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Abstract—A comprehensive, detailed chemical kinetic mechanism was developed and is presented for C,;
and C, fluorinated hydrocarbon destruction and flame suppression. Existing fluorinated hydrocarbon
thermochemistry and kinetics were compiled from the literature and evaluated. For species where no or
incomplete thermochemistry was available, these data were calculated through application of ab initio
molecular orbital theory. Group additivity values were determined consistent with experimental and ab
initio data. For reactions where no or limited kinetics were available, these data were estimated by
analogy to hydrocarbon reactions, by using empirical relationships from other fluorinated hydrocarbon
reactions, by ab initio transition state calculations, and by application of RRKM and QRRK methods.
The chemistry was modeled considering different transport conditions (plug flow, premixed flame,
opposed flow diffusion flame) and using different fuels (methane, ethylene), equivalence ratios, agents
(fluoromethanes, fluoroethanes) and agent concentrations. This report provides a compilation and
analysis of the thermochemical and chemical kinetic data used in this work.
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1. INTRODUCTION
1.1. Overview

The thermochemical and chemical kinetic data pre-
sented here were compiled as a part of flame-inhibition
modeling work that was part of a large, short-term,
intensive effort at NIST (A. Grosshandler et al.,
1994) that evaluated (for the U.S. Air Force, Navy,
Army and Federal Aviation Administration) poten-
tial fluorinated hydrocarbons and other agents as
replacements for Halon 1301 (CF;Br). The modeling
effort complemented the many experimental measure-
ments in the overall NIST program, which character-
ized the effectiveness of various potential replace-
ments. Our work focused on agent chemistry. This

report provides documentation of the thermochemi-
cal and chemical kinetic data used in the modeling
work. Further details of the evaluation of the thermo-
chemical and chemical kinetic data and the ab initio
calculations will be provided elsewhere, as will the
results of the simulations of flame inhibition.

Halon 1301 is very effective as a chemical extin-
guisher, However, it is also extremely effective for
depleting stratospheric ozone. Consequently, its pro-
duction and use are restricted. The major objective
of the modeling part of the overall work was to
provide a chemical basis for rationalizing the relative
degree of effectiveness of each candidate agent. A
fundamental understanding of the chemistry of these
agents in hydrocarbon flames should facilitate identi-
fication of desired characteristics of effective agents.



Thermochemical and chemical kinetic data for fluorinated hydrocarbons

That is, utilization of simple chemical concepts
should enable screening and selection of potential
agents with minimal time and human resources.

In order to accomplish this goal, it was necessary
to develop a chemical mechanism based on elemen-
tary reaction steps for their destruction, their partici-
pation in and influence on hydrocarbon flame chemis-
try, as well as for prediction of potential by-products
of incomplete combustion. However, neither a com-
prehensive mechanism nor a general review of the
relevant chemistry existed prior to this study. Conse-
quently, a significant effort was required simply in
order to construct such a comprehensive mechanism
prior to its use in any simulations. Further refinement
of the mechanism requires experimental validation
through comparisons with flame and flow reactor
measurements. A few studies have already been com-
pleted (Westmoreland et al., 1993; Burgess et al.,
1994; Westmoreland er al., 1994; Babushok er al.,
1994; Daniel et al., 1994, Burgess et al, 1995,
Babushok ez al., 1995; Linteris and Truett, 1995).

The focus of the mechanism development work
was restricted to the chemistry involving only fluoro-
methanes and fluoroethanes. This includes the four
candidate agents specifically being considered as
replacements (i.e. CH,F,, CF;~CH,F, CF,-CHF,,
CF;-CF,), as well as all of the other possible fluoro-
methanes and fluoroethanes. Larger fluorinated
hydrocarbon agents (e.g. C;Fg) and chlorine-
substituted agents (e.g. CHF,Cl) were not explicitly
considered in our study, because these additions
significantly increase the complexity of the chemistry
that must be considered. However, the effective-
ness of each can be estimated to some degree by
analogy to the other agents that were studied. This
can be done by using the qualitative trends observed
and the fundamental understanding of the chemistry
developed by this and future work.

The complete sets of fluoromethanes and fluoro-
ethanes were studied for two basic reasons. These
are discussed below.

First, when the four specific candidate agents being
considered decompose in the flame, they generate a
pool of fluorinated hydrocarbon stable species and
radicals, which results in the formation of many of
the other fluoromethanes and fluoroethanes. Conse-
quently, in order to adequately describe the decompo-
sition of the four specific agents (and resultant chemis-
try), it is necessary to describe the chemistry of all of
the intermediates and products that are created,
including most of the other fluoromethanes and
fluoroethanes. For example, the lowest energy and
primary decomposition pathway for one of the
candidate agents, CF;—CF,, involves dissociation of
the C-C bond to form (two) «CF, radicals. These
+CF, radicals will then react with methyl radicals,
«CH,, which are present in significant concentrations
in hydrocarbon flames. This radical-radical combina-
tion reaction has two decomposition channels whose
relative importance is dependent upon temperature
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and pressure. One channel results in the formation
of a fluoroethylene, CH,=CF, (and HF by-product).
The other channel results in the formation of another
fluoroethane, CH,-CF,. It is important that the
mechanism adequately predicts the combustion
products, the magnitude and rate of heat release in
the flame, and ultimately the effectiveness of the
added agent. Consequently, this requires that the
mechanism is also able to describe correctly the de-
composition of the two additional stable fluorinated
hydrocarbon species (CH,—CF;, CH,=CF,). When
one considers all decomposition channels for both the
candidate agents and their decomposition products,
one essentially must include all the chemistry de-
scribing almost all of the fluoromethanes and fluoro-
ethanes.

Second, given that there are to date very little
experimental data with which to make comparisons,
it is imperative to provide a level of self-consistency
to this purely modeling work by considering a range
of modeling parameters, including different reactor/
flame geometries, different fuels, different (potential)
agents, and many other conditions. In doing so, it
allowed us to develop confidence in the validity of
the qualitative trends that we observed. Quantitative
prediction of the absolute or even relative effective-
ness of the specific agents will require successful
comparison of the simulations with experimental
measurements.

1.2. Background

There has been a significant amount of work over
many years that has investigated the effectiveness of
halogenated fire suppressants, as well as other types
of fire suppressants (see references 574-643 for Sec-
tion 6.12. Flame Inhibition: Halogens and references
644-689 for Section 6.13. Flame Inhibition: Non-
Halogens). We will not review this body of work,
but refer the reader to these and other relevant
sources. A large part of our work is based on the
pioneering work in this area by Biordi and co-work-
ers, (e.g., Biordi er al., 1973), Dixon-Lewis (e.g.,
Dixon-Lewis, 1979), Fristrom (e.g., Fristrom and
Van Tiggelen, 1979) and Westbrook (1983). In earlier
experiments on a range of candidates, CF,Br was
identified as being very effective for extinguishing
flames. However, the mechanism for inhibition by
CF;Br was not understood. Biordi and co-workers
measured both stable and radical species in methane
flames doped with CF,Br using a flame-sampling
molecular beam mass spectrometer. Many of the
relevant elementary reactions that describe the decom-
position of CF,Br, its chemistry, and its influence on
hydrocarbon flames were determined in this work.
Westbrook developed the first comprehensive chemi-
cal mechanism to describe in detail the chemistry of
CF3;Br and modeled inhibition in hydrocarbon
flames. As a result of this work, it is generally agreed
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that flame suppression by bromine-containing com-
pounds is a result of catalytic destruction of a hydro-
gen atom species by bromine atoms. The ability of
bromine to recycle in the chemical system in the
flame is directly related to the weak molecular bonds
formed by bromine. Thus, bromine, when complexed
in molecules such as CF,Br, CH;Br, HBr, and Br,,
can regenerate bromine atoms through a number of
reactions. It was also determined in these studies
that «CF,, formed by decomposition of CF,Br, also
removes hydrogen atoms by competition with radi-
cals important to combustion (e.g. H, O, OH, HO,).

There are a variety of ways in which fire suppres-
sants act to inhibit hydrocarbon flames. Most of
these effects are intimately related. For example,
heat loss means a temperature decrease, which causes
the chemistry to slow, which means fewer radicals
leading to product formation, which means less heat
generated, which results in a further temperature
decrease, and so on. One can separate suppression
effects into two general categories: physical and
chemical (although there is overlap). Chemical effects
are directly related to the characteristics of the speci-
fic molecule (e.g. H, F, or Cl substitution), while
physical effects, in general, are not. For example, the
heat capacity of a molecule is a physical effect, since
to a first approximation it is largely a function of the
number of atoms in the molecule and their connectiv-
ity but not the identity of the molecule (i.e. its
chemical composition).

There are a number of physical effects that relate
to fluid mechanics, mass transport, and heat trans-
port processes that were not specifically studied as a
part of this modeling work. The physical effects
which should be taken into account are, for example,
PVT properties (pressure-volume-temperature), dis-
charge dynamics, dispersion mechanics, as well as
more complex flow reactor geometries than could be
considered in this work. We will not discuss these
physical effects in any detail here. However, it is
necessary to understand the impact of these effects
as they relate to our results in order to provide a
framework for transfer of the results of our simula-
tions to more realistic conditions. Some of the fluid
mechanics and mass transport effects include dilu-
tion, turbulent mixing, diffusive mixing, thermal dif-
fusion, and buoyancy. Heat-related effects, which
cannot directly be addressed in the simulations,
include the latent heat of vaporization and non-adi-
abatic effects, such as radiative cooling or heat losses
for flames attached to a cold surface.

There are a number of different types of chemical
effects. Most of these involve different competing
factors. First, all of the fluorinated hydrocarbons
will eventually decompose and then burn (forming
CO,, H,0, and HF). This liberates heat and in-
creases flame temperatures (this speeds flame chemis-
try). On the other hand, the agents considered as
replacements are large molecules with many atoms.
Consequently, their high heat capacities may result
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in a decrease in flame temperature prior to complete
combustion (this slows flame chemistry). The competi-
tion between these two factors is strongly dependent
upon conditions; most important of which is the
mechanics of mixing fuel and oxidizer. Another set
of competing effects involves fluorinated radicals
produced by agent decomposition. These radicals
are slower to burn than their pure hydrocarbon
analogues, because the C-F bond is significantly
stronger than the C-H bond. Consequently, reactions
involving these radicals may effectively compete with
analogous pure hydrocarbon chemistry by creating
less flammable intermediates, thereby inhibiting com-
bustion of the hydrocarbon fuel. For example, since
the agents are added to the air stream, their immedi-
ate decomposition products (radicals) are formed in
oxygen-rich, relatively cold regions of the flame.
Consequently, these radicals may be involved in ter-
mination steps, such as CF; + HO,-— CHF; +
O,, slowing radical chain reactions and inhibiting
the flame. These radicals also compete with hydrocar-
bon radicals for important H, O, and OH radicals.
On the other hand, these radicals also react with
stable molecules in the colder air stream (e.g. O,),
generating more radicals, such as oxygen atoms,
and thereby initiating chemistry or promoting com-
bustion of the fuel.

1.3. Mechanism Development

We constructed a large comprehensive reaction
set or ‘mechanism’ for fluorinated hydrocarbon
chemistry involving C, and C, stable and radical
hydrocarbon species, including partially oxidized
fluorinated hydrocarbons. The mechanism should
be considered only a framework for future model
development, rather than a finished product. Future
refinements will require experimental validation
by high-temperature flow reactor, premixed flame,
and diffusion flame measurements, as well as
measurements of important, yet currently uncertain
rate constants.

2. THERMOCHEMISTRY

2.1. Overview

Existing thermochemical data were compiled and
evaluated. Where little or no data existed for poten-
tial species of interest (most of the radicals), we
estimated that thermochemistry using both empirical
methods, such as group additivity (Benson, 1976)
and also through application of ab initio molecular
orbital calculations (Melius, 1990, Curtiss et al.,
1991; Frisch et al., 1992). In all cases (experimental,
empirical, and ab initio), significant effort was made
to utilize thermochemical data for each species that
was consistent with data for all other species.
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There are a number of general sources of relevant
compiled and evaluated thermochemical data. These
include The Chemical Thermodynamics of Organic
Compounds (Stull et al., 1969), JAN AF Thermochemi-
cal Tables (Stull and Prophet, 1971; Chase er al.,
1985), Thermochemical Data of Organic Compounds
(Pedley et al., 1986), TRC Thermodynamic Tables
(Rodgers, 1989), Physical and Thermodynamic Proper-
ties of Pure Chemicals (Daubert and Danner, 1985),
NIST Structures and Properties Database and Estima-
tion Program (Stein et al., 1991), and Thermodynamic
Properties of Individual Substances (Gurvich et al.,
1991). There are two compilations/evaluations of
fluorinated hydrocarbons in the Journal of Physical
and Chemical Reference Data: ‘1deal Gas Thermody-
namic Properties of Six Fluoroethanes’ (Chen et al.,
1975) and ‘Ideal Gas Thermodynamic Properties of
Halomethanes’ (Kudchadker and Kudchadker, 1978).
There are two compilations/evaluations of fluori-
nated hydrocarbons in the Russian Chemical Reviews:
‘Thermochemistry of Halogenomethanes’ (Kolesov,
1978) and ‘Thermochemistry of Haloethanes’ (Kole-
sov and Papina, 1983). There are several individual
sources of more recent data for thermochemistry
that are relevant. These include ‘Thermochemistry of
Fluorocarbon Radicals’ (Rodgers, 1978), ‘Hydrocar-
bon Bond Dissociation Energies’ (McMillen and
Golden, 1982), ‘A Kinetic Study of the Reactions of
OH Radicals with Fluoroethanes. Estimates of C-H
Bond Strengths in Fluoroalkanes’ (Martin and Par-
askevopoulos, 1983) and ‘Halomethylenes: Effects of
Halogen Substitution on Absolute Heats of Forma-
tion’ (Lias et al., 1985). There are numerous other
references with thermodynamic data for fluorinated
hydrocarbons that we have compiled as part of this
work. These are included in the reference section and
some of them will be cited and, possibly, be discussed
in more detail in the relevant sections. References for
thermochemical data can be found in the References
Section 6.2, see Refs 1-47, (General Thermochemis-
try and Kinetics), Section 6.3, see Refs 48-85, (Hydro-
carbon Chemistry), Section 6.4 sece Refs 86-119,
(Fluorine Chemistry), Section 6.5 see refs 120-250
(Fluorocarbon Thermochemistry), and Section 6.6
see Refs 251-278, (Oxidized Fluorocarbon Thermo-
chemistry).

It should be noted that for some of the stable
species and for many of the radicals, we have relied
on recent ab initio calculations of thermochemical
data. This includes both ab initio calculations done
as part of our work and those done previously by
other workers. Tschuikow-Roux and co-workers
have calculated thermochemistry for the fluoroethyl
radicals (Chen ez al., 1990a, 1990b, 1991a, 1991b). A
brief discussion of the BAC-MP4 calculations can be
found in Section 2.5. Further details of these calcula-
tions can be found elsewhere (Burgess er al., 1994;
Zachariah et al., 1995). More recent thermochemistry
for other ab initio calculations may be found else-
where (Berry et al., 1995).
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The thermochemical data that was used is given in
Tables 1-3 for hydrogen/oxygen and hydrocarbon
species (Table 1), H/F species and C, fluorocarbons
(Table 2), and C, fluorocarbons (Table 3). These
tables include enthalpies of formation, entropies at
standard state, and temperature-dependent heat ca-
pacities. Comparisons between our calculated values
(Zachariah et al., 1995) and different literature values
(experimental, estimated) for heats of formation are
given in Table 4. Reported uncertainties in the litera-
ture values are also given in Table 4.

A discussion of the uncertainties in the thermo-
chemical data is given in the text with each class of
species. The literature values include those that have
been calculated using ab initio methods. A critical
evaluation of the ab inirio values in comparison with
experimentally derived values is given elsewhere
(Zachariah et al., 1995). In each case where the
uncertainty in the data from the literature was not
assigned, we have provided a value based on our
evaluation of the data and typical uncertainties for
that type of data.

The literature values for heats of formation consist
of a number of different types of data. Many are
good quality, experimentally derived values based
on heats of combustion or heats of reaction data,
where the other reactants and products have well-
established heats of formation. The uncertainty in
these data are typically less than 4 kJ mol™. Some of
the data, although experimentally derived, have
somewhat higher uncertainties due to side reactions
or where the other reactants and products have some-
what uncertain heats of formation. Typically, these
values have heats of formation with uncertainties of
about 4-8 kJ mol™'.

In some cases, the literature values are based, in
whole or in part, on bond additivity, group additiv-
ity, or other trends in heats of formation of related
species. Typically, these values have heats of forma-
tion with uncertainties of about 8-12 kJ mol~'. Many
of the radicals have literature values for their heats
of formation that were determined using the heats of
formation of the parent species and bond dissociation
energies that were either indirectly measured or were
reasonable estimates based on trends in other mole-
cules. For example, Martin and Paraskevopoulos
(1983) have estimated C—H bond strengths in fluoro-
methanes and fluoroethanes (and, consequently,
heats of formations for the fluoromethyl and fluoro-
ethyl radicals) through correlations between the rates
of hydrogen atom abstraction by OH radicals, C-H
vibrational frequencies, and known C-H bond
strengths. We have supplemented these data with
our own estimates in order to provide heats of forma-
tion for the other fluoroethyl radicals in the absence
of other literature values.

The thermochemical data in Tables 1-3 include
entropy and temperature dependent heat capacity
data, in addition to heat of formation data. Refer-
ences for all of these data are given in the tables. In
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the following sections, there are no comparisons or
discussions of the entropy and heat capacity data,
because in most cases there is only a single source of
data. Furthermore, the uncertainties in these data
are largely dependent upon uncertainties in low-
frequency bonds and barriers-to-rotation (for mole-
cules with hindred rotors) and it is outside the scope
of this work to quantitatively evaluate these data. The
reader is referrred to the original sources. However,
based on inspection of the experimentally derived
entropies, as well as comparing these data to that
calculated using ab initio structures, one concludes
that uncertainties in entropies at standard state are
typically less than 0.5J mol! K. Where there is
uncertainty in low-frequency modes or barriers-to-
rotation, uncertainties in entropies increase to about
2 I mol™. These values correspond to uncertainties
in equilibrium constants of about 5-30% (and thus,
any rate constants calculated using equilibrium con-
stants). In contrast, uncertainties in heats of forma-
tion are typically of the order of 8 kJ mol™'. This
corresponds to a significantly higher uncertainty in
the rate constants, for example, a factor of 2 at
1500 K. That is, uncertainties in rate constants due
to uncertainties in entropies at standard states
are typically very small compared to these due to
uncertainties in heats of formation.

2.2. H/O/F and Hydrocarbon Species

We used standard hydrogen/oxygen and hydrocar-
bon thermochemistry (see Table 1), most of which
can be found in the JANAF tables (Stull and
Prophet, 1971; Chase et al., 1985) or in a Sandia
compilation (Kee ef al., 1987), as can data for fluo-
rine and HF (see Table 2). There is a more recent
value for the heat of formation of HF (Johnson ez
al., 1973). However, we used the JANAF value for
consistency, because many thermochemical and rate
data for fluorinated species are based on the JANAF
recommendation. More recent data on thermochemis-
try for C,H; and HCO have been utilized. Future
mechanism refinements should include re-adjustment
of any other thermochemistry (or rate constants)
that are based on older values for the heats of
formation of these species.

Other simple species (e.g. F,, FO., HOF, FOF,
FOO:., HOOF) were initially considered in the mecha-
nism but were later excluded because they did not
contribute to the overall chemistry. For this reason,
thermochemical data for these species are not
included in Table 2.

2.3. C, Fluorinated Hydrocarbons

2.3.1. Fluoromethanes

We chose to employ heats of formation for the
fluoromethanes as recommended by Kolesov (1978)
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with the entropy and heat capacity data found in a
review article (Rodgers et al., 1974) in the Journal of
Physical and Chemical Reference Data (JPCRD). We
have calculated heats of formation for the fluor-
omethanes (Zachariah et al., 1995) using the BAC-
MP4 method (Melius, 1990) and found the calculated
values to be within about 2 kJ mol™ of the recom-
mended literature values (see Table 4).

There are a number of sources of compiled or
evaluated thermochemical data for the fluorometh-
anes (CH,F, CH,F,, CHF,, and CF,). Thermo-
chemical data for the fluoromethanes has been
reviewed by Lacher and Skinner (1968), by Stull et al.
(1969), and by Cox and Pilcher (1970). Thermochemi-
cal data can also be found in the JANAF tables
(Stull and Prophet, 1971), which has been subse-
quently reevaluated in JPCRD (Rodgers et al., 1974),
by Pedley et al. (1986), and by Gurvich et al. (1991).
The most recent edition of the JANAF tables (Chase
et al., 1985) did not reevaluate thermochemical data
for the fluoromethanes. Recommendations for the
heats of formation of the fluoromethanes have also
been made by Kolesov (1978). Gelles and Pitzer
(1953) have tabulated entropies at standard state
and heat capacities as a function of temperature for
the fluoromethanes (and other halogenated
methanes).

Heats of formation for CH,F, and CF, are the
best known, with uncertainties of less than
1.5kI mol, and are derived from their heats of
combustion. The recommended value for the heat of
formation of CH,F, is based on a measurement by
Neugebauer and Margrave (1958) of the heat of
combustion of CH,F,. The heat of formation of
CF, is based on measurements of a number of differ-
ent heats of reactions involving CF, by Scott er al.
(1955), Good er al. (1956), Neugebauer and Mar-
grave (1956), Cox et al. (1965), Wood et al. (1967),
Domalski and Armstrong (1967), and Greenberg and
Hubbard (1968).

The heat of formation of CHF; has a slightly
higher uncertainty (than for CH,F, and CF,) of
about 4 kJ mol™! due to side reactions (producing
CF,) in its combustion. The recommended value for
the heat of formation of CHF; is based on a heat of
combustion measurement by Neugebauer and Mar-
grave (1958). The heat of formation of CHF; has
also been calculated using equilibrium data with
CF,Br and CF,;I as measured by Corbett et al.
(1963), Goy et al. (1967), and Coomber and Whittle
(1967). The heat of formation of CHF; can also be
calculated assuming a heat of formation for -CF,
and kinetic data (forward and reverse reactions) in-
volving HCI, HBr, and HI as measured by Coomber
and Whittle (1966), Amphlett and Whittle (1968),
and Goy et al. (1967), respectively.

The heat of formation of CH,F has been estimated
(with an uncertainty of about 10 kJ mol™) employing
empirical trends in heats of formation of other fluoro-
methanes, since there are no experimentally derived
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values (other than from appearance potential meas-~
urements). Although CH,F is unlikely to be a key
species in fluorinated hydrocarbon-inhibited hydro-
carbon flames, as the simplest fluorinated hydrocar-
bon, its heat of formation is significant as a reference
point for heats of formation of other fluorinated
hydrocarbons. Empirical estimates for the heat of
formation of CH,F have also been made by Zahn
(1934), Allen (1959), Bernstein (1965), Rodgers
(1967), and Lacher and Skinner (1968). The recom-
mended value in the JANAF tables (Stull and
Prophet, 1971) is based on appearance potential for
CH;"* from CH,F measured by Lossing er al. (1954).
Dibeler and Reese (1955) and Tsuda er al. (1964)
have also measured roughly the same appearance
potential.

2.3.2. Fluoromethyl radicals

We chose to employ heats of formation for the
fluoromethyl radicals as recommended by McMillen
and Golden (1982). For entropies at standard state
and heat capacity data, we used values for .CF,
from the JANAF tables. Since (to our knowledge)
no experimentally derived entropy and heat capacity
data exist for «CH,F and -CHF,, we used that de-
rived from our BAC-MP4 ab initio calculations.
Heats of formation for the fluoromethyl radicals
estimated using the BAC-MP4 method are within
about 4kJmol!' of the recommended literature
values (see Table 4).

There are several sources of compiled or evaluated
thermochemical data for the fluoromethyl radicals.
Thermochemical data for the perfluoromethyl radical
(+CF,) can be found in the JANAF tables (Stull and
Prophet, 1971) and have been reevaluated subse-
quently by Rodgers (1978). The heat of formation of
«CF; has an uncertainty of about 5 kJ mol™'. Experi-
mentally derived heats of formation (from bond disso-
ciation energies and heat of reactions) for all the
fluoromethyl radicals (-CH,F, .CHF,, -CF;) can be
found in evaluations by McMillen and Golden (1982)
and Pickard and Rodgers (1983) with uncertainties
of less than 10 kJ mol*.

The evaluated thermochemical data for -CH,F
and ‘CHF, are based on a number of different
experimental measurements. Okafo and Whittle
(1974) have used heat of reaction data to determine
the bond dissociation energy for CHF,-Br, from
which the heat of formation of -CHF, can be calcu-
lated. Martin and Paraskevopoulos (1983) have
measured the rates of reaction of OH with some
fluoromethanes and fluoroethanes and developed
correlations between C-H bond dissociation ener-
gies, C-H stretching frequencies, and rates of ab-
straction of hydrogen atoms by OH radicals from
fluoroalkanes. From heats of formation of the
parent fluoromethanes and estimated C-H bond dis-
sociation energies, one can determine values for the
heats of formation of -CH,F, .CHF,, and -CF,.
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Whittle and co-workers have used heat of reaction
data to determine the bond dissociation energies of
CHF,-H and CHF,-Br (Okafo and Whittle, 1974),
from which the heat of formation of +CHF, can be
calculated. Using kinetic data, bond dissociation en-
ergies for CH,F-H have been obtained by Pritchard
and Perona (1969) and for CHF,-H by Kerr and
Timlin (1971), from which one can calculate the
heats of formation of the corresponding radicals.

The evaluated thermochemical data for -CF, are
based on a number of different experimental measure-
ments. The heat of formation of +CF, has been
calculated assuming a heat of formation for CHF,
and kinetic data (forward and reverse reactions) in-
volving HCI, HBr, and HI, as measured by Coomber
and Whittle (1966), Amphlett and Whittle (1968),
and Goy et al. (1967), respectively. It can also bc
calculated assuming a heat of formation of CF;I and
kinetic data for its reaction with I,, as determined by
Coomber and Whittle (1966). Pritchard and Thom-
marson (1964) used kinetic data from competing
reactions to determine the CF;—H bond dissociation
energy and, consequently, the heat of formation of
«CF, can be calculated assuming a heat of formation
for CHF,. Whittle and co-workers have used heat of
reaction data to determine the bond dissociation
energies for CF,;—CF; (Coomber and Whittle, 1967),
CF;-Br (Ferguson and Whittle, 1972), and CF;-1
(Okafo and Whittle, 1975), from which the heat of
formation of «CF; can be calculated. Tsang (1986)
has determined a value for the heat of formation
of «CF; based on the bond dissociation energy
of CF;-Br from shock tube decomposition studies.
Skorobogatov and co-workers have measured
equilibrium constants for reactions of type
CF; X+ +«F; + X and CF3;-X + X« «CF, +
X, and determined bond dissociation energies for
CF,-Br (Dymov et al., 1991) and CF;-I (Skoroboga-
tov et al., 1992).

2.3.3. Fluoromethylenes and fluoromethylidyne
radicals

We used heats of formation for :CF, as adopted
by Rodgers (1978) and for .CHF as provided by
Pritchard et al. (1984). For entropies at standard
state and heat capacity data of both species, we used
values from the JANAF tables. We have calculated
heats of formation for the fluoromethylenes (Zacha-
riah er al., 1995) using the BAC-MP4 method and
find the calculated values to be within about
15 kI mol™! of the recommended literature values
(see Table 4).

There are several sources of thermochemical data
for the closed-shell fluoromethylenes ((CHF and
:CF,). Thermochemical data for these species can be
found in the JANAF tables (Stull and Prophet,
1971). Rodgers (1978) has recommended a value for
the heat of formation of CHF based largely on
kinetic data. Hsu et al. (1978) and Pritchard er al.
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(1984) have independently made a recommendation
for the heat of formation of ;CF, based on heat of
reaction and kinetic data. Lias er al. (1985) have
provided values for the heat of formation of both
:CHF and :CF, based on appearance and ionization
potentials. Unfortunately (since ;CHF and :CF, are
important species), there are significant uncertainties
in their heats of formation. The values for ;CF, are
the best (£10kJ mol') and are derived from a
number of different types of measurements. The un-
certainty in the heat of formation for ;CHF is even
greater (30 kJmol™) due to the lack of direct,
reliable data.

The experimental data for the heat of formation
of :CF, comes from a number of different measure-
ments. The heat of formation of CF, has been
calculated from heat of reaction or kinetic data from
the decomposition of C,F, by Modica and LaGraff
(1965, 1966), by Zmbov et al. (1968), by Schug and
Wagner (1978), and by Carlson (1971). Using equilib-
rium data in experiments by Farber ez al. (1969), one
can also determine a value. The heat of formation of
:CF, has also been calculated from the decomposi-
tion of various halomethanes: from the decomposi-
tion of CHF; by Schug and Wagner (1978), from the
decomposition of CHF,Br by Okafo and Whittle
(1974), and from the decomposition of CHF,Cl by
Dalby (1964), Gozzo and Patrick (1964), Edwards
and Small (1965), and Schug and Wagner (1968).
The ionization potential of ;CF, has been used to
estimate its heat of formation by Fisher er al. (1965),
Pottie (1965), and Zmbov et al. (1968). Various
appearance potential measurements by Walter er al.
(1969), Berman et al. (1981), and Paulino and
Squares (1991) have also been used to estimate a
value for the heat of formation of ;CF,. The ioniza-
tion and appearance potential measurements have
been reviewed in detail by Lias er al. (1985) and
Paulino and Squires (1991).

Thermochemical data for fluoromethylidyne (-CF)
can be found in the JANAF tables (Stull and
Prophet, 1971). Gurvich ez al. (1991) have also pro-
vided thermochemical data for -CF. In the latter
review, more recent measurements by Hildenbrand
(1975) were also considered, in addition to earlier
measurements by Modica (1966) and Farber er al.
(1969). We used the more recent value from Gurvich
et al. (1991) for the heat of formation with the
entropy and heat capacity data provided in the
JANAF tables. The reported uncertainties in the
heat of formation are about 10 kJ mol!. BAC-MP4
calculations yield a heat of formation for «CF (Zacha-
riah ez al., 1995) that is within about 10-20 kJ mol!
of the recommended literature values.

2.3.4 Carbonyl fluorides and fluoromethoxy radicals

Thermochemical data for the carbonyl fluorides
(CHF=0, CF,=0, «CF=0) can be found in the
JANAF tables. We have employed these data. The
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uncertainty in the heat of formation of CF,=0 is
reported to be about 2 kJ mol™'. The JANAF recom-
mendation for CF,=0 is based on equilibrium and
heat of reaction measurements by Ruff and Li (1939)
and von Wartenberg and Riteris (1949). For the
other two carbonyl fluorides, where there is little or
no experimental data, the estimated uncertainty in
their heats of formation are probably at least
15 kJ mol™.

Gurvich er al. (1991) have recommended a value
for the heat of formation of CF=0 that is similar to
the JANAF recommendation (about 8 kJmol™!
higher). This recommendation is based on appear-
ance potential measurements of MacNeil and Thynee
(1969) and heat of reaction measurements by Heras
et al. (1962).

We find that heats of formation for these species
from our BAC-MP4 calculations (Zachariah er al.,
1995) are within about 20 kJ/mol™ of the recom-
mended literature value, except for CF,=0, where
the calculated value is about 40 kJ mol™! higher.
Other ab initio calculations (Montgomery et al., 1994;
Schnieder and Wallington, 1994) using different
approaches also predict a heat of formation for
CF,=0 that is higher (by about 30 kJ mol™!) than
the experimental value. Because of this significant
difference, both uncertainties in the experimental
measurements and ab initio calculations warrant
further examination.

The greatest uncertainties here are for CHF=0
(£20kJmol ') and CF=0 (%10 k] mol!), where
there are little or no direct experimental data avail-
able and, consequently, their heats of formation were
estimated (Stull and Prophet, 1971) using average
bond dissociation energies from other related com-
pounds. Given that reliable experimental data exists
for the unimolecular decomposition of CHF=0
(Saito ez al., 1985), uncertainty in its heat of forma-
tion may be unimportant. However, under some
conditions the bimolecular reaction -CF=0 + H,0
— CHF=0 + OH (roughly 80 kJ mol! endothermic)
may contribute. Consequently, uncertainty in the
heat of formation of CHF=0O may play some role.
In contrast, the heat of formation of «CF=0 is very
important, since there are no experimental data for
its unimolecular decomposition, which is a primary
decomposition pathway (competing with hydrogen
atom combination followed by HF elimination).

We used an experimentally derived value for the
heat of formation of the perfluoromethoxy radical
CF;0- (Batt and Walsh, 1982) with a reported esti-
mated uncertainty of about 6 kJ mol™!. For entropy
at standard state and heat capacity data, we used
that derived from our BAC-MP4 calculations (Zacha-
riah et al., 1995). The calculated heat of formation
of CF;0O- is within about 30kJmol™ of the
experimentally derived value.

A number of other species, such as the other
fluoromethoxy radicals (CH,FO-, CHF,0-), fluoro-
methanols (e.g. CF,0H), or fluoromethylperoxy
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radicals (e.g. CF;00:), were initially considered in
the mechanism (using ab initio thermochemical data).
These species were later excluded, because they did
not contribute to the overall chemistry. In many
cases, these species were present in steady-state con-
centrations and, consequently, the creation and de-
struction reactions could be combined into a single
overall reaction. Although these species may be im-
portant in atmospheric chemistry, they are present in
extremely low concentrations at high temperatures in
hydrocarbon-air flames.

2.4. C, Fluorinated Hydrocarbons

2.4.1. Fluoroethanes

We chose to use thermochemical data from a
Journal of Physical and Reference Data (JPCRD)
review (Chen et al., 1975) for the six simple fluoro-
ethanes (CH,-CH,F, CH;-CHF,, CH,-CF,,
CH,F-CF,, CHF,-CF,, CF,-CF,). Thermochemi-
cal data for the three other fluoroethanes
(CH,F-CH,F, CH,F-CHF,, CHF,-CHF,) were ob-
tained from a variety of sources. For CH,F-CH,F,
we used a heat of formation calculated using the
C-C bond dissociation energy as determined by Kerr
and Timlin (1971) and the heat of formation for
‘CH,F as recommended by McMillen and Golden
(1982). We wused the heat of formation for
CH,F-CHF, as recommended by Lacher and Skin-
ner (1968). For CHF,-CHF,, we used a heat of
formation calculated using the C—C bond dissocia-
tion energy as determined by Millward er al. (1971b)
and the heat of formation for .CHF, as recom-
mended by McMillen and Golden (1982). Standard-
state entropy and heat capacities for these other
three fluoroethanes were computed based on vibra-
tional frequencies and moments of inertia from our
ab initio calculations.

We have calculated heats of formation for
the fluoroethanes (Zachariah et al., 1995) using the
BAC-MP4 method (Melius, 1990) and found the
calculated values to be within about 10-20kJ
mol™ of the recommended experimental or empirical
values in the literature (see Table 4). Three of
the fluoroethanes (CH,F-CH,F, CH,F-CHF,,
CHF,-CHF,) have conformational isomers. At the
MP4/6-31G(d,p)//HF[6-31G(d) level, the trans iso-
mers are slightly more stable (about 4-7 kJ mol™)
than the gauche isomers, except for CH,F-CH,F
where the energies are within about 0.5 kJ mol™.

We believe some reevaluation of all of the heat of
formation data is warranted. For example, the heat
of formation of CH;-CF; recommended in the
JPCRD review is based on old values for «CH; and
‘CF;. In addition, employing a group additivity
scheme with an ionic correction should yield better
values for both CH,F-CH,F and CHF,-CHF, (see
discussion below).

There are a number of sources of compiled or
evaluated data for the fluoroethanes. Thermochemi-
cal data for some of the fluoroethanes can be found
in JPCRD (Chen et al., 1975) and the DIPPR compil-
ation (Daubert and Danner, 1985). Recommenda-
tions for the heats of formation of some of the
fluoroethanes have been made by Kolesov and
Papina (1983) and Pedley er al. (1986). There are no
experimentally derived heats of formation for two of
the fluoroethanes (CH;-CH,F, CH,F-CF;). These
have been estimated using bond additivity, group
additivity, or other trends in heats of formation.
However, there are significant uncertainties in using
these procedures, because of non-covalent or ionic
contributions to the stability of these species due to
the high electronegativity of fluorine. For example,
CH,-CF, is about 33 kJmol! more stable than
predicted using heats of formation of CH;—CH, and
CF;-CF,. All three of these species have heats of
formation that were derived from good quality experi-
mental measurements. The additional stabilization
can be rationalized as an ionic contribution to the
C-C bond strength because of large differences in
net charges on the carbon atoms of the ~-CH, and
~CF; groups due to the high electronegativity of the
fluorine atoms.

There are a number of different sources of ex-
perimental data for the heats of formation of the
fluoroethanes. These various sources are described in
the following.

The heat of formation of ethyl fluoride
(CH;—CH,F) has been estimated (Chen et al., 1975)
using group additivity and heat of reaction data for
propyl fluoride (Lacher et al., 1956). A recommenda-
tion for the heat of formation of ethyl fluoride
(CH,;—CH,F) has also been given by Luo and Benson
(1988) based on electronegativity correlations of
heats of formation of substituted alkanes. This
recommendation is significantly lower (15kJ mol™')
than other recommendations. This significant dif-
ference warrants further examination. CH,—CH,F
is unlikely to be important as a species in
the fluorocarbon-inhibited hydrocarbon flames.
However, as a simple, single-substituted fluorinated
hydrocarbon (like CH,F), its heat of formation is
important as a reference point for the heats of
formation of other species. For example, another
—~CH,F substituted fluoroethane, CH,F-CF;, has
no experimentally derived heats of formation. Any
uncertainties in the heats of formation and, conse-
quently, stability of the fluoroethanes may influence
product channels for fluoromethyl combinations
(e.g. «CH; + «CF; — CH,-CF; versus -CHj; +
«CF; — CH,=CF, + HF).

Kolesov er al. (1968) have measured the heat of
combustion of CH;~CHF,, from which one can
calculate its heat of formation. The heat of formation
of CH;~CHF, could be determined from the en-
thalpy of hydrogenation of CF,=CCl, as measured
by Lacher et al. (1956), given that a reliable value
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for the heat of formation of CF,=CCl, could be ob-
tained.

We calculated a heat of formation for
CH,F-CH,F based on the C-C bond dissociation
energy (368.6 kJ mol™!) as determined by Kerr and
Timlin (1971) and the heat of formation for .CH,F
(—32.6 k] mol™") as recommended by McMillen and
Golden (1982). The bond dissociation energy was
determined from the critical energy (E,) calculated
using RRKM analysis of experimental kinetic data
for the thermal (Chang and Setser, 1969) and
chemically activated decomposition of CH,F-
CH,F.

Kolesov et al. (1965) have determined a heat of
formation for CH;-CF; by measuring its heat of
combustion. Kinetic data for the forward and reverse
reactions for «CH; + -CF; > CH;—CF; can be used
to obtain a heat of formation for 1,1,I-trifluoro-
ethane. Kinetic data for this reaction have been
obtained by Giles and Whittle (1965), Pritchard
and Perona (1970), and Chang et al. (1972). These
data have been reviewed by Rodgers and Ford
(1973).

The heat of formation of CH,F-CHF, has been
determined (Kolesov and Papina, 1983) from the
enthalpy of hydrogen of CF,=CFCl as measured by
Lacher et al. (1956).

We have calculated a heat of formation for
CHF,—CHF, based on the C-C bond dissociation
energy (382.4 kJ mol ') as determined by Millward
et al. (1971b) and the heat of formation for -CHF,
(—247.7kJ mol™) as recommended by McMillen
and Golden (1982). The bond dissociation energy
was set equal to the activation energy for thermal
decomposition of CHF,-CHF,, which was de-
termined from analysis of experimental kinetic
data.

The heat of formation of CHF,-CF, can be ob-
tained from equilibrium data with CF,—CF,Br (and
group additivity) as measured by Whittle and co-
workers (Coomber and Whittle, 1967; Ferguson and
Whittle, 1972) and from heat of reaction data for the
bromination of CF,=CF, (and group addtivity) as
measured by Lacher er al. (1956). In addition, one
can calculate a value for the heat of formation for
CHF,-CF; from the heat of formation of the per-
fluoroethyl radical (CF,—CF,+) and the CF;CF,-H
bond dissociation energy. Wu and Rodgers (1976)
determined the heat of formation of the perfluoro-
ethyl radical by measuring the enthalpy of its reaction
with I,. Values for the bond dissociation energy of
CF,;CF,-H have been determined by Bassett and
Whittle (1972) and Martin and Paraskevopoulos
(1983).

The heat of formation of CF;~CF; has been de-
termined from equilibrium data with CF,Br as
measured by Coomber and Whittle (1967b), with
CF;-CN as measured by Walker et al. (1970), and
with CF, (and NF, as oxidizer) as measured by
Sinke (1966).
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2.4.2 Fluoroethyl radicals

In the absence of reliable experimental data, we
used the calculated thermochemical data for the
fluoroethyl radicals as provided by Tschuikow-Roux
and co-workers (Chen er al., 1990a, 1990b, 1991a,
1991b) for comsistency. However, we believe some
reevaluation of all of the heat of formation data
(both experimental and ab initio) is warranted. For
the radical CH;—CHF:, we used the average of
the heats of formation reported by Martin and
Paraskevopoulos (1983) and Tschuikow-Roux and
Salomon (1987). For the three fluoroethyl radicals,
CH,F-CHF., CHF,-CF,., and CF;-CHF., we
calculated heats of formation based on C-H bond
dissociation energies determined by Martin and
Paraskevopoulos (1983). We note that heats of form-
ation for the fluoroethyl radicals from our BAC-MP4
ab initio calculations (Zachariah et al., 1955) are
within about 10-20 kJ mol™' of the recommended
literature values (see Table 4).

There are a number of sources of heats of forma-
tion for the fluoroethyl radicals. There are experimen-
tally derived thermochemical data (Rodgers, 1978)
for three of the fluoroethyl radicals (CH;~CF,e,
CF;-CH,., CF;—CF,.). Heats of formation for the
other radicals have been estimated using heats of
formation for the fluoroethanes and C-H or C-F
bond dissociation energies for CH,-CHF: and
CF;—CHF- by Martin and Paraskevopoulos (1983),
for CH;—CHF: by Tschuikow-Roux and Salomon
(1987), and for all the other fluoroethyl radicals in
this work (see Table 4). Thermochemistry for all the
fluoroethyl radicals have been calculated using ab
initio molecular orbital theory by Tschuikow-Roux
and co-workers (cited above). They used the experi-
mentally derived heats of formation of the three
fluoroethyl radicals recommended by Rodgers
(1978). For the others, they used their calculated
energies in conjunction with isodesmic-homodesmic
reactions (with known experimental reaction en-
thalpies) to provide values that approach the ‘true’
heats of formation.

2.4.3. Fluoroethylenes and fluorovinyl radicals

There are six fluoroethylenes (CH,=CHF, CH,=
CF,, CHF=CHF[Z], CHF=CHF[E], CHF=CF,,
CF,=CF,), including the configurational isomers. In
order to reduce the number of species in the reaction
set, we use only the Z isomer of CHF=CHF, which
is only slightly more stable ( ~ 1-4 kJ mol™!).

We used the heat of formation of CH,=CHF as
recommended by Gurvich er al. (1991). Entropy at
standard state and heat capacity data were taken
from the DIPPR compilation (Daubert and Danner,
1985). These data can also be found in the TRC
Thermodynamic Tables (1990). The heat of forma-
tion data are based on measurements by Kolesov
and Papina (1970) of the heat of combustion of vinyl



Thermochemical and chemical kinetic data for fluorinated hydrocarbons

fluoride. Pedley et al. (1986) have also made a recom-
mendation based on this experimental data. A heat of
formation was also determined by Williamson er al.
(1976) based on appearance potential measure-
ments.

We have chosen to use heats of formation for
CHF=CHF[E] and CHF=CHF[Z] based on appear-
ance ionization potential measurements by Stadel-
man and Vogt (1980) and entropies at standard
state and heat capacities based on geometries and
vibrational frequencies from our BAC-MP4 ab
initio calculations (Zachariah et al., 1995). Gurvich
et al. (1991) have also estimated heats of formation
for these species using a bond additivity method.
For CH,=CF,, we used the heat of formation re-
commended by Gurvich er al. (1991) with entropy
at standard state and heat capacity data taken from
Stull er al. (1969). Recommendations for the heat
of formation for 1,1-difluoroethylene have also
been made by Lacher and Skinner (1968), Stull et al.
(1969), Cox and Pilcher (1970), and Pedley et al.
(1986). All of these recommendations are based on
heat of combustion measurements by Neugebauer
and Margrave (1956) and Kolesov et al. (1962).

We used thermochemical data for CHF=CF, as
recommended by Gurvich et a/. (1991). The heat of
formation data is based on an experimental measure-
ment by Kolesov et al. (1962) of the heat of combus-
tion of trifluoroethylene. Recommended values (also
based on these experiments) can be found in the
evaluations of Stull er a/. (1969), Cox and Pilcher
(1970), and Pedley et al. (1986).

We used thermochemical data for CF,=CF, from
the JANAF tables (Stull and Prophet, 1971). The
recommended heat of formation is based on the
heat of reaction data for conversion to amorphous
carbon by Neugebauer and Margrave (1956) and
Kolesov et al. (1962). Lacher and Skinner (1968),
Stull et al. (1969), Cox and Pilcher (1970), Kolesov
and Papina (1983), Pedley et al. (1986), and
Gurvich et al. (1991) have all reviewed the existing
experimental data and made recommendations.
These evaluations were made based on a number of
different sources of experimental heat of reaction
data for perfluoroethylene, including the data of
Lacher et al. (1949), Lacher et al. (1950), Kirkbride
and Davidson (1954), von Wartenberg and Schiefer
(1955), Duus (1955), Neugebauer and Margrave
(1956), Lacher et al. (1956), Scott er al. (1956),
Kolesov et al. (1962), and Edwards and Small
(1964).

We note that the heats of formation for the fluoro-
ethylenes that we have calculated using the BAC-
MP4 ab initio method are within about 10 kJ mol™
of the recommended experimental values (see Table
4). At the MP4/6-31G(d,p)//HF/6-31G(d) level, the
CHF=CHF[Z] isomer is about 0.9 k] mol™! more
stable than the E isomer.

There are seven fluorovinyl radicals (CHF=
CH:[Z], CHF=CH-[E], CH,=CF., CHF=CF.[Z],
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CHF=CF.[E], CF,=CH-, CF,=CF), including the
configurational isomers. In order to reduce the
number of species in the reaction set, we used only
the Z isomers which are only slightly more stable
(~1-2kJ mol!).

There are not any experimentally derived thermo-
chemical data (to our knowledge) for the fluorovinyl
radicals, other than the heat of formation for
CF,=CF.. The heat of formation of the perfluoro-
vinyl radical has been estimated by Bryant (1962)
based on trends in C-F bond dissociation energies
for perfluorocarbons. Gurvich et al. (1991) recom-
mended a value based on a review of appearance
potential measurements by Thynee and MacNeil
(1970), Lifshitz and Grajower (1972), and Bibby
and Carter (1966). Due to the lack of experimental
data for most of the fluorovinyl radicals, we chose
to use thermochemical data from our BAC-MP4
ab initio calculations (Zachariah et al., 1995) in
order to provide a consistent set. We note that
our calculated value is within about 10 kJ mol™ of
the experimentally derived value that was recom-
mended by Gurvich et al. (1991). At the MP4/
6-31G(d,p)//HF/6-31G(d) level, the CHF=CH-[Z]
and CHF=CF.[Z] isomers are about 1.3 and
1.7 kI mol!, respectively, more stable than the E
isomers.

2.4.4. Fluoroethynes, fluoroketenes, and fluoroketyl
radical

Data on the thermochemistry of the fluoroethynes
(C,HF, C,F;) can be found in the JANAF tables
(Stull and Prophet, 1971), however, with relatively
large uncertainties: 60 kJ mol™! and %20 kJ mol™!
in the heats of formation, respectively. Fluoroketenes
(CHF=C=0O and CF,=C=0) and the fluoroketyl
radical (+CF=C=0) can be formed through a number
of channels. These channels are analogous to those
considered in pure hydrocarbon chemistry for ketene
(CH,=C=0). To assess the importance of the fluoro-
ketene species and relevant reactions, we included
these species in the mechanism. There are not any
experimentally derived data for these species. Conse-
quently, we used data from our BAC-MP4 ab initio
calculations (Zachariah et al., 1995).

A number of other partially oxidized species, such
as CH;-CFO, were excluded from the mechanism
based on the assumption that they would be only
present in steady-state concentrations at flame tem-
peratures. For lower temperatures, these species may
become important and, consequently, our assump-
tion should be reevaluated. It is possible that
perfluoro-oxidized species, such as CF;-CFO, may
be present at flame temperatures. For example, since
both «CF; and -CFO are present in significant con-
centrations, the combination of these species (and
stabilization) may be a source of CF;—CFO. This
should be examined in future refinements of this
mechanism.
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For a number of species considered in the reaction
set, especially the radicals, there are little or no
thermochemical data. Consequently, we have esti-
mated the data using BAC-MP4 ab initio calculations

2.5. BAC-MP4 Ab Initio Predictions
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(see description below). In order to quantify the
uncertainties in the calculated data, we have also
performed calculations on many related species
where there is good quality experimental data.

Structures, energies, and thermochemical data for
a large number of C, and C, hydrocarbons, oxidized

Table 1. Enthalpy of formation, entropy, heat capacities for H/O, hydrocarbons

Species AH® (298) S$°(298) C°(T)Jmol' K1) Ref.*
(kJmol'')  (Jmol™ K™
300 500 800 1000 1200 1500 2000 3000

N, 0.0 191.5 29.07 29.63 31.39 32.76 33,70 34.80 3598 37.02 a
H, 0.0 130.6 28.87 29.27 29.58 30.16 31.07 32.35 34.23 37.11 a
0, 0.0 205.0 29.33 31.11 33.75 34.93 35.59 36.49 37.78 3984 a
H,0 —~241.8 188.7 33.46 35.33 38.58 41.31 43.87 47.10 51.14 5577 a
H,0, —136.1 2329 43.57 51.65 59.80 63.64 66.75 70.50 74.80 7891 a
H 218.0 114.6 20.78 20.78 20.78 20.78 20.78 20.78 20.78 20.78 a
0 249.2 160.9 21.89 21.25 20.98 2091 20.88 20.84 20.82 2094 a
OH 39.0 183.6 29.93 29.57 29.84 30.68 31.66 3294 34.63 36.76 a
HO, 10.5 229.0 34.87 39.69 45.10 47.64 49.59 52.10 55.33 59.10 a
CH, —-749 186.0 35.26 46.60 62.75 72.15 78.71 86.32 9449 101.36 a
CH, 145.7 194.0 38.62 45.33 53.85 59.07 63.19 68.06 73.45 78.30 a
I*CH, 387.0 195.5 34.50 37.15 41.57 4421 46.36 49.11 52.45 5533 a
3CH, 4247 188.7 33.79 36.00 41.20 44.38 46.63 49.48 52.88 55.58 a
CH 594.1 182.9 29.09 29.49 30.82 32.56 34.38 36.61 39.18 4144 a
C,H, —83.9 229.0 52.61 77.89 108.05 122.59 13268 14483 15864 171.05 a
C,H, 117.2 251.6 47.37 66.73 9448 106.71 114.07 123.66 13576 14683 a
C,H, 52.5 219.2 42.82 62.52 83.90 94.17 101.38 109.70 118.54 12581 a
C,H;- 294.5 2279 45.77 57.82 71.91 78.77 83.27 89.21 9690 10431 a

>H, 226.7 2009 44.44 54.73 63.90 68.23 71.97 76.46 81.65 87.09 a
CH,;OH -201.1 239.6 43.98 59.64 79.80 89.53 9640 104.66 11400 12199 a
CH,O0- 16.3 228.5 37.99 52.02 69.58 77.81 83.38 90.00 97.32 103.23 a
-CH,OH —-17.2 246.3 47.38 60.16 73.37 78.62 82.59 87.65 93.73 98.76 a
CH,0 —~115.9 218.6 35.15 43,94 55.90 62.27 66.34 70.99 75.80 79.54 a
«CHO 43.5 224.5 34.49 38.81 44.93 48.20 50.22 52.53 54.96 57.04 a
CO —110.5 197.5 29.08 29.85 31.86 33.25 34.15 35.17 36.27 3721 a
co, —393.5 213.7 37.28 44.56 51.54 54.36 56.20 58.29 60.43 62.19 a
CH,CO -51.9 241.8 52.01 65.54 78.63 84.70 88.88 93.89 99.49 104.15 a
CHCO 177.6 254.1 52.93 59.53 67.25 70.43 72.56 75.24 78.39 80.77 a
HCCOH 85.5 245.6 55.30 67.62 80.10 84.94 88.59 93.24 98.81 103.38 a
* See footnotes for Table 3.

Table 2. Enthalpy of formation, entropy, heat capacities for H/F/O, C, fluorocarbons
Species AH® (298) S$°(298) C°T)(Jmol ' K ) Ref.*
(kJmol™")  (Jmol™ K™)
300 500 800 1000 1200 1500 2000 3000

F, 0.0 2027 31.37 34.34 36.46 37.19 37.66 38.20 38.87 3987 a
HF ~272.5 173.7 29.12 29.20 29.55 30.14 30.98 32.25 34.01 63.21 a
F 78.9 158.7 22.77 22.10 21.46 21.25 21.14 21.03 20.93 20.84 a
CH,F ~232.6 222.8 37.50 51.26 68.90 77.30 83.34 90.21 96.81 102.59 bd
CH,F, —452.2 246.6 42.96 58.91 76.33 83.55 88.84 94.35 99.47 10397 bd
CHF, ~697.6 259.6 51.15 69.26 85.10 91.01 94.89 98.83 10242 105.39 bd
CF, —933.0 261.3 61.30 80.67 94.49 98.73 101.41 103.67 10552 10690 b,d
CH,F —-32.6 234.4 38.71 48.67 59.29 64.20 67.92 72.02 76.06 79.71 ce
-CHF, ~247.7 256.0 4221 54.10 65.33 69.66 72.60 75.69 78.47 80.92 c,e
-CF, —467.4 265.0 49.94 63.30 73.24 76.37 78.27 79.92 81.29 8230 cd
:CHF 163.2 223.2 34.63 39.25 45.21 47.93 50.05 52.43 55.43 61.04 fd
:CF, —186.6 240.7 39,01 46.45 52.35 54.18 55.28 56.31 57.14 58.37 gd
CF 240.6 2129 30.05 32.24 34.79 35.77 36.32 36.96 37.53 38.20 pd
CHF=0 ~376.6 246.7 40.50 51.65 63.12 67.92 71.20 74.70 77.94 80.67 d
CF,=0 —638.9 258.8 4741 60.49 70.82 74.39 76.71 78.78 80.58 8196 d
-CF=0 —~171.5 248.4 38.99 45.06 50.63 52.76 54.14 55.44 56.57 5745 d
CF,0. —655.6 292.6 64.49 82.30 94,01 99.25 101,72 103.88 10566 10699 h,e

* See footnotes for Table 3.
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Table 3. Enthalpy of formation, entropy, heat capacities for C, fluorocarbons

Species AH®/(298)  5°(298) C°(T)(J mol* K1) Ref.
(kJmol'') (Jmol! K1)
300 500 800 1000 1200 1500 2000 3000
CH;—CH,F —263.2 265.0 59.83 87.22 11647 129.62 139.71 150.28 159.35 164.18 i
CH,F-CH,F —4339 288.2 67.88 9513 12430 136.74 14596 15531 162.30 163.96 j.e
CH;-CHF, —500.8 282.5 68.72 97.11 12465 136.47 14539 15449 161.85 16539 i
CH,F-CHF, —664.8 303.7 75.31 107.53 13347 14393 15198 15992 169.26 177.71 k.e
CH,—CF, —745.6 287.4 78.81 108.32 133.82 144.08 151.47 15899 16510 167.67 i
CHF,-CHF, -877.8 321.5 85.23 11525 141.25 150.60 156.64 163.29 169.67 17393 je
CH,F-CF, —895.8 316.2 86.58 118.04 143.15 152.09 158.17 16443 169.66 171.50 i
CHF,—CF, —1104.6 3338 96.09 127.53 151.13 158.85 164.06 168.60 170.64 169.74 i
CF;-CF, —1342.6 332.1 106.79 139.13 160.34 166.68 169.89 17297 175.77 177.09 i
CH,F-CH,- —44.6 279.8 58.13  80.27 103.74 114.31 12242 13091 138.24 14237 1
CH;~CHF. —76.3 274.0 58.79  79.75 103.33 114.06 122.34 13091 138.07 141.89 jl
CH,F-CHF. —238.5 293.4 69.59 91.24 111.69 119.75 12552 131.33 136.07 139.86 j,
CHF,-CH,. -277.2 297.8 67.06 90.20 111.94 121.10 128.00 135.04 140.63 14260 1
CH;~CF,. 302.5 290.4 67.34 89.22 111.30 120.80 127.83 13552 14285 14742 g,
CH,F-CF,. —446.0 311.1 74.07 97.38 11886 127.24 13322 139.11 14342 14490 1
CHF,-CHF. —451.9 310.7 76.14 9954 119.95 12791 13370 139.35 14330 143.80 1
CF;-CH,- —517.1 302.6 77.37 101.75 121.27 128.88 134.26 139.75 14542 149.64 gl
CHF,-CF,. —664.8 328.4 84.32 107.31 127.04 134,10 138.83 143.26 14592 14588 j,1
CF,—~CHF- —680.7 326.3 85.84 109.68 128.34 135.01 139.45 143.76 147.55 14947 ]
CF,—CF,. —891.2 340.5 92.84 118.29 136.19 141.80 145.18 148.11 150.50 151.09 gl
CH,=CHF —140.1 262.3 50.61 71.66 91.80 100.57 107.42 114.10 11892 121.04 p,m
CHF=CHF [Z] —297.1 268.6 58.06  79.62 99.16 107.13 11247 118.31 124.29 128.86 ne
CHF=CHF [£] —-2929 267.8 59.82  80.44 99.61 107.53 112.83 118.70 12491 129.77 ne
CH,=CF, —336.4 265.2 59.33  81.55 100.20 107.74 113.14 118.70 123.44 12580 p,0
CHF=CF, —491.0 292.7 69.45 9032 107.48 11393 118.67 124.16 130.07 134.34 p,o
CF,=CF, —658.5 299.9 80.70 100.40 11553 120.89 123.89 126.87 129.64 13127 d
CHF=CH. [E] 124.3 258.0 50.61 67.10 81.56 87.66 9221 97.15 101.75 10449 e
CHF=CH.[Z] 123.0 257.0 50.74 6733 81.76 8792 9244 9729 101.69 10419 e
CH ,=CF. 109.2 256.8 50.22  66.10 80.71 86.89 91.30 96.37 101.64 10558 e
CHF=CF. [E] —41.0 279.3 59.30 7451 8779 9280 96.05 99.66 103.21 10568 e
CHF=CF.[Z] —42.7 279.3 59.30 7451 87.79 92.80 96.05 99.66 103.21 10568 e
CF,=CH. —67.8 277.0 59.20 76.36  89.73 94.73 97.78 100.81 103.08 103.88 e
CF,=CF. —-216.3 300.5 68.26 8342 9536 9941 101.77 104.39 10690 108.21 ¢
C,HF 125.5 231.5 5248 62.17 69.69 7322 7583 78.82 8196 8457 d
C,F, 20.9 244.0 57.07 6796 76.67 79.74 81.54 8346 8520 86.16 d
CHF=C=0 —1472 270.5 56.75 71.49 8493 90.34 9431 9824 101.99 102.12 e
CF,=C=0 —290.4 288.8 68.30 81.79 9256 96.66 99.61 10248 104.72 106.77 e
CF=C=0 69.0 276.2 56.80 6585 7377 76.59 9438 9822 10197 103.19 e

a Kee er al. (1987); b Kolesov (1978); ¢ McMillen and Golden (1982); d Stull and Prophet (1971); e Zachariah et al.
(1995); fPritchard et al. (1984); g Rodgers (1978); h Batt and Walsh (1982); i Chen et al. (1975); j this work, see text;
k Lacher and Skinner (1968); 1 Chen et al. (1990, 1991); m Daubert and Danner (1985); n Stadelman and Vogt (1980);

o Stull ez al. (1969); p Gurvich et al. (1991).

hydrocarbons, hydrofluorocarbons, and oxidized hy-
drofluorocarbons, including radical species, were cal-
culated using the BAC-MP4 procedure as outlined
by Melius (1986). This procedure involves ab initio
molecular orbital calculations using the Gaussian
series of programs (Frisch ez al., 1992), followed by
application of a bond additivity correction (BAC)
procedure to the ab initio calculated energies. The
BAC procedure enables energies to be calculated at
accuracies that are necessary for chemical applica-
tions, without the need to resort to large basis sets or
configuration interaction terms. This is a particularly
important issue when the goal is the generation of a
sufficiently complete data set necessary for develop-
ment of a detailed chemical mechanism.

Equilibrium geometries, vibrational frequencies,

and zero point energies were calculated at the
Hartree-Fock level using a 6-31G(d) basis set
(HF/6-31G*). Using these geometries, single point
energies were calculated with 4th order Moller-
Plesset theory using a 6-31G(d,p) basis set (MP4/6-
31G**), to which the BAC procedure was applied.
In the BAC method, errors in the electronic energy
of a molecule are bond-wise additive and depend on
bonding partner, distance, and next-nearest neigh-
bours. The energy per bond is corrected by calibra-
tion at a given level of theory against molecules of
known energy.

Table 4 lists calculated heats of formation for
most of the species in the reaction set, as well as
literature values (where available). We note that we
have calculated thermochemical data for a number
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Table 4. C, and C, Fluorinated hydrocarbon heats of formation: calculated values (BAC-MP4),
literature values, and uncertainties

Species BAC Lit. Uncert. Ref. Lit. Ref.
CH, -74.8 —74.9 0.4 a
CH,F —233.8 —232.6 8.4 b ~247.3 y
CH,F, —451.1 —452.2 1.8 b —460.7 y
CHF, —699.5 —697.6 42 b —697.9 y
CF, —934.1 —933.0 0.4 b —934.3 y
CH; 146.0 145.7 1.3 a
-CH,F -31.4 -32.6 8.4 c —32.0 aa
-CHF, —247.3 —247.7 8.4 c —252.0 aa
-CF, —471.9 —467.4 8.4 c —472.0 aa
:CH, 4298 424.7 42 d
:CHF 131.7 163.2 12.6 e 105.0 aa
:CF, —203.3 —186.6 6.3 f -180.0 aa
-CH 613.7 594.1 04 g
-CF 236.3 240.6 10.0 aa 2552 g
CH,=0 —108.5 —~108.6 6.3 h
CHF=0 —382.3 —376.6 15.0 g
CF,=0 —598.4 —~638.9 1.7 g —640.0 aa
-CH=0 38.9 37.2 8.4 a
-CF=0 —182.9 ~175.7 15.0 g —179.0 aa
CH,0H —204.8 -201.2 0.4 a
CF,0H —-919.4 —~893.3 12.6 i
CH,0F —92.0 —-724 12.6 i
CF;OF —750.1 —~764.8 12.6 a
CH,0- 27.6 16.7 29 j
CF,0. —628.3 —655.6 6.3 i
CH,00H —124.6 -131.0 8.4 h
CF,00H —807.5 ~803.3 15.0 m
CH,00- 25.3 28.0 12.6 a
CF,00- —627.5 —602.5 12.6 i
HC(O)OH —387.3 —-378.6 0.4 h
FC(O)OH —614.9
HC(0)O- —1249 ~150.6 8.4 k
FC(0)O- —336.9
C,H, —86.9 —84.1 0.4 a
CH;-CH,F —272.4 ~263.2 1.6 1
CH,F-CH,F —446.0 ~4339 11.8 m
CH,-CHF, —505.3 —500.8 6.3 1 —497.0 q
CH,F-CHF, —-671.5 —664.8 42 n —691.0 q
CH,;-CF, —755.4 —745.6 1.6 1 —747.3 q
CHF,-CHF, —883.3 —877.8 17.6 m
CH,F-CF, —-913.3 —895.8 42 1
CHF,—CF, - 1124.1 —1104.6 4.6 1
CF;-CF, —1357.0 —1342.7 6.3 1 —1344.0 q
C,H,. 120.6 118.5 a
CH,F-CH,. —56.2 —47.7 1.9 m —44.6 z
CH;~CHF- —75.6 -76.3 5.9 m —72.4 z
CH,F-CHF- —247.3 —238.5 12.5 m —235.5 z
CHF,-CH,- —280.9 —285.8 15.0 m —271.2 z
CH,~CF,- —300.2 -302.5 8.4 o
CH,F-CF,. —460.1 —449.8 15.0 m —446.0 z
CHF,-CHF. —459.8 —456.1 15.0 m —451.9 z
CF;~CH,- —526.6 —517.1 4.2 o
CHF,—CF,. —671.1 —664.8 18.7 m —660.2 z
CF;~CHF- —703.0 —680.7 9.6 p —688.3 z
CF;-CF,- -907.6 —891.2 4.2 o —896.0 aa
C,H, 51.5 52.4 0.8 a
CH,=CHF —139.2 —140.1 2.5 aa —138.9
CHF=CHF [Z] —301.3 —297.1 10.0 r —306.5 aa
CHF=CHF [E] —302.2 —2929 10.0 r —303.6 aa
CH,=CF, —340.1 -336.4 4.0 aa —345.2 s
CHF=CF, —485.6 —491.0 9.0 aa —495.8 s
CF,=CF, —653.7 —658.5 29 g —659.5 aa
C,H,;. 297.1 286.2 42 a
CHF=CH-[Z] 123.1
CHF=CH. [E] 124.1
CH,=CF- 109.1
CHF=CF-. [Z] —-41.1

CHF=CF- [E] -425
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Species BAC Lit. Uncert. Ref. Lit. Ref.

CF,=CH- -67.7

CF,=CF- —216.4 —227.0 20.0 aa —192.1 t
C,H, 226.8 226.7 0.8 a

C,HF 117.8 125.5 220 g

C,F, 31.8 209 21.0 g

-C,H 550.5 564.8 42 c

‘C,F 4539 460.2 22.0 m

CH,=C=0 —40.6 417 2.5 u

CHF=C=0 —147.2

CF,=C=0 —290.4

«CH=C=0 187.3 177.4 8.4 v

-CF=C=0 69.0

CH,-CHO —161.1 —166.2 0.4 h

CF,~CHO —774.3

CH ;-CO- -15 —10.2 1.7 a

CF,-CO- —609.9

a Tsang and Hampson (1986); b Kolesov (1978); e McMillen and Golden (1982); d Kee e al (1987):
¢ Pritchard e al. (1984); f Rodgers (1978); g Stull and Prophet (1971); h Baulch ez al. (1984); i Batt and
Walsh (1982); j Batt ez al. (1974); k Benson (1976); 1 Chen et al. (1975). m This work, see text; n Lacher
and Skinner (1968); o Rodgers (1978); p Martin and Paraskevopoulos (1983); q Kolesov and Papina
(1970): r Stadelmann and Vogt (1980): s Stull et al. (1969); t Bryant (1962); u Nuttall et al. (1971); v Lias
et al. (1988); w Kerr and Timlin (1971); x Tschuikow-Roux and Salomon (1987); y Rodgers ez al. (1974);

z Chen et al. (1990, 1991); aa Gurvich et al. (1991).

H;(298) Calculated heat of formation at 298 K
Lit. Literature value for H, (298)

Uncert. Reported uncertainty in literature value
Ref. Literature reference

of related species that are not included in the reaction
set. These data are also included in Table 4 for
purposes of comparison. Of the approximately 110
species, where we have calculated heats of formation,
about 70 species have literature values. We note that
the literature values consist of a number of different
types of data, including estimated and calculated
values, in addition to those that are derived from
experimental measurements.

The average difference between the BAC-MP4 and
the literature values is about 9.5 kJ mol™!, while the
standard deviation is about 7.5 k] mol™!. From these
data, we conclude that for the fluorinated hydrocar-
bon system, that heats of formation calculated using
the BAC-MP4 method provide values that are accu-
rate to less than 10 kJ mol™! or comparable to the
majority of the experimentally derived values. We
believe that the precision of the ab initio values for
any homologous series to be significantly better than
that which is typically obtainable from experimental
measurements. This becomes evident when calculated
bond dissociation energies are compared to those
derived from experimental measurements. A more
detailed discussion and comparison can be found
elsewhere (Zachariah et al., 1995),

Of all the species, CF,=0 has the largest difference
between calculated and experimental values. Al-
though the quoted uncertainty for this molecule is
small, there is reason to believe that the experimental
data may have had side reactions complicating its
determination. In addition, other recent calculations

JPECS 21-5-B

(Schnieder and Wallington, 1994; Montgomery et
al., 1994) using other ab initio methods predict a
heat of formation for CF,=0 that is consistent with
our BAC-MP4 calculated value. There are a number
of other oxyfluoro species that have significant differ-
ences between calculated and literature values. How-
ever, the heats of formation of these species were
derived based on heats of reaction involving CF,=0.
Consequently, if the ‘true’ value for CF,=O was
closer to the calculated value, then the experimentally
derived values for these other species would also be
closer to their respective calculated values.

There are a number of other species with signifi-
cant differences between calculated and literature
values. The uncertainties in many of the literature
values are high because they are only indirectly tied
to experimental measurements. For example, the
heat of formation of the HCOO- radical is an
estimate based on group additivity. The heats of
formation of two fluoroethyl radicals (CF,—CHF-.
and CH,F- CF,.) were determined from estimated
from C-H bond dissociation energies based on corre-
lations between rates of hydrogen atom abstractions,
C-H bond frequencies, and known C-H bond
strengths,

To reiterate, from analysis of the data presented in
Table 4, we can conclude that for the fluorinated
hydrocarbon system, that heats of formation calcu-
lated using the BAC-MP4 method provide values
that are accurate to less than 10 kJ mol! or compar-
able in accuracy to the majority of the experimentally



468

derived values. Furthermore, from trends in bond
dissociation energies, we believe that the precision of
the ab initio values for any homologous series to be
significantly better than that which is typically obtain-
able from experimental measurements.

3. REACTION KINETICS

3.1. Overview

The reaction set or ‘mechanism’ is too large to
be described in detail here and, consequently, only
an overview of important classes of reactions will
be presented. Utilizing the species identified as
potentially important, a grid of possible reactions
was constructed. Existing chemical rate data involv-
ing these fluorinated species was then compiled and
evaluated. Where rate data were available, but only
over limited temperature ranges or at different
pressure (for unimolecular or chemically activated
steps), RRKM (Robinson and Holbrook, 1972) and
QRRK (Dean and Westmoreland, 1987) analyses
were used to estimate the temperature dependencies
(at 1 atm) of the rates and to predict relative rates
where multiple product channels were possible.
Where no rate data were available for potential
reactions, the rate constants were estimated by anal-
ogy to other hydrocarbon or substituted hydrocar-
bon reactions. The prefactors were adjusted for reac-
tion path degeneracy and the activation energies
were adjusted empirically based on relative heats of
reaction or relative bond energies (i.e. Evans—Polanyi
relationships).

Initially, upper limits were used for estimated rate
constants, If as a result of simulations under a variety
of conditions (using different agents, flame geo-
metries, etc.), it was observed that a specific reaction
with an upper limit rate constant did not significantly
contribute to the destruction or creation of any of
the species in the ‘mechanism’, then that estimate
continued to be used. However, if a specific reaction
contributed to the chemistry and its rate constant
was an upper-limit estimate, then its value was
reevaluated and possibly refined. For important
contributing reactions where no good analogy was
available, where significant uncertainty existed in the
barrier (generally reactions with tight transition
states and modest-to-large barriers), or where
multiple, energetically similar product channels were
possible, we calculated the geometries and energies
of the transition states (Zachariah er al., 1995)
using the BAC-MP4 ab initio method. RRKM analy-
sis was then used to obtain the temperature (and
pressure) dependence of the rate constant. A brief
description of the RRKM/Master Equation ap-
proach and BAC-MP4 transition state calculations
used in this work are given in Sections 3.5 and 3.6,
respectively.

A listing of the rate constants in the reaction set or
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mechanism used in the simulations is given in Table
5. In addition, other reactions were also considered
but were observed not to contribute under the condi-
tions tested. Many of the relevant rate constants can
be found in the ‘NIST Chemical Kinetics Database’
(Mallard er al., 1992). All references for kinetic data
can be found in the relevant sections of the Refer-
ences: Section 6.2 (General Thermochemistry and
Kinetics), Section 6.7 see references 279-337 (Fluoro-
carbon Kinetics (Decompositions)), Section 6.8 see
references 338—403 (Fluorocarbon Kinetics (Abstrac-
tions), Section 6.9 see references 404-446 (Fluoro-
carbon Kinetics (Oxidations)), Section 6.10 see
references  447-486  (Oxidized  Fluorocarbon
Kinetics), and Section 6.11 see references 487-573
(Fluorocarbon Kinetics (other)).

A qualitative discussion of the uncertainties in the
rate expressions is provided with each class of reac-
tion. For rate expressions traceable to experimental
measurements, quantitative evaluation of the uncer-
tainties can be found in the original sources.

A schematic of the possible reaction pathways for
the fluorinated hydrocarbon mechanism is given in
Fig. 1. This schematic provides no indication of the
relative contributions of each of the possible reaction
pathways since this is highly dependent upon condi-
tions. Rather, this schematic gives an indication of
the connectivity between all of the species and how
the different types of reaction (e.g. thermal decompo-
sitions, chemically activated decompositions, abstrac-
tions, etc.) provide this connectivity between different
types of species. For example, the linkages between
each fluoromethane and the corresponding fluor-
omethylene are due to thermal decomposition and
are indicated with bold solid arrows. Other thermal
decompositions involving HF elimination (e.g. fluoro-
ethanes — fluoroethylenes, CHF=0O — CO) are also
represented by bold solid arrows. Thermal decom-
positions involving hydrogen and fluorine atom
elimination are represented by plain dotted arrows.
Hydrogen atom addition/elimination reactions are
represented by reversible plain dotted arrows (e.g.
CH;-CHF. «— CH,=CHF + H). Similarly, chemically
activated decompositions, such as fluoromethyls —
[‘hot’ fluoromethanes] — fluoromethylenes, are rep-
resented by bold dashed arrows (for reactions involv-
ing hydrogen atoms) and plain dashed arrows (for
reactions involving oxygen atoms and OH radicals).
Abstraction type reactions (e.g. fluoromethanes
—s fluoromethyls) are represented by plain solid
arrows. A few of the potential reaction pathways are
not shown in Fig. 1 for purposes of maintaining
clarity in the schematic representation.

For any given condition (e.g. temperature,
concentration) and any given fluorocarbon, only a
subset of the reactions pathways will be relevant.
For each reaction pathway that is possible, each will
have a different relative importance. A discussion of
each of the different reaction types for each species
type can be found in the following sections.
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Fig. 1. Fluorinated hydrocarbon reaction pathways.

3.2. Hydrocarbon and H|/O[F Chemistry

The C/H/O subset is derived from the Miller—
Bowman mechanism (Miller and Bowman, 1989)
and consists of about 30 species and 140 reactions
(see reactions labeled ‘HO’ and ‘HC’ in Table 5).
Any other hydrocarbon mechanism could be used
instead. For example, the GRIMECH set (Bowman
et al., 1995) is a recent hydrocarbon mechanism that
accurately reproduces flame speeds for methane
mixtures.

The H/O/F subset consists of three species (F,
HF) and eight reactions (reactions labeled ‘HF’ in
Table 5) that are relatively well known. This is the
chemistry of fluorine atoms with hydrogen- and
oxygen-containing species, such as H,, OH, and H, O,
There are three reactions of this type that were
determined to participate in the chemistry under a

_+H

_p~—— bimolecular reaction

F displacement by H

variety of conditions. These reactions are the com-
bination of hydrogen and fluorine to form HF (or
the reverse decomposition) and the hydrogen atom
transfer reactions by fluorine atoms from H, and
H,0.

The HF decomposition reaction has been meas-
ured only at temperatures above about 4000 K
(Jacobs et al., 1965; Blauer, 1968; Blauer et al.,
1971). Although this reaction in the decomposition
direction is unimportant at typical flame tempera-
tures, the reverse H + F = HF combination must
be considered. Extrapolating the recommended value
(Baulch et al., 1981) for decomposition to 1000 K
may result in an uncertainty of as much as a factor
of ten, especially when considering non-simple Arrhe-
nius dependence to the rate and different third-body
efficiencies. However, since many other reactions
(F + H,, H,0, RH) contribute to fluorine atom
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destruction, the uncertainty in the absolute rate of
the forward or reverse reaction is most likely
unimportant.

The hydrogen abstraction reactions from H, and
H,0 by fluorine atoms have been measured only
near room temperature (Wurzberg and Houston,
1980; Stevens et al, 1989; Walther and Wagner,
1983). These values were extended to higher tempera-
tures by fitting the reported values to extended Arrhe-
nius expressions (47%¢*R®T). For the H, reaction,
an expression with T°-> dependence was chosen con-
sistent with the value recommended by Cohen and
Westberg (1983). For the H,O reaction, an expres-
sion with 7*-* dependence was chosen by analogy to
other reactions.

There are a number of other reactions which
were included in the mechanism, but were never
observed to contribute significantly to the chemis-
try. These reactions include the combination of fluo-
rine atoms to form F, and the hydrogen abstrac-
tions by fluorine atoms from OH, HO,, and H,0,.
The oxyfluoro species FO-, HOF, FOO., and F,0O
were also initially considered in the mechanism.
However, given the very low concentration of
fluorine atoms at high temperatures in the
hydrocarbon—air flame, these species are present in
extremely low concentrations and do not contribute
to the overall chemistry. The rate constants used
for reactions involving these species are not given
in Table 5.

3.3. C, Fluorinated Hydrocarbon Chemistry

3.3.1. Overview

The C, subset of the reaction set (approximately
150 reactions) consists of the chemistry of 14 species
containing one carbon (and hydrogen/fluorine/oxy-
gen) with H, O, OH, H,0, and other flame species.
The C,/H/F/O species used in this reaction set are
the fluoromethanes (CH,F, CH,F,, CHF,, CF,),
the fluoromethyl radicals (-CH,F, -CHF,, -CF,), the
fluoromethylenes (;CHF, :CF,), and fluoromethyl-
idyne radical (-CF). The oxidized C, fluorocarbon
species contained in this reaction set are the per-
fluoromethoxy radical (CF;0-) and the carbonyl
fluorides (CHF=0, CF,=0, -CF=0). Other oxidized
C, fluorocarbon species were initially considered in
the development of the mechanism, but later were
excluded, such as the other fluoromethoxy radicals
(CH,FO-, CHF,0:), the fluorohydroxymethyl radi-
cals (-CHFOH, -CF,OH), the perfluoromethylperoxy
radical (CF;00-), and perfluoromethanol (CF;0H),
Although these species (and others) may be impor-
tant in atmospheric chemistry, our initial simulations
suggest that they are present in extremely low con-
centrations at high temperatures in hydrocarbon—
air flames and do not contribute to the overall
chemistry.
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Both thermally and chemically activated decompo-
sitions were considered (e.g. CH,F, — :CHF + HF
and-CHF, + H — :CHF + HF).Fluoromethanede-
compositions via abstraction of hydrogen atoms by H,
O, and OH radicals are important pathways. Fluoro-
methane metathesis reactions with methyl, ethyl,
vinyl, and fluoromethyl radicals must also be con-
sidered. The reaction set also includes reactions of
fluoromethyls with O,, O, and OH to form carbonyl
fluorides (e.g. CF,=0) and other products, and
reactions of the fluoromethylenes (e.g. :CF,) with
hydrogen to form -CF and O,, O, or OH to form
carbonyl fluorides. The carbonyl fluorides (ie.
CHF=0, CF,=0, and -CF=0) can be destroyed via
unimolecular decomposition, by reactions with hydro-
gen atoms (both abstractions and addition/elimina-
tions), and through reactions with OH radicals (ab-
stractions). Destruction of CF,=0 through complex
formation with H,O and subsequent decompositions
are also considered.

3.3.2. Fluoromethanes: decompositions

Rate expressions for thermally and chemically acti-
vated decompositions of the fluoromethanes are
labeled ‘MD’ in Table S.

The fluoromethanes are primarily destroyed in
hydrocarbon flames via hydrogen atom abstraction
by hydrogen and OH and through unimolecular
decomposition. Destruction via hydrogen atom ab-
straction by oxygen atoms is a minor channel. The
greatest uncertainties for the destruction of fluoro-
methanes are the unimolecular decompositions. Al-
though there are reliable experimental data for these
reactions, their strong temperature and pressure de-
pendencies result in a level of uncertainty to these
reactions at flame temperatures. Further mechanism
refinements should provide better rate expressions
for these reactions.

Both thermally and chemically activated decompo-
sitions of the fluoromethanes were considered (e.g.
CHF; — CF, + HF and -CHF, + H—CF, +
HF). There have been a number of measurements of
the unimolecular decomposition of fluoromethanes
(with HF elimination). We employed rate expressions
for HF elimination from CH,F and CHF, that fit
the extended Arrhenius form (4T ERT) to the
experimental data of Schug and Wagner (1973) and
Hidaka et al. (1991), respectively. These experimental
data were obtained at different temperatures and
pressures than are relevant to atmospheric flames.
The experimental data were interpolated or extrapo-
lated and fit using temperature dependencies (7?)
that were consistent with the experimental data and
RRKM analysis. For HF elimination from CH,F,,
we employed a rate expression from our RRKM
analysis using BAC-MP4 transition state energies
and geometries, although there is experimental data
by Politanskii and Shevchuk (1968). For H, elimina-
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tion (minor channel) from CH,F and CH,F,, we
used rate expressions from our RRKM analysis using
BAC-MP4 ab initio transition states (Zachariah et
al., 1955). Fluorine atom eliminations from the fluoro-
methanes are negligible decomposition channels,
except for CF,, where it is the only possible pathway.
For this reaction, we used a rate expression from
our RRKM/Master Equation analysis that is refer-
enced to the room temperature measurement of the
reverse reaction (\CF; + F) by Plumb and Ryan
(1986).

There have been no measurements (to our knowl-
edge) for reactions involving chemically activated or
‘hot’ fluoromethanes other than room temperature
measurements of the rate constant for CF, +
H — products (e.g. Ryan and Plumb, 1984; Tsai
and McFadden, 1989). In order to estimate values
for these various reactions, as well as for the stabi-
lized fluoromethane channels, we used RRKM analy-
sis with experimental barriers (where they existed) or
our BAC-MP4 ab initio transition state barriers (Za-
chariah et al., 1995) for insertion of :CHF and :CF,
into HF and H, and the energetics of the reaction
pathways. Although the chemically activated fluoro-
methane reactions are primary pathways for destruc-
tion of fluoromethyl radicals and there are no experi-
mental rate measurements, the uncertainties in the
rates are relatively small, since these are barrierless
combinations.

There have been a number of measurements of
the unimolecular decomposition of fluoromethanes
(with HF elimination); at least two for CH,F (Poli-
tanskii and Shevchuk, 1968; Schug and Wagner,
1973), at least one for CH,F, (Politanskii and Shev-
chuk, 1968), and several for CHF, (Tschuikow-
Roux, 1965, Tschuikow-Roux and Marte, 1965;
Modica and LaGraff, 1966, Politanskii and Shev-
chuk, 1968; Biordi et al., 1978; Schug et al., 1979;
Hidaka et al., 1991). In addition, there have been a
number of measurements of the unimolecular de-
composition of other halomethanes (eliminating
HF, HCI, or HBr) such as CHF,Cl (Norton, 1957,
Edwards and Small, 1964, 1965, Gozzo and
Patrick, 1964, 1966; Barnes et al., 1971; Kushina et
al., 1972; Schug et al., 1979; Zhitnev et al., 1991),
CHF,Br (Cox and Simmons, 1971), CHFCI,
(Kushina et al., 1972), and CHCIl, (Shilov and
Sabirova, 1960; Schug et al., 1979). All of these
halomethane decomposition reactions have a small-
to-moderate barrier in the reverse direction (i.e.
carbene insertion into HF, HCI, or HBr) of 10~
40 kJ mol™*. Consequently, all of the halomethane
decomposition measurements are important for
evaluating the fluoromethane values (both experi-
mental and calculated) for consistency. Further-
more, the barriers-to-insertion for :CHF and :CF,
in these reactions can be used as reference reactions
for reactions of :CHF and :CF, with many other
important molecules where there is no or little infor-
mation available (i.e. the reactions of :CHF and

:CF, with H,, H,0, CH,, C,H,, fluoromethanes,
fluoromethyls, etc.).

3.3.3. Fluoromethanes: abstraction of hydrogen by
hydrogen atoms

Rate expressions for abstraction of hydrogen
from the fluoromethanes are labeled ‘MA’ in
Table 5.

We used rate expressions that were fits to extended
Arrhenius form (47°¢5/RT) to the experimental data
of Westenberg and deHaas (1975) and Ridley et al.
(1972) for abstraction of hydrogen from CH,F and
CH,F, respectively. For abstraction of hydrogen
from CHF,, we used a fit to data for the reverse
reaction from work by Ayscough and Polanyi (1956)
and Berces et al. (1972). A temperature dependence
of T*° was used by analogy to that recommended
for methane (Tsang and Hampson, 1986). The experi-
mental data for these reactions were all obtained at
intermediate temperatures (600-900 K) and, conse-
quently, the uncertainties in extrapolation of these
data to flame decomposition temperatures are most
likely acceptable. However, modeling results suggest
that flame speeds in CHF; doped flames are rela-
tively sensitive to the rate of hydrogen abstraction
from CHF;. Consequently, future refinements of
this mechanism should provide the best possible rate
expression for this reaction that is consistent with all
available experimental data.

There have been many measurements of ab-
straction of hydrogen from the fluoromethanes by
hydrogen atoms. There have been at least four
measurements for CH;F (Parsamyan et al., 1967,
Hartet al., 1974; Westenberg and deHaas, 1975; Aders
et al., 1975), at least two measurements for CH,F,
(Parsamyan and Nalbanddyan, 1968; Ridley et al.,
1972), and a number of measurements or estimates
for CHF, (Ayscough and Polyanyi, 1956; Pritchard
etal., 1956; Skinner and Ringrose, 1965; Amphlett and
Whittle, 1967; Arthur and Bell, 1978; Fagarash and
Moin, 1968, Kibby and Weston, 1968; Berces et al.,
1972; Kondratiev, 1972; Arthur et al., 1975; Arthur
and Bell, 1978; Richter ez al., 1994). We should note
that many of the measurements or estimates for the
CHF, reactions are actually values for the reverse
rate or -CF; + H, —» CHF, + H. Two of the cita-
tions (Kondratiev, 1972; Arthur and Bell, 1978) are
evaluations of the experimental data. We have also
calculated the structure and energy of each transition
state for these reactions using the BAC-MP4 ab
initio method. The calculated energy barriers com-
pare well with the experimental values (Zachariah et
al., 1955).

For the CH3F + H reaction, all of the workers
cited above incorrectly identified the reaction as ab-
straction of fluorine rather than hydrogen. These
workers only measured the disappearance of the
reactants and simply assigned the product channel
by analogy to the CH;Br + H reaction, where it is
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known that the halogen atom (Br) is abstracted.
However, the C-F bond is much stronger than both
the C-Br and C-H bonds. Consequently, for CH,F,
abstraction of hydrogen is more favourable than
abstraction of fluorine. Our ab initio transition state
calculations (Zachariah et al., 1995) also support
this conclusion, where abstraction of hydrogen
from the fluoromethanes by hydrogen atoms were
calculated to have barriers-to-reaction of 49.4, 40.6,
and 53.6 kJ mol’! for CH,F, CH,F,, and CHF,,
respectively. In contrast, the calculated barriers for
abstraction of fluorine were 131.4, 142.7, 168.6, and
171.1 kI mol™! for the CH5F, CH,F,, CHF;, and
CF,, respectively. This is a significant difference
and clearly supports assignment of abstraction of
hydrogen as the dominant channel.

Richter et al. (1994) have measured the rate of
abstraction of hydrogen from CHF, by hydrogen
atoms in H,/O, premixed flames and report an activa-
tion energy of about 73 kJ mol . This barrier would
appear to be inconsistent with and significantly
higher than values of 40-50 kJ mol™! that are typical
for abstraction of hydrogen by hydrogen atoms from
hydrocarbons (e.g. CH,, C,H,) and other fluoro-
methanes (see references above).

3.3.4. Fluoromethanes: abstraction of hydrogen by
oxygen atoms and OH radicals

Rate expressions for abstraction of hydrogen from
the fluoromethanes are labeled ‘MA’ in Table 5.

In this work, for abstraction of hydrogen from the
fluoromethanes by oxygen atoms, we fit experimental
data for CH;F (Parsamyan et al., 1967), CH,F,
(Parsamyan and Nalbandyan, 1968), and CHF,
(Jourdain et al., 1978) to extended Arrhenius form
(AT ®RTy using a temperature dependence (7-%)
by analogy to methane (Tsang and Hampson, 1986).
For abstraction of hydrogen from the fluorometh-
anes by OH radicals, we used rate expressions as
recommended by Cohen and Benson (1987a, 1987b)
that have temperature dependencies based on transi-
tion state theory. These recommendations are based
on experimental measurements at relatively low tem-
peratures (about 300-500 K). Since these reactions
are primary decomposition pathways for the fluor-
omethanes, it would be valuable to have experimental
measurements of these rates at higher temperatures
(closer to flame conditions).

There have been many measurements for ab-
straction of hydrogen from the fluoromethanes by
hydrogen atoms, but only a few for abstraction of
hydrogen by oxygen atoms or OH radicals. Parsa-
myan and co-workers have measured the rate of
reaction for CH,F + O (Parsamyan et al., 1967) and
for CH,F, + O (Parsamyan and Nalbandyan, 1968).
Jourdain et al. (1978) and Miyoshi et al. (1993) have
measured the rate of reaction for CHF, + O. We
have not used the more recent value by Miyoshi ez
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al. (1993), because it appears that these data may be
complicated by the CHF; — :CF, + HF decomposi-
tion reaction at the highest temperatures. This should
be further examined. Richter et al. (1994) have meas-
ured the rate of hydrogen atom abstraction from
CHF, by oxygen in H,/O, premixed flames and
report an activation energy of about 13 kJ mol!,
This barrier would appear to be inconsistent with
and significantly lower than typical values of 35—
40 kJ mol* for hydrogen atom abstraction by
oxygen from hydrocarbons (e.g. CH,, C,Hg) and
other fluoromethanes (see references above).

As indicated above, Cohen and Benson (1987a,
1987b) used transition-state theory calculations to
analyze and predict rate coefficients for reaction of
OH radicals in a series of halogen-substituted meth-
anes and ethanes. Much of their analysis is based on
the experimental data of Jeong and Kaufmann
(1982a, 1982b), but it is also consistent with other
measurements for fluoromethanes (Howard and
Evenson, 1976a; Clyne and Holt, 1979; Nip et al.,
1979; Talukdar et al., 1991).

3.3.5. Fluoromethanes: abstraction of hydrogen by
[fluorine atoms and fluorine by hydrogen atoms

Rate expressions for abstraction of hydrogen by
fluorine atoms are labelled ‘CF’ in Table 5. Rate
expressions for abstraction of fluorine by hydrogen
atoms are labeled ‘M A’ in Table 5.

There have been a number of measurements of
abstraction of hydrogen from methane (CH,) by
fluorine atoms near room temperature (Wagner et
al., 1971; Pollock and Jones, 1973; Williams and
Rowland, 1973; Manning et al., 1975; Smith et al.,
1977; Clyne and Hodgson, 1983; Pagsberg er al.,
1988). In our work, we used a fit to extended Arrhen-
ius form (AT°¢%%T) to the rate constant recom-
mended by Atkinson et al. (1992) using a temperature
dependence (T°-°) in order to extend the rate expres-
sion to flame temperatures. Although there is some
uncertainty here in extrapolating the rate constant to
flame temperatures, it is most likely unimportant.
This is because this reaction occurs on almost every
collision (that is, the rate cannot change by much).
Furthermore, there are many other reactions (e.g.
F + H,, F + H,0, and F + other hydrocarbons)
that contribute to fluorine atom destruction.

For completeness in the reaction set (although it
is unlikely that they will contribute), we have also
included abstraction of hydrogen from the fluoro-
methanes by fluorine atoms. There have been a
number of measurements for these reactions near
room temperature for CH,F (Pollock and Jones,
1973; Smith et al., 1977; Manocha et al., 1983), for
CH,F, (Pollock and Jones, 1973; Smith et al., 1977;
Manocha er al.,, 1983; Clyne and Hodgson, 1985;
Nielsen et al., 1992), and for CHF, (Pollock and
Jones, 1973; Goldberg and Schneider, 1976; Smith et
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al., 1977; Clyne and Hodgson, 1983; Maricq and
Szente, 1992). For these reactions, rate expressions
were used where the rate constant prefactor relative
to that recommended by Atkinson et al. (1992) for
CH, + F was adjusted to account for reaction path
degeneracy (i.e. fewer number of hydrogen atoms)
and the activation energy was adjusted such that
the rate was consistent with the measurements at
room temperature. Use of extended Arrhenius form
in these cases is not justified, because of the lack
of temperature-dependent experimental measure-
ments.

For abstraction of fluorine from CH,F, CH,F,,
and CHF, by hydrogen atoms, we employed rate
expressions derived from our BAC-MP4 ab initio
transition state calculations (Zachariah er al., 1995).
These pathways are negligible channels for fluoro-
methane destruction and were included simply for
completeness in development of the reaction set.
However, for reaction of hydrogen atoms with CF,,
the only possible pathway is abstraction of fluorine.
For this reaction, we used the experimentally derived
rate expression of Kochubei and Moin (1969, 1971).
This reaction is an important pathway for CF, de-
struction, competing with the only other possible
channel-—unimolecular decomposition of CF, to
‘CF;and F.

3.3.6. Fluoromethanes: metathetical reactions

Rate expressions for metathetical reactions of the
fluoromethanes are labeled *“MA” in Table 5.

There have been a number of measurements of
metathetical reactions of methyl/fluoromethyl radi-
cals with methane/fluoromethanes. These will not be
reviewed here. In our work, we used the recommenda-
tions of Kerr and Parsonage (1976), which are consist-
ent with the majority of the experimental data. The
values recommended by Kerr and Parsonage are
largely based on the pioneering work in this area by
Pritchard and co-workers (e.g. Pritchard et al., 1965),
Whittle and co-workers (¢.g. Chamberlain and Whit-
tle, 1972), and Arthur and co-workers (e.g. Arthur
and Bell, 1978).

Although there have been no experimental meas-
urements of metathetical reactions of vinyl radicals
(C,H,) with the fluoromethanes, one can estimate
their rates by analogy to the methyl radical (CH,)
reactions. We used rate expressions for these reac-
tions, where the activation energy was reduced by
109, (relative to the corresponding methyl radical
reaction) in order to compensate for the roughly
6kJmol™* increase in the exothermicity of the
reaction,

The experimental measurements (cited above) for
abstraction of hydrogen by methyl and fluoromethyl
radicals were all made at relatively low temperatures
(about 300-600 K). Extrapolation of these measure-
ments to flame decomposition temperatures may in-
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troduce significant uncertainty in the rates, especially
since these reactions should have considerable non-
simple Arrhenius temperature dependencies. In fur-
ther refinements of this mechanism, these data should
be critically evaluated. Experimental measurements
at near flame temperatures would also be extremely
valuable.

3.3.7. Fluoromethyl radical chemistry

Rate expressions for reactions involving the fluoro-
methyl radicals are labeled ‘NN’ in Table 5.

Fluoromethyl radicals are destroyed by three
general pathways whose relative importances are
sensitive to conditions. (1) They can combine with
hydrogen atoms forming chemically activated fluoro-
methanes that eliminate HF (creating methylene/
fluoromethylenes). (2) They can react with oxygen-
containing species (i.e. O,, O, OH), resulting in the
formation of fluoromethoxy radicals and carbonyl
fluoride species. (3) They can combine with methyl or
fluoromethyl radicals, forming chemically activated
fluoroethanes that may be either stabilized or
eliminate HF (creating ethylene/fluoroethylenes).
This latter class of reactions is included with the
fluoroethane (C,) chemistry.

The fluoromethyl radicals are primarily formed by
hydrogen atom abstractions from the fluorometh-
anes. However, there are several other channels that
can contribute to their formation and are classified
as C, chemistry. For example, the reactions
CH,=CHF + O — -CH,F + HCO and CHF,-CF,-
+ H— .CHF, + -CHF, contribute to the formation
of fluoromethyl radicals. Similarly, there are a
number of other decomposition channels that can be
classified as C, chemistry, such as -CH,F + C,H,
— «CH,—CH,-CH,F.

There are four potential reaction product channels
following association of fluoromethyl radicals with
O, by analogy to hydrocarbon and chlorinated
hydrocarbon chemistry. (1) Stabilization of the fluoro-
methylperoxy radicals (e.g. CHF,00- product) or
return to reactants (e.g. -CHF, + O,). (2) Internal
abstraction of a hydrogen atom followed by O-O
bond cleavage (e.g. CF,=0 + OH products). (3)
Internal abstraction of a fluorine atom followed by
0-O bond cleavage (e.g. CHF=0O + OF products). (4)
Direct dissociation of the O-O bond (e.g. CHF,0-
+ O products). The first channel (stabilization) should
be negligible at flame temperatures (i.c. the adduct
returns to reactants), but may need to be considered
at lower temperatures and for ignition delays. The
second channel (hydrogen abstraction) should be a
secondary pathway at flame temperatures, but clearly
should be reevaluated at lower temperatures. The
third channel (fluorine abstraction) can clearly be
disregarded, because of the strong C-F bond. This
is in contrast to the analogous reactions that are
assumed to occur in chlorinated hydrocarbon
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chemistry (e.g. Ho et al., 1992). Consequently, elimi-
nating the first three potential product pathways, we
must only explicitly consider the fourth channel
(direct O-O bond dissociation) to form fluorometh-
oxy radicals and oxygen atoms (e.g. CHF,0- + O
products).

There have been a number of rate measurements
for the reaction of -CF; with O, near room tempera-
ture (Vedeneev et al., 1978; Ryan and Plumb, 1982;
Caralp et al., 1986; Cooper et al., 1980; Orlando and
Smith, 1988), but none (to our knowledge) for reac-
tion of the other fluoromethyl radicals with O,. At
low temperatures, the only possible product pathway
is formation of the fluoromethylperoxy radical.
These types of radical species are known to play a
role in atmospheric chemistry. At high temperatures
in a flame, these species will be present in signifi-
cantly smaller concentrations and there are other
possible product pathways for the fluoromethyl
+ O, reactions. For -CF; + O, — CF,0- + O, we
estimated a rate expression using RRKM analysis
employing the reasonable assumption that there is
no barrier in the reverse direction. For the reac-
tions -CH,F + O, — CH,FO- + O and -CHF, +
0, — CHF,0- + O, we assumed the fluoromethoxy
radical intermediate would be present in steady-state
concentrations and that it would rapidly eliminate
HF after being formed. Based on these assumptions
then, we simply used the -CF, rate expression after
adjusting for reaction enthalpies. For lower tempera-
ture conditions (than flames), these assumptions and
the relevant reaction pathways and rate expressions
should be reevaluated.

For reaction of the perfluoromethyl radical (-CF;)
with oxygen atoms (eliminating fluorine), we used a
rate constant corresponding to the room temperature
value measured by McFadden and co-workers (Tsai
et al., 1989). For reaction of the other fluoromethyl
radicals with oxygen atoms (eliminating hydrogen),
we used rate constants scaled between those for
-CH; and -CF;. For reaction of the fluoromethyl
radicals with OH radicals, we used rate constants
identical to those for «CH,.

Fluoromethyl radicals are primarily destroyed in
hydrocarbon flames through reactions with hydro-
gen, OH, and -CH; radicals. Reactions with oxygen
atoms are minor channels. The greatest uncertainty
here is likely the reactions with -CH, radicals (HF
elimination vs stabilization), which are very tempera-
ture and pressure dependent. Further refinements of
this mechanism should provide better rate expres-
sions for these reactions, benchmarking them to ex-
perimental data that exists (see brief discussion in
Section 2.4.1).

Reaction of fluoromethyl radicals with HO, may
be important for correctly describing ignition delays.
There are two possible product channels: «CHF, +
HO, — CH,F, + O, (disproportionation and chain
termination) vs -CHF, + HO, — CHF,0- + OH
(combination/elimination and chain propagation).
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We estimated rate expressions by analogy to the
corresponding hydrocarbon reactions. We assumed
that the fluoromethoxy radicals, once formed, imme-
diately eliminate a hydrogen atom, since the C-H
bond strengths are only 25-30 kJ mol™*. This elimi-
nates the need for explicitly including these species in
the mechanism. For the CF,0- product, a fast subse-
quent fluorine atom elimination step (which is explic-
itly included in the reaction mechanism) does not
happen immediately, since the C-F bond dissociation
energy is about 110 kJ mol™*. If these reactions (for
CH,FO-. and CHF,0-) are shown to be important
for ignition delays, then the rates and branching
ratios should be reevaluated.

3.3.8. Fluoromethylene destruction

Rate expressions for reactions involving the fluoro-
methylenes are labeled ‘NN’ in Table 5.

Estimates for the rates of reactions of the fluoro-
methylenes (:CHF and :CF,) with many species are
somewhat uncertain, because reactions involving
these species are significantly slower than the analo-
gous reactions for singlet methylene (*:CH,).
Reactions of ':CH, are given in Table 5 (Reac-
tions HC29-34). There also appear to be conflicting
experimental data on the reactivities of the fluoro-
methylenes. This will not be discussed here. The
fluoromethylenes can be destroyed in a number of
different ways.

(1) The fluoromethylenes can be destroyed by
reaction with hydrogen atoms, where we used rate
expressions consistent with the room temperature
values measured by McFadden and co-workers
(Tsai and McFadden, 1989, 1990a). These reactions
are CHF + H— -CH+ HF and CF, +
H—.CF + HF. For the reaction :CF, + H
(which is slightly slower), this necessitates employing
a small activation barrier (5kJ mol™!) for the reac-
tion.

(2) The fluoromethylenes can be destroyed by
reaction with oxygen atoms, where we used rate
expressions consistent with values measured at
room temperature by Tsai and McFadden (1990a,
1990b). These reactions are CHF + O — CO +
HF and :CF, + O —-CF = O + F. A small activa-
tion barrier (4 kJ mol™!) for the :CF, reaction was
used.

(3) The fluoromethylenes can be destroyed by reac-
tion with OH radicals, where we used rate expres-
sions consistent with a rate constant for reaction
with CF,: (at 1090-1375 K) estimated by Biordi et
al. (1978) in their flame measurements. Again a
small barrier (14 kJ mol™!) was used for :CF, and no
barrier for :CHF. There are at least two possible
product channels for reaction of OH with each spe-
cies: hydrogen atom elimination(s) and HF elimina-
tion. HF elimination is likely the secondary channel,
because of both the barrier-to-elimination and a
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constrained transition state (lower A factor). We
assigned an estimated branching ratio of ky/kyr = 5
by analogy to other reactions.

(4) The fluoromethylenes can be destroyed by reac-
tion with HO, radicals. The reaction of :CF, with
HO, is major reaction pathway during ignition. We
assigned rate constants referenced to the corre-
sponding hydrocarbon reactions using kou/kuo, = 2
by analogy to reactions of OH and HO, with
CH,. There are two possible product channels:
‘abstraction’ (e.g. CF,: + HO, —CHF, + O,)
vs combination/dissociation (e.g. CF,: + HO, —
CF,=0 + OH). Again, we assigned an estimated
branching ratio of kou/ko, = 5 by analogy to
CH; + HO,.

(5) The fluoromethylenes can be destroyed by re-
action with O,, where we used the rate expression
for :CF, measured by Keating and Matula (1977).
This rate expression is also consistent with the meas-
urements by Modica and LaGraff (1965) and Bauer
et al. (1969). For :CHF, we used an equivalent rate
expression (after adjusting for reaction enthalpy)
with a significantly reduced, but still modest
(24 kI mol *) barrier. Since the :CHF reaction bar-
rier has no experimental basis, if it is identified as
a reaction that significantly contributes to the
destruction of :CHF, then this reaction should be
reevaluated. An ab initio transition state calcula-
tion would be extremely useful in resolving this
uncertainty,

(6) The fluoromethylenes can be destroyed via
insertion into H,O (a major flame species). We
estimated barriers to reaction of 25 and 100 kJ mol™*
for :CHF and .CF,, respectively, from our BAC-
MP4 b initio transition state calculations.

(7) The fluoromethylenes can also be destroyed
via reaction with hydrocarbons (see brief discussion
in Section 2.4.1).

The fluoromethylenes ((CHF and :CF,) are largely
destroyed in hydrocarbon flames via reaction with
hydrogen atoms. Reactions with oxygen and OH
radicals are minor channels. There are good quality
experimental data for all of the reactions, which
proceed with small barriers. An open question here
is the probable addition of the fluoromethylenes to
ethylene. This class of reactions has been ignored in
this mechanism in order to minimize the number of
species in the reaction set, because these reactions
would lead to the formation of C; fluorinated
hydrocarbons.

3.3.9 Fluoromethylidyne radical destruction

Rate expressions for reactions involving the fluoro-
methylidyne radical are labeled ‘NN’ in Table 5.

The rates of reactions of fluoromethylidyne (-CF)
with many species are somewhat uncertain given
they are significantly slower than the analogous reac-
tions for methylidyne (-CH). There also appear to be
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conflicting experimental data on its reactivity. This
will not be discussed here. For the reactions of -CF
with O,, hydrogen and oxygen, we used rate expres-
sions with reasonable prefactors and barriers that
are consistent with the room temperature rate meas-
urements of McFadden and co-workers (Tsai et al.,
1989; Tsai and McFadden, 1990b) and Peeters et al.
(1992). We note that to date we have (mis)assigned
the products of the reaction -CF + H— C + HF
(about 25 kJ mol™! exothermic) as CH + F (about
20 kJ mol™* endothermic). This was done to eliminate
carbon, C,H, C,H,, and other fuel-rich species in
order to minimize the number of species in the reac-
tion set. If a hydrocarbon sub-mechanism is used
that includes these species, the correct product chan-
nel should be used. For «CF + OH — CO + HF,
we assumed that there was no barrier to reaction.
For -:CF + H,O0 — products, we estimated an activa-
tion energy of 70kJmol™* by analogy to other
radical + H,O reactions,

CF can also be formed via CH + HF — :CF +
H, (roughly 70 kJ mol™* exothermic). We assumed
that this reaction proceeds with no barrier, because
of the high reactivity of CH. However, there may be
a small barrier due to the strength of the HF bond.
This reaction can be a major destruction pathway
for CH in fluorine-inhibited hydrocarbon flames.
Consequently, further refinements of this mecha-
nism should provide a better estimate for this rate
expression. A transition state structure and energy
from ab initio calculations would be useful. An ex-
perimental measurement of this rate would be ideal.
For reaction of -CF with other molecules, we as-
sumed upper limits that should be reevaluated if
those reactions are observed to contribute to -CF
destruction.

In the reaction set, fluoromethylidyne (-CF) is
largely destroyed via reaction with O, and OH.
Reaction with hydrogen atoms and H,O are minor
channels. Given that there is no experimental meas-
urements for reaction of «CF with H,O, limited (and
inconsistent) data for reaction with O,, and both of
these reactions are likely to have modest barriers,
these reactions provide a significant uncertainty to
this reaction set. Further refinements of this mechan-
ism should address these issues for -CF, as well as
for :CHF and :CF,.

3.3.10. Carbonyl fluoride chemistry

Rate expressions for reactions involving the car-
bonyl fluorides are labeled ‘PP’ in Table 5.

An important set of species to fluorocarbon chemis-
try are the carbonyl fluorides (CHF=O, CF,0,
«CF=0). CHF=0 can be destroyed via unimolecular
decomposition and hydrogen atom abstraction by
hydrogen, oxygen, and OH radicals. For the unimo-
lecular decomposition (eliminating HF), we have fit
the experimental data of Saito et al. (1985) using an
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extended Arrhenius expression (A47T°e¢ ®RT) ysing
the value for E, (threshold energy) that they recom-
mended based on their analysis. For the abstrac-
tions, we have substituted accepted rate expressions
for the analogous CH,=0 reactions. However, there
is some significant uncertainty for abstraction by
hydrogen atoms. The C-H bond dissociation
energy in CHF=0 is about 45-50 kJ mol™! stronger
than in CH,=0. Consequently, as an ‘abstraction’
the barrier should be somewhat higher. On the
other hand, hydrogen atom addition followed by
H, elimination could be more facile than the pure
abstraction.

CF,=0 can be destroyed via unimolecular decom-
position (fluorine atom elimination), by reactions
with hydrogen atoms, through reactions with OH
radicals, and through reactions, potentially, with
H,O. The unimolecular decomposition is likely a
negligible channel due to the strong C-F bond. There
are a number of possible reactions with hydrogen
atoms: (1) direct abstraction of a fluorine atom; (2)
addition to the oxygen followed by 1,2-elimination
of HF; and (3) addition to the carbon followed by
1,1 elimination of HF. Biordi et al. (1974) have
estimated a rate constant for the net reaction of H
with CF,=O at 1800 K based on their molecular
beam sampling measurements in low-pressure flames.
More recently, Richter er al. (1994) have estimated a
rate expression on measurements at several different
temperatures. We have also used BAC-MP4 ab initio
transition state calculations (Zachariah et al., 1995)
followed by RRKM analysis to provide rate expres-
sions for each of the possible channels. Our calcula-
tions are in excellent agreement with the experimental
values and indicate that the addition/1,2 elimination
channel dominates (92 kJ mol™! barrier), the addi-
tion/1,1 elimination channel is about a factor of ten
slower (101 kJ mol™! barrier), and the direct abstrac-
tion channel is negligible (188 kJ mol'! barrier).
Modeling results suggest that changes in flame
speeds upon addition of fluorinated hydrocarbons
are slightly sensitive to the rate of destruction of
CF,=0.

CF,=0 may also be destroyed via addition of OH
to the carbon atom followed by 1,2-elimination of
HF (Bozzelli e al., 1994). However, this is a likely
minor channel for destruction, because we estimate a
barrier of about 105kJmol? for the elimination
step from our BAC-MP4 ab initio transition state
calculations (Zachariah et al., 1995).

Due to the low reactivity of CF,=O and the large
amounts of H,O in hydrogen flames, CF,0 + H,0
reactions must be considered. We have calculated
(Zachariah et al, 1995) rate expressions for
CF,=0 + H,0 complex formation followed by HF
elimination. Flame modeling results suggest that
reaction with water is a secondary destruction
pathway to the hydrogen atom addition/1,2 elimina-
tion pathway. Nevertheless, it still needs to be
considered.

D. R. Burgess, Jr. et al,

-CF=0 can be destroyed via unimolecular decom-
position and reactions with hydrogen, oxygen, OH,
and -CH, radicals. Flame modeling results suggest
that unimolecular decomposition and reaction with
hydrogen atoms are the primary decomposition path-
ways. For reaction with hydrogen atoms, we used a
rate constant identical to that for the analogous
HCO reaction. For unimolecular decomposition, we
determined a rate expression based on the reasonable
assumption that combination reaction (reverse direc-
tion) is barrierless. There is significant uncertainty in
the heat of formation of +CF=O and, consequently,
there is significant uncertainty in this rate. Future
refinements of this mechanism should address this
issue. Flame modeling results suggest that the degree
of inhibition is relatively sensitive to the rate of
unimolecular decomposition of -CF=0.

3.4. C, Fluorinated Hydrocarbon Chemistry

3.4.1. Overview

The C, subset of the reaction set (approximately
450 reactions) consists of the chemistry of 34 species
containing two carbons (and hydrogen/fluorine/oxy-
gen) with H, O, OH, H,O, and other flame species.
The C,/H/F/O species used in this reaction set are
the nine fluoroethanes (e.g. CH,F-CF,), the 11 fluoro-
ethyl radicals (e.g. CH,F-CF,+), the five fluoroeth-
ylenes (e.g. CHF=CF,), the five fluorovinyl radicals
(e.g. CF,=CH.), the fluoroethynes (C,HF, C,F,),
and the fluoroketenes and fluoroketyl radical
(CHF=CO, CF,=CO, -CF=CO). As indicated earlier,
only the [Z] forms of CHF=CHF, CHF=CH., and
CHF=CF- were considered to minimize the number
of species in the reaction set.

The reaction set will not be described here in
detail. Briefly, the fluoroethane destruction pathways
(like fluoromethanes) consist of thermally and chemi-
cally activated decompositions and hydrogen atom
abstraction reactions. Fluoroethyl radicals can react
with hydrogen atoms creating fluoroethylenes via
chemically activated fluoroethanes and HF elimina-
tion. Fluoroethyl radicals can also react with
oxygen-containing species (O,, O, OH), resulting
in the formation of oxidized fragments (e.g.
CF,;~CF, + O — .CF; + CF,=0). Fluoroethylenes
(produced from thermally and chemically activated
fluoroethane decompositions) are predominantly de-
stroyed via reaction with oxygen radicals, resulting
in the formation of oxidized fragments (e.g.
CH,=CF, + O—+CH=0 + CHF,). Fluoroethylenes
arc also destroyed to a lesser degree through
hydrogen atom abstraction by radicals such as
OH, resulting in the formation of fluorovinyl
radicals (e.g. CH,=CF, + OH — CF,=CH- + H,0).
Fluoroviny! radicals (like fluoromethyl and fluoro-
ethyl radicals) are destroyed via reactions with
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hydrogen radicals, as well as with oxygen-containing
species.

3.4.2. Fluoroethanes: thermally and chemically
activated decompositions

Rate expressions for thermally and chemically acti-
vated decompositions of fluoroethanes are labeled
‘ED’ in Table 5.

Both thermally and chemically activated decompo-
sitions of the fluoroethanes were considered, as
well as stabilization of ‘hot’ fluoroethanes (e.g.
CH,~CF; —» CH,=CF, + HF,  -CH, + -CF; —-
CH,=CF, + HF, and -CH, + -CF, — CH,~CF,).
Many measurements (mainly in shock tubes) of the
unimolecular decomposition of fluoroethanes have
been made. The kinetics of decomposition of most
of the fluoroethanes (HF elimination) have been
measured in a comprehensive series of work by
Tschuikow-Roux and co-workers (Tschuikow-Roux
etal., 1970, 1971; Tschuikow-Roux and Quiring, 1971;
Millward et al., 1971a, 1971b; Millward and
Tschuikow-Roux, 1972; Sekhar and Tschuikow-
Roux, 1974). Kinetic data for HF elimination from
some of the fluoroethanes have also been obtained
by Kerr and Timlin (1971) and Trotman-Dickenson
and co-workers (Day and Trotman-Dickenson, 1969;
Cadman er al., 1970; Kochubei et al., 1980; and
Mitin et al., 1988). We selected experimental values
from these sources and used them without modifica-
tion. The validity of employing these high-pressure
limit values should be reevaluated for those fluor-
oethanes which have only a few fluorine substitu-
tions, especially when using the reaction set at low
pressure (and high temperatures).

There have been a number of measurements for re-
actions involving chemically activated or ‘hot’ fluoro-
cthanes produced by combination of fluoromethyl
radicals by Kim et a/. (1973), by Trotman-Dickenson
and co-workers (Kirk et af, 1968; Phillips and
Trotman-Dickenson, 1968; Cadman et al., 1976),
and by Pritchard and co-workers (Pritchard et al.,
1964; Bryant and Pritchard, 1967; Bryant et al.,
1967; Pritchard and Thommarson, 1967; Perona et
al., 1968; Pritchard and Bryant, 1968; Pritchard and
Perona, 1970; Follmer and Pritchard, 1974). Some of
this work includes measurements of branching ratios
between product channels (i.e. HF elimination vs
stabilization). There are no measurements (to our
knowledge) for decomposition of hot fluoroethanes
following combination of fluoroethyl radicals and
hydrogen atoms. We used rate expressions for all
of the hot fluoroethanes for the various product
channels from our RRKM analysis (Tsang, 1994)
in order to provide a consistent set (see brief discus-
sion in Section 3.5). Further refinements of this
mechanism should include using all of the existing
experimental data as reference values for the RRKM
calculations.
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3.4.3. Fluoroethanes: fluoromethyl
disproportionations and fluoromethylene insertions

Rate expressions for fluoromethyl disproportiona-
tion and fluoromethylene insertion reactions are
labeled ‘EC’ in Table 5.

Pritchard and co-workers have made a comprehen-
sive set of measurements of reactions involving dis-
proportionations between (fluoro)methyl radicals
(Pritchard and Follmer, 1973; Nilsson and Pritchard,
1982, Pritchard et al., 1984, 1985, 1987, 1990, 1991,
1992). These studies suggest a branching ratio for
disproportionation vs combination (HF elimination
or stabilization) of about 10-20%, at 350-500 K. We
employed these data in combination with estimated
barriers from our BAC-MP4 ab initio transition state
calculations and determined rate expressions consist-
ent with the available experimental data. We
estimated that the activation energies or barriers-
to-disproportionation are about 3-9 kJ mol™! for
reactions involving -CHF, (i.e. :CF, product)
and 14-19 kJ mol™* for reactions involving -CH,F
(i.e. :CHF product).

We also considered that :CHF and :CF, may
insert into C-H bonds in methane and fluorometh-
anes. We used rate expressions based on estimated
barriers for insertion from our BAC-MP4 ab initio
calculations of 63 and 130 kJ mol™* for :CHF and
:CF,, respectively. These barriers are rather signifi-
cant when compared to :CH,, which inserts into
C-H bonds with little barrier. Our BAC-MP4 ab
initio calculations suggest these barriers result from
ionic repulsion between the electropositive hydro-
gen atom on the (fluoro)methane and the highly
electropositive carbon atom on the fluoromethyl-
ene. For example, the hydrogen atom on CH, has
a Mulliken charge of +0.17 and the carbon atom
of :CF, has a Mulliken charge of +0.54. However,
there is some experimental evidence to suggest that
the barriers are significantly smaller (DiFelice and
Ritter, 1994a, 1994b). This apparent conflict for
these important species should be addressed in
future mechanism refinements.

3.4.4. Fluoroethanes: abstractions

Rate expressions for hydrogen abstractions from
the fluoroethanes are labeled ‘EA’ in Table 5.

There have been a number of measurements of
hydrogen abstractions for fluoroethanes by OH radi-
cals. Cohen and co-workers (Cohen and Benson,
1987b; Cohen and Westberg, 1991) have used
transition-state theory calculations to analyze and
predict rate coefficients for a series of halogen-substi-
tuted methanes and ethanes. Much of their analysis
is based on the experimental data of Clyne and Holt
(1979) and Jeong et al. (1984). Other experimental
data included in their analysis were from the measure-
ments by Howard and Evenson (1976b), Handwerk
and Zellner (1978), Nip et al. (1979), and Martin
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and Paraskevopoulos (1983). In our work we used
the values recommended by Cohen and Benson
(1987a, 1987b). For the three asymmetric fluoro-
ethanes (CH,-CH,F, CH,-CHF,, CH,F-CHF,),
where there are different functional hydrogen substi-
tutions, we estimated the branching ratios based on
relative bond strengths.

There have recently been a number of precise
measurements for these abstraction reactions for a
number of the fluoroethanes by Huie and co-workers
(Liu er al., 1990; Zhang et al., 1992c), by Ravis-
hankara and co-workers (Talukdar et al., 1991; Gierc-
zak et al.,, 1991), and by Nielsen (1991). Based on
some of the more recent measurements that are newer
recommendations by Cohen and Westberg (1991) for
some of these reactions. The biggest changes are for
reactions involving CH,-CHF, and CHF,-CF;.
However, the changes in the rate expressions are
only significant at temperatures well below flame
temperatures (due to 7° dependence).

Although there have been a number of measure-
ments of hydrogen abstractions from many of the
fluoroethanes by OH radicals, there have been no
measurements (to our knowledge) for hydrogen ab-
stractions by hydrogen and oxygen atoms from any
of the fluoroethanes. Consequently, in this work we
utilized an empirical correlation that we determined
for other hydrogen abstraction reactions. For hydro-
gen abstraction by hydrogen and oxygen atoms, we
used activation energies that were factors of 2.5 and
2.7 times, respectively, that for the analogous abstrac-
tions by OH radicals. These factors were based on
the fact that the reactions with hydrogen and oxygen
atoms are about 62kJmol! and 70 kJ mol™ Iess
exothermic, respectively, than the corresponding reac-
tions with OH.

The fluoroethanes are largely destroyed via unimo-
lecular decomposition and abstraction by OH radi-
cals. Good quality experimental data are available
(cited above). Future refinements of this mechanism
need only to reevaluate this work and, possibly,
redetermine the branching ratios for the three asym-
metric fluoroethanes. However, it would be valuable
to have experimental measurements of these rates at
flame temperatures, because hydrogen abstractions
by OH are primary decomposition pathways and the
recommended values are based on experimental meas-
urements at relatively low temperatures (300-500 K).

3.4.5. Fluoroethyl radical destruction

Rate expressions for reactions involving the fluoro-
ethyl radicals are labeled ‘GG’ in Table 5.

Fluoroethyl radicals can be destroyed via reaction
with flame species such as O,, H, O, OH, and «CH,.
For reactions with O,, O, and OH, we used rate
expressions by analogy to those accepted for the
corresponding ethyl radical reactions (Bozzelli and
Dean, 1990; Baulch et al., 1992; Tsang and Hamp-
son, 1986).

For reactions of O, with the three fluoroethyl
radicals without a beta hydrogen (CF,-CH,.,
CF;-CHF-, CF,—CF,.), we assigned the products as
.CF; + CXY=0 + O (i.e. C-C bond cleavage of
CF,—CXY-O- intermediates). These products and
rate expressions were chosen by analogy to the
.CF; + O, reaction (adjusting for reaction en-
thalpy). Future refinements of this mechanism should
consider formation of fluoroacetaldehyde species
(and corresponding chemistry) following decomposi-
tion of the fluoroethoxy intermediates (e.g.
CF,;-CH,-0- — CF;—CHO (+ H) — products).

For reactions of oxygen with the fluoroethyl radi-
cals, two product channels must be considered. A
third channel, abstraction of hydrogen, can be ig-
nored by analogy to C,Hs + O. Tt is likely that
hydrogen atom elimination (e.g. CH;-CHF- +
O — CH,-CFO + H) is the dominant pathway
over C-C bond cleavage (e.g. CH,;-CHF- +
O — CH,- + CHF=0). We assigned rate constants
for the hydrogen atom elimination reactions relative
to that for C,H using the geometric mean rule and
scaling relative to the rate constants for CH, + O
and CF; + O. In order to eliminate the fluoroacetal-
dehyde and (fluoro)acetylfluoride species from the
reaction set (formed via the hydrogen atom elimina-
tion pathway), we assumed that these species are
destroyed very quickly (that is, they are present only
in steady-state concentrations) and result in the
eventual formation of (fluoro)ketene species. For
example, a likely reaction pathway could be
CH,F-CFO + H — -:CHF-CFO + H, followed by
.CHF-CFO + H — [CH,F-CFO]* — CHF=CO +
HF.

For reactions of OH with the fluoroethyl radicals,
there are also two product channels that must

be considered: combination/HF  elimination
(e.g. CH;-CHF + OH — CH,-CHO + HF) s
hydrogen abstraction (e.g. CH,;-CHF +

OH — CH,=CHF + H,0). We have ignored several
other possible channels. HF elimination involving
breaking a C-H bond (e.gz CH;—CHF +
OH — CH,=CH(OH) + HF) will have a higher bar-
rier than breaking a O-H bond (e.g. CH;—CHF +
OH — CH;-CHO + HF). Product channels involv-
ing breaking a C-C bond (e.g. CH;-CHF +
OH — -CH; + OCH,F) were also ignored. In con-
trast to that for oxygen atoms, abstraction of beta
hydrogen atoms from ethyl radicals by OH radicals
is generally assumed to occur. We assigned rate
constants for the two possible channels employing
the corresponding rate constants for the analogous
reactions with oxygen atoms. A small barrier (about
12 kJ mol™!) was estimated for the abstraction chan-
nel. As the fluoroethyl + O reactions, we assumed
that the fluoroacetaldehyde and (fluoro)acetylfluo-
ride species are quickly destroyed, resulting in the
formation of (fluoro)ketene species.

Fluoroethyl radicals may also react with hydrogen
atoms and form ‘hot’ fluoroethanes. For these



Thermochemical and chemical kinetic data for fluorinated hydrocarbons

reactions we used rate expressions from our RRKM
calculations (as mentioned previously). Fluoroethyl
radicals may combine with -«CHj to form hot fluoro-
propanes (which are likely to be stabilized except at
the highest temperature). Fluoroethyl radicals may
also disproportionate with «CH; to form CH, and
fluoroethylenes. The first channel (combination) was
simply ignored in order to exclude C; fluorinated
species from the reaction set. The rate constants for
the second channel (disproportionation) were set iden-
tical to that accepted for the reaction -C,Hs +
‘CH; - C,H, + CH, (Tsang and Hampson,
1986).

3.4.6. Fluoroethylenes: decompositions and reactions
with hydrogen

Rate expressions for thermally and chemically
activated decompositions of the fluoroethylenes
are labeled ‘JD’ in Table 5. Rate expressions for
reactions of hydrogen atoms with the fluoroethylenes
are labeled ‘JA’ in Table 5.

In this work, we used experimental rate expressions
(Simmie and Tschuikow-Roux, 1970; Simmie et al.,
1970) for the rate of pyrolysis (eliminating HF) of
two of the fluoroethylenes (CH,=CHF and
CH,=CF,). For the other fluoroethylenes, we used
these rate expressions as reference points and ad-
justed the activation energy based on the reaction
enthalpy. For thermal decomposition or pyrolysis of
perfluoroethylene (CF,=CF, —:CF, + :CF,), we
used rate expressions from our RRKM analysis of
the experimental data of Schug and Wagner (1978).
These data are also consistent with the experimental
rate expression of Modica and LaGraff (1966). For
the other thermally and chemically activated fluoro-
ethylene decomposition channels (e.g. CHF +
:CHF — CHF=CHF or C,HF + HF), we used rate
expressions from our RRKM calculations (based on
the reverse reactions or combinations).

Fluoroethylenes can also be destroyed via reaction
with hydrogen atoms. This includes hydrogen atom
addition followed by stabilization of the fluoroethyl
radical produced (e.g. CH,=CF, + H— CH;—CF,-
or CHF,—CH,), as well as hydrogen atom addition
followed by fluorine atom elimination (e.g.
CH,=CF, + H— CH,=CHF + F). There are some
experimental data for these reactions (e.g. Teng and
Jones, 1972, 1973); however, there appears to be
some conflict between them. Consequently, in this
mechanism, we simply employed an accepted rate
expression for the hydrogen atom addition/stabiliza-
tion for the analogous ethylene reaction. That is, we
used rate expressions for the reactions of fluoroeth-
ylenes with hydrogen atoms by analogy to the recom-
mendations of Tsang and Hampson (1986) for the
two pathways C,H, + H—-C,H, and C,H, +
H — C,H; + H,. For the other possible pathway
for reaction of hydrogen atoms with the fluoroeth-
ylenes (hydrogen atom addition and fluorine atom
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elimination or displacement), we assumed barrierless
addition of fluorine atoms.

There are some significant uncertainties here for
the hydrogen atom addition reactions. First, it is
likely the barrier-to-addition will be influenced by
the degree of fluorine substitution on the alpha
carbon. Second, the efficiency of stabilization of the
chemically activated or ‘hot’ fluoroethyl radical will
be strongly influenced by the degree of fluorine substi-
tution. Further refinements of this mechanism should
address these issues. For example, reasonable esti-
mates for the relative barriers-to-addition could be
obtained from BAC-MP4 ab initio transition state
calculations and the relative stabilization efficiencies
could be estimated reasonably well using RRKM
analysis.

The fluoroethylenes should also react relatively
quickly with methyl and fluoromethyl radicals and
with methylene and the fluoromethylenes. However,
we have not included these reactions in the reaction
set, because they lead to the formation of C; fluorin-
ated hydrocarbons (essentially polymerization reac-
tions). Future refinements of this mechanisms should
investigate the potential influence of these type of
reactions on the overall chemistry.

3.4.7. Fluoroethylenes: reactions with oxygen and OH

Rate expressions for reactions of O and OH with
the fluoroethylenes are labeled ‘JO’ in Table 5.

The fluoroethylenes are primarily destroyed via
reaction with oxygen atoms (e.g. CH,=CF, +
O — «CHF, + HCO). For these reactions, we used
rate expressions that were fits to extended Arrhenius
form (AT*¢®RT) to the recommendations of
Cvetanovic (1987) in order to extrapolate the low-
temperature measurements (300-500 K) to flame tem-
peratures. A temperature dependence of 7! was
used by analogy to other reactions involving oxygen
atoms. The recommended values by Cvetanovic are
largely based on work in this area by Herron and
Huie (1973), Jones and Moss (1974), Atkinson and
Pitts (1977), and Gutman and co-workers (Park
et al., 1984). It should be noted that for perfluoro-
ethylene, the only possible channel is CF,=CF, +
O — CF,=0 + !CF, (i.e. no hydrogen migration
possible). It should also be noted that for CH,=CHF
there are two possible channels (‘addition’ of the
oxygen atom to one side or the other). We have used
an estimated additional 4 kJ mol™ for ‘addition” of
the oxygen atom to the fluorinated carbon. This is
consistent with an upper limit measurement at room
temperature for this reaction by Gutman and co-
workers (Slagle et al., 1974).

For reaction of oxygen with the fluoroethylenes,
it is generally understood that the dominant path-
way is where the products are the fluoromethyl and
(fluoro)formyl radical (e.g. CH,=CHF +
O — HCO + .CH,F) following dissociation of the
chemically activated fluoroethylene oxide formed by
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oxygen atom attack on the double bond. That is, the
oxygen atom first ‘adds’ to the carbon with the last
number of electronegative substituents (in this case
F). A hydrogen atom on this carbon then ‘migrates’
to the other carbon. However, there is some evidence
(Gilbert et al., 1976) to suggest that the assumed
methyl + formyl products (e.g. -CHF, + HCO)
may not be the only product channel (e.g. CHF=
CHF + O — CHF=C=0O + HF or CHF=CHF +
O — CHF=0 + :CHF). The numerous other pos-
sible channels are generally considered to be
minor pathways: (1) stabilized fluoroethylene oxides,
(2) stabilized fluoroacetaldehydes, (3) fluoroacetyl
radicals + H, (4) fluorovinoxy radicals (e.g.
CHF-CFO) + H, (5) (fluoro)formaldehydes +
(fluoro)methylenes, (6) fluoroketenes + H,, and (7)
fluorovinyl radicals + OH. The latter class of reac-
tions, hydrogen abstraction, is a separate reaction
from the first four (which are additions) and may
become important at the highest temperatures. Given
that the reaction of oxygen with the fluoroethylenes
is a primary decomposition pathway for the fluoro-
ethylenes and that the rate expressions are based on
experimental measurements at low temperatures
(300500 K), it would be very valuable to have meas-
urements of these reactions and product channels at
near flame temperatures. 4b initio transition state
calculations could shed some light on the relative
importance of each potential reaction pathway.

Fluoroethylenes can also be destroyed via reaction
with OH radicals. We have only considered hydrogen
atom abstraction (and not addition/elimination). For
abstraction of hydrogen atoms from the fluoroeth-
ylenes by OH radicals, we used rate expressions that
were fits (with an estimated T72° dependence) to the
values recommended by Baulch er a/. (1992) for
C,H, + OH — C,H; + H,0, which is based on a
measurement by Tully (1988). Clearly the C—H bond
strength will be significantly influenced by fluorine
substitution. This issue should be addressed in future
refinements of this mechanisms.

Fluoroethylenes may also be destroyed by OH
addition/elimination reactions. This could result in
the formation of fluoroethanols (e.g. CHF=CH(OH))
or possibly fluorovinoxy radicals (e.g. -<CHF-CFO).
There are a number of uncertainties here and, con-
sequently, these reaction pathways were not pursued.
First, these pathways result in the production of
a number of new species in the reaction set, whose
thermochemistry is unknown. Second, decomposition
pathways for these new species must be considered.
Third, the effect of fluorine substitution on the bar-
rier to OH addition is not known (but probably
could be estimated reasonably well using RRKM
analysis). Fourth, the relative rates for at least three
competing reactions must be known; that is, (1)
stabilization of the fluorohydroxyethyl radicals (e.g.
CF,-CF,—OH) vs reversion to reactants, (2) hydro-
gen atom elimination, and (3) HF elimination.
Future refinements of this mechanism should investi-
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gate the potential importance of the OH addition/
elimination reactions for the fluoroethylenes. It may
be that only the perfluorocompounds may need to
be considered (by analogy to the sole importance of
the perfluoromethoxy radical).

3.4.8. Fluorovinyl radical destruction

Rate expressions for reactions involving the fluoro-
vinyl radicals are labeled ‘JO’ in Table 5.

Westmoreland (1992) has calculated the tempera-
ture (and pressure) dependencies of the rate for
the chemically activated reaction C,H; + O, —
CH,0 + HCO. We used these values for the
analogous fluorovinyl radical reactions. In this work,
we used the values recommended by Warnatz (1984)
and Tsang and Hampson (1986) for the C,H, +
O — products and C,H; + OH — products reac-
tions, respectively, for the analogous fluorovinyl radi-
cal reactions. The values recommended by Warnatz
for the first reaction are based on measurements by
Heinemann ez al. (1988).

3.4.9. Fluoroethyne, fluoroketone, and fluoroketyl
radical chemistry

Rate expressions for reactions involving these spe-
cies are labeled ‘KK’ in Table 5.

For reactions involving the fluoroethynes (C,HF,
C,F,), the fluoroketenes (CHF=C=0, CF,=C=0),
and the fluoroketyl radical (-\CF=C=0), we used rate
expressions by analogy to the corresponding hydro-
carbons (C,H,, CH,CO, ‘HCCO). For reaction of
hydrogen atoms with the two fluoroethynes (C,HF,
C,F,), we used rate expressions derived from the
recommendation of Warnatz (1984) for C,H, +
H — C,H;, which is based on measurements by Payne
and Stief (1976). For these hydrogen atom addition
reactions, we employed third-body stabilization effi-
ciencies and low-pressure limits identical to that for
acetylene. Future refinements of this mechanism
should provide better estimates for these reactions.

3.5. RRKM Analysis

Rate constants for chemical activation processes
were determined through solution of the steady-state
master equation in the context of a step ladder
model and transition states that satisfy the high-
pressure rate expressions. Extension to multichannel
decomposition is straightforward in the sense of
simply adding another term to the expression involv-
ing the decomposition channels. The step-size down
parameters are taken to be 7/3cm™ and lead to
values near 500 cm™! under conditions relevant to com-
bustion. These numbers are consistent with fall-off
data. The general procedure for RRKM (Robinson
and Holbrook, 1972) is in contrast to the treatment
of weak collisions generally described as the QRRK



Thermochemical and chemical kinetic data for fluorinated hydrocarbons 481

procedure (Dean and Westmoreland, 1987). This
procedure is of some validity for describing single-
channel unimolecular decompositions, since Troe
(1977) has derived a relationship between the collision
efficiency and the step-sizes down. However, for
chemically activated processes, which are really the
simplest type of multichannel decompositions, this
collisional efficiency is no longer related to the step-
sizes. As such, it is thus an arbitrary fit parameter.
Without experimental data, it is not clear how to
assign this parameter. The situation is even worse
when there are multiple decomposition channels.
Strictly speaking, one would need to define a collision
efficiency for every channel. Here again, there is at
present no basis for assigning these values.

The assignment of the high-pressure rate expres-
sion is a key element in each estimation. Our pro-
cedure is to utilize experimental data where it exists.
In the absence of reliable experimental data, the
high-pressure rate expression is derived by analogy;
for example, using the geometric mean rule. For
combination reactions involving radicals, this ap-
proach is consistent with Benson’s geometric ap-
proach (Benson, 1976) leading to the restricted rotor
transition states that are used in this work. Thus, the
combination rate expressions (Tsang, 1994) for the
(fluoro)methyl radicals are based on A(CH; +
CH; — C,Hg) and k(CF; + CF; — C,F,). For the
reactions of hydrogen atoms with (fluoro)methyl radi-
cals, the combination rate expressions are based on
k(CH; + H— CH,) and k&(CF; + H — CHF;).

3.6. BAC-MP4 Ab Initio Predictions

Foranumber of reactions considered in the mechan-
ism, there are no or little experimental rate data.
Consequently, we have estimated that data using
BAC-MP4 ab initio calculations of the transition
state geometries and energies and RRKM/master
equation analysis. A short description of the BAC-
MP4 ab initio calculations is given in Section 2.5.
The transition state for a reaction was obtained by
searching for a geometry with one negative eigen-
value. This corresponds to a saddle point on the
potential energy surface. This is then followed by a
steepest-descent reaction path analysis to ensure
that the calculated transition state corresponds to
the appropriate reactants and products. BAC correc-
tions are then assigned in the same manner as with
the equilibrium structures. In order to quantify the
uncertainties in the calculated data, we have also
performed calculations on a number of related reac-
tions where there is good quality experimental data.

We have calculated transition states for a number
of sets of reactions, including the following:

(1) HF climination from the fluoromethanes (e.g.

CH,F — :CH, + HF);
(2) H, elimination from the fluoromethanes (e.g.
CH;F — :CHF + H,);

(3) hydrogen atom abstraction by hydrogen from
the fluoromethanes (e.g. CH;F + H —
-CH,F + H,);

(4) fluorine atom abstraction by hydrogen from
the fluoromethanes (e.g. CH;F + H —
-CH; + HF);

(5) reactions of H,O with the fluoromethylenes
(e.g. :CHF + H,0 —[CH,FOH}* - CH,0 +
HF);

(6) reactions of H,O with carbonyl difluoride (e.g.
CF,=0 + H,0 — FC(O)OH + HF);

(7) fluorine atom abstraction by hydrogen from
carbonyl difluoride (i.e. CF,=O + H —
.CF=0 + HF);

(8) hydrogen atom addition to carbonyl difluoride
(e.g. CF,=O0 + H— [-CF,0OH]* —-CF=0 +
HF);

(9) OH addition to carbonyl difluoride (i.e. CF,=0O

+ OH — -[OCF,(OH)]* — FC(0)O- + HF).

The ab initio geometries and energies of the transi-
tion states were then used as inputs to RRKM/master
equation analysis in order to calculate rate expres-
sions. The calculated rate expressions agree well with
those derived from experimental measurements
(where they exist). Further discussion of the ab initio
transition state calculations can be found elsewhere
(Zachariah ef al., 1995).

There is one reaction that is very important to the
chemistry of fluorinated hydrocarbon destruction
and where the calculated rate expression can be
compared with good quality experimental measure-
ments. The rate of reaction of hydrogen atoms with
CF,=0 has been estimated based on measurements
in flames of the rate of disappearance of carbonyl
difluoride. Biordi et al. (1974) estimated a rate con-
stant at 1800 K for this reaction in CF;Br inhibited
methane/oxygen/argon premixed flames. More re-
cently, Richter er al. (1994) have determined rate
coefficients at 1175-1490 K for this reaction in CF;H
inhibited hydrogen/oxygen/argon premixed flames.

The reaction of hydrogen atoms with CF,=0 has
three distinct pathways, one is a direct abstraction
and the other two are addition/elimination reactions.

First, hydrogen atoms can abstract fluorine
(i.e. CF;=0 + H— -CF=0 + HF). Our BAC-MP4
transition state calculations suggest a barrier of
about 150 kJ mol! for this reaction. This compares
well with calculated barriers of about 130-170 kJ
mol™! for fluorine atom abstraction from the fluoro-
methanes. These calculated barriers are consistent
with that measured by Kochubei and Moin (1971)
for fluorine abstraction by hydrogen from CF,. They
reported an activation energy of about 190 kJ mol™
at 1200-1600 K. This would suggest a barrier of
about 160 kJ mol ! assuming a 72 dependence to the
rate.

The second pathway consists of hydrogen atom
addition to the carbon atom on the carbonyl difluo-
ride followed by 1,l-elimination of HF from the
chemically activated fluoromethoxy intermediate
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(ie. CF,=0 + H— [CHF,0-}* — -CF=0 + HF).
The third pathway is also an addition/elimination
reaction, but consists of hydrogen atom addition
in this case to the oxygen atom on the carbonyl
difluoride followed by 1,2-elimination of HF from
the hot hydroxyfluoromethyl intermediate (CF,=O +
H — [-CF,0OH}* — -CF=0 + HF).

Our ab initio transition state calculations suggest
barriers of about 50 kJ mol™? and 65 kJmol™ for
addition to thecarbon and oxygensides of the carbonyl
difluoride, respectively. It is slightly more energetically
favorable for the hydrogen atom to add to the carbon
side. However, the subsequent 1,1 HF elimination step
in this case in order to form the -CF=O product
involves a transition state that is an additional
80 kJ mol'' higher (a total of 130kJmol™!). The
overall energetics of this pathway is significantly less
favorable than the 1,2 HF elimination step that follows
hydrogen atom addition to the oxygen side. This
involves a transition state that is only an additional
15 kJ mol™! higher (a total of 80 kJ mol™!), We have
derived rate expressions based on RRKM/master
equationcalculations usingthe geometries and energies
of the ab initio transition states. These calculated rate
expressions (Zachariah et al., 1995) agree extremely
well with the experimental rate constants reported by
Biordi ez al. (1974) and Richter er al. (1994).

Further discussion of the ab initio transition state
calculations can be found elsewhere (Zachariah et
al., 1995).

4. FUTURE MECHANISM REFINEMENT

4.1. Overview

The purpose of this section is to highlight uncer-
tainties in the reaction set that may impact its ability
to adequately predict the chemistry of fluorinated
hydrocarbon destruction and the behavior of fluori-
nated hydrocarbon-inhibited hydrocarbon flames.
We will mention known significant uncertainties,
both those that may influence and those that are
unlikely to influence the overall chemistry. For exam-
ple, the heats of formation of many of the species
must be estimated using empirical methods, such as
group additivity. However, much of the chemistry of
the destruction of fluorinated hydrocarbon species in
hydrocarbon flames is irreversible. That is, it is the
rates of mainly highly exothermic steps that are
important and not thermodynamic considerations
(free energies) or endothermic steps. For example,
although there is significant uncertainty in the heat
of formation of ;CHF, this should have little impact
on the chemistry in hydrocarbon flames, since ;CHF
is overwhelmingly destroyed through reactions
with radicals such as H and OH, and not through
unimolecular decompositions. In general, the un-
certainties in the reaction set will only be high-
lighted here.
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The reaction set presented here should be consid-
ered as a framework for the development of a model
that accurately describes the decomposition of fluori-
nated hydrocarbons and their impact on hydrocar-
bon flame inhibition chemistry. It should not be
considered a finished product, since to date there has
been very little comparison of its predictions with
experimental measurements. Future refinement and
validation of the mechanism will require input from
measurements of flame speed, flame temperature,
concentration profiles, and temperature profiles in
fluorinated hydrocarbon-inibited flames.

In the reaction set or mechanism presented here,
there are a number of species with uncertain thermo-
chemistry and a number of reactions with uncertain
rate expressions. These can be divided (arbitrarily)
into several classes. (1) In most cases, the uncertain-
ties are derived from the lack of direct or even
indirect experimental data for these species and reac-
tions. (2) In some cases, certain classes of species and
reactions were not included in the reaction set, be-
cause of lack of experimental data and uncertainty
in the chemistry. (3) In the other cases, experimental
data exist, but because of the magnitude of the
reaction set, we have not yet verified that the rate
expressions employed in the reaction set are fully
consistent with the experimental data available.

For example, the JANAF recommended heat of
formation for CHF=0O is simply the average of
the heats of formation of the analogous CH,=O
and CF,=0. Consequently, there is significant
uncertainty introduced from this procedure (bond
dissociation energies are strongly dependent upon
a-substitution), irrespective of the uncertainties in the
heats of formation of the reference compounds. For
example, using the heats of formation of CH, (—75kJ
mol™") and CH,F, (—453kJmol!), one would
estimate using this procedure a heat of formation for
CH,F of —264 kJ mol!. This is 26 kJ mol™* lower
than the accepted literature value (—238 kJ mol™).

An analogous example for estimated rate constants
is for the hydrogen abstraction CHF=O +
H—CF=0 + H,. In this case, we have simply
used an accepted rate expression for the analogous
reaction CH,=O + H — HCO + H,. Given that the
C-H bond dissociation energy in CHF=0 is about
45-55 kJ mol™ stronger than in CH,=0, it is likely
that the barrier to abstraction for the CHF=O reac-
tion is somewhat higher than the barrier for the
CH,=0 reaction. Although we have estimated that
the barrier is about 10.kJ mol™ higher (based upon
trends in other halogen-substituted hydrocarbons),
we have not (to date) employed this estimate because
of some uncertainties. For example, it is likely that
this reaction is not an ‘abstraction’, but rather
an addition to the oxygen (e.gz CH,=0 +
H — -CH,OH) followed by a 1,2-elimination of H,,
because hydrogen atom abstractions by hydrogen
should have a barrier closer to 40 kI mol? (like
CH, + H—-CH; + H,). Consecquently, the effec-
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tive ‘barrier’ may not be significantly influenced by
the C—H bond strength.

Another important example of uncertainties in rate
constants can be found for hydrogen atom addition/
stabilization to the fluoroethylenes (e.g. CH,=CF, +
H — CH,-CF,+ and CHF,~CH,-). We have simply
employed an accepted rate expression for the hydro-
gen atom addition/stabilization for the analogous
C,H, + H— «C,H; reaction. However, there are
some significant uncertainties here. First, it is likely
the barrier to addition will be influenced by the
degree of fluorine substitution on the « carbon. For
example, the barrier to addition for the above reac-
tion involving CH,=CF, may be of the order of 8 kJ
mol ! vs 30 kJ mol™ for addition to the unsubstituted
vs substituted carbon, respectively. Secondly, the
efficiency with which the ‘hot’ fluoroethyl radical is
stabilized will be strongly influenced by the degree of
fluorine substitution (e.g. CHF ,—~CF,- vs CH;~CHF:-).
The relative barriers to addition and relative stabil-
ization efficiencies could be calculated satisfactorily
using ab initio and RRKM methods, respectively.
However, to date we have not done these calcula-
tions.

4.2. Thermochemistry

There are a number of other species in this reaction
set that have significant uncertainties in their heats
of formation, because of the lack of direct experimen-
tal data.

The heat of formation of CH3F has been estimated
based on trends in the heats of formation of the
other fluoromethanes. Although CH;F is unlikely to
be a key species in fluorinated hydrocarbon-inhibited
hydrocarbon flames, as the simplest fluorinated hy-
drocarbon, its heat of formation is significant as a
reference point for heats of formation of other fluori-
nated hydrocarbons. An experimentally derived heat
of formation for CH3F would be very valuable.

The value recommended in the JANAF tables for
the heat of formation of :CHF is based on the
average of the heats of formation of ;CH, and ;CF,.
Other values are based on estimates of bond dissocia-
tion energies or the absence of ;CHF as a product
in certain reactions (Staemmler, 1974, Hsu et al.,
1978, Pritchard et al., 1984). Consequently, there are
significant uncertainties introduced from these pro-
cedures (i.e. bond dissociation energies are strongly
dependent upon a-substitution). Most reactions
that create or destroy :CHF are highly irreversible
reactions (e.g. :CHF + H — CH + HF) and, conse-
quently, are unaffected by the energetics of the
reactions, However, disproportionation reactions in-
volving :CHF may proceed with small barriers
and have modest heats of reaction (e.g. -CH; +
‘CH,F — CH, + :CHF). For these reactions, the
uncertainty in the heat of formation of :CHF may be
important.

JPECS 21-6-C

483

The literature value for the heat of formation of
CF,=0 is reported with a relatively low uncertainty.
However, our BAC-MP4 ab initio calculations pre-
dict a value that is about 40 kJ mol™* higher than the
experimental number. Other ab initio calculations
(Montgomery et al., 1994; Schneider and Wallington,
1994) using different approaches also predict a heat
of formation for CF,=O that is higher (by about
30 kJ mol™!) that the experimental value. There is
reason to believe that there have been side reactions
or wall reactions that complicated the measure-
ments. Furthermore, the heats of formation of all
the oxygenated C, fluorocarbons (e.g. CF;O-,
‘CF=0, etc.) are referenced to CF,=0. Because of
these issues, both uncertainties in the experimental
measurements and ab initio calculations warrant fur-
ther examination. A new, reliable experimental meas-
urement would be ideal.

The JANAF recommended heat of formation for
CHF=0O is based on the average of the heats of
formation of the analogous CH,=0 and CF,=0.
Although this procedure introduces significant uncer-
tainty, it may not be important, since there are
relatively good experimentally derived rate expres-
sions for the thermal decomposition of formyl fluo-
ride (CHF=0 — CO + HF).

The value recommended in the JANAF tables for
the heat of formation of «CF=0 is based on estimates
of the C-F bond dissociation energy in CF,=0. In
contrast to that for CHF=0, the heat of formation
of -CF=0 is important, since there are no experimen-
tal data for the unimolecular decomposition
«CF=0 — CO + F, which is a primary destruction
pathway for «CF=0 (competing with hydrogen atom
combination followed by HF elimination). Therefore,
it would be very useful to obtain a better value
(smaller uncertainty) for the heat of formation of
«CF=0 that is based on some type of experimental
measurement,

There are no experimentally derived heats of forma-
tion for many of the fluoroethanes (CH;—CH,F,
CHF,-CHF,, CH,F-CF;). These have been esti-
mated using bond additivity, group additivity, or
other empirical trends in heats of formation. How-
ever, there are significant uncertainties in using these
procedures, because of non-covalent or ionic contri-
butions to the stability of these species due to the
high electronegativity of fluorine. Furthermore, the
stability of the floroethanes will influence product
channels for fluoromethyl combination reaction
(e.g. \CH; + «CF; — CH,-CF; vs. \CH; + «CF; —
CH,=CF, + HF).

There are experimentally derived heats of forma-
tion (i.e. heat of reaction data) for only three of the
fluoroethyl radicals (CH;-CF,., CF;—CH,,
CF;-CF,:). Values for the eight other fluoroethyl
radicals have been estimated using heat of formation
of the parent fluoroethanes (which in some cases are
also estimates) and C-H and C-F bond dissociation
energies (largely estimates). The stability of the



484

fluoroethyl radicals can be of importance for the
destruction of fluoroethylenes (e.g. CH,=CF, + He—
CH;-CF,- and CH;~CF,- + H— CH ,=CHF + HF).
There are no experimentally derived heats of forma-
tion for the fluoroketenes (CHF=C=0, CF,=C=0)
and the fluoroketyl radical (*CF=C=0). In order to
include these potential important species in the
mechanism, it was necessary to use thermochemical
data from our ab initio calculations. There are a
number of reversible reactions involving these species
that are important under stoichiometric to fuel-rich
conditions. Consequently, the uncertainties in the
heats of formation of these species may contribute to
uncertainties in flame speeds, flame temperatures,
and flame products. These uncertainties should be
better quantified in future mechanism refinements.

4.3. Kinetics

A brief discussion of the major uncertainties in the
rate expressions used in this mechanism can be found
in each individual section.

5. REACTION SET
5.1. Description of Listing

The reaction set listing (Table 5) is divided into
sets of similar reaction types (e.g. fluoromethanes:
thermally and chemically activated decompositions,
fluoromethanes: atom abstraction and metathesis,
fluoromethyls: oxidation, etc.). For each reaction,
the reaction number and reaction are given and
followed by the Arrhenius parameters. The listing is
essentially a CHEMKIN 11 reaction input file (Kee
et al., 1989).

The reactions are numbered according to the fol-
lowing scheme.

HO-xx Hydrogen/Oxygen Chemistry

HC-xx  Hydrocarbon Chemistry

HF-xx  Hydrogen/Oxygen/Fluorine Chemistry

MD-xx Fluoromethanes: Thermal and Activated
Decompositions

MA-xx Fluoromethanes: Abstractions

NN-xx Fluoromethyl, Fluoromethylene, Fluoro-
methylidine Chemistry

PP-xx  Carbonyl Fluorides and Fluoromethoxy
Chemistry

ED-xx Fluoromethanes: Thermal and Activated
Decompositions

EC-xx Hot Fluoroethanes and Fluoroethyls:
Fluoromethylene Reactions

EA-xx  Fluoroethanes: Abstractions by X (H, O,
OH)

ER-xx  Fluoroethanes: Abstractions by R (C,H,)

GG-xx  Fluoroethyl Chemistry

JD-xx  Fluoroethylenes: Thermal and Activated

Decompositions

D. R. Burgess, Ir. et al.

JA-xx  Fluoroethylenes: Additions and
Abstractions

JO-xx  Fluoroethylenes and Fluorovinyls:
Oxidations

KK-xx Fluoroethyne and Fluoroketene Chemistry

CF-xx H Atom Abstraction by Fluorine

The symbol =" in the reaction indicates a reversible
reaction and the symbol ‘=>" indicates an irreversible
reaction. For reference purposes, the heat of reaction
(in kcal/mol) is also given for a number of reactions
(but not all). In addition, a notation and references
are given to provide traceability on each rate ex-
pression. A detailed legend for the notation given
for each is at the end of Table 5. For example
in the listing, CH;F + H = CH,F + H, (reaction
MA-13) has Arrhenius parameters 4 = 2.70E03,
b = 3.00, E/R = 2667, where the rate expression is
k =A*T'*exp(—E/RT). The units are A4, =
mol/s, 4, = mol/cm3/s, 45, = mol/cm®/s (for first-,
second-, and third-order reactions, respectively),
T =K, E=kJ/mol, and R = 8.314J/mol/K of
1,987 cal/mol/K). Please note 1 cal = 4.184 J (for
conversion from SI units). For this reaction example,
the notation and references ‘xf’, ‘7SWES/DEH’, and
‘nist’ indicate that the rate expression is our fit to the
experimental data of Westenberg and deHaas (1975).

A number of the unimolecular reactions have rate
expressions with third-body efficiencies and/or low
pressure fall-off parameters. For example, H +
O, - HO; + M (reaction HO-13) has explicit
third-body efficiencies for M = H,0, CO,, CO, and
N,. An example of a rate expression with low-
pressure fall-off parameters is the reaction CH; +
CH; — C,H + M (reaction HC-16), where ‘LOW’
and ‘TROW’ are low-pressure and Troe fall-off
parameters. The reader is referred to Kee er al.
(1989) for more details on third-body efficiencies
and fall-off parameters.

For reference purposes, at the end of Table §, the
experimental rate expression (4 = 1.80E13, b =
0.00, E/R = 4803) and the temperature range (7 =
600-900 K) from this work (7SWES/DEH) are also
given. In some cases, where rate expressions were
estimated relative to a reference reaction, the A-
factor or activation energy were adjusted. For exam-
ple in the listing, the reaction CH,;F + C,H, =
CH,F + C,H, (reaction MA-20) has the notations
‘r CH;’ and ‘E*0.9”. These indicate that an activation
energy was used that was 90% of the activation
energy for the analogous abstraction by CHj, a
reaction that is slightly more exothermic.

In order to reduce (slightly) the number of species
in the reaction set, the isomers CHF=CHF[E],
CHF=CH:[E], and CHF=CF.[E] were excluded (re-
taining the Z isomers). The differences in energies
and chemistries are sufficiently small that this is
justified. We note that a number of the fluoroethanes
and fluoroethyl radicals have both trans and gauche
forms. In this work, we used thermochemistry for
the most stable conformational isomers.



485

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

TIOVEN 916T 00T 90 + H0S'L O'H + ‘HD = HO + ‘HD 6
600VEW 0 000 €1 + 900°8 H+ O'HD = o+ ‘HO 8
IOV 66SL 000 €1 + 9006 H + HO = H+ *HO L
/0°S/0%H [0°¢/F0D /0°'2/0D /0'T/*H
l6L6 L6L S O/IAS
INS/.LS68 /0 0€— 9TH00'8/MOT
Z00VANW AVMPS 0 001 — 91 + H00'9 W+) YHO = W+) H+fHD 9
1Ayiaut su0qip204pdy '
900VIN A11/1ASTL 11%6 000 11 + 9081 ‘O'H + *HO = OH + YHO ¢
£00VEN AY/IISTL £818¢ 000 €1 + H06'L OH + *HO = 0+ YHO ¢
SOOVEW viIO/Nvdss 8€Cl 01¢ 90 + d09'1 O%H + HO = HO + HO ¢
SOOVEW JIN/LNS98 oEEY 0s'1 60 + HT0'1 HO + *HO = o+ HO T
P0OVEN AOQA/VTIOEL +ovy 00'€ $0 + H0TT 'H + HD = H+ YHO 1
auvyiaw :Su0qn204pdy *D DI
0SIVEN 906 000 €1 + =001 OH + O'H = HO + ‘O'H It
6v1 VAN Tl6l 000 Tl + 19091 H+ OH = H+ ‘O'H 0T
LPIVEN AVMTS 0 000 71 + 900 o+ 0'H = ‘OH + OH 61
91V (1129 000 ¥l + dov'l HO + HO = OH + H 81
SPIVAN 668CC 000 L1+ H0¢E°1 W + HO + HO = W+ ‘O'H LI
SEIVENW 0 000 Z1 + 905°L 0+ O'H = OH + HO 91
LEIVEW (1729 000 €1 + J0¥'1 HO + 0= OH + o sl
IIVAN 0 000 €1 + 9Tl 0+ ‘H = ‘OH + H 1
[ 1/*N /12100 16°T/FH [TH/F0D /9°81/0°H
PEIVEN 0 wo— L1 + H19°€ W+ OH = W+0+ H €I
aprxotad pup (dxosad :waisds T 'Y
[£A87%:14 SIM/HOO6L sz8l1 0g'l 60 + ALI'1 H+ O'H = H + HO T
oEIVEAN NOH/DVIIL 9H0PT 000 €1 +d0L1 HO + HO = 0+ H 11
S IVAN 0 og'l 80 + 9009 O%H + o= HO + HO 01
EIVEN JIN/LNSS8 991¢ L97T $0 + H90°S H+ HO = H + O 6
ZEIVAN INS/MOHI8 0 050— ¥1 + H00V H+ o= HO + 0O 3
s4afSup41 wop ‘wia1sds *Q *
/s/O*H
PPIVEN 0 09°0— 91 + 4029 W+ HO = N+ O+ H L
/s/O*H
P IVEN 0 00T~ TC + =091 W+ O%H = W+ HO+ H 9
SPIVANW WVH/VSL98 006— 000 €1 + 1681 W+ ‘o= W+ o+ 0§
WIVEN 0 00T 0C + dé¥'s 00 + H= 00+ H+ H ¢
1veEN 0 ST1— 61 + 9009 O°'H + H= O'H + H+ H ¢
ovIvAW 0 09°0— 91 + H0T'6 H + H= H+ H+ H ¢
/0/*00 /0/O*H /0/*H
6£1VEN 0 001 — 81 + 4001 W+ H= W+ H+ H I
IH 21 1301 30N T q |4 u01150dwi023p “UonDWIquUiod “wdIsas *0*H OH

Surysty 198 UoIPEBIY ¢ dqRL



D. R. Burgess, Jr. et al.

486

EOVEAN I14/9VZ88 65T— 000 €1 + J9v°6 H+ OD'HD = O'HD + HD o
ZEOVEAN 0 SLO— SI+dLl'l H + O'HD = O°H + HD Iv
0EOVEN 214/ 44928 LYE 000 71 + dov'e 0D+ ODH = ‘0D + HO o
620VIN 0 000 €1 + J00°€ H+ ODH = HO + HD 6€
STOVAIN TIA/SHNIS 0 000 €1 + °0L'S H + 0D = o+ HO 8¢
LIOVEAW A4/ 49478 0 000 €1 + dog'€ o+ ODH = o+ HD (¢
STOVEW 011 00T L0+ HET'] O%H + HO = HO + HD 9¢
YZOVEW 0 91— 81 + d00'1 H + HO = H + THO S¢
audpydyjaw :suoqipooipdy 'H
801 VAN 0 000 ¥1 + 9071 SHD + HO = *H'D + ONIS'HD €
LOIVEN 0 000 ¢l + H00'¥ HO + ‘HO = YHO + ONIS'HD €f
011V 0 000 €1 + d00°L H + *HO = ‘H + ONIS'HD ¢
601V 0 000 €1 + d00°¢ H + HO + 0D = o+ ONIS'HD 1¢
VAN 0 000 ¥1 + H00'C H+ HD = H+ \oz\_%:o o
0'0/H
901VEN 0 000 €1 + =001 W+ ‘HD = W+ ONIS'HD 6T
(1218u1s) uajdy1aw :Suoqva0ipdy 'H
PIIVAN 0 000 ¢l + H00'¥ ‘H + D = ‘HD + ‘HD 8¢
TLOVEN 0 000 €1 + d400°€ H+ YH®D = HO + HO (T
0SOVEIN 5T~ 000 01 + H0¢¥ HO + ODH = o+ THO 9T
6OV sT— 000 01 + 5098 H+ HO + 0D = o+ THD §T
SHOVEIN £0S— 00°0 o1 + 9061 O%H + 0D = 0+ THO T
LYOVEW 1454 000 11 + 906°9 H+ 00 = o+ HD €T
9HOVIN 6SY 000 €1 + d00°S o+ O'HD = o+ ‘HD
SHOVEW €0S 000 71+ 3091 H+H+ ‘0D = o+ HO 1T
POvVEW 0 000 €1 + J00°€ H + oD = o+ HD 0z
THOVEN €0S 000 I+ d01°1 oD+ O'HD = ‘00 + ‘HD 61
SPOVEIN 0 000 €1 + 900§ H+H+ oD = o+ THD 81
9Z0VIN 0 000 €1 + °05T H + O'HD = HO + THO L1
(131d1.11) auapdyiow suoqivr04pdy '
/0'S/O%H /0°¢/*0D /07/0D /0T/*H
/€1 LT69 10¥9°0/0UL
AVS/DVMSS [20LT O'L— 11¥d81'E/MOT
AVS/OVMSS
100VEN AVM/DVMSS 67¢ 0T1— 91 + H£0°6 W+) *HYD = (W+) tHD 91
LOOVEW WVH/VSL198 0 000 ¢l + 900 HO + OfHD = ‘OH + THO ¢1
800VAN WVH/VSL98 0lLP1 LS1— 81 + 450 o+ OfHD = o+ THD 1
SAM/VAALS 090t 08'1— 61 + 406’8 OH + ONIS*HD = HO + tHD €1
SHM/VAALS 1104 €T0— T+ EPLS H+ OfHD = HO + tHD T
SHM/VAALS 090t 08'1— 61 +d¥9'T H+ HO®HD = HO + THD 11
SAM/vVAALS SL8S 07’8~ oy + dvTT HOfHD = HO + THD o1
TH racl! 1301 JoN y/q q 14 OH
(panunuoo) ¢ s|qe



487

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

YOV
£90VHN
T90VEAN
190VEIN

090VeaN
SSOVEN
6S0VHN
8SOVHIN
LSOVEN

9SOVEN
1SOVEAN
PSOVEN
CSOVEN
tSOVEIN

610VHEN

1Z0VAN

LIOVANW
£OVEN
Slovd
SIOVAN
0T0VEN
910VEWN
TOVEN
PlIOVEIN

TVE/dLVLL
1d4/vadiL

WVH/VSL98

SHT/ATAIS
OVM/WALPS
AVMPS
AV

AVMP8
WVH/VSL198
ONS/ATA0S
WVH/VSL198
HO[/vados

JONO6
JONO6
ModsL
JONO6
YONO6
JONO6
JONO6
MOHSL
AONO6

POIVEN
930V
LEOVENW
9tOVEN
SEOVEN

A14/LN408

[4231!
£90C
18t —
0161

[=N =l )

000
00°0
01

or'e
00°0

000
000
00°0
000
000

€l + J08°S
€1 + H909°1
L0 + HIS'T
P1 + HLI9

¢l + J30¢'¢
¥1 +d00°1
€1 + 400t
¢l + H00't
¢l + He6l'l

¥l +d0ST
60 + dev'e
€1 + 3081
80 + H61°C
91 + HIt't

¢l + d00°1
¢l + H00'1
¢1 + d00C
el + d8b'1
¥1 + H00°1
€1 + 500°1
€1 +d00°1
¢l + 300C
0l + d0¢9
¥1 + H00'1

10 + H61°¢
¢l + J86'¢
gl +408°1
SO + d88'¢
€l + 30Tt
€1 + 180T
10 + dst'l
¢l + H0S'1
<1 + 3008

€1 + 900°S
€1 + d00°S
€1 + 9009
€1 + 300
€1 + 400

00 = ‘OH + 0D
oo = o+ oo
00 = HO + (0)0)
oD = W+0+ (0)0)
PIXOUOUW UOGIDI SU0QIDI0IPAY 1)) PIZIPIX()
0D = o+ ODH
oD = HO + ODH
oo = o+ ODH
0D = o+ ODH
0D = H+ ODH
/0°S/O%H /0°€/0D /8°T/*HD /6°1/*H /6'1/0D
00 = W+ ODH
ODH = HO + O'HD
ODH = o+ O'HD
ODH = H+ O'HD
ODH = W+ O'HD
jAwa0f pun Ipdyappuiiof :suoqind0ipdy ' pazipIxQ
O'HD = HO + HO'HD
O'HD = o+ HO*HD
O'HD = H+ HO*HD
O'HD = o+ HO'HD
O'HD = W+ HO*HD
O'HD = HO + OfHD
O'HD = o+ OfHD
O'HD = H+ OfHD
O'HD = o+ OHD
O'HD = W+ O'HD
[dy1awdxoipdy ‘Axoyiow :suoqiproapdy ') pazip1xQ
HO'HD = ‘HD + HO‘HD
HO®HD = OH + HOHD
HO®HD = HO + HO'HO
HO®HD = o+ HOHD
HO®HD = H + HOHD
HO™HD = o+ HOfHD
OHD = HO + HO'HD
O'HD = HO + HOHD
O'HD = H+ HOfHD
Jouvyidw :SU0qupI0IpAy ' pazIpIXQ
HD = HD + ODOH
HD = HD + HD
YH®D = YHO + HD
*H'D = ‘HD + HD
HD = ‘HD + HD



D. R. Burgess, Jr. et al.

S60VEAN LVH/SVMES 9cor 000 £l + 400°S H+ ODDOH = H+ OD*HD 601

Y60V STLI 000 ¢l + degln oo+ ‘HO = H+ OD*HD 801
160VAN AVN/DING6L 0 000 €1 + =001 H + OD'HD = H+ HODDH L0l
HODDH U213y :suoqivaodpdy 0 pazipixQ
IV sPISI 0s°1 80 + H00'C HO + ODDH = 0+ TH®D 901
LLOVEIN 956 L0 + 9201 H + ODDH = o+ TH"D sol
9.0V 956 00C L0 + F20'1 0D+ ‘HD = o+ THD ol
060VAN LOO1 — 00F ¥0 — dE8Y 0D+ ‘HO = HO + TH*D ol
680VEN £0S — 0S¥ $0 — d81'C H + OD'HD = HO + THD 2ol
880V ¥6L9 0£T S0 + dr0'S H+ HODDH = HO + THD 101

/0§/O*H  /0°€/°0D /0'T/0D  /0'T/*H
09T §€— LZALIT/MOT

6LOVEN 1LS/AVdIL €1zl 000 Tl + dvss (A+) ‘HO = (W+) H + “H°D 001
u3jA129v :suoquvropdy
180V AVMPS 0 000 €1 + 500€ H+ OD'HD = o+ H®D 66
SAMI6 wa11p 86LT SSp— 9 + A8’y ODH + O'HD = o+ H®D 86
SAMI6 sfe 8€SE 8- 8¢ + dso'l ODH + O*HD = 0+ THD L6
P80VAN 0 000 €1 + 900°€ HD + HD = HO + HD 96
£80VEIN 0 000 Tl + H00'S O'H + HD = HO + H®D $6
d40D/NvLT6 0 00'0 €1 + "30T'1 H+ HD = H+ H®D 6
14u1a “suoquvroipdy 2D
H 1234 00T 90 + HOS¥ OH + tHYD = HO + YHED €6
0LOVEN AVMPS SLE 0Tl 60 + H09'1 ODH + HD = o+ YH®D 76
690V HVW/3adsL 8LY 000 #1 + 90I'1 H+ THD = H+ YH®D 16
SLOVAN /0'Ss/O*H  /0'¢/*0D /0'Z/0D /0'T/*H
SLOVEN /vS— 8T— LTALEIY/MOT
WVH/VS198 86v 0$'1 80 + do¥'S n+) ‘H®D (W+) H + "H®D 06
6TIVEN 6vr1P 000 91 + dov'l W+H+ THD N + YH®D 68
STIVANW dvi/dIes £808¢ 000 S1 + dos'1 W+H+ HD W+ YH®D 88
udjdy1a :suoqin204pdy 2
vaa/Zo906 $66 LLT— 61 + 995C OH + *H*D = o+ ‘H'O LS
WVH/VS198 0 00°0 €1 + H09'1 ‘HD + O'HD = o+ ‘H?D 98
PLOVEW 0 000 ¥1 + H00'1 HD + HO = H+ SH'D S8
14412 :Suoqip204pdy tH
SOOVEAN AOA/VTOEL LLIY 00t 10 — 0SS YHO + ‘HD = HO + *H®D ¥8
890VAIW AVI/INLES 116 SOl 60 + HOL'S O'H + HD = HO + *H®D €8
L9OVEIN AVMPS ¥LST 00T L0 + H00°€ HO + ‘H'D = o+ *H'D 8
990V AOA/TVOEL 9T 0S¢ 70 + do0¥'S H + ‘HD = H+ HD 18

upY13 :SUOQIDIOIPAY T

[As a1 910N ¥y/q q9 14 OH

488

(ponutiuoo) g aqeL



489

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

69— st b | 0 000 €1 + d00°¢ dH + o = 4+ TIHD 6l
99— s ADN/VS168 X 0 000 ¢l + 940§°S dH + o = H+ 1D 81
9p— s b | 0 000 €1 + H00°S dH + dHD = d+ A%HD (L1
ol— s ye 6006 Se'l 90 + ALLS ‘H + o = dH + AHD 91
LE— 18w Je 11— wT €0 + 90S°S H + LD = H + TIHD s1
17— st Je 1$ 10— y1 + d6v'l dH + dHD = H+ TIHD 1
6— ISty | ge1— 6£0— T+ 391 H+ 4'HD = 4+ THO €1
81— s b | y6v— 88°0— 91 + HI9'l dH + ONIS*HD = d+ THD Tl
9— s Je 61 LTl L0 + F80°C ‘H + dHD = dH + ONISTHD 11
S1— sy Jye €0 91'1 80 + HIT'S ‘H + dHD = H + I*HD o1
6— 11 ye ¥ST €9°0— S + 3618 dH + ONIS*HD = H+ A*HD 6

:QE.;,QQEQQNN NNNQQ.QUQ ..HNRQ&&EQ&Q:PN

ogl— st VAY/N1d98 X 141197 06'L— 6€ + H09'1 YD = 4+ D 8
19 s AVN/AIHI6 8x 1SLYE 00— 0t + H6£C dH + o = W+ SIHD L
66— 1 ye 0L8€ 00— 90 + HSLT ‘IHD = H+ TdHD 9
99— 181U Je $850C 10— 90 + d0L'1 TI'HD = ’H + D ¢
- s Je €07 9Ty — ¥ + AP9E ‘I'HD = dH + dHD ¢
16— s Jye Ll 8¢ — 1T + d£0°¢ AHD = H + d*HO ¢
£€8— s Je €459 $8T— L1 + H6TT AfHD = ‘H + dHD T
68— s OVM/HOSEL 8x 968 9¢— €7+ 4161 d'HD = dH + ONIS*HD |

IH Nwo.— — .«0.— 0~OZ '] \m Q vV :QENHQQEQQNN ~§.~N~§ ..HNS!@NEQ.RSPN QE
6v— s DOVM/TVMES X 0 0S°0 71+ FeLl dH + OH = d+ O'H 9
L— s OVM/TVMES Ix 0 0S'1 60 + JOE'1 dH + HO = a4+ O'H ¢
98— Istu OVM/TVMES X 0 050 71 +d68T dH + 0= d+ OH ¥
yE— s ‘ONH + H 1 0 000 €1 + 400T dH + o= 4+ HO ¢
(A% Is1u NA4/9.LS68 X LT 050 71+ H95T dH + H= 4+ H ¢
sel Xna/nveis yx $866% 000 ¢l + dTle 4+ H= W+ dH 1

IH 732l 1321 AON /7 q 14 Ausnuayd o/ 4/H dH
SHIVEANW 0 00°0 €1 + H00°€ 00+ ‘HD + ‘HO + ODDH 611

SOIVEW 0 000 €1 + 3001 00T + THD + ODDH + ODDH 8l1

€OIVEIN 40D/NVvH6 (1137 000 71+ 3091 HO + 007 + 0+ ODDH L1

T01VEW 0 000 #1 + 900'1 00T + H+ o+ ODDH 91l

101VEN 0 000 ¥l + 9001 0D+ DNISHD + H+ ODDH sl1

1412y :Ssu0quv0apAy 2 pazipIxQ 1|

JOLZT6S 00 SIH09°€/MOT

360VEIN TLLSE 000 ¥1 + H00°€ n+) 0D +HD = n+) OD*HD ¢l

L6OVAN L001 000 T+ 905 O'H + ODDH = HO + OD*HD Il

960VEN 9Z0¥ 000 ¢l + 9001 HO + ODDH = o+ OD'HD 111

£60VEN 6L9 00°0 T+ AsLl HD + ‘0D = o+ OD*HD o1l



D. R. Burgess, Jr. et al.

1€~ s Jna 0 000 €1 + H0LT AH + 00%D = A0 + ODH ¢
1$— st b 0 000 €1 +90LT dH + 0DdHD = TAHD + ODH €€
8- s i 0 000 €1 +30LT dH + OD'HD = A*HD + ODH ¢
€6— sty THO! 0 000 €1 + 3006 fAHD + 0 = 1D + ODH It
83— siu HD! 0 00°0 ¢l + 3006 TATHD + 00 = TdHD + ODH 0t
£8— s HD! 0 000 €1 + 3006 dfHD + oo = A*HD + ODH 6T
61— L 6L°0+d ‘HO! SIET 18°¢C €0 + dAPS'S fHO + ODH = €40 + O'HD 8T
01— s €l HOD! 976¢ 18T €0 + APS'S TI'HO + ODH = T4HD + O'HD (T
6— sty ¥ 1.d fHO! LLIY 18T €0 + 4SS 4°HO + ODH = A*HD + O'HD %
spypawoionyf Aq OO H ‘HOSHD 'O HD Wo.4f uo11on41sqp woin [ Saunyiauoiony
8— 1NO/1IDLY X L€9S 000 11+ 30TL f4HOD + tdHD = 40 + TITHD ST
1 s ¥ 1ad HOD! 9b0L 000 01 + 9006 d°HO + AHD = d°HO + TATHD #T
01— 1NO/1IDLY X L€9S 00'0 1+ Asel fAHO + A*HD = 4D + A*HD €T
sy wo.10nyf 4G UONIODAISGD WOID [] (SIUDYIAUOION]]
0 st I'ld fHO! 6£09 000 11 + 3008 HYD + fIHD = YH®D + 1D W
6— S| 60+d FHD! 0£9¥ 000 01 + 2006 YH?D + tAHD = H'D + TI'HD 1T
01— 1 6°0+d fHO! $81S 000 11+ 9081 *HD + d*HD = HD + AHD 07
y— T9€/L4V8L X 96¥S 000 11 + 9ve8 fHD + fAHD = YHD + 10 6l
s— AdE/149dS9 X £els 000 01 +30L8 YHO + tJHD = HO + LATHD 81
9— Ad4/14ds9 X LELS 000 11 + 30s°1 YHD + d*HD = fHO + A*HD L1
ETn ‘S g uo1ODAISqD WOID [ SSIUDYIIWOLON],]
S— IOW/D0M 1L X 9T 000 ST+ d01°1 dH + D = H+ 4D 9l
s— Istu e 7820T 000 €1 + H00'8 dH + TIHD = H+ fJHD I
Li— Uit e T91L1 000 €1 + H05°S dH + A*HD = H + TITHD t1
87— s ® £08S1 000 y1 + ASLT AH + *HO = H+ dTHO €I
H Aq uotonisqn woip f :sauvyjawoion].y
11— sty 0'1+d fHO! T0e— 000 01 + 30T'1 ‘OH + fAHD = tO'H + D Tl
€l— Isiu 0'1+d HO! T0€ — 000 01 + H0T'1 ‘OH + LI'HD = tO'H + TAHD 11
- st 0 1+d HO! T0€ — 000 01 + H0T'1 OH + dfHO = ‘0'H + A*HD 01
01— NHE/HODLS nvy/odrzs X 0912 08’1 90 + ALLS O'H + D = HO + fIHD 6
61— SAM/HODI16 NVI/OHIZ8 x 8LT1 oLl LO + 108°C O'H + LAHD = HO + LATHD 8
0T— SHM/HODI16 nv/041z8 x 08%1 0s'1 80 + H09T O'H + dA*HO = HO + A'HD ¢
L Isiu 4917/n0r8L Jx SSop 05°1 80 + 001 HO + O = o+ fAHD 9
- Istu TVYN/dVd89 3x 0L0€ 0S'1 LO + HSTT HO + ‘JHO = o+ LITHD ¢
y— Isiu VZV/IvdL Jx £TS¢ 051 LO + 059 HO + AHD = o+ dHD ¢
S— Is1u AVIN/ 4T 9L Jx L99T 00°€ 10 + 90£°9 H+ fIHD = tH + 1D €
y— s Ava/ardzs X 818¢ 00¢ €0 + 4891 ‘H + tdHD = H+ 'HD T
9— sy HAA/SAMSL X L99T 00°¢ €0 + H40LT H + A*HO = H+ d5HD 1
IJH N.wu.u Cuh 302 x\m Q vV NQNN .\\Q .Q .N.N A.Q :Q.:.vahu.ﬁa Eewa: ..hmraﬁwmsegeah& <E

490

(panunjuoo) ¢ s|qe]



491

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

w— sta D1 9668 000 €1 + 300 H+ OdHD = O%H + 40 6€
€r— 1 NVA/3ddT6 x 906 000 €1 + 900°C o+ 0D = 0+ 40 8¢
uonvPIXo [2ulplyAyawo.ion]y
s— sta YHD1 $£90T 000 €l + 900 TIHD + 0D = O+ ODH (£
vL— Is1u YHD! 6¥SL 000 €1 + 900T J*HD + 00 = AHD + ODH 9
87— s YHO! $£90C 000 ¢l + 900°1 dH + 0D4dHD = gD + O'HD ¢¢
€T sl YHD1 ¥£90T 000 €1 + 9001 tAHD + ODH = 4O+ O'HD ¢
18— s YHO! 6VSL 000 €1 + 900°1 dH + OD'HD = AHD + O'HD €f£
1 st YHO! 6vSL 000 €l + F00°1 A*HD + ODH = dHD + O*HD ¢
- s ADW/VS.L68 X 679 000 ¥l + 900T dH + 0= H+ L2 fo I £
S— AONW/VS106 X 0 000 ¥1 +dS6T dH + HO = H+ AHD o0¢
uoINAISIP *sauajdyauioon]y
s s/ 19L1 000 71 + 900°T 0+ tHD = ‘OH + IO 6T
sl s/t 0 000 Tl + "300°T o+ d*HD = ‘OH + dHO 8¢
Isiu T/HO! 19L1 000 €l + 001 HO + 0D = OH + D LT
st T/HO! 0 000 €1 + 9001 HO + O dHD = ‘OH + dHD 97
89— L ZV1/0148L Ix 19L1 000 €l + 00T H+ 0D = HO + IO st
8L— st [Eel 0 000 €1 + 900°C H+ O:dHD = HO + AHD #T
st §/%dD 19L1 000 1 + d00v dH + odD = HO + 2 o M ¥4
S6— s §/t4Da 0 000 Z1 + 400y dH + ODH = HO + dHD TT
8¢ — s ADNW/VSL06 hos £0S 000 €l + 900 d+ 04D = o+ L2 o 3 14
181— ADW/VSLO06 x 0 000 €1 + dcv's 4H + 0D = o+ dHD 0T
1$— IVIN/VINILL x Legel 000 ¢l +4d10T o+ oD = o+ [ I
09— jsiu ol (el $0£8 000 €1 + 00T o+ OHHD = o+ dHD 81
143 s € 78621 000 T + 900G 4H + OHdHD = O%H + D Ll
6T gl ® 1L2¢ 000 71+ 9006 dH + O'HD = O%H + AHD 91
uoNDPIX0 Saud|Ajawoonty
(A% 81 EHO! 0 000 ¢l + 3001 HO + ofdD = ‘OH + 2 jo IS
LE— L EHOI 0 000 €1 + J0S'1 H+ HO + 0%ID = ‘OH + THHD 1
vo— 110 fHDOI 0 000 €1 + 9051 H + HO + 0:dHD = ‘OH + A*HO ¢l
65— sl fHDI 0 000 71+ d00°C o+ fAHD = ‘OH + D Tl
0s— 18t HO1 0 000 71+ 900°€ o+ fI'HD = ‘OH + TIHO 11
o — s fHOI 0 000 T1 + J00°¢ 0 + dfHD = OH + I*HD ol
SI1— Isiu CHDI 0 000 €1 + F00°T dH + oD = HO + 1D 6
S01— s fHO! 0 000 €1 + 908°T 4H + O:dHD = HO + ‘dHD 8
S6— st EHO! 0 000 €1 + d40S°T dH + O'HD = HO + A*HD L
18— st T44/VS.L68 X 0 00°0 €1 + AL8°1 4+ 0:%dD = o+ 4D 9
£01— s D fHDI 0 000 €1 + d0L'€ H+ 0% = o+ THD §
16— st A (o) HO! 0 0070 €1 + °0LS H+ O:dHD = o+ AHD +
1z st | 02801 Pl 60 + 97T o+ 0D = 0+ D €
W Hp €41 +0€8 rI'l 60 + A9CZ H+O0+ 0% = 0+ THD T
8T HP £4D! 13234 vl 60 + d92°C H+O0+ OdHD = o+ A*HD 1

IH Fac) 1321 90N Y ac q 14 uonvpIxo sjlyiauosony NN




D. R. Burgess, Jr. et al.

492

r4 st I 6ISY 000 ZI +900T AfHD + odD = A*HD + O dHD €T
y— 1stu T 6TSY 000 71 + 900T YHO + 04D = *HO + OdHD W
€l— s 96041 1 £961 000 [+ 3001 ‘OH + O:dHD = ‘0'H + oD 1T
8i— st O'HD! STT— s8Il 60 + 9Ll O'H + odD = HO + OMHD 02
- s O'HD! 0sst1 000 71 + H00'6 HO + 04D = o+ OHD 61
y— s uv O'HD ! (]119¢ LLl 80 + dol'l H+ oD = H + O:dHD 8I
€— 1stu 0DA/9 pPPRO Je 69501 3€T €0 + J0LT d+ dH + 0D = HO + O%dD LI
¢— ISt ensqe ye L9081 88'l LO + HOP'T dH + 04D = H+ 04D 9l
¢— sty ppeD ye £TTIl £8°0 0l +d0T'1 dH + 0D = H+ 04D §I
£€— 181 PPEO ye TIs6 Wi 80 + H0S'S dH + 04D = H+ 0%dD I
€1— st HO0)Dd/% Jye TE9Tl $8°¢ €0 — do¥'L AHT + oo = O°H + OFdD €1
- s ANN/IVSSS 8x 1912 00°€— ST + d8pT 4H + 0D = W+ O dHD Tl
1€1— s In 0 000 71+ =001 0D = 4+ oD 11
O0=%4D ‘O=IHD ‘saprionyf [duoqiv)
st u 916T 00°0 71 + "00°S 0D + dH + 0D = ODH + ofdD ol
s n 91§T 000 71 + 400°S OOH + dH + 0D = O'HD + ofdD 6
s n 91$T 000 €l + =001 ADFHD + 0D = TH'D + ofdD 8
s In 91ST 000 €1 + 3001 FHYD + AH + 0D = YHO + ofdD L
st NHZ/dHDT6 X SSII 000 €1 + 3ozl H'D + dH + 0D = *H'D + ofdD 9
18w SHE D! SST1 000 T1 + 9008 fHD + 4H + Ofdd = YHO + oD §
s n 91sT 000 €1 + 3001 HO + 4H + 0FdD = OH + ofdd ¥
1stu n 91§T 000 €1 + J00'1 H+ dH + 0D = ‘H+ ofdD ¢
811 — s m 0 000 ¥1 + H00'1 dH + 0FdD = H+ 0D ¢
Ll s b | 12601 we— 9T + d£0'6 J+ 0FdD = W+ ofdD |1
JH N«u.— Cu._ 302 “\m Q vV :Q:.QENHNN ..A.RQN\NNEQgQBNnN nmnm
xd B st In 0 000 €1 + 9009 D = 4+ 40 1Is
Lz— sta n 0 000 €1 + d00°'1 d*HO + HD = YH®D + 40 os
yT— 181 In €£0S 000 71 + 3006 H+ AHDIHD = YHO + 40 6v
78— s n 0 000 €l + d00°€ H+ AH®D = ONISTHD + D sy
€L— s n 0 00°0 €1 + H00E H + AH®D = THO + 40w
6— s In 0 000 €1 + d400°€ ‘HD + AH®D = TH'D + 40 9
0T— s n 0 000 €l + d00°€ H+ ADFHD = HO + 40 sy
WSIUBYISW Ul ST ) J1 (1931105) sjonpoid asay) asn dH + D=
s JOW/VSL68 X LLE 000 €1 + 00y a4+ HO = H+ 40 v
L= st HOM 0 000 €1 + d400°¢ H + 40 = dH + HO b
:Q.QQE?ANN ..NSA.BNA. #nNEQgeBNnN
S6— s m 0 000 €l + =001 HO + 0D = ‘OH + D w
91— s o! £0$ 0070 ¢l + "300°¢ 4H + 0D = HO + 0D 1w
8T1— st ADN/VS106 X £0$ 000 €1 + d00P d+ 0D = o+ 40 or
IH fACH 1Jo1 0N dT q 14
(panutiuod) ¢ ayqe,



493

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

stu b | SEL €0 Tl + 99¢°9 TAHD + A*HD = H+ AHO-*4HD (T
jE L b | 689 05T S0 + 94T9°1 TAHD + ‘HO = H+ TID-*HD 92
s b | LTT 91T 90 + 470 TAHD + HD = H+ *HO-"dHD $T
s b | 99 1o— ¥l + d6L'l A*HD + d*HD = H+ AHO-A*HD #C
s b | 689 060 01 + di¥'€ A*HD + THO = H+ dHO-*HD ¢t
I b | 61¢€ #9°0 11 + 908°¢€ A*HD + ‘HO = H+ THO-4*HD 2
(uoupuuiof |Ay12ud) i + [4y12 "uon1s0dU023p PAIPaNIID S3UDYI2040n]]
s b | LT81 ore— 17 + d1¥'1 AH + LADTAD = H+ = o 1o I 14
s b | SPSI 6T~ T+ 181 AH + TADHHD = H+ TAO-TIHD 02
s b | LTI LTT— 17 +49zr1 AH + TIOHD = H+ THO-AD 61
] b | % 97— 61 + d9¢°¢ dH + TADIHD = H+ IO4'HD 81
sy b | 0z8 17— 61 + dz€9 dH + Z-dHDMHD = H+ TAO-A*HD L1
s b | 968 PET— 61 + ds6'6 AH + TIDHD = H+ AHO-*IHD 91
sty b | 188 6TT— 0z + 998°1 dH + Z-dHDAHD = H+ AHO-*4HD §1
Istu b | LT $80— 91 + 960°T dH + AHOIHD = H+ ID-*HD ¥l
i b | 344 €6'0— 91 + IHTS dH + JHDFID = H+ THO-“dHD €I
s b | L¥11 €TE— €7 + 9907 dH + AHDIHD = H+ AHO-A*HD TI
s b | 186 177 0T + dLTT 4H + HD = H+ dHO-HD 11
s b | 1L8 4 kA 0T + apb'l dH + THD = H+ HO—d*HD 01
(uonpuuals JHY H + 14y1a ‘uontisoduiodap patvanop :saumyraodon]y
|82 TIN/DSLIL X $€09¢ 000 €1 + 400V dH + TADEAD = O-"dHD 6
43 AVH/TINIL X LT6YE 000 €1 +d00T AH + TIDMHHD = TAHO-"dHD 8
LE OSL/TINTL X 1855€ 000 €1 + 99T 4H + TADMHD = IO-4°HD L
8 DSL/MASPL X P162€ 00°0 €1 + 900°1 dH + TADTHD = TAHD-A*HD 9
DSL/MASPL X 9LLYE 000 Y1 + 991 dH + Z-dHDHHD = TAHO-I°HD §
S WLL/IGA1L X 9691€ 000 €1 + 905 AH + AHDIHD = A'HO-I°HD ¢
INO/ISLIL X SLSYE 000 ¥1 + 9001 AH + TADFHD = CIDHD €
w 1NO/OSLoL X STIE 000 €1 + dv6'L dH + AHDIEHD = "IHO-HO T
11 AvVa/avooL X 910¢ 000 €1 + d£9'T AH + YHYD = A*HO-HO 1
IH FAE)] 1Ja1 910N i q 14 uonisoduiorap [pwiayl sauvyrdodonly 9
SE— sy m 0 000 €1 +d0LT 4H + 0D%D = TIHD + 0D s¢
s s In 0 000 €1 +90LT dH + 0D4HD = AHOD + oD vE
$8— U m 0 000 €1 + d0L'T AH + OD'HO = fHO + 0D €€
87— s ODH1 0 000 €l + d400°€ HO + 4 + ‘00 = ‘OH + oD €
8T1— s ODH ! 0 000 €1 + 900°€ dH + ‘0D = HO + 0D 1€
P6— 18I0 ODH! 0 000 €1 + 900°€ q+ 0D = o+ 04D 0
01— s ODH ! 0 000 ¥1 + d0T'1 dH + 00 = H+ oD 62
ST s n 6L0T1 000 €1 + 900 o+d+ 00 = 0+ 0D 8T
€€ 181U b | S¥T— or1— 61 + 401 0D = W+d+ 0D LT
0=4) -saprionyf Auoq.iv’)
8— sy 60+d d 1 91§T 000 71 +900T YHD + 0D = ‘HD + OHHD 9
8~ s 1 6CSY 000 71 +900T fAHD + oD = 40 + O:dHD $T
I s 1 6CSY 000 71 + 900°C TATHD + 0D = ZAHD + OHUHD T



D. R. Burgess, Jr. et al.

494

s FAx 8¥SE 9T'L— 9¢ + d€91 HO-D = 4O + D 09
i b | £90C Iy — 9T + d19C S4O-dHD = D + LIHD 6§
sl b | 1691 05°€— ¥C + 997 AHO-*4HD = TAHD + TAHD 8§
s b | 7494 99— €€+ d8L'l I0-HD = 40 + ‘HO LS
siu b | €6V 9¢'8 — 8¢ + 4196 TAHD-4'HD = TAHD + AHD 9§
s b | 668C 69°L— S¢ + dg6'1 TIHO-*HD = TAHD + THO §S
I | TSI 6L €~ ¥T + dLET A'HO-A*HD = d°HD + dHD 5§
s b | SETT LT9— 1€ + 9L871 A*HO-*HD = A*HD + HD ¢S
(uonvzipquis) [Ayppawt + (Ay1aw ‘UONISOdUiodap paipa 1o SIUDYII040n]]
s b | 6L1T LU= 91 + H00°L AH + THOEAD = 0 + TAHD TS
s b | €902 S6'1— 61 + 90T AH + TADMHHD = TAHD + TAHD 1S
s b | 87C1 $6' 1~ 61 + d£S°S AH + TADYHD = 40 + THO 0§
i b | Sopi vT— 0T + d€7C AH + TADIHD = TdHD + AHO 6F
s b | £Sh1 SET— 0z + d88°¢ dH + Z-dHDMHD = TAHO + A*HD 8%
s b | 61¢€ 650~ S1 + 9061 AH + dHOYHD = TAHO + ‘HO Lp
s b | €0E1 6LT— 1T + d95°L dH + JHDFHD = d°HD + dHD 9F
s b | 16 98°[— 61 + dS€C dH + HD = d°HO + THO S¥
Ate.:U:.:E.QN A N.Nv TD\NNE + TS\NNE .:Q.Z.;‘QREQQN\ \Nuua.:.wu ..%NES\uNQ&Q!bN
Isiu b | 126 €5°€ 10 — 90¥'9 H+ AdHO-'4HD = H+ THO-I*HD ¥
su b | 6L S €0 — 9651 H+ 'HO4HD = H+ THO-SIHD ¢b
s | 69 ore 10 + 9L8°1 H+  AHOHD = H+ THOA'HD
Ate.:U:.:E.QN wov N.Nv H + Tﬂ.\uw .:Q.:.N%QREQDN\ \Nuua.:.wu ..%N§.\~Neke=~n~
sl | €902 0801 — Ly + 49211 HO-YHHD = H+ HO-ID It
110 b | 615¥ 08°01 — 9 + dLLE TAHO-"IHD = H+ TAO-FIHD OF
s b | YOLE 98°6— W+ dLTL fIO-HD = H+ THO-4D 6t
stu b | 098¢ 0S°01— €+ dvLT TAHO-A'HD = H+ LAD-A*HD 8¢
gL b | 8L 0901 — Sy + 9071 TAHO-A'HD = H+ dHO*JHD Lt
s | 619¢ 65°6— ov + 91l dHD-HD = H+ LID-*HD 9¢
s b | €09¢€ S0'6— LE + 996T TAHO-*HD = H+ THOIHD §¢
siu b | 190¢ 0801 Sh + 99571 A*HO-A'HD = H+ dHO-I°HD ¢
sl b | YOLE yT6— 8¢ + dLS°6 A*HO-*HD = H+ AHOHD €€
s b | L60Y 1§°8— se + 961l A*HO-*HD = H + THO-4'HD €
(uounzipqois) fr + jAy12 ‘uonisoduiorap parvanop ‘saupyiaoion]]
i b | ¥61¢ SLO— 91 + dLEY A + fIHD = H + L2 o X (O I {3
s b ] 0IST 50— SI +dsT¢ TAHD + JHD = H+ TAD-THD 0f
s b | 244! 80 11 + d8v°C D + HD = H+ THO-*4D 62
st b | $6S €€°0 71+ 9¥9°¢ TAHD + A*HD = H+ LAD-I'HD 8T
1H (A o1 S1oN ¥/q q 4 ad
(panupuoa) ¢ oqe ],



495

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

0z— Isiu 1 0 00°0 Z1 + 9009 4+ TIDMHD = AHD + D op
LT— sty 1 0 000 71+ d00Y d+ Z-dHOMWHD = dHO + TAHD 6¢
w— 10 1 0 0070 71+ 4900 H+ TADMHD = dHO + TAHD 8¢
LE— 1siu 1 0 000 T+ 900 d+ JHOYHD = dHD + d*HD LE
9p— iU 1 0 000 71 + d00v H+ Z-dHOMHD = 4HO + d*HD 9¢
9y— s TOHPURTHDI 0 0070 71 + 9009 H + JHDFHD = dHD + *HD s¢
0s— sty 1 0 000 71 + 9009 4+ TIOTHD = DNISTHD + 1D vE
S5 — st 1 0 0070 T1 + 400 d+ AHD¥HD = DNIS'HD + TAHD €€
w— s 1 0 00°0 1+ d00°C H+ TIDIHD = DNIS*HO + “IHD T
€9— pul 1 0 000 71 + 900 d+ TH'D = DNISTHD + d*HD 1t
SL— P 1 0 000 Z1 + J00y H + dHDFHD = DNIS*HD + d*HD 0t
b= i 1 0 000 €1 + d00¥ d+ TADIHD = HO + 1D 6T
Lb— gL 1 0 000 €1 + 400¥ J+ AHOIHO = HO + TIHD 8¢
€9— s 1 0 000 €1 + 400y H+ TIDTHD = THO + TIHD LT
Ps— s 1 0 000 €1 + ooy 4+ TH'D = THD + A*HD 9¢
99— IS THO 1 0 000 €1 + 400y H + AHDFHD = HO + A*HD T
sjdy1awo10nyf o1 uondasur auaqa? sjAy12040n]y
96— s 0l + YHD 1 L99ST 000 ¢l + oo’y A0-51D = Lo + S o IR 4
- sl YHD 1 ¥£90¢ 000 €1 + 400°1 dH + TADEID = O + fIHD €T
LE— s THD 1 ¥£90¢ 0070 €1 + 9007 AH + TIDMMHD = O+ IHD @
w— s THO 1 $£90T 000 €1 + 905°1 AH + Z-dHDMHD = D + d°HO 1T
v — sl YHD 1 ¥£€902 000 €1 + 908°1 dH + TAOHD = o+ d°HD ot
9¢— s e $£€902 000 €1 + d00¥ AH + AHDFHD = D + YHO 61
0g— s ® 10951 000 €I + 400y dH + TADEID = dHD + TID 81
Ly— s YHD 1 6VSL 000 €1 + 900°1 dH + TADMHHD = AHO + fAHD LI
€9— s YHD 1 6VSL 000 €1 + d00°1 AH + Z-dHDHD = AHO + TATHO 91
oL— s THD 1 6VSL 000 €1 + 9001 dH + TADIHD = AHD + TAHD SI
pL— U YHD1 6bSL 000 €1 + 900°€ 4H + dHOYHD = dHD + A°HO I
99— s ® 6bSL 000 €1 + d00'¥ dH + YHD = dHO + HO ¢l
99— gL e 10951 000 €1 + d00'¥ dH + THOMHD = DNIS*HO + IO T
LL— s 1 0 000 €1 + d00°1 dH + TADTHD = ONIS*HD + SIHD 11
16— U 1 0 000 €1 +d00C 4H + JHOHD = DNISHD + TI*HD 01
01— s 1 0 0070 €1 + d400°€ dH + YHD = ONISTHD + d°HD 6
.ﬁutu.\uuseke!m\ Q:s.N :Q.:.—N.ns Nt&&xﬁb ...ﬁwtsﬁue.se!h&
pE TO4/19d69 X LOOT 000 €1 + 900°€ D + TIHD = TAHO+ i O
s TIN/TdPS8 X $08 000 €1 + d400°€ o+ HD = TAHD + HO L
¥siu 14d/104¥L X LOTI 000 €1 + d400°€ D + d°HD = TAHD + d*HD 9
I 1A/ AY4LY BJX 131, 000 €1 + d400°€ O+ "HD = TIHD + HD ¢
i TAD 1 SI€T 000 €1 + d400°€ JHD + f4HD = A*HD + IO v
gL D1 y17C 000 €1 + d400°€ AHD + TI'HO = d°HO + IHD €
s [E o} 91¥T 000 €1 + 400°€ AHD + A'HD = AHOD + d°HD ¢
s gD =1 T1LI 000 €1 + d400°¢ AHD + THD = d'HO + FHO 1
IH [4EN 1Ja1 210N ¥a q 1 4 (uonpuof 3uaqiva) puontododsip [Ayouwt + (Aytow saupyrzoionly D




D. R. Burgess, Jr. et al.

496

islu TAD 1 86051 000 ST + 9001 dH + O = H+ SIO-FdD ¥E
S1— NA49/HODLS TOH/ATO6L bh 0EI1 09'1 L0 + Hob'1 OH + HO-AD = HO + CIO-“dHD €€
I gL S+ dSaV HO1 ¥29€ 09'1 L0 + 900°L HO + 40D = o+ ID-*dHD €
0 s 8+ d 00V HO1 €gls 09°1 L0 + Hop'1 ‘H + HO-Ff40 = H+ fADAHD 1€
NAG/HODLS TOH/ATO6L x 0£ET oLl Lo+ 909°1 O'H + T4O-%dHD = HO + TAHO-"4HD 0f
sl S+ d6aV HO! §78¢ oLl L0 + 9008 HO + “4D-FdHD = o+ LAHO-"IHD 6T
Isiu 8+ 00V HO1 SEES 0L'1 L0 + F09°1 TH+  '4O-'4HD = H + TAHO-dHD 8¢
L1— NA4/HODLS TOH/ATO6L x 0Lzl oLl L0 + 901°T O'H + dHO-4D = HO + f40-4"HD LT
1— s S+ HSV HO! SLLE oLl 80 + 9001 HO + dHO-4D = o+ AD-d*HD 9T
[ s 8+ d0lsV HO1 $8¢6 oLl 80 + 400°C ‘H + AHD-FD = H+ £AD—A*HD T
sty NH4/HODL8 x 01S1 oLl L0 + 9901 O'H+ “d4D—d'HD = HO + LAHOA"HD #¢
st S+ dSaV HO! 9Z0¥ oL'1 LO + 00§ HO + ED-d°HD = o+ TAHO-A'HD €T
Istu 8+ 0V HO! 9€SS oLl 80 + J00'1 H+ YO-A'HD = H + TAHO-I*HD T
s NA4/HODLS w 906 oLl L0 +950°T O'H + JHO-*4HD = HO + TAHO-A*HD 1T
sy S+ d6aV HO ! TTve oLl 80 + 900'T HO + JHO-*4HD = o+ TAHO'HD 0T

pEL] 8 + 9014V HO! (4334 oLl 80 + 00T ‘H+ JdHO*4HD = H+ TAHO-A'HD 61

97— SIM/HODI16 AV AVINES X 018 oLl L0 + 9919 O'H + dHO-A*HD = HO + ATHO-A*HD 8I
01— s S+ A5V HO1 Teee oLl 80 + H00'E HO + AHO-A'HD = o+ ATHO-A*HD LI
- s 8+ A 01V HO! 1£8% oLl 80 + 9009 ‘H+ dHOd'HD = H+ ATHO-A*HD 91
- NA4/HODLS TOH/A1D6L X 0s€¢ o1l 60 + A80Y OH + THO-SdD = HO + ID-HD SI
12 s S + dS«V HO! 788p o1t 01 + 900 HO + THOdD = o+ SIO—HO I
€ s 8 + d01+V HO1 76€9 ort 01 + 900 H + HO- 4D = H+ f4O-FHO €I
s SIM/HOD16 X 0L9 09°1 90 + dov'y O'H + AD-*HO = HO + TAHO-*HD I

sl S+ ASxV HO1 1L1€ 09°1 L0+ 90TT HO + IO HD = o+ TAHO-HD 11

s 8+ 01V HO! 0891 091 L0+ Hoby H + LAD-HD = H+ AHO-HD 01

Isiu SAM/HOD16 w 0LS 09'1 LO + dpS'T O'H+ ‘HO4dHD = HO + TAHOHD 6

s S+ SV HO! [44%3 09'1 80 + H0SL HO + *HO4HD = o+ LAHO-*HD 8

s 8 + 9voI HO! 1€8% 091 80 + H0S'I 'TH+ *HO4HD = H+ TAHO-*HD L

s SHM/HOD16 w 0sS 09°1 L0 + H0EE O'H+ JHOHD = HO + d'HOHD 9

phL S+ 9vs HO 0LOE 091 80 + H09'1 HO + d4HO-HD = o+ A*HO-HO §

sl 8 + AvoI HO! 08st 091 80 + H0E'€E 'H+ AHOHD = H+ A*HO-HO v

€1— s SHM/HODT6 1 0s§ 091 L0 + H0S°S O'H+ TF‘HO'HD = HO + ATHO—HD ¢

€ i $ + dvs HO1 0L0€ 091 80 + d06C HO + ‘HOA'™HD = o+ ATHO-HD ¢

r4 gL 8 + 4VvoI HO! 08S¥ 09°1 80 + H0s°S TH+ HOA'HD = H+ A*HO—HD 1
IH Uy 1521 sloN ¥yiq q 14 HO ‘0 ‘H 4q uonovasqp wov f :sauvyaoson)d vy
- iy 1 19L1 000 71 + 900 4+ TADMHD = D + TIHD W
9— 81 1 19L1 0070 T1 + 400C H+ TADTAD = D + TIHD W
4 G s 1 19L1 000 Tl + 900 4+ TADNHD = D + AHO ¢¥
0T— s 1 19L1 000 71+ ooy H+ TIDHHD = D + AHO T
17— s 1 19L1 000 Tl + 9009 H+ TADYHD = LD+ THO 1¥
IHq (A2 1301 310N ¥/a q 4 o4

(panuziuoo) ¢ apqe ],



497

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

sy fHD 1 €0 00°0 11 + 9001 AHD +  “dO-d4°HD = JPHO +  YAHO-I'HO 0f
81 fHO I £€£0§ 000 11+ 900C AHO +  AHD-dHD = A'HO + CAHOA'HO 62
L= sy ‘HO1 ££05 000 1T + 900°€ A*HO +  AHO-A*HD = AHO + JTHOA'HD ¢
L st ‘HO 1 6£09 000 11 + 900T d°HO + HO-MD = J°HO + A0-"HD Lt
s fHD 1 £€0S 000 0l + 9008 AHD + “AD-HO = ATHO + AHD—HO 9T
s ‘HO1 6£09 00°0 11 + 4007 A°HO + FHOF4HO = ATHO + AHD-*HD §T
s1u ‘HO 1 £€0S 00°0 11 + 9051 AHD +  AHOHD = A°HO + J°HO-"HO #¢
9 st fHO1 €459 000 11 +d00C A*HO + "HO-A'HD = A°HO + J°HO-"HO €t
sjAyrawoi0myf 4q UONIDUISQD WOID [ :SIUDYI2040N]]
4 s N | fHO 1 £75¢ 000 01 + 9009 TH'D + DD = THO + SAD-“dHD TT
- OHL/TY4dv9 X 18L¥ 000 o1 + d0LS YHO + A0 = fHD + fID-"dHD 1T
s ¢d fHO1 £75¢ 000 11 + 9400°€ YH*D +  “dD-TdHD = THO + TAHO-"dHD 02
s 1 £€0S 000 11 + 900°¢ YHD + FAD-TdHD = HO + TAHO-*dHD 6l
0 i €d THO 1 £75¢ 000 11 + 900C YHD + AHO- 4D = 4D + AO-4'HO 81
€= sl 1 £€£0§ 000 11 + 900T YHO + AHO- 4D = HO + FO-I'HD LI
sl ¢d fFHD 1 €75¢€ 0070 11+ 90071 YHO +  “4O—d*HD = HD + TAHD—I*HD 91
s 1 1€8Y 0070 11 + 9001 YHO + ZdD-Ad*'HD = HO + TAHO-A'HD SI
st ¢-d fFHD I 4%3 000 11 + 900¢ YH*D + JHO-'dHD = YO + TAHO-AHD ¥1
iu 1 ££0S 000 11+ 900¢C YHD + AHO"4HD = HO + TAHO-4'HO €I
6— s ¢d fHD1 €75¢€ 000 11 + 900°€ YH*D + AHO-4HO = O + J*HO-A*HD T
- s 1 PETS 000 11+ 900¢ YHO + AHO-{*HD = fHD + ATHO-4*HO 11
S s €d fHD ! 625¥ 000 11 + 900T YH'D + THOdD = D + fID-*HO 01
4 s 1 6£09 0070 11 +4900C YHD + THO-4D = HO + CIO—HD 6
Isiu €4 HO 1 Y43 0070 01 + 900°8 H®D + LAO—HD = FHD + TAHO-HD 8
i 1 ££0S 0070 01 + 9008 THD + TAO—HD = HO + TAHOHO L
siu ¢d 4D 1 6CSY 000 11 + 900°C YHO + ‘HO*4HD = fHYO + TAHO—HO 9
s 1 6£09 00°0 11+ 4d00¢ YHO + *HO-YdHD = fHO + JHO-HD ¢
3slu €d fFHD 1 €T5€ 0070 11+ 9081 YH'O +  JHO-fHD = FHD + d*HOHD +
s 1 £€05 000 11 + 905°1 YHO + AHD—HD = HD + ATHO-HD ¢
14 s I | THD 1 ££0S 000 11 + 900°C YH*D + ‘HOd'HD = O + A"HO-*HO ¢
I 18t 1 ¥L9 000 11+ d00C YHD + THO-A'HD = fHO + J*HO- HO 1
IH (A2 [Jo1 210N ¥/a q 4 SHD “*H) Aq uolopatsqp wolw | ‘saupylaoony Jq
i ‘HD1 €0s 000 60 + 9006 ‘OH + “dD-*4HD = O'H + AD-fAD sv
s ‘H'D 1 €0 0070 60 + 006 OH + SdD-d'HD = O'H + dHO-5D
sl ‘H'D1 €05 0070 60 + 006 OH + CID-HD = O'H + THO-4D ¢F
s ‘HYD1 £0§ 000 60 + 9006 ‘OH + “dHO-"dHD = O'H + LAD-TAHD W
s HD 1 £€0§ 000 60 + 400°6 OH + *dHO-A*HD = O'H + AHO-"dHD ¥
siu ‘HYD1 €0§ 0070 60 + 006 OH + “dHD*HD = TO'H + THO-"4HD 0%
1y ‘HYD1 €0§ 000 60 + 006 OH + *JHO-d*HD = ‘O'H + TIO-d'HD 6€
s ‘HD1 £0$ 000 60 + 9006 ‘OH + A*HOAd'HD = O'H + JdHO-A*HD 8¢
s ‘HD 1 £€0§ 000 60 + 900°6 'OH+ J°HO-*HD = O'H + THO-A'HD LE
Iiu ‘HYD 1 £€0§ 000 60 + 9006 TOH + “dHOHD = O'H + TID-HD 9¢
i SHD1 €05 000 60 + 5006 OH+ J*HO-*HD = 'O'H + JHO-*HD ¢¢

LOH Ynm uoiDIIOSSD SSaupy120410n].



s 1 0 000 €1 + 9099 H +dH + ODdHD = o+ THO-"dHD €1

D. R. Burgess, Jr. ef al.

st ‘H'O/fHD 1 0 000 €1 + 9099 H + dH + OD'HD = o+ THO-H'HD Tl
Q .\u.?s :Q.:E.wenhu ...25\&&0&0!\.&
st 4D 1 SLSTL 0070 €1 + 90¢°1 O+ 04D + 4D = 0+ AD-SAD 11
s D1 SLSTI 000 €1 + 901 O + OMHD + D = o+ AHO-f 4D 01
s 4D 1 h1ce 000 €1 + 90¢°1 O+ O'HD + 4D = o+ THO-MD 6
st ‘HID1 $66 LLT— 61 + 995°C OH + THOTAD = o+ THO-dHD 8
s ‘HD1 $66 LLT— 61 + d95°C ‘OH + TADHHD = 0+ AHO-%AHD L
s SH'D 1 $66 LLT— 61 + 995 ‘OH + “ADIHD = 0+ THO-%HD 9
siu SHD ! $66 LLT— 61 +995°¢C ‘OH + “IDHHD = 0+ ADA*HO §
st ‘H®D 1 $66 LLT— 61 + 495 OH + Z-dHDHHD = ‘o + AHO-AHD ¥
s SHO1 $66 LLT— 61 + 9957 ‘OH + AHOIHD = ‘0 + THOA*HO ¢
s SHD1 566 LLT— 61 +995°C ‘OH + LADTHD = ‘o + LAOFHD T
s SHYD 1 $66 LLT— 61 +995T ‘OH + AHOHD = ‘0 + JHD-*HD 1
a1 1Ja1 810N it q |4 L0 ynm uol 1085y s|dyraolony OO
1NO/TIDLY X £805 000 11+ 90¢'1 fIHD + TO-FID = 40 + IO-“dHD S
1NO/TIDLY X 6865 000 11 +4do0Ls SAHD +  ZdO-YdHD = 0 + CAHO-IHD #§
s 1 17T¢€ 000 11 + d400°¢ IHD + AHO-5AD = O + CIO-I*HO ¢€§
jEL) 1 9Z0¥ 000 1T + 900 CAHD +  FIO-d*HD = 40 + TIHO-AHD T§
s 1 ¥29¢€ 000 11 + 900°€ fAHD +  AHO-YdHD = 1D + TAHO-I'HD 1§
s 1 413 000 1T + 900§ SAHO +  JAHO-A'HD = 40 + A*HOA*HD 0§
1NO/1IDLY X ¥6L9 000 T+ dshl HD + THO-54D = 40 + SI0HD 6V
Viad/SN099 X €LSE 000 01 +901°¢ fJHO + “4O-*HD = 40 + TAHO-"HDO $¥
VId/SN099 X €LSE 000 o1 + d0I'¢ SAHD +  'HO-YdHD = 1D + TAHO-HD Lv
IHM/INOIL X LTy 000 1T + 9056 CAHO +  AHD-*HD = IO + J*HO—HD 9%
IHM/INO1L X LTy 000 IT + 9056 fJHO +  “HO-A'HD = D + J*HO-*HD $¥
8w FHO 1 €005 000 11 + 900C T'HD + D ID = LAHD + SIO-"AHD ¥
s FHO 1 £€0S 0070 1T + 900°€ YIFHD + YdD-'dHD = TIHD + TAHO-"IHD ¢F
sy FHO 1 £€£0§ 000 11 + 900C “d*HD + dHD-5AD = JHO + SIO-I'HD T
s fHD1 ££0S 000 11 + 900°1 FHD + WAD-AdFHD = LIHD + TIHO—A*HD 1¥
s fHO1 £€0S 000 11 +4900C TI'THD +  AHO-YdHD = TIHD + TAHO-A'HD OF
s fHO 1 £€0S 000 11+ 900°¢ TP HD +  AHO-IPHO = tdHO + J*HO-d*HD 6¢
sty fHO 1 6£09 000 11 + 900°C TA'HD + THO-51D = IHD + SI0-HD 8¢
su fFHD I €05 000 01 + =008 TATHO + TID-FHD = TAHD + TAHO-HO Lt
s fHD1 6£09 000 I1 + 900¢ THD + THO-YdHD = TAHD + TAHO"HO 9¢
i ‘HO ! £€08 000 11+ 9081 THO + AHO-HD = TAHD + J*HO-*HD st
¥siu FHO 1 £¥59 0070 11 + 900°C TA'THO +  'HO-A'HO = TIHD + A*HO-*HD +¢
s THO 1 £€0S 000 11 + 900C d°HD + TAO-5ID = A*HD + CID-*IHD €€
s ‘HO1 9¢5¢ 000 11+ 900°€ A*HD +  FdD-YdHD = J*HD + TAHO-AHD Tt
s fFHO I £€0S 000 11+ 900C AHD + AHO-FAD = d*HD + SIO-Jd'HD It
U o1 310N y/q q 4 R:6e |

498

(panutuoo) ¢ a1qe ],



499

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

S
s
s
1siu
s
Istu

st
Isiu
1Sty
181u
181U
st
Slu
18tu
s
Isiu
s1u
s
prile}
ISty
Istu
s
s
s
st
sl
s
S
Istu
IS
S
ISt
Istu
1S
18tu
s
st
st
s
ISt
siu
Istu
1St
181U
sl

‘H'D !
SHTD 1

(e e e e e N =

(1891
0IST
0151
OISt
0IS1
OIS
0151
(U8

[=ReRelele el el =2 =R =il R e e e el el el e el el o e e e X = X o =)

000
000
000
000
000
000

000
000
000
000
000
0070

00°0
000
000
000

00°0
000
000
000
000
000
00°0
000
000
000

000
000
0070
0070
0070
000
000
0070
00°0
000
000
00°0
000

000
000

€1 + 300'¢
€1 + 900°¢
€1 + d00°¢
€1 + 300
£l + 300t
¢l + 300°¢

¢l + 30T
€1 +d0C¢
€1 +d0T¢
€1 + dov'y
€1 +dov'y
€1+ dovy
€1 + J2099
€1 + 1099
€1 + 30T
€1 + 40T
€1 +d0TC
€1 +d0T¢
€1 +aov'y
€1 + aov'y
€1 + Jor'y
€1 + 30ty
€1 + 9099
€1 + 3099
€1 + 4099
£l + 301°1
€1 + 301°1
¢l +301°1
€1 + d01'1
€1 +902°C
¢l + H0T°C
¢l +d0CC
€1 + 30TT
¢l + H0t'¢
el + d0e'¢
€1 + dog’¢
el + 30T
£l + 30T°C
£l + 90C0°C
€1 + 30T
€1 + dor'y
£l + dov'y
€1 + dov'y
€1 + 30ty
el + 9099

HO + O*HD + tdHO =
HO + O%ID + A*HO =
HO + O:dHD + A*HO =
HO + O*HD + A*HD =
HO + OFdD + ‘HO =
HO + OMHD + HO =
O'H + LIDHD =
O'H + 4OHHD =
O'H + CADHD =
O°H + t4OMHD =
O°H + Z-dHDWHD =
O'H + AHDI'HO =
O'H + LADYHD =
O'H + AHOIHD =

dH+ 0D + fdD =
AH + 4H + 0D%D =
AH + dH + OD4dHD =
dH + dH + OD'HD =
dH + AH + 0DWD =
dH + 4H + 0DdHD =
dH + dH + OO*HD =
dH + *H + OD'HD =
‘H+ 4H + 00D =
‘H +4H + ODdHD =
TH + dH + OO*HO =

O+ 04D =
THD + 0¥dD =
ATHD + 0F4D =

‘HO + O%ID =

0 + O:dHD =
TAHD + O dHD =
A*HO + O:dHD =

HO + O dHD =

40 + O'HO =
tdHD + O'HD =
AHO + O'HD =

d+ 04D+ fdD =
d+ dH + 007D =

H + dH + OD4HD =
H + dH + OD'HO =
H + AH + 00%dD =

‘OH +
‘OH +
‘OH +
‘OH +
‘OH +
‘OH +
LOH Ynm uoDI20SSD

HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +
HO +

o
+

olojojejojolololofeoN oo oo Yol ofoNo!
R ot s S S SR ST S S

‘HO-'4HD
LID-H4'HD
AHOA*HD
THO-A*HD
LAD-HD
AHO~*HD

:sjdy13040nyg

LAO-"4HD
tID-A*HD
HO-HD
AHD-*AHD
AHO—A*HD
AHO~"HD
“HO-*4HD
THO-A*HD
HO-51D
4D-YAHD
tdD-4*HD
tID~-*HD
AHD- 4D
AHD-?dHD
AHO-4*HD
AHD-*HD
HO- 1D
THO-“dHD
THO-4*HD
TAD-4D
“40-"4HD
“40-4"HD
IO HD
AHD-4D
AHO-*4HD
dAHD-A*HD
AHO~*HD
THO-4D
THO-*dHD
THO-4*HD
204D
TAD-°4HD
TIO-—HA*HD
TID-"HD
AHO- 4D
AHO-*4HD
JHO-A*HD
AHD-FHD
THO- D

JPECS 21-6-D



D. R. Burgess, Ir. ef al.

500

st HP+1 LTEO0S 000 ¥1 + d0§°C AH + D = LIDWHD ¥
11U HP+1 $ST6E 000 $1 + 905°T dH + dH?O = Z-dJHOYHD ¢
OSL/ISOL X 7434 000 P1 + H0S°T dH + AH®D = LIDYHD T
INO/WISOL X 7€95€ 000 #1 + 9001 dH + THD = JHOMHD 1
el 1Ja1 910N ¥/ q |4 suonisodwiodap [puwiidyy saudjdyiaoonty r
st ¢V ‘H'D1 0 050— Z1 + d05°9 YHD + OO = ‘HO + LAO-*dHD 06
stu €/ve ‘H'D1 0 050— €1 + H0E°1 YHO + TIDIHD = HO + LIO-4°HD 68
sty ‘H'O® 0 050— €1 + 9561 YHO + “ADHD = ‘HO + LADFHD 88
sty €/V1 THEO! 0 05°0— 71+ 9059 YHD + “ADLAHD = ‘HO + AHO-*dHD L8
sty €/VT SHO 1 0 05°0— €1 + d0€°1 YHD + Z-4HOMHD = ‘HO + dHO-d*HD 98
sty ‘HO 0 05°0— €1 + ds6°1 YHO +  JAHDYHD = ‘HO + AHO*HD $8
st £/VI SHD ! 0 05°0— 71 + 9059 YHO + ADTHD = HD + THO-*dHD #8
sty €/Vt SHD ! 0 00— €1 + d40¢'1 YHO + AHD'HO = ‘HO + *HO-d*HD €8
€D ynm uoypuoyysodoadsip :sidy1aoionyy
stu ‘HD1 0 000 11 + "300°€ o+  f40-F4HD = tOH + LAO-SdD T8
1 ‘D1 0 000 11 + 900°€ 0+  f4O-d'HD = ‘OH + JHO-4D 18
st HD 1 0 000 11 + "J00°€ 0+ f4D-"HO = OH + THO-4D 08
s ‘HD1 0 000 11 + 900°€ 0+ *4HO-*4HD = ‘OH + LIO-CIHD 6L
sl ‘HD 1 0 000 11 + 900°€ 0+ “4HO-d'HD = tOH + dHO-*dHD 8L
s ‘HYD 1 0 000 11 + 900°€ 0+ HAHO-HD = OH + THO-*dHD LL
istu ‘HD1 0 000 11 + 900°€ 0+ “4HO-d*HD = tOH + THO—d*HD 9L
s ‘HD 1 0 000 11 + 900°€ ‘0 + JA*HO-4'HO = ‘OH + dHO-I*HD §L
siu ‘HD 1 0 000 11 + d00°€ 0+ JHOHO = tOH + THO-I'HD ¥L
8 ‘HD1 0 00°0 11+ 900°€ 0+ TIHO-*HD = OH + IO—HD €L
s ‘HD 1 0 000 11 + 900°¢ 'O+ J'HO*HD = ‘OH + AHO*HD L
st ‘HD1 0 000 11 + 9001 ‘O'H + DD = tOH + THO-CIHD 1L
stu €/V1 ‘HD1 0 00°0 11 + =001 ‘O'H + TADHD = ‘OH + AHO-F4HD oL
sty ¢V SH'D1 0 00°0 11+ 9001 O'H + TADIHD = ‘OH + THO*4HD 69
Istu ¢IVI SHYD 1 0 000 11 + 900 O'H + TDMHD = OH + LIO-d'HD 89
slu €/vVe HD 1 0 000 11 + 900°C O'H + Z-4HDdHD = ‘OH + AHO-A*HD (9
sl €/Ve ‘HD1 0 000 11 + 900 ‘O°H + AHOYHD = ‘OH + THO-J*HD 99
siu €/ve ‘HD1 0 000 11 + d00°€ ‘O'H + DHD = ‘OH + LID-HD <9
st SHD 1 0 000 11 + 900°¢ 0'H + AHDIHD = OH + AHOHD 9
siu ‘HD1 0 000 €1 +4900€ HO + O%ID + D = OH + THO-SD €9
sia ‘HD1 0 00°0 €1 + d00€ HO + OMHD + D = ‘OH + dHO-dD 79
siu ‘HD1 0 000 €1 + 900t  HO + O°HD + 4D = OH + THO-D 19
slu ‘HD1 0 000 €1 +d00€  HO + O%dD + TAHD = ‘OH + LAO-AHD 09
Istu SHD1 0 000 €1 + 900t HO + OMHD + T{HD = ‘OH + AHO-F4HD 6§
Ac) 1301 sl0N y/q q vV 1973
(panutyu0o) ¢ aqe],



501

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

s1u YH®D 1 /06/O*H O'¢/*0D [07/0D [0Z/*H
187U YHD 1 rs— 87— LTH6I'E/MOT
s YHED 1 86t 0s'1 80 + 0TV W+) FdD-d°HD = (W+)H + T4OdHD L
1siu YHED 1 86V 0s'1 80 + 0TV (W+) JHO-FdHD = (W+)H + LHDdHD 9
S0 YHED 1 [0sfO'H  0°€/*0D /07/0D [0T/*H
s YHED 1 IvS— 8T— LTALEI/MOT
Is1u YHED 1 86 051 80 + d0v'8 (W+) dJdHD-d*HD = (N+)H + Z-dHDHHD ¢
st YH®D 1 [0s-O%H  0'¢/0D /090D /0Z/*H
L YHEO 1 I¥'S— 87— LT61'€/MOT
81U YHYD 4 861 0s'1 80 + 40T ¥ W+) LIO-*HD = (W+)H + LADFHD ¥
s YHED 1 86t 0s'1 80 + 0TV (W+) *HO-*dHD = (W+)H + LIDTHD ¢
siu TH'D 1 861 0s'1 80 + 0TV W+) JdHD*HD = (W+H)H + JHDFHD ¢
s YHED 1 86t 0s'I 80 + 40T'Y (W+)  THOd'HO = (W+)H + AHDIHD 1
IH g1 1Ja1 3ON ¥/ q 1 4 (uonpzipgnis) uolitppy wioip | saudlAyizoion] [
s1U b | 9¢ST ne— ¥e + dor'T LIDHD = H+ 407D 8¢
siu 1 9€5T nrL— ¥€ + dov'T Z-dHD'dHD = H+ Z-dDWHD LT
slu 1 9€$T L= ¥¢ + J0b'T LIDFEHD = H+ HOZID 9T
s 1 9€5T nL— ¥€ + dor'T dHOIHD = H+ Z-HOHD ST
1siu 1 9€5¢ nre— ¥€ + dorT dHDI'HD = H+ ADTHD 1T
(vonpzinguis) [ + [Auta ‘uo1i1sodwi0dap paiparion :saudjdyaoionty
st b | 9L6 1£7— 0T + 986'S dH + gD = H+ A07dD €2
187U 1 9L6 €7~ 0T + d86'S 44 + dH*D = H+ Z-1DHHD @
s 1 9L6 1€~ 0C + d86'S dH + AH®D = H + HOFAD 12
1slu 1 9.6 1€C— 0T + 986'S dH + tHO = H + Z-HDWHD 0T
81U 1 9L6 1€¢— 0C + d86°S dH + HD = H + dDHO 61
A:Q.:B:.E&NN .&N.Nv H + NR:.S .EQ:.PAQQEQQNE Nuwuua.a.vu ...awtwﬁbﬁwesew:.&
st b | 688C 961 L0+ Y91 H + 40D = LD+ dHD 8I
Isiu 1 688C 91 L0 + d8T€ H+ Z-d4DdHD = dHD + dHD LI
s 1 688C 961 L0 + d8TE H + HO%ID = O + ONIS'HD 91
81U 1 688C 91 L0 + d8T€ H+ Z-HDWHD = dHD + ONIS’HD S
81U 1 668C 95°1 L0+ apy'1 H+ dOUHD = 4HO + ONIS'HD 1
A:QEG:.EAQN wojip H v :Q.QGSQEQU MQ&\D}NE .QQ.Z.%QNEQUN\ Nn%waa.dww .,.a:w\\-s&nwe\g\.&
stu OVM/HOSSL ¥x 626T 90'6— 0s + d96'¢ W+ 4o+ o = W+ L o5 o I3
st b | 744! 08°€— v + H01°€ LADMHD = a0 + dHD 71
181U 1 744 08'¢— ¥z + 94561 Z-dHDHD = 4HOD + 4HD 11
Isiu 1 YTyl 08'¢— ¥C + do1°¢ LIONHD = o+ ONIS'HD 01
Istu 1 vyl 08¢ ¥ + dor°€ JHDYHOD = dHO + ONIS’HD 6
(uonipzinqpys) uotpuquUi0d Iud)fy1aus ‘uoNISOdUI0IaP PaIDANIID SIU|AY12040N]]
st b | 8611 e 61 + dIs'8 dH + D = Lo+ dHD 8
st 1 8611 A4 0z + doL'1 4H + AH®D = 4HD + 4HO L
st 1 8611 A4 0T + 90L1 dH + dH®D = LD+ ONIS'HO 9
st 1 8611 A4 0T + doL'1 dH + tHD = dHO + ONIS'HD ¢

(uonputuaya J 1) uolpuiquios ausjdy1aw ‘uoriisodwiodap payparion

:sauajdy1a0.i0ngy



D. R. Burgess, Jr. et al.

502

st s/e fH'D L 8£6¢ w8 — 8¢ + S0l 0D + 04D = o+ 400D 12
s1u sfe FHID 1 8€S¢E T8 — 8¢ + S0l ODH + 03%dD = o+ HOTID 0T
st sfe fHD 1 8€S¢E s — 8¢ + S0l 0D + 0:4HD = o+ Z-dDdHD 6l
Istu s/e fH D1 8€S¢ s 8¢ + 4501 ODH + OMHD = o+ Z-HDHHD 8I
Istu s/e FHD 1 8£6¢ 8- 8¢ + =SO'1 0D + O'HD = 0 + dOFHD LI
181U 10311p ‘HYD 1 8SLT SSy— 97 + d8¥'t 0D + 04D = o+ ADEID 91
81U 10211p *HD L 86T SSy— 9z + A8y ODH + 0D = 0 + HOEdD SI
s1U 10911p fHYD 1 8612 SSy— 9z + A8ty 0D + O dHD = 0+ Z-dADHMHD ¥l
81U 131D fH'D1 86LT SSy— 9z + 48’y ODH + O:dHD = ‘o + Z-HDHD €I
s1u 10911p fFHD 1 8SLT SSy— 9z + dst'v 0D + O'HD = ‘o + dOFHD Tl
2o Aq uoyvpixo :spduraosonyy
I Isiu TN.L88 Jx yevl 00T 90 + H00'1 O°H + dDFHD = HO + Z4DHD 11
sty 1188 Jx 434! 00C 90 + d00C O°H + HD&ID = HO + LADTHD 01
S— Isiu 1N188 Jx 234! 00T 90 + 400C O'H+ Z-dDHD = HO + Z-dHDHHD 6
01— IsIu 1N.188 Jx 434! 00T 90 + 9001 O%H + 40FHD = HO + JHOHD 8
9— Istu 1N.188 Jx 234! 00T 90 + 400C O'H+ Z-HDMHD = HO + AHDIHD ¢
HO 4q u0113p41sqD WioIp [y :saudjyia040onyy
81U LNO/VISYL 1+ dJ 8611 001 60 + d0E°S 0D + ‘HO = o+ dHOHD 9
st AADLS X 0 001 60 + H06'I 04D + LD = o+ LADFAD §
81U JADLS x 6LS 001 60 + 4009 0D + ‘dHD = o+ LADAHD ¥
st HADLS x 0SL 001 60 + 40y ODH + LIHD = o+ LIDYHD ¢
81U JADLS X 008 00°1 60 + J00°L oD + d'HO = o+ Z-dHDMHD T
Istu JADLS x 659 001 60 + d0¢'S ODH + d'HO = o+ dHOTHD 1
.~= N'wou 1 uvu goz x\mw Q |4 Q AQ :Q.Q%.;.Q ...aN:NTD\wNQLQ:N.& O—.
o YH'D 1 1919 €T S0 + H0E'E ‘H + 407D = H+ TIDAHD 81
Istu YH'D ! 1919 €T S0 + dogE ‘H+ Z-dDMHD = H+ Z-dHDHD LI
81U YHED 1 1919 €5°C S0 + J0L'9 ‘H+ HOMID = H+ LIDIHD 91
sIu YHED 1 1919 £5°C S0 + H0E'E H + dDFHD = H+ AHDYHD §I
s YHED 1 1919 £5°C S0 + d0E€ ‘H+ Z-HOWHD = H+ AHDIHD +1
N.N %Q :Q.:.vﬂ.:.aﬁﬂ wojip N.N ..hN:NNR&ungRN.W
o Ja1 0 0070 71 + 00T H+ LADEAD = d+ LIDHHD €I
1s1U Ja 0 000 71 + 900y H+ LADMHHD = d+ Z-dHOHHD T
sIu Ju 0 000 71 + 9400°s H+ Z-JdHOMHHD = d+ JHOTHD 11
P Ja 0 000 71 + 900 H+ LIDNHD = d+ JHOHD 01
s Jor 0 000 €1 + 00T H+ dHDIHD = d+ YHD 6
(1uawaop)dsip woip ) uo1I1ppY WOID [ :sudjAy1a0i0n)y
181U YHD 1 /0°§/O*H  /0'¢/*0D /0°7/0D /0T/*H
181U HED 1 ¥S— 8T— LTALEYMOT
st YH'D 1 86¥ 0s'l 80 + Jo¥'8 W+)  “dO-FdHD = (W+)H + LIDTAD 8
IH (AL (REM ANON yiq q |4 VI

(pamauod) g aiqey,



503

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

LE— g 1AS/NVINES Jx ¥09 000 ¥1 + 4571 dH + d°HO = d+ d°HO ¢
1€ — wiu Nve/ALvV6 x 92C 050 71+ 9406'S dH + *HO = d+ YHO 1
IH ya1 [Ja1 3JON ¥y/d q 14 SUO119D24 WioIp f gD
sl 01V 4N ODDH ! 0 000 ¥1 + F00'1 0D + oD = o+ q-000d 61
wiu 101V €N ODDH 1 0 000 ¥1 + 001 0D+ dHD = H+ 70004 81
s L60V EN OD'HD ! L0OI 000 71+ d0S°L OH + 7-000d = HO + 0D4HD LI
s m 970¥ 000 €1 + J00°1 oD+ 0D = o+ 00D 91
sty m 920¥ 000 €1 + =001 0D+ OdHD = o+ 0D4dHD I
s S60V 4N OD'HD ! 9Z0¥ 000 €1 + d00°S H+ 7-000d = H+ 0DdHD ¥1
sIU 60V EN OD'HD 1 STLI 000 €1+ dell 00+ JHO = H+ 004D ¢l
s Y60V 4N 0OD'HD ! STLI 000 €1 + d€I'1 oo+ d*HD = H+ O0DdHD T
sjd123j040ny ‘sauaraxyoionyy
st 060V g TH'D 1 LOOI— 00¥ ¥0 — d05°C dH + 7-000d = HO + IO 11
st 630V 4N THD 1 €0S— (1194 $0 — 981'C H+ 004D = HO + IO o1
st 060V 9N UTHD 1 LOOT — 00y $0 — F0S°T dH + ODJDH = HO + dH®D 6
Istu 060V N UHDL LOOT — 00t $0 — d0S°T oD+ A*HD = HO + dH®D 8
s 680V 4N TX THD1  €0s— 0S¥ ¥0 — d81°C H + 0DJdHD = HO + dH®D L
isiu LLOV N TXTHPD1 956 00T L0 + 00 4+ 7-0004d = o+ D 9
Istu LLOV 9N T X THD1 956 00T L0 + F00' H+ 7-000d = o+ dH®D ¢
uoppIXo ..,Gzaﬁusexz
stu YHD 1 €121 000 71 + d08°¢ (W+)  Z-dDdHD = (W+H)H + HD ¥
/s/O*H /€ffF0D [T/oD [UfH
/o1vT S€— LTALIO/MOT €
slu tHD 1 4! 000 71+ dor'l (W+) Z-HDWHD = (WH)H + dH®D T
iU HD 4! 000 71+ d08¢ nW+) dOUHD = (N+)H + dH®D 1
1H FACXS 1J21 310N ikt q | 4 uoyDZIIQUIS[UCNIPPD WoID [ :saudyiaoson)y S
81U fHD 1 0 000 €1 + 9400°S oD + LIHD = HO + dO%AD ¥E
gl fHYO ! 0 000 €1 + 400t oD + AHD = HO + Z-dDWHD €€
Isiu fH'D 1 0 000 €1 + J00°€ ODH + d°HD = HO + Z-HDUHD T€
st fHYD 1 0 000 €1 + J00°€ oD + fHD = HO + dDFHD 1t
st fH'D 1 0 000 €1 + J00°1 AH + 0DMD = HO + dD%AD of
st FHEO 1 0 000 €1 +d00T AH + ODdHD = HO + Z-dDHD 62
st fHEO 1 0 000 €1 + 900°€ dH + OD'HD = HO + Z-HDHD 8T
s1u fHD 1 0 000 €1 + 900°€ dH + OD'HD = HO + dDFHD LT
HO 4q uonvprxo :sidwaoion)y
Istu THO 1 0 000 €1 + 900°€ H+ 00%D = o+ HOEAD 9T
s1u fHYO ! 0 000 €1 + d00°€ H+ 0D4dHD = o+ Z-HDWHD §T
siu FHED 1 0 000 €1 + J00°€ d+ 00%D = o+ dD%FdD #T
st FHO 1 0 000 €1 + J00°€ d+ ODJHD = o+ Z-dDHD €T
81U THD1 0 000 €1 + 400°¢ d+ OO'HD = o+ dO%HD Tt

0 4q uonpprxo :siduraoion]y



D. R. Burgess, Jr. et al.

504

MES6-ELS Ava/ardcL X €LY 000 €1 + dzE'l ‘H + TdHO = H+ T'HD (I
M1L8-509 HAA/SAMSL X 1€LY 000 €1 + 9081 H+ A*HD = H+ AFHD <1
A.n.aﬁﬁuwuws .:Suwuhhﬁa ..N:S}&EQLQ:S SUOIDI4 NQ:NLN.\.NQ
M86T ADN/VSL168 X €1 + d8p's dH + o = H+ D 11
MS6T VAd/N1d98 X 71+ 908°L gD = 4+ 4D 01
M00ST00ST AVN/AIHI6 X 16€6C 000 91 + HOE'1 4H + o = W+ CIHD 6
MOTEI-0901 dHS/TOd89 X 08€5¢ 000 71+ d06'8 dH + dHD = I'HD 8
MOLST-OSTI OVM/HOS6L X 1L6£€ 00°0 91 + 4001 44 + ONIS'HD = W+ AfHD L
MOLSTOSTI DOVM/HOS6L X 8LLTY 000 ¥1 + 001 dH + ONIS'HD = dfHD 9
(uotisodwi02ap auny1awoonf) suoryIpai EXEVEIE )N 4
Moog OVM/TVMES X €1 + J00°¢ dH + ‘OH = d+ O°H ¢
M69E—EVT OVM/TVMES X oov 000 €1 + d£5°T dH + HO = 4+ O'H v
M00¢ OVM/TVMES X €1 + d00°S AH + o= d+ ‘OH ¢
M9LE-1TT N4¥g/4.1868 X oLy 000 €1 + d€TL 4H + H= 4+ ‘H ¢
£1000S—000€ Xna/nv4is X S866Y 000 €1 + 9zl 4+ H= W+ dH 1
JH FAE)! 1Jo1 310N ikt q 14 (O A'H) suonvas uaiafay joyg
1L H1 0 000 €1 + 00T AH + HD = i+ THD st
81— st H1 0 000 ¢l + d400°¢ Lo + 1D = d+ LIDFHD ¢
yE— L YHO 1 L0OT 000 ¥1 + 9001 AH + tHD = 4+ YH*HD ¢€¢
ge— i *H'D 1 SOL 000 €1 + d00Y AH + OO = 4+ fIO-“4HD @
81 *H'D 1 ¥09 000 ¢l + 4009 AH +  fAD-f4HD = d+ LAHO-IHD 1T
siu H®D 1 ¥09 000 €I + d00°€ AH + LADA'HD = g+ LJHO-4'HD 07
] H'D1 £0v 000 €1 + d00°€ dH + LIO-*HD = d+ LJHDO-*HD 6l
st °H'D 1 ¥09 000 €I + d00°9 AH + dHO-4D = 4+ £ID-A*HD 8I
81 *H'D 1 304 000 ¥I + 90€'1 AH + JHO-*4HD = 4+ LAHO-A'HD LI
81 *HED 1 304 000 ¥1 + d0g'1 dAH + JHO-A®HD = 4+ d*HO-d*HD 91
gL SHD 1 101 00°0 €1 + 9009 AH+ 4HO*HD = d+ ATHO-HD ¢§1
] H'D 1 €102 00°0 ¥1 + 9001 dH + HO-f4D = 4+ EIO-HD ¥I
81 *HfD 1 1104 000 ¥1 + 400’1 AH + *HO-®4HD = i+ LAHO-HD €1
Ilu *HD 1 1104 000 ¢l + 4006 AH + fHO-4'HD = 4+ A*HO-*HD 71
ONM/LAA09 X IS1 000 71 + 9008 AH + ‘HD = 4+ H®D 11
0zl — U n 0 000 €l + 9001 AH + 0D = 4+ ODH 01
yil— 11U m 0 000 €1 + H00°€ dH + O'HD = 4+ O'HD 6
SE— VHZ/V 4406 X 906 000 €1 + 959 dH + oD = 4+ OMHD 8
Sy— o O4HD 1 LOOT 000 €1 + 4009 4H + ODH = 4+ O'HD L
SOM/VIDI6 X 1ST— L6 L0 + 9V AH + HO'HD = 4+ HOfHD 9
SOM/VIDI6 X €01 — A 60 + 79T 4H + OfHO = 4+ HOfHD §
Lt sl AOH/ATOE8 Jx 7981 000 ¢l + 405y dH + 4D = d+ IHD ¥
9 — e AOH/A1DS8 Ix 1£6 000 €1 + 006 dH + LIHD = 4+ T'HD ¢
IH rALY] [ AoN J/q q |4 a0
{panupuos) § aqe L



505

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

st
IS
IS
st
s
1stu
s
ISt
1stu
81

Av6T
AL6C
3A86¢

ASLET0601
Ae6C
2A56¢
P (U39

AL6C

208¢-L8¢
M6 05T
2A08—C6C

2A86¢

21867

200¢
A05705C
A0T906¢
AC6¢€L8
JeE6858
3009-05¢
3009-05€

95°0+d

uUv
ANA/TVSSS

NVA/dddee
ADN/VS106
ADN/VS168
q400/Nv4T6
400/NVE6

ZV1/0148L
ADW/VS106
VAY/N1d98
10¥9/39S78

T149/VSL68
WVH/VS198
400/NvHs6
40D/NVH6
400/Nvds

WVH/VSL98
VS.LL8
WVH/VSL98
WVH/VS198
WVH/VS198
nv3/odres
nv/odrs
NvI/0dres
AQOH/ATOE8
AdOH/X 1058
LAS/NVINES
nvea/M1Lves
4d71/N0rsL
TVN/AVA89
VZV/dvdLe
T449/1L9dV8L
Ta4/1dVS8L

ODH !
ODH !
ODH !

ODH 4
1

O*HD 1
O'HD 1
O'HD!

3x

<

AX
AX

nx

>

AX
AX

AX
AX
AX
AX
AX

Mo M M M M

cocoo

(1494
£961
ST —
0SST
(11591
I¥91¢

[4:3 %

[ === )

809¢
o6ve
056¢
00t —
¥162
TLLT
L881

1104

13:139
(Y447
88y
18LY
9¢5S

000
000

0070
000
000
81'1
000
LL'T
00¢—

000
000

000
00°0
000
000

000
0c'e
or'e
18°C
000
0070
00°0
000

000
000
000
000
000
0070

€1 + d400°€ HO +d + ‘00 = ‘OH + oD
¢l + 400°¢ dH + ‘oD = HO + 0D
€1 + 00 d+ 0D = o+ o) 0]
¥1 + 0TI dH + 00 = H+ 0D
71 + "00C YHD + oD = THO + 0:dHD
11+ 3001 ‘OH + OHD = 0%H + 0D
60 + dTL'l OH + oD = HO + OAHD
71 + J006 HO + 0D = o+ OdHD
80 + JOT'I H + 0D = H+ O:dHD
ST + dsvT 4H + 00 = W+ OAHD
(sapraonyf |Auoqiv2) suo11IVaL 22ud12f3y

11 + 396 spnpoid = 0+ 40
U+ AL sjonpod = o+ 40
€1+ FST'I spnpold = H+ 40
T+ doLs spnpold = OH + HD
€l + J0g°¢ sjonpoid = o+ HO
71+ J00°s H + OFdDd = HO + D
¢l + 9171 spnpold = o+ D
60 + J0T'1 d+ D = o + D
01 + d00°S d+ 4D = g+ D
(uotjonaysap “uotippixo w:bﬂbtusﬁe:m\ ‘qudfdyrawoionyf) suoryovai U1 [y

€1 + q18°1 4+ 0D = o+ €10
T+ d19¢ o+ PHO = ‘OH + HO
€I + dI8°1 HO + OfHD = ‘OH + HD
¢l + d19¢ spnpoid = HO + HO
€I + dev'8 H + O'HD = o+ ‘HO
(uoniopixo ({y1awosonyf) suor1ovas 2ous42f2y

v1 + 9071 YHO + 00 = ‘HO + ODH
10 + d0T°€ YHO + HO®HD = fHD + HO*HD
10 + Ayl YHO + OfHD = fHD + HO®HD
€0 + d¥5°S YHD + ODH = ‘HO + O'HD
o1 + 3121 tOH + YHO = ‘O'H + fHD
1+ 9081 O%H + 4D = HO + £JHD
T+ ds9T O'H + dHD = HO + ZI*HD
71+ do6y OH + d*HD = HO + AHD
01 + d00°6 4H + 4D = d+ £JHD
71+ dob'e dH + LIHD = d+ ZI*HD
4+ "HD +£°0 d4 + dHO = 4+ AfHD
¥I + 9081 dH + HD = d+ YHD
T1 + 900°S HO + 4D = o+ £JHD
71+ 4959 HO + tJHD = o+ LI'HD
TI + d¢8L HO + d*HO = o+ AfHD
11 + 9068 H+ IHD = H+ 4D
€1 + dTe'e ‘H+ D = H+ £JHD



D. R. Burgess, Jr. et al.

506

st fHED L 0 000 €1 + H00'¢ AH + OO'HD = HO + ADFHD 8L
181y fHED 1 0 000 €1 + 900°¢ d+ OD'HD = o+ ADYHD LL
181U s/e FHD 1 8£6¢ 08— 8¢ + dS0°1 0D + O'HD = o+ ADFHD 9L
siu 10011p fHYD 1 8SLT Sy — 97 + AsY¥ oD + O'HD = o+ AD¥HD §L
(spd1aaoiony’) suotiovais aouaafay
9— s 1N188 Jx 234! 00T 90 + H00'C O'H+ Z-HOHHD = HO + AHDIHD L
(HO 4q uo1ovaisqp wo ‘saudjdy1aoionyf) suo11wai 20uU12f2y
18Iy AADLS Jx 0 001 60 + H06'1 04D + Lo = o+ ADTAD €L
Istu AADLS Ix 6LS 00'1 60 + 9009 0D + tdHD = o+ LADMHD T
Isiu AADLS Jx 0SL 00'1 60 + H0¢¥ ODH + ‘qHD = o+ LADHD 1L
181 HADLS Ix 008 001 60 + H00'L 04D + J*HO = o+ Z-AHDHD 0L
Istu FADLS Jx 659 001 60 + H0E'S ODH + AHO = o+ AHDIHD 69
(0 4q uotiopixo :sauajdy1aoiony) suo1ova. uUIf7Yy
Istu YHED 1 1919 £5°C S0 + H0g'€ ‘H+ Z-HDHHD = H+ AHDI*HD 89
s Jox 0 000 €1 + J00'C H + AHOYHOD = d+ H®D
st YHED 1 vs— 87— LTA6T E/MOT
s1u YH®D1 86t 0S°1 80 + HOT¥ (W+) tI0-*HD = (W+)H + LAOHD L9
(uonovasgy wow [ WawID)dsIp WoID o ‘UONDZIIGDIS[UOIPYD WioID [f Sauajdy1040ny) suo119024 Uy
sty £/vVe fHED 1 0 000 11+ d00°¢ ‘O'H + AHDIHD = tOH + AHO-HD 99
st ¢/ve fHED I 0 000 €1 + 9099 AHD + O'HD = o+ THO-A'HO $9
st ‘HEO I $66 LLT— 61 + H95C ‘OH + JHDHD = o+ AHO—HD 9
s1u ‘HD ! €05 000 60 + 4006 ‘OH + Jd°*HO-*HD = O'H + AHO-*HD €9
(COH ‘O 0 ynam uonipi>ossp spdy130.10ny ‘Saupy12040nY) SUONIODIL 20U 42 [Ty
s SHED I 6967 08T €0 + 90$°S ODH + Jd°HO-HD = O'HO + AHO-HD 79
I s1u 1 L9 000 1T + 400C YHO + F*HO-4'HD = fHO + A*HO-FHD 19
(ODH “CHD “HTD “IID 4q uoniniisqp woip [ saumy1a0ionyf) suolionad 2uaiafay
sl NA9/HIDLS X1 0161 0Ll L0 + H901 O'H+ “4O-d°HO = HO + LAHO—A'HO 09
Istu NAd/HODLS x1 906 0L'1 L0 + FS0T O'H+ JHO-4HD = HO + LIHO-AHD 6§
sty SAM/HOD16 X1 0.9 091 90 + dov'v O'H + “ID-"HO = HO + LAHO-HO 8§
Istu SAM/HOD16 X1 0LS 09'1 L0+ TYS'T O'H+ 'HO®dHD = HO + LAHO-HO LS
stu SAM/HODI16 X1 (1199 09'1 LO + F0¢°€ O'H + AHD-"HO = HO + A*HO-HD 9§
gl— w1 SAM/HOD16 X1 05S 091 L0 + HOS'S O'H+ ‘HO-J*HD = HO + A*HO-*HD ¢¢
A :Q .Q .t \Q\ u.zeﬁ,vahada wojp H ..hbtuﬁuegazS SUO11ODIL th&g%\vg
99— stu tHD1 0 000 €1 + 00 H+ AHDFHD = ‘HO + A*HD ¥S
101 — 181U 1 0 000 €1 + 400V AH + YH®D = DNIS*HO + AHD ¢¢
JH QOH :ou SOZ x\,@ & |4 uuwm

(ponunuod) ¢ siqe L



507

Thermochemical and chemical kinetic data for fluorinated hydrocarbons

*JBO[I3AO SI |qE) SIU} JOJ UONEBION "SONUBUAPOWISY) ojul gv Ym AAY Ye ‘suonouny uonnted 21®)S UOISUERT) 0LIu1 G UMM PAJR[NO[Ed & A Y A "918wlisa jun|

1pddn [n ‘aewnss yup Joddn ‘uonoeal 30usIJ3I 0 dANE[R Ui {(¥HD J0] UONORAI snoSojeue 0) paouaIRJRI—E D 1 '§°9) UONOBAI 30UIIDII 0) SANEJRL I "UOLIOBII ISI9AAI 10 B1Bp [erusuILIadxo

U0 PIs A3IX ‘EIEP [BJUSWILIAAXS UO PISEq UOHEPUSUIUIOIAT PIIBN[BAI AX ‘BJED [eruswLadxa 0} payIewyoudq YUY YX ‘3ouapuadop armjessdws) [ S, Yim 1y eiep erusurLIadxa 3x ‘ouspuadsp
amesadwa) s 1y erep [eudwiadxa 8x (g 1) souspuadap sumjeradura) sqrUOSEAl UM 1Y BIEP reuswuadxs §x ‘saimyesadurd) ySiy Je paInsesws EJEp [ElUsWLadxd YX [eiep [eluauiiiadxs x
“(Jow [89Y) UOTIOEAI JO Yeay JH () A51oud UOTIBANDE /7 {(Ssojuoisuounp) aouspuadop ainyesodud) g i(,_s/ W jow) 1010eRId ¢ 0 O LV ¥

81— 181U FHED I 0 000 €1 + d00°¢ O + 4D = 4+ TOEAD 16

sty FHID I 0 000 €1 + 900°1 o + AHD = 4+ Z-404HD 06

Isiu fFHIO I 0 000 €1 + 00T AH + HD = 4+ ‘HD 68

Sh— s O4dHD! L001 000 €1 + J00°9 dH + OOH = d+ O'HO 88
(SUO1IOD2L WIOID o] ) SUOLIIDIL IOURII[IY

Isiu 201V 4N OJDH ! 0 000 ¥1 + 4001 0o+ 0D = o+ F-0004 L8

s 101V 4N OJDH ! 0 000 ¥1 + 9001 0o+ AHO = H+ F-0004 98

Istu L60V HIN 0ODHO!1 L001 000 T1 + J0S°L O'H + 7-0004 = HO + 0DAHD S8

sl S60V N OJ'HO! 9z0v 000 €1 + d00'S tH + F-0004 = H+ 0D4dHO 8

IS 60V N OO%HO ! sTLl 000 g1+ d€rl 0o+ A*HD = H+ 0D4dHD €8
(14123010nY ‘soud1234040nY) SUOLIIVIL 23U D2y

ISt 060V 9N UFHPD LOOI — 0¥ $0 — H0S°T oo+ d*HO = HO + AH®D 8

18ty 630V 4N T x '*HD1 £0S — oSy 0 — 981°C H+ 0D4HD = HO + AH®D 18

ISt LLOV g T X TH'O! 956 00T L0 + 001 H+ 7-0004 = AH®D 08

o+
/s/o*H /f/*0D 70D [T*H
j01PT S€— LTALY0/MOT
I8 THD 1 €1zl 000 (AR (1A W+) Z-HD:{HD = (W+)H + AH®D 6L
(soudyr2040nyf) sUO1IVIL oU2A2[Y



D. R. Burgess, Jr. ez al.

508

suonoeal 13Y10 0} AJojeue Aq “YIom s1y)
suone[no[ed WYY Pue pdIN-OVE “Hom siuy
suone[na[ed Y PO “iom siy)
suonemnoed WYY oM siy)
7661 ‘PUB[AIOWISIAN

7661 ‘@uazg pue bouep

7661 v 12 Udneg

1661 “[v 12 eYepIH

1661 ‘312qisoM PUB U340
0661 ‘USPPEAIIA PUE 1Bs],
0661 ‘UoON

0661 ‘ueaq pue 1jzzog

6861 ‘USPPRAOI Pue Ies],
6861 v 12 TS|,

6861 “Iv 12 VEMAS

6861 </ 12 SUIARS

8861 “/v 12 yoluieqez

8861 ‘ME[pIBA\ pPUB JouSepm
8861 “/v 12 puepisying

L86] ‘PUB[2IOUNSIA PUB UBS(
L861 “O1A0UBIAD

L86] ‘uosudg pue udyo)

9861 ‘uoydwey pue 3ues],
9861 “/v 12 pue[IayIng

9861 ‘Ueky pue quinid

$861 “Iv 12 ones

$861 ‘Z1BuIEm

861 “1oudeay pue sdwa]

$861 “quinjq pue uely

€861 “[v 12 eplUsEM

£861 ‘1ouSem puetoyyem
€861 “1p 12 Alin,

€861 “[v 12 13591y

€861 “/v 12 ydneg

7861 “v 12 uruLlag

1861 ‘SneSy] PuB 19IAA

1861 “Iv 12 Suissopy

1861 ‘YNWS pue pIemoy

1861 “p 12 yoIneg

PUAYIY

Jal

ovd

AAAO
WA
SAMT6
4ZS/AVINT6
400/Nvdz6
MVN/AIHI6
SAM/HODI16
ADW/VSL06
AONO06
vad/Z0906
ADOW/VSL68
T149/VSL63
TNS/2.LS68
NYq/4L868
d14/dVZ88
AVM/OVMSES
JIN/LNSS8
sdm/vdadails
dADLS
NAd/HODLS
WVH/VS198
DIN/LNS98
VAY/N1d98
ANA/IVSSS
AvVmps
OVM/WHLYS
N1d/VAdrs
LVH/SVYMES
OVM/TVMES
AVY/INLES
dV/Ariaes
viad/Nvaes
4714/ 9d4c8
SAT/AIAIS
TLA/SHN 18
INS/MOHI8
XNna/nvdis

uoneoN

0861 “*/v 12 W[ 3

0861 “/v 12 ueaQ

0861 /v 12 “Joping

6L61 “[v 12 3nyog

6L61 "IV 12 19RYIIN

6L61 “315q1sam pue usyo)

8L61 “[v 12 utepinof

8L61 “Ip 12 1plolg

8L61 ‘lI°g pue Inyuy

LL61 “B[nIe pue Suneay

LL6l “Ip 1210y

9L61 ‘JoNS Pue sukeq

GL61 ‘SeeH 9P pue S10quoisapm
SL61 ‘uewumog

pL61 “IP 12 9|3e|S

PL61 XNOY-MONINYIS, Pue J8Uyag
€L6] “1oudep pue Snyog

€L6] ‘UdUYRA pU® $13139d

€L61 “9a0Q pue ¥1g)

TL61 “[p 12 12uunyg

TL6l “w 12 Kalpry

TL61 XNOY-MmOYINYSS], pue pIem[IA
7061 ‘a8euosied pue 11y

TL61 P 12 Sa019g

1L61 “Ip 12 JouSepm

1,61 P 12 XNOY-mONInyds |,

1L61 v 12 XNOY-MmOYINYIS |,

1L61 “[v 12 PIem[IN

1L61 ‘WO PU® 13qnyd0y

1L6] ‘Ui pue L3y

1L6] ‘uOlySnOH pue [ySmowIyde[
1L61 “I 12 sqqeig

0L61 1D 12 XNOY-mONINYDS |,

0L61 “p 12 dnuis

0L61 “v 12 ueWIPRD)

8961 ‘ueAppueqIeN Pub UBAWESIEJ]
0L61 ©Iv 12 ueAwesied

$961 ‘xnoy-moyInyos|,

$961 “1v 12 pieyoLd

DUIYIY

OMS/ATA08
HOf/vdaaos
A714/LN9d08
OVM/HIS6L
AVN/DING6L
SIM/HOD6L
g4971/N0r8L
ZV1/0148L
144/ LdVS8L
LVIW/ VENILL
v/ dLVLL
ILS/AVdIL
HAA/SamsL
MOHSL
LNO/VISYL
OSL/AdSyL
OVM/HOSEL
HVIW/dddgL
AOQ/VTIOEL
A17/131SeL
AVA/ardzL
JSL/TINTL
Avd/daAL
AVIN/434TL
AVM/OVMIL
INO/OSLIL
TIW/DSLIL
UVH/TINIL
IOW/D0M 1L
WLL/ g 1L
NOH/OVIIL
149/vddiL
INO/OS10L
INO/WISOL
Ava/avooL
TVN/4Vd89
VZV/dvdL
DS.LS9
Ad9/14d$9

uoneloN

(panuuod)  Aqe L



Thermochemical and chemical kinetic data for fluorinated hydrocarbons 509

The hydrogen/oxygen and hydrocarbon reaction
subsets of the mechanism are derived from the
Miller-Bowman mechanism (Miller and Bowman,
1989) and consists of about 30 species and 140 reac-
tions. Any other hydrocarbon mechanism could be
used instead. For example, the GRIMECH set
(Bowman et al., 1995) is a recent hydrocarbon mecha-
nism that accurately reproduces flame speeds for
methane mixtures.

In this work, some modifications to the Miller—
Bowman mechanism were made. All nitrogen-
containing species and reactions were removed. A
number of the rich species (e.g. C,H, C,H,) were
eliminated from the mechanism in order to keep the
number of species in the mechanism to a manageable
level. A number of species (e.g. CH;OH) were also
added to the mechanism. In addition to these addi-
tions and deletions, a number of rate constants for a
number of reactions (e.g. CH; + OH) were adjusted
to provide correct fall-off and product channel ratios.
In this section of the reaction set, the notation for
the reference is slightly different. For example, for
CH, + H = CH; + H, (reaction HC-1), the nota-
tion ‘73CLA/DOV MBAO004 means that this rate
expression was determined by Clark and Dove (1973)
and was reaction #4 in Table A of the Miller-
Bowman mechanism (Miller and Bowman, 1989).
Where only the Miller-Bowman reference is given,
either the expression is directly attritubable to that
work or the origins/traceability of the expression are
not clear.
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