
Journal of Photochemistry, 4 (1975) 419 - 434 
OElsevier Sequoia S.A., Lausanne - Printed in Switzerland 

419 

PHOTODECOMPOSITION OF CFCl, AND CFzCIz 

RICHARD E. REBBERT and PIERRE J. AUSLOOS 

Institute for Materials Research, National Bureau of Standards, Washington D.C. 20234 
(U.S.A.) 

(Received July 16, 1975) 

Summary 

The photochemical decomposition of CFCls and CFsCl, has been 
investigated, using added CH4 and CzHs as chlorine atom interceptors. 
From the quantum yields of the stable products formed at 213.9,184.9, 
163.3 and 147 nm, quantum yields of the primary photofragments CFCl,, 
CFsCl, CFCI, CFz, CF and Cl, were derived. At wavelengths close to the 
absorption threshold, detachment of one chlorine atom from CFCl, and 
CFzCl, occurs with a quantum yield of 0.95 + 0.05. As the photon 
energy is increased, there is a rapidly increasing probability that absorption 
of a photon will lead to the release of two chlorine atoms: 

CFCl, + hv + CFCl + 2Cl 

CFsCl, + hv + CF, + 2Cl 

The CFCl or CFz formed in these processes (which are most likely in the 
ground singlet state) are unreactive towards the parent halocarbons, or 
alkanes. They combine with other free radicals to form stable products. No 
evidence was found for the cleavage of C-F bonds, or the elimination of 
stable chlorine molecules. 

In the vicinity of the absorption threshold, the absorption cross- 
sections of CFsCl, and CFCls diminish sharply with a decrease in tem- 
perature. 

Introduction 

Recently considerable concern has been expressed that the photo- 
chemical decomposition of CFsCls and CFCls in the stratosphere might 
lead to the formation of chlorine atoms whose reactions would deplete 
the earth’s ozone layer [l] . In fact, however, until now there has been 
little concrete information available about the modes of decomposition 
of CFCls and CFsCl, excited by photons in the wavelength range which is 
important in the stratosphere (- 215 to 190 nm). 

In 1965, Marsh and Heicklen [2] reported on the photolysis of 
CFCls and CFzCI, at 213.9 nm in presence of oxygen and of nitric oxide, 
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respectively. They observed absorption bands due to CFClO in CFCla-O2 
mixtures, and bands which they ascribed to CFsClNO in CFsCL-NO 
mixtures. More recently, Jayanty et al. [3] attempted to determine the 
quantum yields of products formed in the photolysis of these molecules 
in the presence of added oxygen at the same photon energy. They reported 
the formation of Cl, with a quantum yield of 0.5 in CFCls-Oa and with 
a quantum yield of 0.52 - 0.66 in CF,Cl,-Oa. In the photolysis of both 
these mixtures, CO, was observed, with a quantum yield of 0.90 + 0.15 in 
CFCls and 1.0 t 0.2 in CFsCl,; the COs was assumed to result from the 
conversion of CFClO or CF,O to CO, on the silica gel column used in the 
analyses. Milstein and Rowland [4] studied the photolysis of CF,Cl,-0, 
mixtures at 184.9 nm, and reported that the quantum yield of CO, was 
1.11 f 0.05 and the quantum yield for the removal of CF,Cl, was 1.12 + 
0.09. Since spectroscopic evidence suggests [ 51 that the cleavage of a 
C-Cl bond rather than the stronger C-F bond is to be expected in the 
photolysis of these molecules, the results of these three studies were inter- 
preted to mean that the predominant primary process in the photolysis of 
both CFCls and CF,Cla is the elimination of one chlorine atom from the 
halocarbon molecule. However, other results have been reported which 
indicate the need for more detailed results. An earlier study [6] of the 
flash photolysis of CFaCl, showed the presence of CF,, and it has recently 
been reported [7] that Ccl, plays an important role in the photolysis of 
Ccl4 at wavelengths shorter than 253.7 nm. 

The present investigation was undertaken with the intention of 
providing definitive experimental determinations of the photodissociation 
fragments, and thereby arriving at a detailed picture of the photochemical 
decomposition processes of CCl,F, and CFCla. In order to do this, a 
somewhat different approach from that of the earlier studies has been 
used. Since it is known [8] that Cl or F atoms abstract H atoms from 
alkanes (RH) with a high rate constant, the photolysis was carried out in 
the presence of ethane or methane, added to scavenge halogen atoms. (The 
abstraction of a hydrogen atom from C,H, by a chlorine atom occurs with 
an activation energy of only 0.043 eV.) The product alkyl radicals, R, 
combine or disproportionate with other radicals in the system such as 
CFCl,, CFsCl, CF,, CFCl, etc., to form products which can be quantita- 
tively analyzed by gas chromatography. It will be demonstrated that the 
quantum yields of the photofragments can be obtained with reasonable 
precision from an analysis of the quantum yields of all the products formed 
via such radical-radical reactions. 

Experimental 

CF,Cl, and C2Hs were purified by gas chromatography. The CF,ClH, 
which was the major detectable impurity in CFsCla, could be removed 
entirely in this manner. Because no impurities could be detected in CFCls, 
this compound was used as such after the usual low-temperature degassing 



procedure. Methane was purified in the same fashion as described in an 
earlier publication [ 91. 

Gas chromatographs equipped with flame ionization detectors and 
squalane or activated alumina columns of various lengths were used in the 
quantitative analysis of all products. Identification of the products was 
carried out by injecting known samples of CHzCFz, CzF4, CzFzClz, 
CzF,Cl,, C,FsC&, CFzClH, CFClsH, CF,Hz, CFzCI,, CHsCl, CzHSC1, and 
the various hydrocarbons. Furthermore, most products were collected 
separately in a low temperature trap at the exit of a thermal conductivity 
chromatograph. Analysis of trapped material was then carried out on a 
high resolution mass spectrometer. Although standard mass spectral cracking 
patterns of some of the products have not been reported in the literature, 
identification was usually based on the identities of the major fragment 
ions. 

Light sources and actinometry 
The 147 nm (8.4 eV) experiments were carried out with a microwave 

operated xenon resonance lamp the construction of which has been 
described in an earlier report [lo]. A bromine lamp similar in design to 
that described by Loucks and Cvetanovik [ll] was used to obtain 163.3 nm 
(7.4 eV) radiation. A 0.1 cm thick Suprasil quartz window was used which 
effectively removed the shorter wavelength lines at 158.2 and 157.5 nm. 
The microwave-operated lamp was filled with 1 Torr of argon and the 
bromine was maintained at constant pressure by cooling the lamp to 195 K. 
Approximately 80% of the ultra-violet light transmitted through the window 
consists of 163.3 nm radiation. A microwave-operated low pressure (1 Torr) 
mercury-argon lamp provided with a sapphire window was used to obtain 
the 184.9 nm (6.7 eV) mercury resonance line. In some experiments an 
185 nm interference filter was used to eliminate the 253.7 nm resonance 
line. A zinc arc provided the 213.9 nm (5.8 eV) line. An attempt was made 
to eliminate the two neighboring resonance lines located at 20215 and 206.2 
nm. These lines which usually account for about 20% of the total radiation 
from a zinc discharge could be removed in part by an interference filter. 

The xenon, bromine, and mercury light sources were inserted into a 
spherical (500 ml) reaction vessel uia a tapered joint to which temperature- 
resistant epoxy cement was applied. A cylindrical (10 cm long) quartz 
reaction vessel was used in conjunction with the zinc discharge lamp. An 
interference filter and a photomultiplier were used to monitor the intensity 
of the lamp as well as to determine the light absorbed by CFzCl, or CFCls. 
Chemical actinometry was performed by measuring the yield of nitrogen 
formed in the photolysis of N,O and the yield of acetylene formed in the 
photolysis of ethylene. The quantum yield for nitrogen formation was 
assumed to be 1.4 at all wavelengths [12]. 

At 163.3 and 184.9 nm, where the extinction coefficients are 
relatively high, all incident photons are absorbed at the halocarbon pressures 
used in this study. At 147 nm, absorption by CFzCl, in excess of 95% was 
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only achieved at pressures around 35 Torr. The absorption cross-sections 
recently determined by Huebner et al. [13] were used to calculate the 
extent of light absorbed at lower pressures. In the case of CFCls, light 
absorption at 14’7 nm was in excess of 95% at the lowest pressure used in 
this study. 

Because at 213.9 nm, we found the absorption cross-section to be a 
sensitive function of the temperature, literature data could not be used 
to calculate the fraction of light absorbed by either CF,Cl, or CFCl, at 
any particular temperature. 

The 213.9 nm absorption cross-sections obtained for CF,Cl, at 
temperatures ranging from 234 to 442 K are given in Table 1. The value 
obtained at 295 K is in good agreement with the value of 0.30 X 1O-2o 
cm2 molecule-l measured by Rowland and Molina at room temperature. 
The sharp increase of u with increasing temperature close to the absorption 
threshold is not unexpected. Other investigators have observed similar 
effects for molecules such as N,O [14], OCS [ 151, CO, [16] and Ccl4 [17]. 
In the case of Ccl, an eight-fold increase in u (250 nm) was observed when 
the temperature was raised from 293 to 453 K. The magnitude of such 
temperature effects on absorption cross-section is expected to be smaller 
at wavelengths farther from threshold. In the case of CFCls, whose absorp- 
tion threshold is shifted about 20 nm towards longer wavelengths as 
compared to that of CFsCl,, there is only a two-fold decrease in u when 
the temperature is reduced from 295 to 234 K at 213.9 nm (the wavelength 
of the results of Table 1). Additional measurements of absorption cross- 
sections of the halocarbons at the relatively low temperatures (- 190 - 
275 K) [18] prevailing in the upper atmosphere would seem to be 
indicated. 

The light flux of all lamps used in this investigation was generally 
maintained between 5 X 1013 and 1014 quanta/s. All experiments listed in 
Tables 2 to 4 were carried out at constant conversion (0.02%) of the halo- 
carbon. If the conversion is increased above this level, secondary reactions 
involving the unsaturated products, complicate the interpretation of the 
experimental results. The accuracy of the quantum yields of the stable 
products given in the Tables is difficult to evaluate. However, considering 
the various experimental manipulations involved, the accuracy should be 
better than 10%. The reproducibility of the analytical procedure is better 
than 5%. 

Results and discussion 

On the basis of spectroscopic evidence and energetic considerations, 
the most likely primary dissociative processes in the photolysis of CFsCl, 
are as follows: 

CFaCl, + hu + CFsCl + Cl (1) 

+ CF, + Cls (2) 
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TABLE 1 

Effect of temperature on the absorption cross-section of CF,Cl, at 213.9 nm 

T (K) Cross-section, u X 10-20 (cm2) 

442 1.1 
378 0.67 
343 0.41 
295 0.27 
274 0.20 
249 0.15 
234 0.08 

The primary fragments CF,Cl and Cl, may dissociate further, depending on 
their internal energy content. In that case the photodecomposition can be 
written as follows: 

CF,Cl, + hu --f CF, + 2Cl (3) 

The energy requirement for process (3) is approximately 5.6 eV, which is 
close to the absorption threshold energy (- 5.5 eV) [Id, 131 and 0.2 eV 
below the energy of the main zinc discharge resonance line at 213.9 nm. 

Accepting a value of 2.8 eV for AH,(CF,CI) [ 191 and -1.9 eV for 
AH,(CF,) [20] cleavage of the C-Cl bond in process (1) requires 3.4 eV, 
while 2.2 eV is needed to break the C-Cl bond in the CF,Cl radical. 

On the same basis, the most plausible photodissociative processes in 
the case of CFCl, can be depicted as follows: 

CFCl, + hv + CFC12 + Cl (4) 

--f CFCl + Cl, (5) 

+ CFCI + 2Cl (6) 

The Cl atoms formed in the various dissociative processes can either be in 
the ground state, 2Ps,2, or in an excited state. The experimental results 
obtained in this study do not reveal any information concerning the 
electronic or kinetic energy of the chlorine atoms. 

Although the C-F bond is nearly 2 eV stronger than the C-Cl bond [21], 
the occurrence of a primary process such as: 

CF,C12 + hv + CFC12 + F (7) 

possibly followed by decomposition of CFCl, cannot be dismissed on an a 
priori basis. In the next section we will, however, show that the quantum 
yield of process (7) is negligibly small, even at the highest photon energy 
(8.4 eV) used in this study. 

In the following discussion of the photolysis of CF,Cl, and CFCls in 
the presence of CH, and C2Hs, we will attempt to derive the quantum 
yields of all photofragments. Reliable estimates will strongly depend on the 
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reactions which the CF2 and CFCl species undergo. Because little is known 
about the kinetics of these intermediates, all energetically allowed reactions 
will have to be considered. 

Photolysis of CFCE3 -C2H, mixtures 
Table 2 gives the quantum yields of the products formed in the 

photolysis of CFCls-CzHs mixtures at 213.9,184.9 and.163.3 nm. The 
formation of most of these products can be accounted for by photo- 
dissociation processes (4), (5) and (6), followed by the reactions: 

Cl +- C,H, 

C&5 + C2H5 

CFCl, + C2H5 

CHsCH2CFC1; 

CH,CH,CFCl; + M 

CFCl, + C2H5 

CFCla + CFCl, 

CFCl + C,H, 

CFCl + CFCl 

CHe -I- C,H, 

CHs + HCl 

-+ HCl+C2H5 

-+ n-C4H1e 

+ C,H4 + C2H6 

+ CHsCH2CFC1; 

+ CH,CHCFCl + HCl 

+ CH,CH,CFCl, + M 

+ CFC12H + C2H4 

+ CFCl + C2HSC1 

+ CFCl,CFCl, 

+ CFCla + CFCl 

+ CFC1C2H; --f CFClCH, + CH, 

* CFClCFCl 

+ C3H, 

+ CH4 + Cl 

(8) 
(9) 

(10) 
(11) 
(12) 
(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

Reaction (12) is included to account for the pressure-dependent yield of 
CH3CHCFC1 (Table 2). Elimination of HCl from chemically activated 
chlorinated hydrocarbon molecules is well established [ 221. The dispropor- 
tionation reaction (14) is included to account for the CzH4 product in excess 
of that which can be accounted for by reaction (10). Taking the accepted 
[8] value for kIo/k, of 0.13, we can estimate the excess ethylene yield 
(i.e., reaction 14) from the butane yield. In all the experiments listed in 
Table 2, the quantum yield of CFCl,H, the other product of reaction (14), 
is in reasonably good agreement with the calculated “excess” ethylene 
which is attributed to this reaction. (In most cases the yield of CFCl,H 
exceeds that of the excess ethylene by 10 - 20%, which probably indicates 
that a small fraction of the CFCl, radicals abstract a hydrogen from ethane.) 
From the excess ethylene yield, as well as the yields of CH3CH2CFC12 and 
CH,CHCFCl, we can estimate that k14/kll = 0.17 + 0.015. Assuming that 
the yield of reaction (15) is represented by the yield of C2HBC1, 

(k,4 + k15)/kll = 0.20 ? 0.02. This estimate for the value of the dispropor- 
tionation-recombination ratio for the CFCl, -C,H, radical pair is in good 
agreement with the values of about 0.2 - 0.25 found [23] for the analogous 
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TABLE 2 

Quantum yields af products formed in the photolysis of CFCls- CzHe mixtures 

213.9*nm 184.9 nm 163.3 nm 

Pressure (Torr+) CFC13 10.5 91.5 30.6 10.6 30.6 31.1 94.5 . . 
CZH6 5.3 44.8 15.5 5.5 15.5 61.0 45.7 

CH4 

CFCl,H 
CFClCFCl 
CH&FCl 

CzH4 

C,H,CI 
CFCl,CFC12 
CHaCHCFCl 
CH&H,CFCI, 

C3H8 

n-C4Hlo 

Izll/(hg*ky~) = 

Derived quantum yields: 

CzH5 * 

CFC12’ 

0.006 0.006 0.11 0.130 0.150 0.127 0.121 

0.084 0.089 0.075 0.051 0.057 0.060 0.062 

0.018 0.013 0.070 0.100 0.095 0.095 0.097 

0.048 0.036 0.20 0.294 0.326 0.290 0.292 

0.107 0.102 0.114 0.102 0.110 0.101 0.105 
0.015 0.013 0.010 0.101 0.007 0.008 0.008 
0.176 0.196 0.100 0.049 0.045 0.046 0.040 
0.070 0.012 0.04 0.051 0.036 0.017 0.011 
0.397 0.418 0.32 0.246 0.247 0.252 0.268 
0.003 0.003 0.08 0.095 0.111 0.097 0.109 

0.231 0.235 0.33 0.406 0.469 0.410 0.459 

2.3 2.3 2.1 2.1 1.95 2.0 2.0 

1.12 1.09 

0.97 0.97 
(0.99) (0.98) 

CFCl 
0.074 0.052 

(0.056) (0.039) 

1.46 1.67 1.83 1.64 1.76 

0.67 0.47 0.44 0.43 0.43 
(0.74) (0.57) (0.54) (0.54) (0.53) 

0.34 0.49 0.52 0.48 0.49 
(0.27) (0.39) (0.42) (0.39) (0.39) 

Values in parentheses are based on the assumption that CFClCFCl is formed entirely by 
reaction (23). Temperature: 298 * 2K. 
*There is approximately a 10% contribution from 262.5 and from 206.2 nm. 
+ 1 Torr = 133.3 pascals. 

ratios for the Ccl, -CsH, or CCL-CHsCHCl radicals. Also, the results given 
in Table 2 lead to a value of 2.15 + 0.15 at every wavelength for the ratio 
kl,/ha”k,,“= [CH3CHsCFC1, + CH3CHCFCl] /[C,H,,] “[CFClaCFCls] “. 
A value of 2 has been reported for the analogous expression for the 
CC13-C,HB reaction pair [ 231. 

We will tentatively assume that /~~~/hrs is - 0.17, as recently deter- 
mined [ 241 for the analogous disproportionation reactions of CF,Cl. 
Finally, reactions (18) - (21) are included in the reaction scheme to account 
for the products CFCICH,, CFClCFCl, C3H8 and CH4. The justification for 
writing reaction (21) to explain the formation of methane is that the 
methane yield increases with conversion, as it should if formed in a fast 
reaction [8] with a product molecule, HCl. It is true that CH3 may also 
react with CsH, to give a methane product, and this reaction may well 
occur also. However, the exact pathway for methane formation will not 
influence the overall chemistry occurring in the system since each Cl 
atom formed in reaction (21) will generate an ethyl radical (reaction 8), as 
will each CH3 reacting directly with ethane. 
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The CFCl radicals do not react with C,Hs or CFCls under our experi- 
mental conditions. This we know because the products which would be 
expected from a reaction with CaH, could not be detected in any experi- 
ment. Reaction with CFCls can be rejected since under conditions (147 nm, 
see discussion in next section) in which photodissociation process (6) 
accounts for over 90% of the photofragmentation (i.e., initial fragmentation 
results in the formation of CFCl in high yield, but essentially no CFCls), 
there is no evidence for the presence of CFCla (i.e., its reaction products 
are below the detection limit) which would result from the reaction: 

CFCl + CFC13 --j CFClsCFCl; -+ BCFCl, (22) 

There is one other reaction which might plausibly occur, but for which no 
firm evidence was obtained: 

CFCl + CFCls + CFClCFCl + Cl (23) 

Taking into account reactions (8) - (21), we can derive the following 
expressions for the yields of the CFCl,, CFCl, and CzHS radicals: 

@(C,H,) = 2.26 +(C4H1a) + 1.2 [Q(C2H&FC12) + +(CHsCHCFCl)] + 

+(CsHs) + (I,(CH,CFCl) 

@(CFCl,) = 2.34 +(CFCl,CFCl,) + 1.2 [+(C2HSCFC12) + Q(CH,CHCFCl)] 

+(CFCl) = +(CH,CFCl) +- B@(CFClCFCl) 

The quantum yields of these radicals derived from these expressions are 
given in Table 2. Since each ethyl radical results from the reaction of one 
chlorine atom, the ethyl radical yield can be equated to the yield of Cl, and 
it is evident from the radical yields listed in Table 2 that at 213.9 nm the 
quantum yield which can be attributed to the primary photodissociation 
process (4) is well above 0.9. Some CFCl radicals are produced, but some of 
these (cl> - 0.02) may be formed in reaction (17). However, the fact that 
cD(C,H,) (i.e., @(Cl)) is higher than Q(CFC1,) and is also slightly higher than 
unity points to the occurrence of process (6). A reasonable estimate of 
@(process 6) is 0.05 + 0.03 at a total pressure of 15.8 Torr. (The wide 
uncertainty limits cited for this estimate are chosen because of the quan- 
titative uncertainties in the yields of the radicals due to the estimates of the 
relative importances of different reaction channels.) In the 213.9 nm 
photolysis, the quantum yield obtained for CFCl is lower at the higher 
pressure, possibly because of partial collisional deactivation of the internally 
excited CFCl, radical formed in process (4). It is evident from the yields 
of these three radicals at 213.9 nm, that elimination of a chlorine molecule 
from electronically excited CFCls (process 5) is of negligible importance 
at this wavelength. 

The product distribution obtained at 184.9 and 163.3 nm as well as the 
derived yields of C2H5, CFClz and CFCl differ considerably from those 
found at 213.9 nm. In these experiments, where reaction (21) is presumed to 
occur to a more significant extent, the quantum yield of Cl atoms formed 
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through a primary dissociation is equal to the difference between the C2H5 
and the methane quantum yields. It can be seen that: 

@(C,H,) - +(CH4) = @(CF,CI) + Z+(CFCI) 

which indicates that processes (4) and (6) adequately account for the 
observed product distribution. In the 184.9 nm experiment, [@(CFCI,) + 
@(CFCl)] is unity, while at the higher energy, 163.3 nm, this total is some- 
what lower, 0.91 - 0.96, a difference which is probably not significant in 
view of some of the uncertainties in the ratios of the competing reaction 
channels in the mechanism from which the radical yields were derived. 
It is encouraging to note that in the experiments at 163.3 nm, the derived 
values for @(CFCl,) and @(CFCl) are, within experimental error, independent 
of pressure or the relative concentration of CFCls and &He. 

It should be pointed out that if reaction (23) were included in the 
reaction scheme, the quantum yields for CFCl would have to be revised. 
Making the extreme assumption that all CFClCFCl is formed in reaction 
(23), then the value for S(CFC1) must be revised downward by approxi- 
mately 20%, while Q(CFC12) must be increased from 2 to 20’70, depending 
on the wavelength; these revised quantum yield values are given in paren- 
theses in the Table. Because one additional Cl atom is formed in reaction 
(23), this change in the reaction mechanism would not affect the material 
balance between CzH5 and the other intermediates. It will be shown in the 
discussion of the 147 nm experiments that recombination of CFCl (reaction 
19) does compete with other recombination reactions. Therefore, the 
actual quantum yields of CFCl and CFCI, probably lie somewhere between 
the two limiting values given in Table 2. 

Photolysis of CF2C12-C2H6 mixtures 
A reaction mechanism analogous to that proposed for the photolysis 

of CFCla-C,He mixtures can be written to account for the quantum yields 
of the products formed in the photolysis of CFsCIs-C2Hs mixtures, which 
are listed in Table 3. Reactions (11) to (19) are replaced by their counter- 
parts : 

CF&l + C&H, --f CHsCHsCF,Cl* (24) 

CHaCHsCF,Cl* -+ CHaCHCF, + HCI (25) 

CHsCHsCFsCl* + M --f CHsCHsCF,CI + M (26) 

CFsCl + C2H5 -+ CF,CIH + CZH4 (27) 

+ CF, + C,H,Cl (23) 

CFsCl + CF&l --j CF,CICF,Cl (29) 

-+ CF.&I, + CFz (30) 

CFs + C2H, --f CF,C,H*, --f CF2CH, + CH, (31) 

CF, + CF, --f CF,CF2 (32) 
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TABLE 3 

Quantum yields of products formed in the photolysis of CF.$&-C,Ha mixtures 

213.9* nm 184.9 nm 163.3 nm 

Pressure (Torr) CF,Cl, 20 : 20 20 

C,H, 10 10 10 

CH4 

CF,CIH 

C2F4 

CF2CH2 

C2H4 

C2F4C12 

C,H,Cl 

C3H8 

C2H,CF2Cl 
CH3CHCF2 

nGH1u 

0.025 0.150 0.146 
0.063 0.049 0.049 
0.026 0.070 0.078 
0.059 0.247 0.28 
0.091 0.089 0.090 
0.170 0.070 0.050 
0.006 0.0017 0.002 
0.011 0.084 0.093 
0.387 0.332 0.308 
0.055 0.053 0.042 
0.231 0.351 0.392 

k24/(k,1h~k2g”) 2.23 2.47 2.50 

Derived quantum yields: 

C2% 1.09 1.56 1.66 
CF2Cl 0.90(0.92) 0.60(0.68) 0.51(0.60) 

CF2 O.ll(O.08) 0.39(0.32) 0.44(0.36) 

Values in parentheses are based on the assumption that C2F4 is entirely formed by 
reaction (33). Temperature: 298 i 2K. 
*There is approximately a 10% contribution from 202.5 and from 206.2 nm. 

Again calculating the “excess” ethylene yield from the total ethylene yield, 
the yield of n-butane, and the value of 0.13 for kIo/ks, we obtain an 
estimate of the yield which can be attributed to reaction (27) which is in 
reasonably good agreement with the observed yield of CF,ClH, the other 
product of reaction (27). The 3 - 25% excess of CF,ClH probably originates 
from the small fraction of CF,CI radicals which abstract a H atom from 
ethane or HCl. The “excess” ethylene yield and the yields of C2H5CF2C1 
and CH3CHCF2 lead to an estimate for k,,/k,, of 0.12 + 0.015. Taking the 
yield of C,H,Cl as an estimate of the importance of reaction (28), we 
obtain (k,, + k2,)/ks4 = 0.13 + 0.02. 

A value of 0.17 has been reported by Pritchard and Perona [24] for 
k30/k29. We then can say: 

+(C2HS) = 2.26 @(C4H10) + 1.13 [+(C2H5CF2C1) + +(CH3CHCF2)] + 

+(C,H,) + cf,(CFsCH,) 

+(CF,Cl) = 2.34 +(CF2C1CF2C1) + 1.13 [+(C2HBCF2C1) + +(CH,CHCF,)] 

@(CF,) = +(CF,CH,) + 2 Q(CF,CF,) 
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In deriving the quantum yield of CF2 it is possible to make an alternative 
assumption, that CFaCF, is entirely formed in the reaction: 

CF2 + CFzCl + CFzCFz + Cl (33) 

rather than reaction (32). The yields based on this assumption are given in 
parentheses in the Table. 

The quantum yields derived for C2H5, CF&l and CF, can be compared 
with those derived in Table 2 for the analogous radicals (C2H5, CFC12, and 
CFCl) in the photolysis of CClsF. In every case, the corresponding yields are 
comparable except for those of CF, and CFCl in the 213.9 nm photolyses: 
@(CF,) in CF2C12 is much greater than Q(CFC1) in CFCls at the same 
wavelength. 

It is not possible to obtain an unambiguous answer as to whether CF2 
is produced in CFzClz through process (2) or process (3) (in addition to 
disproportionation 28). If processes (2) and (28) were entirely responsible 
for CF2 formation, then, since the quantum yield of Cl atoms formed 
through a primary dissociation is equal to the difference between the C,HB 
and the methane quantum yield, we would see that: 

+(C,H,) - @(CH,) = Q(CF,CI) 

However, since the yield which we can attribute to Cl atoms formed in a 
primary process always exceeds Q(CF,Cl), we must conclude that process 
(3) is indeed important under these conditions, (a contribution of process 
(2) to the production of CF,, (I, < 0.04, is not excluded) and we write: 

a$C,H,) - Q(CH,) = @(CF,Cl) + 2@(CF,) 

Especially at 184.9 and 163.3 nm, the product yields follow this relation- 
ship very well, indicating that processes (1) and (3) account for the forma- 
tion of most of the intermediates. 

There is no evidence for the formation of CFCI, or CFCl in CF2C12 
at 184.9 or 163.3 nm, even though the formation of these radicals is 
energetically possible. 

Photolysis of CF2CE2 and CFC13 in the presence of methane 
Methane is the only hydrocarbon molecule which is transparent to 

147 nm xenon resonance radiation. Therefore, unlike ethane, it can be 
used as a Cl atom interceptor at this wavelength (as well as at longer wave- 
lengths). 

The important products formed in the 147 nm photolysis of CFCls- 
CH4 and CFaC!lz-CH4 mixtures are shown in Table 4. At this wavelength, 
the following reaction scheme accounts for over 90% of the observed 
products in the photolysis of CF,CL-CH4 mixtures: 

Cl + CH4 --f HCl + CHs (34) 

(In some of these experiments the temperature was raised to 125 “C! to 
insure that all Cl atoms react with CH4.) 
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TABLE 4 

Photolysis of CF,Cl, and CFC13 in the presence of methane 

Pressure (Torr) 

CF.&l, CH4 

11.4 64 
35.5 211 
11.4 67 
11.6 68 
35.1 205 

Temp. (K) 

297 
297 
334 
364 
398 

Quantum yields 

CzF4 CF2CH2 C2H6 CHdCF, 

0.15 0.35 0.45 1.92 
0.16 0.37 0.49 1.96 
0.18 0.42 0.58 2.02 
0.18 0.44 0.60 2.05 
0.19 0.45 0.65 2.11 

CFC13 * CH4 CFClCFCl CFClCH, CzH6 CH3/CFCl 

11.4 100 398 0.27 0.33 0.65 1.87 

*CFCH was observed as a product. 
Xenon lamp (147 nm). 

CFs + CF2 + CzF4 (32) 

CF2 + CH3 + CF,CH; + CF2CH2 + H (35) 

CH3 + CH3 -;r CzH6 (36) 

In the case of CFC13, reactions (32) and (35) in the above reaction scheme 
have to be replaced by their counterparts: 

CFCl + CFCl --f CFClCFCl (19) 

CFCl + CHs + CFClCH,* + CFClCH, +H (37) 

Comparing this reaction scheme with those given above for photolysis of 
CFC13 and CF,Cl, at longer wavelengths (i.e., reactions (8) - (21) for CFC13 
and reactions (8) - (lo), (24) - (32), and (20) and (21) for CF,C12) it is 
immediately evident that reactions involving CF,Cl and CFC12 are missing 
from the reaction scheme for the 147 nm experiments. At this energy the 
quantum yields of products which could be traced to reactions of these 
radicals are negligibly small (< 0.02). 

It should be mentioned that there is no evidence for processes involving 
C-F bond cleavage at 147 nm. For instance, process (7) would lead to the 
formation of CFCl,, or subsequently to CFCl radicals, but the quantum 
yield of CFCICH,, which would be formed in the reactions of these radicals 
with methyl radicals: 

CFCl + CH3 + CFClCH; + CFClCH2 + H (38) 

CFCl, + CH, + CFCl,CH; + CFC1CH2 + HCl (39) 

is lower than the detection limit (0.005) in all experiments on the 147 nm 
photolysis of CF,Cl,. We verified that CFCl and CFC12 radicals do undergo 
reactions (38) and (39) by photolyzing CFCls at 213.9 and 184.9 nm (where 
reactions (4) and (6) lead to the formation of CFCl, and CFCl) in the presence 
of CH4. 



431 

There is no evidence that the CF, species undergoes any important 
reactions other than (32) and (35), i.e., even though recombination of CF, 
radicals is relatively slow [25], we can rule out the occurrence of insertion 
or abstraction reactions involving CFzCl, or CHQ. It can be concluded that 
such reactions do not occur between CFz and CFzClz because of the 
absence of CFzClCFzCl and CFzCIH as products. Furthermore, in view of 
the low yield of CFzHCHa (CD - O.Ol), reactions such as: 

CFs + CH4 + CF,HCH,* -+ CFzH + CHs (40) 

or: 

CFs + CH4 + CFaH + CHa (41) 

are of negligible importance. A small fraction of the CF, radicals do combine 
with H atoms, as evidenced by the presence of a small amount of CFsHCHa : 

CFs + H + CFzH (42) 

CFsH + CHa+ CFzHCH, (43) 

Under the present experimental conditions (see Table 4), there is no 
evidence for the collisional stabilization of the excited CHsCFz and 
CH,CFCl* intermediates formed in reactions (35) and (37), respectively. 
This is substantiated by the absence of Ca products such as CHaCFsCHs and 
CHaCFClCHs in low conversion experiments. At conversions exceeding 
O.l%, C3 products start to appear which are to be accounted for by the 
addition of Cl and H atoms to the two unsaturated products, C2F4 and 
CFaCH,, followed by combination of the resulting C2 radicals with CHa. 

If one ignores the minor reactions (42) - (43) and makes the simplifying 
assumption that reactions (34), (32), (35) and (-36) account for all of the C, 
products in CFzCl,, it follows that: 

CH3 2(C,H,) + (CF,CH,) 
-= 

CFz 2(C,F,) + (CF,CH,) 

The results shown in Table 4 show that the value obtained for this ratio is 
2.0 + 0.1, independent of the pressure of methane (64 to 205 Torr) or 
temperature (25 to 125 “C). Since each CHs results from the reaction of one 
Cl atom, the occurrence of process (3) to the exclusion of processes (1) and 
(2) would result in a CHs:CF2 ratio of 2. If the quantum efficiency of 
process (3) is indeed equal to one, then Q(CFa) should also be unity. 

Q(CFs) = 2@(C2F4) + +(CF,CH,) = 0.91 * 0.06 

This quantum yield is slightly less than unity, probably because we have 
ignored the combination of H atoms and CF2 (reaction 42), as mentioned 
above. Similarly, the fact that (CH,) as given by [(CF,CH2) + 2(C,H,)] is 
lower than two can be accounted for by the occurrence of a reaction such as: 

CH, +H+M+CH, +M (44) 

The results given in Table 4 show that the yields of CF,CH, and C2H, 
increase slightly with increasing temperature. This can most likely be ascribed 
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to the fact that the activation energy for abstraction of a H atom from 
methane by Cl is not entirely negligible. 

It is of incidental interest that from the data given in Table 4 one can 
derive an estimate for has. If one accepts values of 7.2 X lo-l4 and 5 X 10-lf 
cm3/molecule s for k32 [25] and k36 [26], respectively, a value of 2.6 + 0.1 
X lo-l2 cm3/molecules is obtained for k35 independent of pressure or 
temperature. 

It is of interest in the photolysis of CFC13-CH4 mixtures at 147 nm, 
CHCH and CFHCH, are formed with quantum yields of -0.02. The forma- 
tion of these products, which are absent in the photolysis of CF2Clz or the 
213.9 nm photolysis of CFC13, can tentatively be accounted for by the 
following mechanism : 

CFC13 + hv --f CF + Cla + Cl (45) 

CF + CH3 --f C2H3F* + C2H, + HF AK, - -2.6 eV (46) 

The photodissociation process (45) which requires 6.65 eV probably 
occurs through the loss of a Cl, molecule from an internally excited CFC12 
radical formed in process (4). 

Conclusions 

The present results show that the photodissociation of both CF2C12 
and CFCl, occurs with a quantum yield which is, within experimental error, 
equal to unity over the entire wavelength region covered in this study (213.9 
147 nm). This region encompasses the band of wavelengths between 215 and 
180 nm which brings about most of the photolysis which occurs in the 
stratosphere [Id] . The quantum yields of photodissociation products 
determined in this study are summarized in Table 5. At the long wavelength 
end of this “window” region, the probability of releasing one chlorine atom 
per quantum absorbed by either CFaCl, or CFC13 is 0.95 + 0.05 as shown by 
the yields of CFsCl and CC12F, respectively. At the shorter wavelengths, the 
probability that two chlorine atoms will be detached increases to about 
0.3 + 0.1. The CF, and CFCl radicals produced at these shorter wavelengths 
are unreactive towards alkanes and halocarbons; these radicals would there- 
fore be expected to react with oxygen in the upper atmosphere. Reaction 
with oxygen is substantiated by the recent observation that in the 184.9 nm 
photolysis of CF2C12-O2 mixtures, where @(CF2) = 0.36 + 0.04, the 
quantum yields of disappearance of CF2C12 and production of CO2 (or 
CF20) were both found to be equal to 1.1 + 0.1. The latter observation is 
not inconsistent with the occurrence of the reaction proposed earlier [25] : 

CFa + 0s + CF20 + O(3P) (47) 
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