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7 ABSTRACT: The thermal dissociation of C3F6 was studied between 1330 and 2210 K in
8 shock waves monitoring the UV absorption of CF2. CF2 yields of about 2.6 per parent C3F6
9 were obtained at reactant concentrations of 500−1000 ppm in the bath gas Ar. These yields
10 dropped to about 1.8 when reactant concentrations were lowered to 60 ppm. The increase of
11 the CF2 yield with increasing concentration was attributed to bimolecular reactions between
12 primary and secondary dissociation products. Quantum-chemical and kinetic modeling
13 calculations helped to estimate the contributions from the various primary dissociation steps.
14 It was shown that the measurements correspond to unimolecular reactions in their falloff
15 range. Falloff representations of the rate constants are given, leading to an overall high
16 pressure rate constant k∞ = 2.0 × 1017(−104 kcal mol−1/RT) s−1 and a relative rate of
17 about 2/3:1/3 for the reactions C3F6 → CF3CF + CF2 versus C3F6 → C2F3 + CF3.

1. INTRODUCTION
18 The dissociation of hexafluoropropene (C3F6) proceeds on
19 several pathways which have been accessed by a variety of
20 activation schemes. In the UV photolysis of C3F6 at 193 nm using
21 photofragment translational spectroscopy,1 CF2, F, and CF3
22 were identified as primary products. Branching fractions of
23 0.42:0.41:0.17, respectively, were determined. Complementary
24 to this work were studies of the IR multiphoton dissociation2,3 in
25 which CF3CF (or C2F4), CF2, and CF3 were identified as primary
26 dissociation products with branching fractions of CF2:CF3 of
27 0.8:0.2. Assuming that the dissociation in both cases takes
28 place from vibrationally highly excited electronic ground state
29 molecules, these products were attributed to the channels

→ + Δ ° ≈ −HC F CF CF CF 104 kcal mol3 6 3 2 0
1

30 (1)

→ + Δ ° ≈ −HC F CF CFCF F 124 kcal mol3 6 3 0
1

31 (2)

→ + Δ ° = −HC F CF C F 109.8 kcal mol3 6 3 2 3 0
1

32 (3)

33 while the thermochemically most favorable channel would be

→ + Δ ° = −HC F C F CF 67.9 kcal mol3 6 2 4 2 0
1

34 (4)

35 (reaction enthalpies are obtained either from refs 1 and 4 or from
36 G4 calculations of the present work, see Appendix). The latter
37 pathway, however, was estimated5 to involve an energy barrier of
38 the order of 80−90 kcal mol−1. The isomerization

→ Δ ° ≈ −HCF CF C F 16.6 kcal mol3 2 4 0
1

39 (5)

40 which follows reaction 1, has been characterized6 by an energy
41 barrier of 37.5 kcal mol−1.

42UV photolysis and IR multiphoton dissociation do not involve
43the same energy distributions. In addition, the latter differ also
44from thermal distributions. It would, therefore, be desirable to
45compare the results with branching fractions and absolute rate
46constants from thermal dissociation experiments. Although a
47series of studies gave information on the overall pyrolysis of C3F6
48(e.g., refs 7−13, see in particular the detailed analysis by ref 5),
49the results do not appear unambiguous, partly because
50information on rates and pathways was extracted from complex
51mechanisms with final product analysis only. A more direct
52access to the primary thermal dissociation steps appears possible
53in pyrolysis experiments in shock waves employing the very
54sensitive detection of CF2 by UV absorption spectroscopy. This
55is the method of the present work. CF2 on one hand is “close to
56the primary dissociation”, and on the other hand secondary
57reactions can be identified by varying the concentration of the
58primary reactant. We have already used the detection of CF2 in a
59series of earlier dissociation studies of fluoro- and hydro-
60fluorocarbon species like CF3 and CF2,

14 CF3H,
15 C2F4,

16 C2F5H,
17

61C2F6,
18 and C3F7H.

17 After careful recalibration of the absorption
62coefficient of CF2 at 248 nm over a wide temperature range in
63ref 16, absolute CF2 yields now can be measured accurately in
64addition to kinetic data. The present work takes advantage of
65these previous studies.
66The variety of competing dissociation pathways complicates
67the analysis of the pyrolysis mechanism. Depending on the tem-
68perature and the pressure, the loose activated complex-bond
69fissions (1)−(3) may (or may not) dominate over the rigid
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70 activated complex process (4) with its lower threshold energy.
71 In addition, the dissociation is a multichannel process, whose
72 channels influence each other. It, therefore, appears obligatory to
73 accompany the experiments by quantum-chemical calculations
74 of energy profiles and by modeling in terms of unimolecular
75 rate theory. Such combined studies have been made also in our
76 earlier work.16−18 Another aspect makes this work attractive. The
77 dissociation of hexafluoropropene is related to the dissociation
78 of hexafluorocyclopropane (c-C3F6). The two reactions may (or
79 may not) involve the same intermediate.19−23 Therefore, in a
80 companion article24 (part II of this series) we report our results
81 on the pyrolysis of c-C3F6. There have been conflicting
82 propositions about the energy profiles of the two dissociation
83 processes5,19,20,25 such that we did new quantum-chemical
84 calculations. As the two systems have markedly different kinetic
85 properties, it appeared appropriate to split the material into two
86 separate articles. However, as the two reactions may (or may not)
87 involve the same CF2CF2CF2 intermediate (a 1−3 biradical of
88 the form of a “bond-stretched invertomer”23), their intrinsic
89 dynamics may be linked under conditions where process (4)
90 dominates. We aim for an identification of these conditions.

2. EXPERIMENTAL TECHNIQUE AND RESULTS
91 The dissociation of C3F6 was investigated in incident and
92 reflected shock waves. Our shock tube and the applied technique
93 were described before, see, e.g., refs 14−18. The progress of
94 reaction exclusively was followed by light absorption of the
95 forming CF2 at 248 nm. Absolute values of the absorption
96 coefficient ε at this wavelength were taken from ref 16. The large
97 values of ε (of the order of 3 × 106 cm2 mol−1, base e) allowed us
98 to work with high dilution of the reactant in the carrier gas Ar.We
99 varied the reactant concentration in Ar between about 60 and
100 1000 ppm. Ar of 99.9999% purity (from Air Liquide) and C3F6
101 (>99% from acr) were employed. The pyrolysis was studied
102 between about 1330 and 2210 K. Ar concentrations were varied
103 between about 2 × 10−6 and 10−4 mol cm−3. The reactions were
104 monitored between about 10 μs and 1 ms.
105 Kinetic data were obtained from two types of observations. At
106 higher temperatures and shorter reaction times, CF2 formation
107 was followed until a final level was attained which remained
108 constant up to 1 ms, i.e., the limit of our observation time. At
109 lower temperatures, CF2 formation was not complete during this
110 observation time. In the former case, CF2 absorption−time
111 profiles followed a first-order rate law given by

= − −=∞ kt[CF ] [CF ] {1 exp( )}t2 2112 (6)

113 Figure 1 shows an example of CF2 formation behind a reflected
114 shock wave at T = 1727 K, [Ar] = 6.7 × 10−5 mol cm−3, and
115 530 ppm of C3F6. With concentrations of 300−1000 ppm, the
116 final CF2 yields were found to be

= ±=∞ =[CF ] /[C F ] 2.6( 0.4)t t2 3 6 0117 (7)

118 At lower reactant concentrations (of the order of 60 ppm), the
119 CF2 yields decreased to values of [CF2]t=∞/[C3F6]t=0 = 1.8
120 (±0.3), see below. A yield of 3 CF2 per C3F6 decomposed could
121 be explained by reaction 4 followed by the fast decomposition of
122 C2F4. However, because there is evidence for contributions from
123 reactions 1−3 (see refs1−3, 10, and11), the reduction of the CF2
124 yield may also be due to a more complex mechanism involving
125 these reactions, see below. By working behind incident shock
126 waves, we could investigate lower bath gas concentrations. Figure 2
127 gives an example withT = 1876 K, [Ar] = 1.4× 10−5 mol cm−3, and

128520 ppm of C3F6 (one should note that the time scale here is
129compressed by the density ratio of 3.4 across the shock front; one
130also notices that CF2 decomposes behind the reflected shock, in
131the shownexperiment atT =4030Kand [Ar]=3.4×10−5mol cm−3,
132see ref 14).
133At lower temperatures, the observation times up to about 1 ms
134did not suffice to reach the final CF2 level. Figure 3 shows an
135example with T = 1568 K, [Ar] = 1.3 × 10−4 mol cm−3, and
136530 ppm of C3F6. In this case the rate of CF2 formation could
137only be evaluated bymeans of the absorption coefficient ε of CF2.
138In order to derive k in eq 6, in addition, here the final level
139[CF2]t=∞ had to be reconstructed. We did this be employing the
140same value for [CF2]t=∞/[C3F6]t=0 as found in higher temper-
141ature experiments (1800−2000 K). As we observed no
142temperature dependence of the CF2 yield, this procedure did
143not create uncertainties (we took into account, however, the
144apparent concentration dependence of the CF2 yield, see above).
145One has to mention one side observation. Apart from the
146schlieren peaks indicating the arrival of the incident and reflected
147shock waves at the observation windows, Figures 1−3 show small
148absorption steps before the dissociation sets in and before CF2
149absorption starts to rise. This absorption step can be attributed to
150a high-temperature UV absorption of the parent C3F6 at 248 nm.
151While this absorption below about 1000 K is too weak to be

Figure 1. Absorption−time profile (at 248 nm) of the formation of CF2
in the dissociation of C3F6 behind a reflected shock wave (T = 1727 K,
[Ar] = 6.7 × 10−5 mol cm−3, [C3F6]0/[Ar] = 530 ppm).

Figure 2. As Figure 1 but behind an incident shock wave (T = 1876 K,
[Ar] = 1.4 × 10−5 mol cm−3, [C3F6]0/[Ar] = 520 ppm, dissociation of
CF2 behind reflected shock, see text).
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152 detected,26,27 with increasing temperature the band with the
153 maximum near 180 nm broadens such that its long-wavelength
154 tail, caused by vibrationally hot molecules, becomes detectable at
155 248 nm. The temperature dependence of this absorption at 248 nm
156 (with an apparent temperature dependence measured in our work as
157 ε≈ 3.2× 108 exp(−11 200 K/T) cm2 mol−1, base e) corresponds to
158 expectations,28 the absolute value at 1500 K being about 1/10 of the
159 maximum value at 180 nm and at room temperature.26 One accounts
160 for the superimposed absorption of C3F6 by shifting the zero line of
161 CF2 absorption up to the initial absorption step.
162 The measurement of CF2 yields contains information on
163 secondary processes following reactions 1−4. For example, C2F4
164 from reaction 4, or from the sequences (1) and (5), under the
165 high-temperature conditions of the present work, decomposes
166 rapidly16 via

+ → + Δ ° = −HC F ( M) 2CF ( M) 67.5 kcal mol2 4 2 0
1

167 (8)

168 such that a yield of 3 CF2 per C3F6 decomposed arises (the
169 reaction enthalpy at 0 K is from ref 16). However, the partic-
170 ipation of reactions 2 and 3 also has to be considered. If reaction 3
171 would be followed by fast reactions like

+ → + Δ ° = −HC F ( M) CF CF 65.9 kcal mol2 3 2 0
1

172 (9)

173 and

+ → Δ ° = − −HCF CF 2CF 40.4 kcal mol3 2 0
1

174 (10)

175 then also a yield of 3 CF2 per C3F6 decomposed would be ob-
176 tained. However, in this case, because of the bimolecular
177 character of reaction 10, a decrease of the CF2 yield should be
178 expected at low reactant concentrations. Apparently, we have
179 observed this with our experiments at 60 ppm reactant con-
180 centration. Analogous arguments would apply if reaction 2
181 participates. On the basis of the measured CF2 profiles alone such
182 conclusions cannot be proven. We come back to this problem later
183 whenwe have described quantum-chemical and kinetics calculations.
184 Selected examples for the measured rate constants k in eq 6
185 and the corresponding experimental conditions are given in
186 Table 1. The table also includes some final CF2 yields, as far as
187 they could be approached within our observation time. Figure 4
188 shows rate constants k from experiments with reactant
189 concentrations from about 60 to 1100 ppm in Ar and with
190 [Ar] in the range 2 × 10−6 to 10−4 mol cm−3.

191We did not observe a dependence of the apparent rate con-
192stants on the reactant concentration. However, with decreasing
193bath gas concentration [Ar], a significant decrease of k was
194observed. Near 2000 K this was about a factor of 4 when [Ar] was
195lowered from 8 × 10−5 to 2 × 10−6 mol cm−3. This decrease later
196on will be attributed to falloff effects of the unimolecular reac-
197tion and analyzed accordingly. Using only experiments with
198[Ar] ≈ 8 × 10−5 mol cm−3, an apparent rate constant of

= × −

= × −

−

− −

k T

RT

8.3 10 exp( 40890 K/ ) s

8.3 10 exp( 81.3 kcal mol / ) s

13 1

13 1 1
199(11)

Figure 3. As Figure 1: T = 1568 K, [Ar] = 1.3 × 10−4 mol cm−3, [C3F6]0/
[Ar] = 520 ppm, absorption step behind schlieren peak due toC3F6, see text.

Table 1. Examples of Rate Coefficients k (from Eq 6),
Experimental Conditions and CF2 Yields

[Ar]/mol cm−3 106[C3F6]0/[Ar] T/K k/s−1 [CF2]∞/[C3F6]0

2.7 × 10−6 1100 1895 1.2 × 104 2.7
2.6 × 10−6 1100 1939 1.7 × 104 2.3
2.3 × 10−6 1100 2117 5.9 × 104 2.4
2.1 × 10−6 1100 2211 5.9 × 104 2.3
9.2 × 10−5 530 1330 4.1 × 100 −
9.0 × 10−5 530 1343 5.8 × 100 −
8.8 × 10−5 530 1336 2.6 × 100 −
7.9 × 10−5 530 1464 4.1 × 101 −
7.6 × 10−5 530 1496 1.3 × 102 −
7.0 × 10−5 530 1616 1.1 × 103 −
6.7 × 10−5 530 1726 4.0 × 103 2.6
6.3 × 10−5 530 1753 7.3 × 103 2.6
6.4 × 10−5 530 1810 1.3 × 104 2.6
2.0 × 10−5 82 1720 4.3 × 103 2.1
2.0 × 10−5 82 1854 1.3 × 104 1.9
1.9 × 10−5 82 1915 2.1 × 104 1.7
6.9 × 10−5 75 1843 1.4 × 104 1.8
6.5 × 10−5 75 1900 3.2 × 104 1.6
6.2 × 10−5 75 2011 9.6 × 104 −
5.9 × 10−5 75 2086 8.7 × 104 −
9.5 × 10−5 63 1504 6.0 × 101 −
9.1 × 10−5 63 1538 1.1 × 102 −
8.2 × 10−5 63 1634 3.7 × 102 −
7.3 × 10−5 63 1773 6.9 × 103 1.8
6.4 × 10−5 63 1978 3.5 × 104 −

Figure 4. Rate constants k of the dissociation of C3F6 (curves from top
to bottom: modeled k∞ from eq 13, k([Ar] = 7 × 10−5 mol cm−3), and
k([Ar] = 3 × 10−6 mol cm−3); experimental results for [C3F6]0/[Ar] ≈
500 pm (○) and 70 ppm (●) and [Ar] = (2−10) × 10−5 mol cm−3;
experimental results for [Ar] = (2−3) × 10−6 mol cm−3).

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp501569a | J. Phys. Chem. A XXXX, XXX, XXX−XXXC



200 would be obtained, giving 3.6 s−1 at 1330 K and 105 s−1 at 2000 K.
201 We emphasize that this apparent rate constant corresponds to
202 the falloff range and needs further analysis such as given below.

3. QUANTUM-CHEMICAL AND KINETICMODELINGOF
203 PRIMARY DISSOCIATION PATHWAYS

204 As in our previous work,16,17 quantum-chemical calculations of
205 the energy profiles of possible primary dissociations and kinetic
206 modeling by unimolecular rate theory help to understand the
207 observations. A variety of ab initio methods were employed to
208 characterize the energetics, while DFT calculations were used to
209 determine transition-state vibrational frequencies and rotational
210 constants for reaction 9; see Appendix. Table 2 shows reaction

211 enthalpies obtained from CBS-QB3,29 G4,30 and G4MP231

212 calculations using the Gaussian 09 software.32

213 Enthalpies for the transition state of reaction 4 and the
214 secondary dissociation (9) are also given. Figure 5 compares the
215 energetics of the competing primary pathways. While reactions
216 1−3 are simple bond fissions with loose activated complexes,
217 reaction 4 has to overcome an activation barrier and involves an
218 intrinsically more complicated mechanism.
219 This is specifically shown by its energy diagram as obtained
220 from G4 calculations in Figure 6. Details of our quantum-
221 chemical calculations are provided in the Appendix.
222 Several differing energy profiles for reaction 4 have been
223 proposed before19,20,25 (see their discussion in ref 5). Our
224 calculations favor ref 19 over ref 20, with TS1 being markedly
225 above TS2. On the other hand, pathways from C3F6 to CF2 +
226 C2F4 passing through c-C3F6 were described in ref 25 while
227 Figure 6 shows a pathway passing through CF2CF2CF2. Likewise,
228 our calculations in part II24 showed a pathway from c-C3F6
229 to CF2 + C2F4 passing through CF2CF2CF2, whereas a direct,
230 single-transition state pathway from c-C3F6 to CF2 + C2F4 was
231 proposed in ref 25. These details of the multidimensional
232 potential energy surface are of importance when rates of forward
233 and backward reactions are compared, see below and part II. We
234 also inspected whether reactions 1 and 3 really are simple bond
235 fissions. This is confirmed by the Morse-type energy profiles of
236 these two reactions shown in Figure 7. A Morse-type energy
237 profile between the central C and F atoms was also obtained in
238 ref 33 for reaction 2. As this reaction is energetically higher than
239 reactions 1 and 3 and is entropically less favored, this reaction
240 presumably is only of minor importance in thermal dissociation
241 experiments, see below.
242 Theoretical modeling of the rate constants k1−k4 is difficult for
243 a number of reasons. First, this is a four-channel unimolecular
244 reaction system for which, at pressures below the high-pressure
245 limit, the contribution of the energetically higher reaction
246 channels in comparison to single-channel unimolecular reactions

247is reduced, see ref 34. In the present work this effect could not
248yet be handled and reactions 1−4 were treated as single-channel
249reactions. Second, the reactions 1−4 under the present high-
250temperature conditions are expected to be in the falloff range
251such that high pressure (k∞), low pressure (k0), and intermediate
252falloff rate constants need to be characterized. The high-pressure
253rate constant for reaction 4, k4,∞, was estimated by transition-
254state theory with the molecular parameters given in the Appendix.
255We obtained k4,∞ ≈ 4.1 × 10 13 exp(−86.7 kcal mol−1/RT) s −1,
256i.e., k4,∞(2000 K) ≈ 1.4 × 10 4 s−1 and k4,∞(1330 K) ≈ 0.023 s−1.

Table 2. Calculated Reaction Enthalpies and Enthalpies of
Transition States (at 0 K, in kcal mol−1, See Text)

reaction CBS-QB329 G4MP231 G430

C3F6 → CF3CF + CF2 (1) 106.4 102.3 104.1
C3F6 → CF3 + C2F3 (3) 110.5 105.0 107.0
C3F6 → CF2CF2CF2

⧧(TS1) 86.5 84.8 84.9
CF2CF2CF2

⧧(TS1) → CF2CF2CF2 −31.7 19.5 18.6
CF2CF2CF2 → C2F4−CF2⧧(TS2) 19.5 19.5 18.6
C2F4−CF2⧧(TS2) → C2F4 + CF2 −6.5 −7.7 −7.0
C2F3 → CF + CF2 (9) 65.7 63.3 64.6

Figure 5. Energetics of the primary dissociation channels of C3F6
dissociation (results of G4 calculations30).

Figure 6. Energetics of reactions 4, 14, and 15 (results of G4
calculations30).
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257 Taking into consideration that falloff effects further reduce k4
258 to values below k4,∞, by comparison with the experiments we
259 conclude that this reaction is too slow to contribute to k to a
260 major extent under the present conditions. However, this
261 pathway may become more important for lower temperatures
262 and pressures; see below and the examples of ref 17. A calculation
263 of k1.∞, k2,∞, and k3,∞ (similar to k8,∞ in ref 18) requires more
264 detailed information on the potential energy surface than was
265 available here. Therefore, only a preliminary attempt wasmade to
266 estimate these rate constants with the simplified version of the
267 statistical adiabatic channel model (SACM/CT) from refs 36 and
268 37. In doing this, the potential was characterized by the standard
269 value α/β = 0.5 of the ratio of its anisotropy parameter α and its
270 Morse parameter β, see ref 36. We are aware of the limitations of
271 this approach and, therefore, allow for a fine-tuning of the results
272 after comparison with the experiments. With α/β = 0.5, we
273 obtained k1,∞ ≈ 1.3 × 10 16 exp(−97 kcal mol−1/RT ) s −1, k2,∞ ≈
274 1.4× 10 16 exp(−119 kcal mol−1/RT ) s −1, and k3,∞≈ 3.0× 10 15

275 exp(−101 kcal mol−1/RT ) s −1 (derived between 1500 and 2000 K).
276 This would correspond to branching fractions of k1,∞:k2,∞:k3,∞ ≈
277 0.94:0.007:0.059 at 1500 K and 0.92:0.004:0.077 at 2000 K.
278 These results suggest that reaction 2 , for energetic and entropic
279 reasons, only plays a minor role. In the following, therefore, we
280 try to rationalize our observations in terms of reactions 1 and 3
281 only. Comparing the modeled k1,∞ + k3,∞ with the measured
282 values of k from eq 11, we find close agreement near 1400 K, but
283 smaller values by a factor of 3.5 near 2000 K. However, we
284 emphasize that falloff effects have to be taken in account such as
285 elaborated below which changes the comparison.
286 We mention that the dissociation channels (1) and (3) were
287 the only ones included in the modeling of the more complex
288 reaction mechanisms studied in refs 11−13. Here, values of
289 k1 = 1013.0 exp(−78.4 kcal mol−1/RT) s−1 and k3 = 1016.7

290 exp(−104.9 kcal mol−1/RT) s−1 were employed. The sum of
291 k1 + k3 of these fitted values is not far from our measurements
292 of k from eq 11, k1 + k3 being 2.0 × 105 s−1 at 2000 K and
293 1.6 × 10−1 s−1 at 1330 K. However, this near agreement needs
294 further discussion. In particular, the low preeexponential factor
295 and the large difference between the apparent activation energy
296 of k1 and the bond energy raise doubts about this rate constant.
297 As the single-pulse shock wave experiments from ref 11 were
298 done at similar temperatures and pressures as the present experi-
299 ments, nevertheless, the results for k should be comparable with

300the present work. However, branching fractions k1/k and k3/k
301from ref 11, because of the given arguments, appear doubtful.
302The experimental apparent activation energy of 81.3 kcal mol−1

303for k from eq 11 is significantly below themodeled values for k1,∞ of
30497 kcal mol−1 and for k3,∞ of 101 kcal mol−1. We explain this by
305stronger falloff of k1 below k1,∞ (and of k3 below k3,∞) at higher
306temperatures than at lower temperatures. In order to estimate the
307magnitude of k1/k1,∞ (and k3/k3,∞), wemodeled full falloff curves
308by the methods of refs 35−40. First, we modeled single-channel
309limiting low-pressure rate constants k1,0 and k3,0 using molecular
310parameters as given in the Appendix. Over the temperature range
3111500−2000 K, we obtained k1,0 ≈ [Ar] 3.8 × 1025(T/1500 K)−16.7

312exp(−104 kcal mol−1/RT) cm3 mol−1 s−1, and k3,0 ≈ [Ar] 1.8 ×
3131026(T/1500 K)−17.5 exp(−109.8 kcal mol−1/RT) cm3 mol−1 s−1.
314Second, following refs 39 and 40 we estimated the center
315broadening factors Fcent of the falloff curves as Fcent,1 ≈ 0.025 and
316Fcent,3 ≈ 0.024. For such small values of Fcent, the representation
317of “broad” falloff curves from ref 38 appears most adequate, i.e.,
318k/k∞ = [ x/(1 + x)]F( x) with x = k0/k∞ and

≈ + +F x x x( ) (1 )/[1 ]n n1/
319(12)

320where n = [ln 2/ln(2/Fcent)] [0.8 + 0.2xq] and q = (Fcent − 1)/
321ln(Fcent/10). Inserting k0 and k∞ as given above for reactions 1
322and 3, for an average bath gas concentration of [Ar] ≈ 8 × 10−5

323mol cm−3, one obtains k/k∞≈ 0.82 at 1500 K and 0.33 at 2000 K.
324Correcting k from eq 11 for falloff effects in k1 and k3 then leads to

≈ × −∞
− −k RT2 10 exp( 104 kcal mol / ) s17 1 1

325(13)

326This result is close to our modeled k∞ = k1,∞ + k3,∞ given
327above. The decrease of k with decreasing [Ar] is much more
328pronounced at higher than at lower temperatures. We illustrate
329this effect by including in Figure 4 modeled apparent rate con-
330stants k for constant [Ar] = 3× 10−6 and 7× 10−5 mol cm−3. The
331modeled results agree well with our measurements (over the
332range 1900−2200 K). Falloff effects become less important with
333decreasing temperature; they would almost have disappeared
334near 1400 K for our range of [Ar]. Figure 8 illustrates this
335behavior by examples of falloff curves for k1([Ar],T).

336We note that k1,∞ ≈ 2k∞/3 from eq 13 is satisfactorily close
337to the modeled k1,∞ given above while k3,∞ ≈ k∞/3 from eq 13 is
338smaller than the modeled value. However, the assumption of

Figure 7. MEP energies for reaction 1 (upper curves: dashed line Morse
potential with De = 111 kcal mol

−1 and β = 2.87 Å−1; solid line β(r)/Å−1 =
2.32 + 1.59(r − 1.33 Å) − 0.95(r − 1.33 Å)2) and for reaction 3 (lower
curves: dashed lineDe = 114 kcal mol

−1, β = 1.87 Å−1; solid line β(r)/Å−1 =
1.67 + 0.10(r − 1.5 Å) + 0.11(r − 1.5 Å)2) from CBS-QB3 calculations.29

Figure 8.Modeled falloff curves for C3F6 dissociation at T = 1400, 1700,
2000, and 2300 K (from top to bottom, eq 12 with k∞ from eq 13, k0 ≈
[Ar] 4 × 1023 (T/1500 K)16.7 exp(−104 kcal mol−1/RT) cm3 mol−1 s−1,
and Fcent ≈ 0.025).
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339 α/β ≈ 0.5 need not to be fulfilled for all cases; it just represents a
340 first guess to be modified by experiment. We finally estimate
341 below which temperature the rigid activated complex process (4)
342 will dominate over the bond fission processes (1) + (3) (only
343 high-pressure rate constants need to be considered). We find that
344 reaction 4 will dominate over reactions 1 and 3 only at tem-
345 peratures below about 1100 K, when k is smaller than about
346 4 × 10−4 s−1. Reaction 4 according to Figure 6 may then lead to
347 C2F4 + CF2 via TS2 or, after intermediate formation of c-C3F6, by
348 fast subsequent dissociation of the latter molecule (see part II).

4. SECONDARY REACTIONS AND BRANCHING
349 FRACTIONS
350 So far we assumed that the observed drop of theCF2 yield fromabout
351 3 to 2 per decomposed C3F6 with decreasing reactant concentration
352 was explainable by a change from a mechanism with the reactions

→ +C F CF CF CF3 6 3 2353 (1)

→CF CF C F3 2 4354 (5)

→C F 2CF2 4 2355 (8)

356 and

→ +C F C F CF3 6 2 3 3357 (3)

→ +C F CF CF2 3 2358 (9)

+ →CF CF 2CF3 2359 (10)

360 to a mechanism of reactions 1, 5, and 8 only. In order to quantify
361 this assumption, we first assumed that the rate of reaction 9
362 is similar to that of the nearly isoenergetic dissociation (8), both
363 reactions being faster than reaction 1. We further estimated that
364 k10 is of the order of 10

12−1013 cm3 mol−1 s−1 (values obtained by
365 SACM/CT calculated with α/β ≈ 0.5, see above, and similar
366 values for the reactions CF3 + CF3→C2F6 or CF2 + CF2→C2F5).
367 With these values, reaction 10, for reactant concentrations below
368 100 ppm, becomes too slow to generate CF2 on our observation
369 time such that the observed CF2 yield drops from 3 to 2 per parent
370 molecule. The corresponding CF2 yields thus reflect the ratio of k1
371 and k3 as employed above. The measured CF2 yields are slightly
372 below 3 and 2, for high and low reactant concentrations, respec-
373 tively. This could be due to minor contributions from reaction 2,
374 or due to uncertainties in the absorption coefficient ε of CF2
375 (estimated uncertainty 10%), or due to other experimental
376 problems.We are unable to decide between these three possibilities.
377 We finally discuss possibilities for the formation of C3F6 from
378 CF2 and C2F4. We consider two pathways: first, the reverse of
379 reaction 4 and, second, a mechanism involving the reverse of
380 reactions 1 and 5, both described by the overall reaction

+ →CF C F C F2 2 4 3 6381 (14)

382 Reaction 14 has to be considered in comparison to the alternative
383 formation of c-C3F6, i.e.

+ → ‐CF C F c C F2 2 4 3 6384 (15)

385 Combining the equilibrium constant Kc,4 = [CF2][C2F4]/[C3F6]
386 from ref 4, Kc,4 = 1.93 × 102 exp(−61.6 kcal mol−1/RT) mol cm−3,
387 with our modeled k4,∞ = 4.1 × 1013 exp(−86.7 kcal mol−1/RT) s−1
388 leads to k14,a = k4,∞/Kc,4 of

≈ × − − − −

k

RT2.1 10 exp( 25.1 kcal mol / ) cm mol s

14,a

11 1 3 1 1
389 (16)

390for the reverse of reaction 4. The reverse of reaction 5, followed
391by the reverse of reaction 1, on the other hand, leads to a rate
392constant k14,b = k1,∞/Kc,4 which with ourmeasured k1,∞ = 1.3× 1017

393exp(−104 kcal mol−1/RT) s−1 is given by

≈ × − − − −

k

RT6.9 10 exp( 42.4 kcal mol / ) cm mol s

14,b

14 1 3 1 1

394(17)

395In both cases, falloff corrections would have to be applied at
396high temperatures. Analogous to the dissociation pathways, k14,a
397would be larger than k14,b at temperatures below about 1100 K.
398On the other hand, k14 = k14,a + k14,b is always much smaller than
399k15 = 1.9 × 1010 exp(−7.8 kcal mol−1/RT) cm3 mol−1 s−1 from
400part II. Nevertheless, as long as the formation of c-C3F6 by re-
401action 15 is immediately followed by dissociation, reaction 14
402with k14 = k14,a + k14,b may lead to the formation C3F6 from CF2 +
403C2F4. Estimates of k14 from a modeling of a more complex
404mechanism in refs 41 and 42 near 1500 K agree with the present
405k14,b, while estimates of k14 from ref 43 near 1000 K overestimate
406k14,a by about a factor of 20. This confirms an inconsistency noted
407before in ref 5.

5. CONCLUSIONS
408The present article describes measurements of CF2 formation in
409the thermal decomposition of C3F6. The reaction in the tem-
410perature range 1330−2210 K was shown to be in the falloff range
411of the unimolecular reaction. The simple bond fissions

→ +  CF CF CF CF CF CF3 2 3 2 412(1)

→ +  CF CF CF CF CF CF3 2 3 2 413(3)

414were found to dominate over the rigid activated complex process

→ → +C F CF CF CF C F CF3 6 2 2 2 2 4 2 415(4)

416at temperatures above about 1100 K. Under these conditions, the
417thermal dissociations of C3F6 and c-C3F6 (the latter described
418in part II and passing over the same CF2CF2CF2 biradical) thus
419apparently do not involve the same intermediate. The branching
420between reactions 1 and 3 and subsequent secondary reactions
421determine the final CF2 yields which were found to be between
422about 2 and 3 CF2 per parent C3F6 decomposed. Primary
423branching fractions CF2:CF3 were found to be about 0.67:0.33 in
424fair agreement with the values 0.8:0.2 from IR multiphoton dis-
425sociation experiments.2 Falloff effects of the primary dissocia-
426tions, which were not taken into account in previous work, have
427been quantified in terms of low-pressure and high-pressure rate
428constants and center broadening factors of the falloff curve.
429For example, k1,0 ≈ [Ar]3.8 × 1025(T/1500 K)−16.7 exp(−104
430kcal mol−1/RT) cm3 mol−1 s−1, k1,∞ ≈ 1.3 × 1017 exp(−104
431kcal mol−1/RT) s−1, and Fcent,1 ≈ 0.025 were proposed for the
432dominant primary dissociation channel (1), eq 12 describing the
433full falloff curve.

434■ APPENDIX

435Molecular Parameters Used in Modeling
436(a). Harmonic Vibrational Frequencies. C3F6. νi/cm

−1 = 31,
437122, 177, 239, 248, 357, 364, 458, 506, 565, 595, 650, 652, 761,
4381037, 1169, 1209, 1218, 1331, 1383, 1814 from B3LYP/6-
43931G(2df,p) calculations scaled by 0.9854 (from G4 model);
440νi/cm

−1 = 120, 120, 180, 237, 251, 359, 368, 456, 505, 550, 597,
441637, 765, 1047, 1201, 1231, 1238, 1356, 1415, 1851 from ref 4.
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442 C3F6 → CF2 + C2F4. Transition state TS1: νi/cm
−1 = 82, 118,

443 158, 192, 254, 300, 369, 395, 420, 457, 532, 566, 604, 737, 1070,
444 1205, 1353, 1461, 1568, 1586, and 457i from B3LYP/6-
445 31G(2df,p) calculations scaled by 0.9854 (G4 model).
446 (b). Rotational Constants. C3F6. A, B, and C/cm−1 = 0.085,
447 0.042, and 0.033 from B3LYP/6-31G(2df,p) calculations (G4
448 model); 0.184, 0.110, and 0.0687 from ref 4.
449 C3F6→CF2 + C2F4. Transition state TS1: A, B, and C/cm

−1 =
450 0.073, 0.046, and 0.036 from B3LYP/6-31G(2df,p) calculations
451 (G4 model).
452 (c). Enthalpies of Formation (at 0 K and in kcal mol−1). F
453 18.47 (ref 4); CF 58.16 (ref 4); 1CF2−46.6 (refs 4 and 16); CF3
454 −111.0 (ref 4); C2F3 −54.3 (ref 4); C2F4 −160.6 (ref 4);
455 CF3CF ≈−144 (refs 1, 4, and 16), ≈−124.4 (G4 from this
456 work); CF3CFCF ≈−172 (refs 1 and 4), ≈−169.4 (G4 from
457 this work); C3F6−275.1 (ref 4); c-C3F6≈−243.8 (G4 from this
458 work).

459(d). Details of Quantum-Chemical Calculations. In the main
460composite method employed here, the G4 calculations, the
461equilibrium geometry of the considered species was estimated at
462the B3LYP/6-31G(2df, p) level. Afterward, a series of single-
463point energies were calculated by using Hartree−Fock and post-
464Hartree−Fock molecular orbital methods with different basis
465sets. Finally, the following combined expression was used to estimate
466the energy at 0 K: E0(G4) = E[MP4/6-31G(d)] + E[MP4/6-
46731+G(d) − MP4/6-31G(d)] + E[MP4/6-31G(2df,p) − MP4/
4686-31G(d)] + E[CCSD(T)/6-31G(d) − MP4/6-31G(d)] +
469E[MP2(full)/G3LargeXP − MP2/6-31G(2df, p) − MP2/6-
47031+G(d) +MP2/6-31G(d)] + E[HF/limit−HF/G3LargeXP] +
471E(SO) + E(HLC) + E(ZPE)
472Here HF/limit denotes the Hartee−Fock energy limit, E(SO)
473is the spin−orbit correction for the atoms, E(HLC) is the high-
474level correction term, and E(ZPE) the zero-point energy
475correction computed with the B3LYP/6-31G(2df,p) harmonic
476vibrational frequencies scaled by 0.9854. Normally, the
477computed values of E0(G4) approach well those obtained at
478the CCSD(T) level while an extrapolated complete basis set with
479a strong reduction of the computational resources is possible.
480The average deviation of the G4 results from experimental
481enthalpies of formation was found to be about 0.8 kcal mol−1.
482The structures of the two transition states TS1 and TS2, and of
483the intermediate singlet biradical CF2CF2CF2, as obtained from
484 f10B3LYP/6-31G(2df) calculations are illustrated in Figures 9−11.
485Intrinsic reaction coordinate calculations were made, showing
486that the three structures indeed are linked by smooth pathways.
487In order to classify whether the G4 method is appropriate for
488computing the energy of the singlet CF2CF2CF2 biradical,
489multiconfigurational effects were investigated by CCSD/6-
490311+G(d) calculations. The resulting T1 value of 0.018 indicated
491that nondynamical effects for the biradical are expected to be
492insignificant (see ref 44). To support this conclusion, a
493comparison between the CASPT2(6/6)/6-311+G(2df,2p)
494results from ref 23 (with a small active space of 6 electrons and
4956 orbitals) and the present G4 calculations (essentially
496CCSD(T,full)/CBS) was carried out. The energy for ring
497opening of c-C3F6 to CF2CF2CF2 in ref 23 at 423 K was found

Figure 9. Optimized structures of C3F6, upper TS1, and CF2CF2CF2
(from B3LYP/6-31G(2df) calculations of the present work; bond
lengths in Å, bond angles in deg).

Figure 10. As Figure 9, for CF2CF2CF2, TS2, and C2F4 + CF2.
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498 to be 30.5 kcal mol−1 while our G4 value was 33.5 kcal mol−1.
499 The electronic barrier for the reverse process of 9.8 kcal mol−1

500 from the CASPT2 calculations compares with 8.5 kcal mol−1

501 from the G4 calculations. The activation barrier for the com-
502 plete process c-C3F6 → TS2 → C2F4 + CF2 of 42.0 kcal mol−1

503 from CASPT/2 compares well with the present G4 value of
504 43.6 kcal mol−1. Neglecting minor temperature effects, this
505 agreement suggests that nondynamical correlation effects here
506 are insignificant.
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