) to those for the left-hand side being 
0.93. Our experiments show that @{CO} - 1 = 4.6 +{CClsO}, a considerable 
discrepancy from that predicted by eqn. (I). This value is also much higher 
than 1.7 found for (t(CO}/4,CCCl,O) in the 0(3P)-initiated oxidation [4] or 
1.85 found for (t{CO}/+{CCl,O} when a mixture of 15 Torr Clz, 6.0 Torr 
C&&H, and 9.4 Torr Oa was irradiated. Furthermore, the ratio found for 
k8,/k8 in this study is 0.16, which is measureably higher than the values of 
0.10 and 0.066 found in the 0(3P)- and Cl-initiated oxidations, respectively. 
There clearly seems to be an excess production of CO in the Hg-sensitized 
oxidation. 

There are a number of possible paths to give excess CO and reduced 
CC120, but none of them appear to be large enough to account for the dis- 
crepancy. For example the Hg*-sensitized oxidation of CClsHCCl(0) gives 
@{CO} /~KCl,O~ - 8. However, @{CO} in this reaction is 0.5, so that 
this is an upper limit to the increment. The Hg-sensitized decomposition of 
CC120, of course, would convert CClsO to CO and thus greatly enhance 
@{CO}/@{CCl,O). However, since *{CClaO] is small, and the deficiency 
in C&O is not marked, this route again could cause only a small enhance 
ment in @{CO}. Finally, the presence of O3 could induce reactions that 
might lead to CO production, but unless there were a chain process, @{CO) 
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would not increase markedly. Probably all three sources of excess CO play 
some role, and possibly the combination of all of them may account for 
the excess CO. 

The mechanism of the reaction leads to the following rate law if reac- 
tions (7), (7’), and (7”) are unimportant compared to reactions (6), (6’) 
and (6”), respectively. 

-WXl,W - 1 = (km/~m,)/3[C2C13H] uw 

where 

Since --4, {C,Cl,H} % 1, the 1 can be ignored on the left-hand side of 
eqn. (IV) The proportionality constant of 4.9 Ton--’ found from Figs. 1 
and 2 can be used to compute p since klo/kla, = 325 143 . Thus /I = 1.5 X 
10H2 Torr-‘. The fraction of the initial photolytic act which leads to chain 
initiation is p [C2C1,H], and this value never exceeds 0.27. Thus the assump- 
tion that reactions (7), (7’) and (7”) were unimportant compared to reactions 
(6), (6’), and (6”) is justified. 
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