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Summary 

The photolysis of CHFClz at 300 K has been investigated at 213.9, 
163.3 and 147 nm. Methane, Brz, HBr and HCl were added as free radical 
interceptors in order to unravel the primary photodecomposition processes. 
Analysis of the data shows that at 213.9 and 163.3 nm the photodissociative 
process 

CHFCl, + hv --f CHFCl + Cl 

occurs with a quantum yield of 0.9 - 1.0, giving stable CHFCl radicals. At 
shorter wavelengths the quantum yield of CHFCl shows a drastic decrease 
with concurrent appearances of species such as CFCl, CHF and CF. The 
laboratory experiments indicate that CF is mainly formed via the dissociative 
process 

CHFCl” + CF + HCl 

The CF radicals react with CHB to yield CzHz (CF + CH, + C&Hz + HF) 
while the CHF species insert readily into HCl to yield CH2FCl. In the 
presence of Bra, CF and CHF undergo reactions which result in the forma- 
tion of CFBrs and CHFBrz respectively. 

Introduction 

In a preceding study [l] on the photolysis of CFzClz and CFC13, 
evidence was presented for the occurrence of two major photodecomposi- 
tion steps: 

CF&lz + hv + CF&l+ Cl (la) 

-, CF2 + 2Cl (lb) 

CFCls + hv + CFC12 + Cl (2a) 

+ CFCl + 2Cl (2b) 
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These processes may be considered as a sequence of two steps in which the 
internally excited halomethyl radicals (CFsCl or CFClz) formed in the 
primary step (la and 2a) may undergo further decomposition. In the case 
of CFCls a third overall photodecomposition step was suggested to occur 
at 163 and 147 nm [l] : 

CFCls + hv + CF + Cls + Cl (3) 

This study deals with the photodecomposition of a halocarbon molecule 
containing one H atom, namely CHFCls. To our knowledge, the only pre- 
vious investigations of the photodecomposition of CHFCls are the flash 
photolysis studies 12, 31 (X 2 165 nm) of CHFCll-O2 and CHFC12-NO2 
mixtures carried out with the purpose of inducing HF infrared stimulated 
laser emissions. The conclusion was reached that the principal laser pumping 
reaction involved CHF: 

CHF+ NO + CHFNO* + HF* + CNO (4) 

CHF + O2 + FC02H* + HF* + COz (5) 

where it is suggested that CHF is formed in the photodecomposition process 

CHFCls + hv --f CHF + 2Cl (6) 

Experimental 

The experimental procedure is identical to that described in the previous 
publications dealing with halocarbons [ 1,4]. 

The CHFCls had to be rigorously purified, because the commercial 
sample contained various chemical impurities the retention times of which 
on a gas chromatograph coincide with some of the photochemical products. 

The absorption cross section of CHFClz was measured to be 0.054 f 
0.005 and 166 + 3 atm-l cm-l at 213.9 and 147 nm, respectively. 

Results and discussion 

Quantum yield of CHFCl 
Table 1 gives the quantum yields of products which were identified in 

the photolysis of CHI-CHFCls mixtures with 213.9 nm (5.8 eV), 163.3 mm 
(7.6 eV) and 147.0 nm (8.4 eV) photons, respectively. Several additional 
products whose identities aze unknown were observed, but the quantum 
yields of these products were very small (< 0.005) under all conditions; the 
combined quantum yield of all unidentified products was not more than 
0.01 - 0.02. In the experiments at high conversions (> 0.1%) there were 
small quantities of CsHs and CHsCHaCHFCl which originated from reactions 
of radicals with the product C2Hs. The combined quantum yields of these 
C3 products never exceeded 0.01 for all the experiments listed in Tables 1 - 3. 
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TABLE 2 

Quantum yields of radicals* derived from the photolysis of CHFClrCHd mixtures (Table 1) 

h (nm) Cl(CHs) CHFCI CFCIB CHF CFCl CF 

213.9 1.0 f 0.1 1.0 f 0.1 0.08 < 1o-3 < 10-3 < 1O-3 
163.3 1 f 0.1 0.9 * 0.1 0.03 f 0.01 0.015 * 0.005 0.014 i 0.004 0.01 f 0.05 
147 0.75 f 0.05 0.09 f 0.02 0.03 i 0.01 0.20 i 0.04 0.034 i 0.005 0.1 f 0.02 

*Based on reactions (7) - (22) and (27) - (34) (see Discussion). The error limits are based on 
averaging of the experiments listed in Table 1. 

TABLE 3 

Photolysis of CHFC12 in the presence of bromine 

k (nm) Pressure (Torr) Quantum yields 

CHFCls Brz CHFClBr CFClzBr CHFBr2 CFBq 

213.9 26 1.0 1.0 - 0.01 
163.3 10 0.9 0.84 = 0.02 

20 0.5 0.87 n.d. 
40 0.5 0.91 n.d. 
40 2.1 0,87 n.d. 

147 11.2 0.9 0.10 n.d. 
22.5 0.9 0.12 w 0.025 
45 2.2 0.12 n.d. 

< 0.02 < 0.01 
< 0.02 < 0.02 
< 0.02 < 0.02 
< 0.02 < 0.02 
< 0.02 < 0.02 

0.11 0.17 
0.12 0.21 
0.09 0.17 

n.d., not determined. 

In view of the findings of the earlier study of the photolysis of chloro- 
fluoromethanes, one would expect that the most likely primary process in 
the photolysis of CHFCIz would be the cleavage of a C-Cl bond: 

CHFC12 + izu + CHFCI + Cl (7) 

If this process occurs in the presence of methane (which will not absorb 
light at these wavelengths), the Cl atom will abstract an H atom from 
methane [l] : 

Cl + CH4 + HCl+ CH3 (8) 

In such a mixture, abstraction could also occur from CHFC12: 

Cl + CHFC12 --f HCl + CFC12 (9a) 

CH3 + CHFC12 + CH+ + CFC12 (9b) 

Reaction (9a) should not be important if methane is present in excess. 
Most products obtained at 213.9 and 163.3 nm result from the combination 
of the various radicals which would be formed in reactions (7) - (9): 
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CHFCl + CHs --f CHFClCH,* (lOa) 

CHFCICH; + M + CHFCICH, + M (1Ob) 

CHFCl + CHFCl + CHFClCHFCl* Wa) 

CHFClCHFCl* + M + CHFClCHFCl + M Wb) 

CHFCl + CFCls --t CHFClCFCl,* (12a) 

CHFClCFCl,* + M + CHFClCFCls + M (12b) 

CHs + CHs + &Hz Wa) 

CaH,* + M + C2H, + M (13b) 

CHs + CFCls + CHsCFCl; I 14a) 
CHsCFCl; + M + CHsCFCl, + M (14b) 

CFCls + CFCl, + CFCls CFCl$ Wa) 

CFClaCFCl; + M + CFClsCFCla + M Wb) 

In every case the combination products which have not been collisionally 
stabilized will dissociate in the following manner: 

CHFClCH,* + CHFCHa + HCl (16) 

CHFClCHFCl” + CFClCHF + HCl (17) 

CHFClCFCl; + CFClCFCl + HCl (13) 

CH,CFCl,* + CH,CFCl f HCl (19) 

At the relatively high pressure (CH4 > 100 Torr) and low temperature 
(300 K) used in this study, the unimolecular reactions (17) and (18) are of 
minor importance. This is confirined by the fact that the quantum yields of 
CFClCHF and CFClCFCl are less than 0.01. In addition, disproportionation 
reactions among the various radicals can be written. For instance, one might 
expect 

CH, + CHFCl + CH4 + CFCl (20) 

+ CH&l + CHF (21) 

CHa + CFC12 + CHsCl + CFCl (22) 

However, the disproportionation reactions (21) and (22) are unimportant, 
since CH,Cl is not observed as a product. Furthermore, in the experiments 
carried out at 213.9 nm, where there is insufficient energy to form CFCl or 
CHF through dissociation of the CHFCl radical formed in process (7), the 
yields of products which can be attributed to CHF are negligibly small and 
the quantum yield of CH,FCl which may also arise from reaction of CHF 
(as will be discussed later) is only about 0.009. 

If primary process (7) were the only photolytic decomposition process 
occurring in a mixture of CHFC12 in an excess of methane there would be 
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one Cl atom for every CHFCl radical. According to the mechanism represented 
by reactions (8) - (19), the following material balance should then be 
observed: 

CHFCI = 

where 

CHFCl = 

CHs + CFClz = 1 (I) 

(CHFClCHs f CHFCHa) + 2(CHFClCHFCl+ CFCICHF) + 

+ (CHFClCFCl, + CFClCFCl) 

CHa = {CHFClCHs + CHFCHz) + 2CzHs + (CHsCFCls + CHsCFCl) 

CFCla = (CHFClCFCla + CFClCFCl) + (CHsCFC12 + CH&FCl) + 

+ 2(CFClzCFC12) (II) 

AU of these products except CFCICHF, CFClCFCl, CHFC1CFC12 and 
CFClsCFCla, the quantum yields of which are less than 0.005, have been 
measured in the experiments on the photolysis of CH,-CHFC12 mixtures. 
Estimates of the quantum yields of CHFCI, CFClz and CHs derived from 
the results in Table 1 are given in Table 2. It is evident that the equality (I) 
is observed at least approximately in the 213.9 and 163.3 nm experiments, 
but that in the 147.0 nm experiments the yield estimated in this way for 
CHFCl is much lower than the sum of the yields of CHs and CFC12. We 
tentatively conclude that most of the products formed in the 213.9 and 
163.3 nm photolyses can be accounted for by the reaction mechanism 
(7) - (19). 

Further verification of certain details of this mechanism can be ob- 
tained by examining the ratios of products as a function of pressure. For 
instance, since the mechanism postulates that CHFClCHg dissociates to give 
CHFCHa (process (16)) or is collisionally stabilized (reaction (lob)), we 
write 

[CH&HF] kls 
[CHsCHFCl] = klob [M] 

(III) 

Thus, a plot of the ratios of these two products as a function of the reciprocal 
of pressure should give a line with slope k16/k10b and zero intercept if all the 
CH&HF actually originates in process (16). Figure 1 shows such a plot of this 
ratio taken from the data given in Table 1 as well as from additional experi- 
ments. Figure 1 indicates that CHsCHF does originate from decomposition 
of CHsCHFCl, not only at the two lower energies but at 147.0 nm as well. 
From the slope of the plot we can estimate that the minimum dissociative 
lifetime of the CH,CHFCl* formed in these experiments is about 0.5 X 10BIO s. 

Values for the quantum yield of CHFCl were also obtained in a more 
direct fashion by measuring the quantum yield of CHFClBr in the photolysis 
of CHFCla-Bra mixtures (Table 3). If one CHFClBr molecule is produced 
for each CHFCl radical 

CHFCl + Bra + CHFClBr + Br (23) 
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4.0 - CH. + CHFCI - CH,CHd 

Fig. 1. Photolysis of CHFC12 (3 f 1 Torr) in the presence of CH4 (100 - 1000 Torr). Plot 
of [CH2CHF]/[CH&HFCl] us, l/P (Torr): V, 213.9 nm; 0, 163.3 nm; 0, 147.0 nm. 

TABLE 4 

Photolysis of CHFCIz in the presence of HBr and HCl 

k (nm) Pressure (Torr) Quantum yield of 

CHFC12 Additives 
CH2FCl 

163.3 30.9 HCl 
30.9 HCl 

NO 
30.9 HBr 

147 32.4 HCl 
32.4 HC1 

NO 
32.4 HBr 

2.3 0.23 
2.3 0.004 
1.5 
1.0 0.9 

2.2 0.22 
2.2 0.11 
1.5 
1.0 0.09 

then thexe is good agreement between the quantum yields of CH&‘Cl derived 
from the results of Table 1 and those of Table 3 at all wavelengths. 

Similarly, in the photolysis of CHFC12 in the presence of HBr (Table 4) 
the quantum yield of CH2FCl formed in the abstraction reaction 

CHFCl + HBr + CH2FCl + Br 

is consistent with the yields of CHFCl given in Table 2. 

(2.4) 

Quantum yield of CFC12 
The presence of CHsCFC12 among the products listed in Table 1 clearly 

shows that CFC12 radicals are produced in the photolysis of CHFC12-CH4 
mixtures. Quantum yields of this product are given in Table 2. However, 
because CFC12 may be formed via reaction (9) as well as by the primary 
process 

CHFC12 + hv + H + CFC12 (25) 



24 

a series of experiments was carried out in which Brs was added as a free 
radical scavenger. The data obtained in these experiments (Table 3) do show 
the presence of small amounts of CFClzBr. Accepting that the latter product 
is exclusively formed via the reaction 

CFCIB + Br, + CFCl,Br + Br (26) 

one concludes that primary process (25) occurs with quantum yields ranging 
from 0.01 to 0.025 over the wavelength range 213.9 to 147 nm. &cause a 
two-step mechanism for the formation of CFClzBr cannot be entirely ruled 
out, these estimates should be considered as upper limits. Furthermore, it 
is apparent that a fraction of the CFCla radical yields derived from the 
CHFC12-CH4 experiments originates from free radical reactions such as (9). 

Fig. 2. Photolysis of CHFClz (3 * 1 Torr) in the presence of CH* (100 - 1000 Torr). Plot 
of [CH&FCI]/[CH&FC12] us. l/P (Torr): q ,213.g nm; 0, 163.3 nm; V, 147.0 nm. 

Quantum yield of CFCL 
Figure 2 shows plots for the dissociation and collisional stabilization 

of CH&!FClg (reactions (19) and (14b)). These data show much more scatter 
than those presented in Fig. 1 because of the much smaller yields involved. 
In spite of this, it is obvious that the ratios [CH2CFCl] / [ CHsCFCl2 ] observed 
at a given pressure are lowest for the 213.9 nm experiments and that the 
ratios for the 163.3 nm experiments are generally lower than those for the 
147.0 nm experiments. This implies either that there are sources of CH&FCl 
in the 163.3 and 147.0 nm experiments in addition to dissociation process 
(19) or that kls is higher in the higher energy experiments. The latter expla- 
nation is highly unlikely, because the CFClz and Cl& radicals which react to 
form the CHsCFClz undergo many collisions before combining. If there are 
additional sources of formation of CHaCFCl at the higher energies, the plots 
should have positive intercepts (and concave upward curvature if the addition- 
al source is pressure dependent). At the lowest energy (213.9 nm) the plot 
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has an intercept close to zero. If we assume that at this energy process (19) 
is the only source of CH&FCl, we can then make estimates of the yields of 
the ‘*excess” CH,CFCl at the two higher energies from the [CH2CFCl] to 
[CH,CFC12] ratios observed at the low energy. At both energies the yield of 
“excess” CHzCFCl diminishes with increasing pressure (indicating that it 
originates in a reaction of a decomposition product) and levels off to a con- 
stant value (about 0.034 at 147 nm, about 0.014 at 163.3 nm) at low pres- 
sures (see Table 1). A plausible source for this product is 

CFCl + CH, + CH,CFCl + H (27) 

where the CFCl originates in a secondary decomposition of a radical formed 
in a primary decomposition, most likely 

CFClz -+ CFCl + Cl (28) 

and/or in the primary process 

CHFC& + CFCl + HCl (29) 

Quantum yield of CNF 
We have already shown (Fig. 1) that a Stem-Volmer plot of the ratio 

[ CH,CHF] /[CH,CHFCl] has the same slope at all three energies and further- 
more has an intercept of zero, indicating that the reaction 

CHF + CH, +- CHFCHz + H (30) 

apparently does not occur since all CHFCH2 originates in process (16). (In 
the 163.3 nm experiments the occurrence of reaction (30) might not be 
discernible in the Stem-Volmer plot if the yield of CHF is as small as that 
of CFCl; however, in the 147.0 nm experiments the occurrence of process 
(30) should be noticeable.) Smail and Rowland [ 53 have reported that CHF 
reacts with hydrogen halides through a direct insertion reaction, e.g. 

CHF + HCl + CH2FC1 (31) 

Table 4 shows the results of experiments in which HCl was added to CHFC12 
at 163.3 nm and 147.0 nm. It is seen that CH2FCl is indeed an important 
product in these experiments, and in fact is also a product in the experiments 
on CHFCl,-CH, mixtures in the absence of added HCl (Table 1). If this 
product is formed in reaction (31), the reactant HCl must be that formed as 
a product (reaction (S), reactions (16) - (19) etc.). The fact that a product 
compound (HCl) would be able quantitatively to intercept CHF implies that 
this carbene is very unreactive toward all the other molecules and radicals 
in the system *. However, a similar conclusion was arrived at in a study of 
the photolysis of CCll-C2H, mixtures [43 in which CHCls was observed 

*All experiments given in Table 1 were carried out at conversions ranging from 0.02 
to 0.1%. The quantum yield of CHzFCl was found to be independent of conversion over 
this range. 
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as a major product at wavelengths where CCla is a major photofragment. 
Experiments carried out at 147 nm in which NO was added to the CHFClz- 
HCl mixture indicate that reaction (31) is quite efficient (Table 4) since this 
free radical scavenger reduces the yield of CHaFCI by only 50%. In contrast, 
addition of a similar amount of NO in an experiment at 163.3 nm reduces 
the yield of CHaFCl essentially to zero. In the latter experiment CHaFCl 
observed in the absence of NO can be ascribed to the abstraction reaction 

CHFCl + HCI + CH2FCl + Cl (32) 

The question of whether the CFCl radical is also scavenged by HCl 
must be answered; a reaction analogous to (31) would lead to the formation 
of the starting material, CHFClz . Smail and Rowland [ 51 have shown that 
HCl scavenges CF2 much less efficiently than CHF; perhaps the scavenging 
of CFCl by HCl 

CFCl + HCl -+ CHFCla (33) 

is inefficient compared with reaction (20) with CH,. This is actually indicated 
by a recent study on Ccl* [4]. It is clear, however, that more information is 
needed about the kinetics of halocarbene radicals. The formation of CHF 
radicals at 147 nm is also evidenced by the observation of CHFBr, in the 
photolysis of CHFCla-Br mixtures. However, the quantum yield of CHFBra 
is lower than that of CHF given in Table 2. It will be shown in a subsequent 
study that the quantum yield of CXaBr, (where X = F, Cl or H) is consistent- 
ly more than a factor of 2 lower than the quantum yield which can be 
ascribed to CX2. Therefore, the values for the quantum yield of CHFBr2 
given in Table 3 should only be considered as lower limits for the quantum 
yield of CHF. 

Quantum yield of CF 
At 147 nm i&H, appears as a major product. Some information about 

the mode of formation of this product was obtained in an experiment in 
which a CHFCl,-CD4 mixture was photolyzed at 147.0 nm; the acetylene 
product was all fully deuterated. One plausible reaction which would account 
for the acetylene is 

CF + CD3 + (C2D3F*) + CzDz + DF AN = -4.4 eV (34) 

Little is known about the chemistry of CF, but the formation of acetylene 
in reaction (34) is more exothermic than the alternative possibility leading 
to the formation of CzHF by 1.8 eV. A reaction of CF with CH4 such as 

CF f CH4 + &Hz +H+HF AN==O.OeV (35) 

is unfavorable on energetic grounds. In an experiment in which methane was 
replaced by C2D6 the acetylene product was not formed. Instead, equivalent 
yields of CsD4 (propyne and allene) were observed: 

CF + CzDs + (CsDsF*) + C3D4 + DF 
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The formation of CF is also evidenced by the results of the experiments 
on CHFCls-Brs mixtures (Table 3) which show that CFBrs is formed with 
a quantum yield of 0.19 f 0.02 independent of pressure. It is obvious that 
this product must be formed via a mechanism involving at least two consec- 
utive reactions such as 

CF +. Brz + CFBrs (37) 

CFBrs + Brs + CFBr, + Br (33) 

Because other competing reactions may occur, the quantum yield of 
CFBrs should be considered as a lower limit for the quantum yield of CF. 
The same remark holds for the quantum yield of C&H, in the experiments 
on CHFC12-CHI mixtures (i.e. the quantum yield of CF is greater than or 
equal to that of acetylene). 

The formation of CF at 147.0 nm may come about through the process 

CHFCla -+ CF+ 

which requires 5.8 eV, 

CHFCl, --+ CF+ 

which requires 7.7 eV. 

HCl + Cl (39) 

or through the process 

H +-Cl2 (49) 

However, since a small amount of &Hz is observed 
at 163.3 nm, where there is not enough energy to bring about the occurrence 
of process (40), process (39) is the most likely mode of formation of CF. 
The process 

CHFCls 4 CF+H+Cl+Cl 

requires about 10 eV and cannot occur in these experiments. 

(41) 

The low quantum yield of CHB (Table 2) at 247 nm, which can be 
approximated to that of the Cl atoms, points to the importance of HCl 
elimination processes such as (29) and (39). It is clear, however, that our 
present knowledge of the kinetics of species such as CF, CHF and CFCl 
makes a quantitative assessment of the material balance at 147 nm or 
shorter wavelengths difficult. Work is at present in progress to gain a better 
insight into the reactivity of these species. 

Acknowledgment 

This work was supported in part by 
surement, National Bureau of Standards, 

References 

the Office of Air and Water Mea- 
Washington, D.C., U.S.A. 

1 R. E. Rebbert and P. J. Ausloos, J. Photochem., 4 (1975) 419. 
2 R. G. Shortridge and M. C. Lin, IEEE J. Quantum Electron., 12 (1974) 873. 
3 R. J. Gordon and M. C. Lin, Chem. Phys. Lett., 22 (1973) 107. 
4 R. E. Rebbert and P. J. Ausloos, J. Photochem., 6 (1976/77) 265. 
5 T. Smail and F. S. Rowland, J. Phys. Chem., 74 (1970) 1866. 


