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The kinetics of pyrolysis of CF3CHFCF3 have been studied in dilute mixtures (0.5 and 3 mol %) in argon in
a single-pulse shock tube over the temperature range of 1200-1500 K, residence times behind the reflected
shock of between 650 and 850µs, and pressures between 16 and 18 atm. Fluorinated products were quantified
with gas chromatography and Fourier transform infrared spectroscopy; identification of unknown fluorocarbons
and hydrofluorocarbons was performed with gas chromatography-mass spectrometry. The most significant
products detected were C2F6, CF2dCHF, C2F4, C3F6, cyclo-C3F6, and CF3CHFCF2H. Traces of CF3H, CF4,
C2F5H, C3F8, C4F6, and isomers of C4F8 were also identified. A detailed kinetic reaction scheme is presented
to model the experimental reactant and product yield profiles as a function of temperature. The results of
modeling showed that the major initiation reaction was the C-C bond fission reaction. The abstraction of the
secondary H atom by F atoms was also predicted to be important, whereas 1,2-HF elimination was slower.
From experiments and modeling, the following initiation rate constants were obtained: CF3CHFCF3 f CF3

+ CF3CHF (k37 ) 1015.9 exp(-355.6 kJ mol-1/RT) s-1), CF3CHFCF3 f C3F6 + HF (k38 ) 1012.9 exp(-291.2
kJ mol-1/RT) s-1), and CF3CHFCF3 + F f CF3CFCF3 + HF (k39 ) 1013.6 exp(-10.1 kJ mol-1/RT) cm3

mol-1 s-1).

Introduction

Recent international agreements such as the Montreal Protocol
and its Copenhagen Amendment have called for restrictions on
the production of halons such as trifluorobromomethane (CF3-
Br). This particular halon has been widely used as a fire
suppressant, and its high efficiency is due to the Br atoms
removing hydrogen radicals from a flame. However, CF3Br is
also responsible for severe stratospheric ozone depletion, again
due to the bromine atoms. This has prompted a search for
replacement fire suppressants which possess zero potential for
ozone depletion yet are efficient in extinguishing a flame. Recent
large-scale reviews1,2 have identified fluorocarbons and hydro-
fluorocarbons as potential halon replacements. To assist in the
numerical modeling of the chemistry of potential replacement
agents, a large thermochemical3 and kinetic4 database has been
assembled. This is largely in response to the paucity of such
data for fluorinated C1 and C2 molecules and radicals at high
temperatures. However, there exists a lack of data for the three-
carbon fluorocarbons, many of which are considered to be
potential replacement agents.

In this work, the pyrolysis kinetics of the candidate replace-
ment agent, 2-H-heptafluoropropane (CF3CHFCF3) are studied.
To date, there has been no such study performed on this
molecule. Only two detailed flame structure studies have been
performed. Sanogo et al.5 have sampled low-pressure methane-
oxygen-argon flames doped with 1 mol % of 2-H-heptafluo-
ropropane, and Hynes et al.6 sampled the post-flame gases of
lean, atmospheric pressure hydrogen-air flames doped with 1.0
mol % of the inhibitor. The kinetic modeling performed in both
cases revealed, as expected, that the inhibitor decomposition
was dominated by abstraction of the secondary hydrogen by

H, O, and OH radicals. A recent experimental study7 revealed
that addition of large concentrations of the inhibitor (5-7 mol
%; a significant fraction of the concentration required for blow-
off) to near stoichiometric methane flames resulted in enhanced
soot formation. This suggests that pyrolysis and other thermal
decomposition reactions of the inhibitor may be of importance
in suppressed flames near blow-off.

Although no previous pyrolysis studies have been performed
on CF3CHFCF3, a recent study on the thermal decomposition
of 2-chloro-1,1,1,2-tetrafluoroethane (CHFClCF3)8 is relevant
to this work. Important fluorinated (non-chlorinated) products
of decomposition included C3F6 (major product), C2F4, and
isomers of perfluoro-2-butene and iso-C4F8. Presented in the
work of DiFelice and Ritter8 were QRRK analyses which
indicated the importance of the singlet perfluoromethyl carbene
(1:CFCF3) in the formation of C2F4 via 1,2-F migration
isomerization and the formation of the major product, C3F6.

The purpose of this work has been to study the pyrolysis of
CF3CHFCF3 using the single-pulse shock-tube (SPST) tech-
nique. Gas chromatography, GC-MS, and FTIR spectrometry
are used for product analysis with the aim of developing a
detailed chemical kinetic mechanism to describe the decomposi-
tion of the inhibitor and the subsequent formation of products.
The present study identifies important radical and carbene
intermediates and provides information on their thermochem-
istries and reaction pathways.

Experimental Section

The shock tube used in this work has been described
previously9 and has been used in pyrolysis studies of several
hydrocarbon and organonitrogen compounds.10,11 Analysis of
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the reactants and the fluorinated products was carried out with
a Hewlett-Packard 6890 gas chromatograph equipped with either
a HP5 or SGE-BP1 column operated at-20 °C. Detection was
by a flame ionization detector.

2-H-heptafluoropropane (Great Lakes) was analyzed by GC,
showed no impurities, and was used without purification. In
this work, the decomposition of 2-H-heptafluoropropane was
studied in two concentration ranges: 0.5-0.6% and 3% in
argon. The diluent gas was argon (99.995% minimum purity;
British Oxygen Corp. Gases). A preshock GC analysis of the
reactant mixture did not reveal the presence of any impurities.

The pressure and temperature behind the reflected shock were
calculated from the measured incident and reflected shock
velocities. Residence times were obtained from the pressure
profiles recorded using Kistler pressure transducers. The experi-
ments were performed over the temperature range 1200-1550
K for low concentration runs and 1200-1500 K for the higher
concentration runs. This upper temperature limit was set in the
higher concentration runs by the onset of formation of high
molecular weight compounds. Typical residence times behind
the reflected shocks were 650-850µs with pressures between
16 and 18 atm. Product identification was performed with a
Hewlett-Packard 5890 II GC interfaced with a Hewlett-Packard
5898A MS Engine.

Calibration of fluorinated hydrocarbons was performed daily
with a dilute mixture of CF3H (Sigma-Aldrich; 98+% purity),
C2F6 (Sigma-Aldrich; 98+% purity), C3F6 (Matheson; 99.5+%),
and CF3CHFCF3 in argon. The responses for C3F6 and CF3-
CHFCF3 were nearly identical. The FID responses of products
such as C2F4 and CF2dCFH, for which calibration samples were
not available, were assumed to be 0.667 of the response of the
C3 fluorocarbons on a molar basis. Trace products such as CF4

which did not undergo chemionization in the FID were
determined by FTIR.

Results and Discussion

Carbon mass balances of reactants and recovered products
were generally of the order of 100( 10% at temperatures of
e1500 K for the lower concentration runs ande1450 K for
the higher concentration runs. At higher temperatures, the carbon
recovery dropped to 80%, suggesting the formation of higher
molecular weight fluorocarbons and perhaps polymeric species,
although these were not detected.

An analysis of the FTIR spectra did not reveal traces of CO,
CO2, or CF2O, hence impurities by oxygen were not considered
to be important in these experiments.

Figures 1-7 show profiles of the yield versus the frozen
reflected shocked gas temperature for all products of significance
in the pyrolysis of CF3CHFCF3 (with the exception of HF, which
could not be measured due to its reactivity with the walls of
the product vessel). At both low and high initial concentrations,
the inhibitor began to decompose at a temperature of 1320 K.
At the lowest temperatures at which decomposition occurred,
traces of C2F4 and C3F6 were detected. At∼1370 K, C2F6 began
to form, and this became the dominant product at increasingly
higher temperatures. At 1450 K, approximately 25% of the

Figure 1. Variation with temperature of the CF3CHFCF3 yield: b
denotes the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s
and --- denote model predictions for 0.5% and 3%.

Figure 2. Variation with temperature of the CF3-CF3 yield: b denotes
the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s and ---
denote model predictions for 0.5% and 3%.

Figure 3. Variation with temperature of the CF2dCF2 yield: b denotes
the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s and ---
denote model predictions for 0.5% and 3%.

Figure 4. Variation with temperature of the C3F6 yield: b denotes
the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s and ---
denote model predictions for 0.5% and 3%.
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product yield was C2F6 and∼12% was C3F6. Also important
was the compound CF2dCHF whose product yields were
slightly higher than those obtained for C3F6 at temperatures
above 1400 K. In lesser quantities were the CF3CHFCF2H and
cyclo-C3F6 species. Minor products included CF3H in maximum
yields of 5% and CF4 whose yield was less than 2% (the CF4

was present only in runs above 1550 K). Other trace products
included C3F8, CF3CF2H, iso-C4F8, C4F6 (identified as perfluoro-
2-butyne by GC-MS), as well as heavier cyclic compounds. For
the same frozen gas temperatures behind the reflected shock, it
can be seen that the reactant decomposition is lower in the higher

concentration runs. This can arise partly through a dependence
of reaction order other than first order in the initial reactant
concentration or through the significant decrease in temperature
with reaction behind the reflected shock in the case of the 3%
mixture. The yields of C2F4 and CF2dCHF also depend on the
initial concentration, whereas the formation of C3F6, CF3-
CHFCF2H, and C2F6 were found to be largely invariant to the
initial reactant concentration.

The Reaction Model

A 68-step reaction model was developed in this work to
describe the decomposition of CF3CHFCF3, as summarized in
Table 1. It should be noted that the reverse Arrhenius parameters
are fitted with aT0 dependence in order to verify the accuracy
of the thermochemical data used. In the actual numerical
modeling (see the Kinetic Modeling section below), the reverse
rate parameters are computed from the equilibrium constant at
each temperature; temperature dependences in theA-factor are
included.

To model the temperature variation of the product yields it
is first necessary to discuss the probable initiation reactions.
The observation of C3F6 at low temperatures was indicative of
a unimolecular 1,2-elimination of HF. The formation of C2F6

at higher temperatures also suggests that C-C single bond
fission is occurring to form CF3 which subsequently recombine.
Both initiation reactions (reactions 38 and 37 from Table 1)
are given below

C-H bond fission is also possible, yielding the CF3CFCF3

radical

This pathway is expected to be less important than the C-C
rupture because the bond enthalpy is higher by 43 kJ/mol and
a hydrogen atom, rather than a heavy CF3 group, is lost in the
C-H fission, resulting in a lowerA-factor. A more facile route
to H loss is via F and CF3 radical abstraction to form the CF3-
CFCF3 radical (reactions 41 and 39).

An important part of the reaction mechanism involves the
CF3CHF radical produced by C-C bond fission. No experi-
mental thermochemistry is available for this radical. Ab initio
calculations were first performed by Chen et al.12 using low-
level UHF/6-31G* theory. The∆H°f,298 calculated at this level
of theory was-688.3 kJ/mol. A subsequent higher level BAC-
MP4 calculation3 gave∆H°f,298 ) -703.0 kJ/mol, and a recent
G2 calculation13 based on isodesmic reactions gave a result of
-690.8( 4.2 kJ/mol. The value of Chenet al.12 was adopted
in this work. A feasible route for destruction of this radical is
by loss of a fluorine atom from the CF3 group to form the stable
1,1,2-trifluoroethene, which is observed as a major product
(reaction 27)

Reaction 27 is also expected to be a major production route for
F atoms. Because the C-C bond enthalpy is 350 kJ/mol, the
alternative bond scission route (reaction 28) is less favorable.
Also observed in the product mixture is the CF3CHFCF2H
molecule, which could result from the recombination of CF3-
CHF and CF2H radicals. The CHF2 may also recombine with
CF3 giving CF3CF2H. However the large yield of C2F6 and the

Figure 5. Variation with temperature of the CF2dCHF yield: b
denotes the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s
and --- denote model predictions for 0.5% and 3%.

Figure 6. Variation with temperature of the CF3CHFCF2H yield: b
denotes the 0.5% mixture in Ar;O denotes the 3% mixture in Ar;s
and --- denote model predictions for 0.5% and 3%.

Figure 7. Variation with temperature of the cyclo-C3F6 yield: b
denotes the 0.5% mixture in Ar;s denotes model prediction for 0.5%.

CF3CHFCF3 f C3F6 + HF ∆Hr,298 ) 129 kJ/mol

CF3CHFCF3 f CF3CHF + CF3 ∆Hr,298 ) 367 kJ/mol

CF3CHFCF3 f CF3CFCF3 + H ∆Hr,298 ) 410 kJ/mol

CF3CHF f CF2dCHF + F ∆Hr,298 ) 260 kJ/mol
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TABLE 1: Reaction Model for CF 3CHFCF3 Pyrolysisa

forward reaction reverse reaction

reactions logA n E log A n E ref

1 F2 + M ) 2F + M 10.1 0.77 117.2 11.7 0 -28.1 24
2 2H + M ) H2 + M 18.0 -1 0.0 15.0 0 425.3 4
3 HF + M ) H + F + M 13.5 0 415.6 12.7 0 -155.8 4
4 H2 + F ) H + HF 12.4 0.5 2.7 14.3 0 142.9 4
5 CF3 + F ) CF4 38.2 -7.9 37.4 13.0 0 480.0 4
6 CF2 + F ) CF3 12.9 0 0.0 14.7 0 349.8 4
7 2CF3 ) CF3-CF3 13.5 0 0.0 17.3 0 381.8 14
8 CHF3 ) CF2 + HF 14.1 0 302.1 11.4 0 77.3 25
9 CF3 + CF2 ) CF3-CF2 13.0 0 0.0 15.4 0 214.5 estd

10 CH2F-CF3 ) CH2F + CF3 17.0 0 373.6 13.6 0 -0.3 estd
11 CH2F-CF3 ) HF + CHF:CF2 13.4 0 296.2 11.2 0 180.3 4
12 2CH2F ) CH2F-CH2F 13.5 0 0.0 17.3 0 351.4 estd
13 2CHF2 ) CHF2-CHF2 13.5 0 0.0 17.3 0 361.2 estd
14 CHF3 + F ) CF3 + HF 13.7 0 15.5 12.7 0 140.5 4
15 CF3CF + CHF ) C3F5H 12.9 0 0.0 15.6 0 482.0 estd
16 CF3-CF2 ) CF2:CF2 + F 14.7 0 334.7 13.8 0 32.5 estd
17 CF2:CF2 + F ) CF3 + CF2 13.5 0 0.0 12.0 0 87.7 estd
18 CF2:CF2 ) 2CF2 16.7 0 292.9 13.5 0 30.8 26
19 CF2:CF + F ) 2CF2 13.3 0 0.0 13.2 0 249.7 estd
20 CF2:CF + H ) CHF:CF2 34.4 -7.1 21.1 10.6 0 429.4 4
21 CHF:CF2 ) C2F2 + HF 14.4 0 418.4 13.1 0 190.2 4
22 F+ CHF:CF2 ) CHF2-CF2 50.7 -11.1 75.7 12.1 0 190.7 QRRK
23 F+ CHF:CF2 ) CHF2 + CF2 26.0 -3.32 37.7 12.6 0 33.8 QRRK
24 CHF2-CF2 ) CHF2 + CF2 15.0 0 225.9 12.4 0 16.9 estd
25 F+ CHF:CF2 ) CF2:CF + HF 13.0 0 20.9 12.0 0 101.2 estd
26 CHF+ CF2 ) CHF:CF2 13.0 0 11.8 15.9 0 426.7 4/PW
27 CF3-CHF ) F + CHF:CF2 14.8 0 259.4 13.3 0 2.2 PW
28 CF3-CHF ) CF3 + CHF 16.0 0 349.4 13.4 0 27.2 estd
29 CF3-CHF + F ) CHF2-CF3 13.5 0 0.0 15.7 0 492.6 estd
30 CF3-CHF + F ) CF3CF + HF 13.7 0 0.0 13.2 0 264.5 estd
31 CF3-CHF + H ) CF3CF + H2 13.7 0 0.0 13.1 0 130.1 estd
32 CHF2-CF3 ) CF3 + CHF2 17.0 0 388.3 13.6 0 23.2 estd
33 CF3-CHF ) CF3CF + H 14.7 0 312.5 13.5 0 5.7 estd
34 CF3-CHF ) CF2:CF + HF 14.0 0 313.8 11.4 0 136.9 estd
35 CF3-CHF + CF3 ) CF3CF + CHF3 12.7 0 8.4 13.2 0 147.9 estd
36 C3F7H ) i-C3F7 + H 14.8 0 410.0 14.2 0 3.3 estd
37 C3F7H ) CF3 + CF3-CHF 15.9 0 355.6 13.4 0 0.7 PW
38 C3F7H ) C3F6 + HF 12.9 0 291.2 10.6 0 178.8 PW
39 C3F7H + F ) i-C3F7 + HF 13.6 0 10.0 13.8 0 174.6 PW
40 C3F7H + H ) i-C3F7 + H2 7.1 1.6 42.7 13.0 0 91.5 4
41 C3F7H + CF3 ) i-C3F7 + CHF3 11.0 0 42.7 12.1 0 82.3 4
42 i-C3F7 ) CF3CF + CF3 15.8 0 255.2 12.7 0 0.2 PW
43 i-C3F7 ) C3F6 + F 14.3 0 301.2 11.8 0 24.2 PW
44 i-C3F7 + CF3-CHF ) C3F7H + CF3CF 13.5 0 20.9 12.9 0 120.9 estd
45 C3F6 ) CF3CF + CF2 13.0 0 328.0 10.6 0 0.2 PW
46 CF3CF ) CF2:CF2 11.5 0 167.4 12.4 0 237.8 8
47 C3F6 ) CF2:CF + CF3 16.7 0 439.3 13.9 0 19.9 PW
48 CF3CHFCF2H ) CF3-CHF + CHF2 16.0 0 372.4 estd
49 CF3-CHF + CHF2 ) CF3CHFCF2H 13.7 0 0.0 estd
50 CF2:CF2 + CF2 ) cyclo-C3F6 11.3 0.5 35.6 17
51 cyclo-C3F6 ) CF2:CF2 + CF2 13.0 0 182.0 17
52 C3F6 + F ) CF3-CF2 + CF2 51.7 -10.9 177.2 11.9 0 95.0 QRRK
53 C3F6 + F ) CF2:CF2 + CF3 49.8 -10.8 157.9 11.3 0 124.6 QRRK
54 CF3-CF2 + CF2 ) n-C3F7 12.6 0 8.4 14.8 0 205.6 26
55 n-C3F7 ) CF2:CF2 + CF3 14.0 0 190.0 12.6 0 40.3 26
56 C3F8 ) CF3-CF2 + CF3 17.0 0 374.5 13.1 0 0.0 estd
57 2CF3CF ) t-C4F8 12.8 0 8.4 15.6 0 411.0 estd
58 C3F6 + CF2 ) i-C4F8 13.6 0 154.3 17.5 0 422.6 estd
59 2 CF2:CF2 ) C3F6 + CF2 12.0 0 125.5 10.3 0 120.9 27
60 c-C4F8 f 2CF2:CF2 16.0 0 310.9 28
61 2CF2:CF2 f c-C4F8 11.7 0 100.4 PW/29
62 2CF2:CF ) C4F6 12.5 0 0.0 17.5 0 551.5 estd
63 CF3 + i-C3F7 f i-C4F10 13.7 0 0.0 estd
64 i-C4F10 f CF3 + i-C3F7 16.0 0 376.6 estd
65 C3F6 + CF3 f i-C4F9 11.7 0 33.5 estd
66 i-C4F9 f C3F6 + CF3 12.8 0 150.6 estd
67 i-C4F9 f i-C4F8 + F 14.0 0 225.9 estd
68 i-C4F8 + F f i-C4F9 13.0 0 4.2 estd

a Units for A: cm3 mol-1 s-1 or s-1 as appropriate. Units forE: kJ/mol. PW indicates rate coefficient evaluated in the present work. estd
indicates rate coefficient was estimated in the present work. QRRK: rate coefficients estimated by quantum RRK methods in the present work.
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trace amounts of CF3CF2H suggest that this is not a competitive
route. Large yields of the CF3CHF radical are expected from
the C-C rupture, as evidenced by the yields of CF2dCHF.
Termination of F atoms with CF2dCHF should, therefore, be
important due to the large concentration of each species.
Termination of F atoms by CF3CFCF3 also occurs, but this route
is not competitive due to the low yields of C3F8. For the same
reason, F termination by reactions with C3F6 and C2F4 are also
not competitive. F addition to CF2dCHF produces (reaction 23)
CF2H and CF2. These products can also form by the C-C bond
fission of the chemically activated CF2-CHF2* intermediate
(reactions 22 and 24). The recombination of CF2H and CF3-
CHF yields a thermodynamically stable product, with an
enthalpy of formation of-1294 kJ/mol, making this recombina-
tion route plausible.

The product in largest yield was C2F6, which was formed
primarily by the recombination of CF3 radicals (reaction 7). The
rate constant used in the kinetic model (reaction 7) for the
recombination was that derived by Gla¨nzer et al.15 for the
pressure range from 0.3 to 25 atm at 1300 K.

Another important product is C2F4, which can arise from two
sources: C3F6 and the CF3CFCF3 radical. The latter species is
formed via abstraction reactions with F and CF3 (reactions 39
and 41). The first process involves breaking the double bond
to form CF2 and the singlet CF3CF: carbene (reaction 45)

Thermochemically, however, the single bond breakage in CF3-
CFCF3 appears to be the more favorable route (reaction 42)

Although CF3CHF formed in the initiation step could also
undergo C-H bond scission (reaction 33) to form the carbene,
the high bond enthalpy (320 kJ/mol) makes this route much
less likely.

The CF3CF: so formed is an important precursor of C2F4.
To date there exists a paucity of reliable experimental informa-
tion on the 1,2-F migration isomerization kinetics of this
carbene. The∆H°f,298 was estimated to be-586 kJ/mol, which
is in good agreement with the∆Hr,298 for the isomerization
reaction (-75.3 kJ/mol) estimated by DiFelice and Ritter.8 The

exothermicity of the reaction suggests its importance (reaction
46)

Given the importance of the carbene and the lack of experi-
mental thermochemical or kinetic data, ab initio calculations
have been employed to derive the various quantities. Energies
and geometries for the singlet carbene have been calculated by
Dixon15 using a double-ú basis set with polarization functions
on the C atoms. O’Gara and Dailey16 have also calculated
geometries as well as energies and harmonic frequencies using
a variety of methods. Recently,13 these quantities were calculated
with HF/6-31G(d) theory and were used to calculate the
entropies and heat capacities of the carbene using statistical
thermodynamics. The derived thermochemical quantities are
shown in Table 2. The preexponential factor for the 1,2-F
migration in the carbene was optimized in the present model
and is in good agreement with that proposed by DiFelice and
Ritter.8 The barrier for the isomerization used in this work is
167 kJ/mol, based on a G2-MP2 calculation.13 This is again in
reasonable agreement with a previous value for the barrier8 of
151 kJ/mol.

It has been suggested8 that the triplet CF3CF: might also be
important in the pyrolysis since it lies only 38 kJ/mol above
the singlet state.15 In this model, however, only the singlet state
has been considered.

Observed in small quantities was cyclo-C3F6, which formed
from the addition of singlet CF2 to C2F4. The barriers for
formation and destruction of this species adopted in this work
are similar to that proposed by Atkinson and McKeagan,17

although their experiments were conducted at lower temperatures
and pressures than those used in this work. TheA-factor for
the formation was increased by an order of magnitude in order
to correctly model the yields.

The model shown in Table 1 also includes pathways for the
formation of heavier C3 and C4 compounds including C3F8, C4F6,
and isomers of C4F8. Product yields of these species were less
than 1-2% and could not be accurately modeled. The addition
compound iso-C4F10 was also included but was not detected in
these experiments.

TABLE 2: Thermochemical Parameters for the CF3CHFCF3 System

a Name as shown in Table 1.

C3F6 f CF3CF + CF2 ∆Hr,298 ) 328 kJ/mol

CF3CFCF3 f CF3CF: + CF3 ∆Hr,298 ) 255 kJ/mol

CF3CF: f CF2dCF2 ∆Hr,298 ) -73 kJ/mol
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Kinetic Modeling

Kinetic modeling of the detailed reaction mechanism given
in Table 1 was performed with the Sandia code CHEMKIN18

together with a shock-tube code19 modified to include the effects
of quenching by the reflected rarefaction wave and the LSODE
ordinary differential equation solver.20 The code SENKIN21 was
used for sensitivity analyses.

In Figures 1-7, the experimental product and reactant
decomposition profiles are compared with those predicted by
the model. The predicted profiles for the major products at both
concentrations lie within experimental error. The minor product
cyclo-C3F6 is also predicted in reasonable agreement with
experiment.

The major initiation reactions in the model include reactions
37-39 and 41. The rate constants for these reactions that best
fit the experimental yield profiles are

where the activation energies are in kJ/mol.
The Arrhenius parameters optimized for these initiation steps

haveA factors in the expected range for a loose transition state
(A37) and for a tight, four-center transition state (A38). The
optimized activation energy for the C-C breakage,E37, is 1
kJ/mol less than the bond enthalpy over the temperature and
pressure range of 1000-2000 K and 16-18 atm.E38 is derived
from the heat of reaction with an additional barrier of 162 kJ/
mol for the formation of the four-center transition state, which
is typical of 1,2-HF elimination reactions in hydrofluorocarbon
molecules.4 At a total pressure of 16-18 atm, these reactions
should be at or near the high-pressure limit.

The rate constants for the abstraction of the secondary
hydrogen atom by F and CF3 have been estimated from the
analogous reactions of two-carbon hydrofluorocarbons.4 The
most important of these routes is the F-atom abstraction by virtue
of its higherA-factor and lower barrier

A sensitive reaction in the model is the loss of F from the
CF3CHF radical (reaction 27). Since no analogous fluorinated
system could be found, theA-factor was set to a value typical
of a C-H bond scission from C2H5, then optimized to give the
correct product yields. The value ofE27 was 260 kJ/mol between
1000 and 2000 K. This value differs from the C-F bond
enthalpy at these temperatures by only 2 kJ/mol.

The thermochemical database used in the modeling is based
on the work of Burgess et al.,4 with the exception of those
species so indicated in Table 2. The heat of formation of the
carbene, :CHF, derived by Pritchard et al.22 was found to be
too high (∆H°f,298 (:CHF) ) 163 kJ/mol). This value led to
incorrect reverse activation barriers for reactions involving this
species (particularly reaction 28). The value derived by Pritchard
et al.22 is based on low-level UHF/4-31G calculations at the
optimized STO-3G geometry. The calculations were based on
only four isodesmic reactions for which uncertain heats of
formation were used. Instead, the heat of formation derived by
Zachariah et al.3 using the BAC-MP4 method, which gave
∆H°f,298 (:CHF) ) 131.7 kJ/mol, was used. This provided a

more accurate reverse barrier for reaction 28. This value of
Zachariah et al.3 is in good agreement with a recent G2
calculation by Poutsma et al.23 of ∆H°f,298 (:CHF) ) 132.6 kJ/
mol. The deviation from their experimental result was 12 kJ/
mol.

The inadequacy of other thermochemical data required certain
reactions to be decoupled into pairs of irreversible reactions.
This involved the cyclo-C3F6 and CF3CHFCF2H species (reac-
tions 45-46 and 50-51). The rate coefficients were then
individually optimized to give correct product yields. Reactions
for i-C4F10 were also decoupled in a similar way, although this
species is insignificant in this work.

Sensitivity and Rate of Production Analyses

The sensitivity data for decomposition of 0.5 mol % CF3-
CHFCF3 are shown in Figure 8. Clearly, the most sensitive
reaction at all temperatures is the C-C unimolecular bond
fission in CF3CHFCF3. The sensitivity of the 1,2-elimination
of HF from the reactant is lower by a factor of 3. Of equal
sensitivity to this reaction was the F loss from the CF3CHF
radical. Of the abstraction reactions, the only sensitive reaction
was the F abstraction of the secondary hydrogen atom to form
HF. Two reactions showed positive sensitivity coefficients (i.e.,
formation of the reactant) at temperaturesg1400 K: F addition
to CHFdCF2 and formation of CF3CHFCF2H by recombination
of CF3CHF and CF2H (reaction 49). The depletion of F atoms
from the radical pool by reaction 23 prevents them from
abstracting the secondary hydrogen from the reactant, thus
explaining its positive sensitivity coefficient. The removal of
CHF2 in reaction 49 causes reaction 23 to consume more F
atoms.

Figure 9 displays a summary of the reaction fluxes important
in the decomposition of the reactant and the formation of
products for an initial reactant concentration of 0.5% and a
frozen reflected shocked gas temperature of 1500 K. The flux
analysis shows that the C-C fission (reaction 37) accounts for
60.5% consumption of the reactant; the 1,2-elimination channel
accounts for 11%. The lower flux through reaction 38 is
probably due to its lowerA-factor. The abstraction route,
reaction 39, however, accounts for 17.3% of the reactant
destruction, whereas abstraction by CF3 accounts for only 0.5%.
Interestingly, the reverse of reaction of 37 accounts for 11%
production of CF3CHFCF3.

The flux analysis for 3% reactant is somewhat ambiguous
because of the rapid and significant cooling that occurs after
the passage of the reflected shock. After 100µs, the flux analysis
shows that the mixture has cooled from 1500 to 1450 K. As

CF3CHFCF3 f CF3 + CF3CHF

k37 ) 1015.9 exp(-355.6/RT) s-1

CF3CHFCF3 f C3F6 + HF

k38 ) 1012.9 exp(-291.2/RT) s-1

CF3CHFCF3 + F f CF3CFCF3 + HF

k39 ) 1013.6 exp(-10.1/RT) cm3 mol-1 s-1

Figure 8. Variation with temperature of the sensitivity coefficients
for the reactant CF3CHFCF3.
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noted above, the reformation of the reactant is also significant
and further enhances the heat capacity of the product mixture.

Sensitivity analysis also shows that the major products C2F6,
C2F4, and CF2dCHF are very sensitive to reactions 37 and 27
at temperatures above 1400 K. The product C3F6 is sensitive to
reaction 38 as expected and also to the two abovementioned
reactions.

As noted above, the production of F atoms is important in
this model. The principal source of F is from the CF3CHF radical
(44%). As noted above, reactions 39 and 23 account for 18%
and 23% of the F destruction routes, respectively.

Discussion

In terms of flame chemistry, this study is most relevant to
fuel-rich flames with a high CF3CHFCF3 loading. In rich,
uninhibited flames, the fuel competes with O2 for H radicals;
this behavior is self-inhibitory, as described by Linteris et al.7

The higher concentration of CH3 radicals in these fuel-rich
flames gives rise to higher rates of chain termination, leading
to the formation of C2H6 and C2H4. Addition of inhibitor to
these flames provides more competition for H but at the same
time it is expected that pyrolysis of the inhibitor will occur given
the lower radical concentrations. As suggested by Linteris et
al.,7 the initiation step at lower loadings in fuel-rich flames
should proceed by abstraction of the secondary H atom5,6 by
CH3 and other radicals to form CF3CFCF3. At higher loadings,
the same initiation step will take place, however, the 1,2-HF
elimination reaction forming CF3CFdCF2 and C-C bond
rupture will also occur. The formation of unsaturated fluoro-
carbon compounds observed in this study can undergo addition
reactions with CH3 and other radicals, forming larger fluorinated
species or soot precursors. In fact, most of the two- and three-
carbon products observed in the pyrolysis study have also been
observed in laminar counterflow CH4-diffusion flames inhibited
with CF3CHFCF3:33 CF3-CF3, CF2dCF2, CF3CFdCF2, and
CHFdCF2. Also observed was CF2dCH2 and heavier species
including hexafluorobutene, benzene, fluorobenzene, 1,2-dif-
luorobenzene, trifluoromethylbenzene, and toluene. This indi-
cates that the chemistry of inhibitor consumption in rich
environments is quite different to that observed in fuel-lean
environments, where partially oxidized species including CF2O
and CF3CFO6 were observed at 1.0% loading. At a higher
loading of 3.2% in lean flames, the temperature of the flame

increased but the mode of inhibitor decomposition was found
to be similar to that observed at the 1.0% loading. Clearly, the
chemical kinetics of inhibitor destruction in rich flames are not
well understood and need to be studied in more depth.

Conclusion

Inspection of the product yields and reaction-path analysis
suggests that CF3CHFCF3 decomposes primarily by C-C bond
fission at temperatures above 1300 K, pressures between 16
and 18 atm, and residence times of 650-850µs. Reaction-path
analysis also shows that the abstraction of the secondary H atom
by F was found to be the next most important destruction route,
whereas the 1,2-HF elimination channel was found to be slower.
Kinetic modeling showed that the fate of the CF3 radicals
produced in the major initiating reaction was recombination to
form C2F6; only traces of CF3H and CF4 were observed. The
fate of the CF3CHF radicals was loss of an F atom from the
CF3 group to form the stable CF2dCHF molecule. Formation
of C2F4 proceeds from the CF3CFCF3 radical which undergoes
C-C bond scission to form the carbene, CF3CF: This undergoes
a 1,2-F-shift isomerization reaction to form the product.

The yields of all major and minor products have been
satisfactorily described by the detailed kinetic model involving
the aforementioned radicals. For 3% reactant, product yields
of CF3CHFCF3 were lower, suggesting either a non-first-order
dependence of the reactant decomposition rate on the reactant
concentration or the rapid reactive cooling that takes place
behind the reflected shock at this high reactant concentration.
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