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ABSTRACT

In this work, we compiled and critically evaluated rate constants from the literature for abstraction of H from the homologous series consisting of
the fluoromethanes (CH;F, CH,F,, and CHF;) and methane (CH,) by the radicals H atom, O atom, OH, and F atom. These reactions have the
form RH + X — R + HX. Rate expressions for these reactions are provided over a wide range of temperatures (300-1800 K). Expanded
uncertainty factors f (20) are provided at both low and high temperatures. We attempted to provide rate constants that were self-consistent within
the series—evaluating the system, not just individual reactions. For many of the reactions, the rate constants in the literature are available only
over a limited temperature range (or there are no reliable measurements). In these cases, we predicted the rate constants in a self-consistent
manner employing relative rates for other reactions in the homologous series using empirical structure-activity relationships, used empirical
correlations between rate constants at room temperature and activation energies at high temperatures, and used relative rates derived from
ab initio quantum chemical calculations to assist in rate constant predictions.
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1. Introduction and Background
1.1. Hydrofluorocarbon chemistry

In this work, we have compiled, evaluated, and recommended
rate constants for a homologous series of reactions for the abstraction
of H from the fluoromethanes (and methane) by the radicals H atom,
O atom, F atom, and OH. Reactions for methane are included as
benchmarks for each series. These series of reactions can be described
by the set R-H + X — R + HX,

CH, + X — CH; + HX,

CH3F + X — CHyF + HX,

CHzFZ +X—- CHF2 + HX,

CHF; + X — CF; + HX,

where X = (H, O, OH, F) and HX = (H,, OH, H,0, and HF).

These reactions involving the fluoromethanes are an important
set of reference reactions for larger hydrofluorocarbons (HFCs),
particularly the fluoroethanes used as refrigerants. They can also be
used as references of hydrofluoroolefins (HFOs), hydrofluoroethers
(HFEs), and brominated HFCs (used in a variety of applications as
refrigerants, fire suppressants, blowing agents, and cleaning solvents).
Uses of these chemical classes of compounds are regulated because of
their global warming potential (GWP), and uses of the brominated
compounds are regulated because of their ozone depletion potential
(ODP).*

A number of common refrigerant agents that are used are
difluoromethane (CH,F,, R32), 1,1-difluoroethane (CH;CHF,, R-
152a), 1,1,1-trifluoroethane (CH;CF3, R-143a), 1,1,2-trifluoroethane

(CH,FCHF,, R-134a), pentafluoroethane (CHF,CF;, R-125),
1,1,1,3,3,3-hexafluoropropane (CF3CH,CF3, HFC-236fa),
1,1,1,2,3,3,3-heptafluoropropane ~ (CF;CHFCF;, = HFC-227ea),

2,3,3,3-tetrafluoropropene (CF;CF=CH,, HFO-1234yf), penta-
fluoroethyl methyl ether (CF;CF,OCHj;, HFE-245mc), hepta-
fluoropropyl methyl ether (CF;CF,CF,OCH;, HFE-7000), and 2-
bromotrifluoropropene (CF;CBr=CH,, 2-BTP).

The above agents are often used in various blends to achieve
specific physicochemical properties optimized for specific applica-
tions. The physicochemical properties include such properties as
critical temperature, enthalpy of vaporization, thermal conductivity,
and vapor density. Additional property considerations are toxicity
and flammability. Flammability of the components and blends is a
significant safety concern in the context of engineering and regulatory
needs. In the absence of individual empirical testing of all possible
formulations and conditions, a daunting if not impossible task,
predictive detailed kinetic models provide a valuable and more-rapid
screening tool. Such flammability models require accurate knowledge
of the kinetic properties at high temperatures. Kinetic information at
lower temperatures relevant to the troposphere and stratosphere is
likewise necessary to understand and minimize the GWPs and ODPs
of the formulations.

The temperatures considered in the present evaluation range
from near-ambient to those relevant to combustion. In general, there
are more kinetic studies at the lower temperatures and a focus of this

ARTICLE scitation.org/journalljpr

work is extrapolation of the rate constants to the higher temperatures
necessary for flammability models of refrigerants. Indeed, it was the
absence of reliable self-consistent data at higher temperatures that
was a primary motivation for undertaking this work. The reactions
described pertain to fluorinated C; species. Such species will naturally
arise at some level during the breakdown of larger fluorinated
compounds at high temperatures. The results will thus apply to
combustion models of most refrigerants. Despite our primary mo-
tivation being the kinetics at high temperatures, we have critically
considered data from lower temperatures and our recommendations
are also applicable to atmospheric chemistry. As noted, self-consistent
rate constants for these reactions comprise a valuable training set that
can subsequently be used to, e.g., validate future quantum
chemical calculations or structure-activity rules used to predict the
reactivity of more complex agents including the fluoroethanes,”
ﬂuoropropanes,g‘(‘ fluoroalkenes,” '” and fluoroethers.'” '®

1.2. Rationale for evaluation and estimation
methodology

When evaluating chemical kinetic data, it is often found that the
quality of the available information is highly variable. Ideally, the
reactions under consideration will all have been studied by several
researchers using different techniques over a wide range of tem-
peratures and conditions. This is rarely the case, however. More often,
one is faced with sparse, incomplete data of variable quality, obtained
with methods ranging from crude estimates to highly sophisticated
techniques. Even if a reliable measurement exists, each method
spans a limited temperature range and the data will have to be ex-
trapolated to cover all conditions of interest. If reactions are con-
sidered individually, such realities can lead to large uncertainties in
the rate parameters. Fortunately, the experimental information can
usually be placed in a broader context that will considerably constrain
the possibilities. In the present work, we do this in several ways.

For example, transition state (TS) theory allows one to relate
kinetic parameters and thermodynamic properties. If one considers a
series of related reactions, one usually finds that barrier heightsand TS
entropies (related to pre-exponential factors) vary in a regular way
with properties such as reaction enthalpy or electronic characteristics
of substituents. Such behavior has been known for many decades and
forms the basis of thermochemical kinetics and many predictive
structure-activity relationships (SARs). More recently, high-level
quantum chemical calculations, if available, provide improved
methods of quantifying behavior. Although quantum calculations
may not provide quantitatively exact rate constants, they usually
capture trends with high accuracy. In the present evaluations, we seek
to establish networks that, for related reactions, bring together all
available sources of information, including experimental measure-
ments of absolute and relative rates, empirical relationships, and
quantum chemical calculations. While the reader is referred to the
evaluations for details, the general principle of our approach is to first
establish within each reaction set the cases that have the best in-
formation and experimental measurements and then to use these data
to set absolute rates and bounding behavior. The less-well-studied
reactions are then considered in the context of broader information
that establishes rate trends. This yields a self-consistent set of rec-
ommended values that we believe are the best presently available.
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In any evaluation, it is necessary to select, among often-conflicting
data, the results that are to be preferred and used to derive the final
recommendation. A difficulty in the study of kinetics, as is well known, is
that the most important errors are usually not random but rather sys-
tematic in nature. Furthermore, the sources of the systematic errors vary
with the technique and are often unknown; indeed, had they been un-
derstood, the researchers would have accounted for them. There are
various ways to deal with this problem. Ideally, one would assign to all
determinations a correct statistical weighting that accounts for the sys-
tematic errors. However, the unknown nature of the errors makes this
difficult to do in a consistent manner; weighting assignments thus easily
become ad hoc justifications rather than statistically relevant assessments.
In the present work, we have adopted what we believe is a more
transparent approach of using only what we have deemed “preferred
data” in deriving our recommended fits. The results not used directly in
the fits remain valuable, however, and have been considered in our as-
signment of the overall uncertainties. For clarity, the tables split the results
into “preferred data” and “excluded data.” Assignment to the latter
category is not meant to necessarily imply that we have dismissed these
data or consider them to be unimportant. Details of the data selection
process for specific reactions are found in the individual evaluations.

1.3. Some general characteristics of the reactions
and rate expression

All of the reactions considered in this evaluation are direct
bimolecular reactions that are abstraction reactions that have the
form R-H + X — R + XH, where the reactants are the stable (full
valence) molecules R-H = (CH,, CH3F, CH,F,, CHF;) and the
radicals X = (H, O, OH, F) with the products being the corresponding
radicals R = (CHj;, CH,F, CHF,, CF;) and the stable molecules
HX = (H,, OH, H,0, HF).

This reaction type can also be written in the form R-H + X
— [R-H-X]* = R + XH where the intermediate entity is the TS
[R-H-X]* corresponding to the highest point on the potential energy
surface (PES) that connects reactants and products along the reaction
coordinate. The overall reaction is usually exothermic, and the
products are at lower energies than the reactants, leading to the
generic PES illustrated in Fig. 1. Note that the reactions of CH4 and
CHF; with H are slightly exothermic. This moves the products above
the reactants in energy, but does not change the general shape of the
potential energy curves.

The bimolecular reaction rate can be written as

r = k[RH][X] = —d[RH]/dt,

where k is the rate constant and [RH] and [X] are the concentrations
of the reactants. Throughout this paper, we use the units mol, kJ, cm’,
s,and K. Consequently, the concentrations [M] are given in mol cm™>,
the rate of reaction is given in mol cm > 57}, and the rate constants k
are given in cm?® mol ™ s7%.

Rate constants k(T) are normally well-described over moderate
temperature ranges by the simple two-parameter Arrhenius ex-

: ~EJRT . : -1
pression k = A e 5/RT where A is a pre-exponential factor (cm® mol

s, E, is the activation energy (kJ mol™), Tis temperature (K), and R is
the gas constant (8.314 ] mol ' K™"). For the broad range of temperatures
considered in the present evaluation, a more accurate representation of
K(T) is given by the three-parameter extended Arrhenius expression

ARTICLE scitation.org/journalljpr

Potential Energy

Reaction Coordinate

FIG. 1. Potential energy as a function of reaction coordinate for R-H + X — R + XH
bimolecular abstraction reaction.

(k= A T" e ¥RT) where n is an additional temperature exponent co-
efficient and E is an exponential temperature coefficient (it is not an
“activation energy” E,). The three-parameter expression allows one to
better account for factors that lead to curvature in standard Arrhenius
plots oflog k vs 1/T, such as tunneling or temperature-dependent changes
in the TS properties. There is no required relationship between corre-
sponding A and E values in fits using the two- and three-parameter
expressions; in addition, the values of A, E, and 7 are highly correlated in
the extended expression and the fits do not necessarily relate in a
straightforward way to thermodynamic properties in the context of TS
theory. When considering a limited subset of temperatures, we therefore
sometimes use the simpler form k = A exp(—E,/RT) in order to highlight
relationships involving A or E. The simpler rate expression k(4, E,) is also
useful when comparing rate expressions in a homologous reaction series
or optimizing the agreement of models with a series of observables.

2. Overview of Available Experimental Data
and Analysis

2.1. Availability of data

As mentioned above, there are no experimental determinations
of rate constants for all of the H abstraction reactions over a wide
range of temperatures (200-2000 K). The rate constants for H ab-
stractions by OH at lower temperatures (200-400 K) are pertinent to
atmospheric chemistry and have been extensively measured (cited
later). Rate constants at higher temperatures (1200-2000 K) are
pertinent to combustion chemistry and flammability. Because of their
importance in hydrocarbon combustion, the reactions of H, O, and
OH have seen much study. F atoms are not present in most fuels,
however, and little-to-no work has been done on their reactions at
high temperatures. The reactivity of F atoms with HFCs is nonetheless
important in the flammability of the neat refrigerants, where the
absence of hydrocarbon fuel makes conditions relatively hydrogen-
poor and fluorine-rich.

In Table 1, we briefly characterize the available data for the
considered reactions. More details are provided in the subsequent
corresponding reviews, which include comprehensive lists of the
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TABLE 1. Counts of available data for the fluoromethanes + X — fluoromethyls + HX
reactions, where X = H, O, OH, F. Only reliable data (<30) are included in the counts. “High T’
denotes data at intermediate to high temperatures (500~2000) K, while “Low T” denotes near
room temperature measurements (<300-500) K. “Calc.” denotes data from quantum chemical
calculations. The last column contains estimated expanded uncertainty factors f (2) in the
experimental measurements at high and low temperatures, with the low-temperature values
given in parentheses

Species  Expt. High T  Expt. Low T  Calc. f
R-H+H — R+ H,

CH, 9 1 5 14 (1.6)
CH,F 1 0 3 1.5 (1.8)
CH,F, 1 0 3 1.6 (1.8)
CHF, 3 1 7 1.1(2)
R-H+ O — R+ OH

CH, 5 2 12 1.18 (1.5)
CH,F 0 9 5 1.4 (2)
CH,F, 0 0 2 14 (2)
CHF, 2 0 1 1.7 (2.3)
R-H + OH — R + H,0

CH, 4 8 5 1.12 (1.05)
CH,F 0 9 9 1.5 (1.22)
CH,F, 0 8 6 1.5 (1.17)
CHF, 1 7 6 1.3 (1.22)
R-H+F — R+ HF

CH, 0 9 6 1.35 (1.23)
CH,F 0 7 1 1.35 (1.24)
CH,F, 0 7 1 1.35 (1.35)
CHF, 1 10 3 1.35 (1.20)

measurements and calculations. In many cases, the data are sparse. By
“High T” in Table 1, we mean moderate to high temperatures, roughly
(500-2000) K, that is, substantially above the near-room-temperature
measurements, which are denoted “Low T” and pertain to (<300-500)
K. The case counts of Table 1 include only the “preferred experimental
data”; there may be additional data not specifically used in the fits, but
that was considered in the broader assessments of overall uncer-
tainties (see Sec. 8 for each reaction). In a few instances, the counts
include rate expressions for H abstractions by X that are derived from
the reverse reaction (i.e., R + HX — R-H + X) using thermodynamics
and detailed balance. For rate constants derived from computations,
we include counts for all values without regard to perceived quality or
accuracy. We note that in a number of cases, the rate constants from
quantum chemical calculations differed substantially (an order of
magnitude or more) from the recommended rate constants (and each
other); see, for example, CHF; + H — CF; + H,. More typically,
however, they differed by factors of (1.3-2.5) and (2-4) at high and
low temperatures, respectively, and outside our assigned
uncertainties.

Our recommended rate expressions are derived (for the most
part) from fits to the available data. Some data were excluded from the
fits (as mentioned above) for several reasons since they would in-
troduce bias to the recommended rate expressions because (a) the
data were simply revised measurements made by the same research
group and method; (b) the rate constants were substantially outside
our recommended uncertainties; (c) the data were derived from
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models where the values were dependent upon assumptions that were
not reported, ill-defined, or more generally uncertain; and (d) the data
showed incorrect temperature dependencies (differing substantially
from the recommended values) and, consequently, would inappro-
priately skew the temperature dependence. In all cases, the recom-
mended uncertainties that we provide take into account these outliers
using appropriate weighting, and in all cases, we provide the devi-
ations of the excluded data from the recommended values.

2.2. Data analysis and least-squares fit
with additional constraints

The problem at hand is to develop self-consistent fits to rate data
in a situation where the experimental data are often sparse, of variable
quality, possibly conflicting, and not available over the full temper-
ature range of interest. In a few cases, there are no experimental data.
In the above circumstances, a simple least-squares fit to individual
datasets would yield a multitude of possible parameters with equal
statistical uncertainties in the fits. In addition, the derived Arrhenius
parameters (A, n, E) would be unphysical: the resultant rate ex-
pression might accurately represent the rate constants in the limited
temperature ranges but would be inaccurate at all other temperatures.
We therefore apply additional information that will further constrain
the kinetic parameters such as A-factors and activation energies. In
particular, all the considered reactions are simple abstractions and
each reaction set is comprised of a homologous series having a similar
generic PES. It is expected that the functional similarities will lead to
regular trends in the kinetic parameters. A key point is that there are
usually good experimental data for (CH, + X) and (CHF; + X), the
two reactions that are expected to bound the high and low rate
constants in each homologous series. Some form of interpolation is
therefore expected to yield reliable results for the other reactions.

The solution to this problem of fitting datasets where the data are
sparse is straightforward: a least-squares fit to the data with additional
constraints—an optimization that fits the experimental data while
ensuring that deviations from objective functions involving other
properties are minimized. This numerical analysis method is widely
used in all fields of engineering in solving practical problems.'” In our
case for rates of reactions, given the scarcity of the data, a model
employing just an extended Arrhenius expression is insufficient to
find solutions that can be extrapolated with any certainty. Fortu-
nately, one can relatively easily construct a more expansive model
employing the concept of SARs, which is widely used in chemistry
(and other fields).””*” The reactions studied here are a set of ho-
mologous reactions where the PESs for the reactions are functionally
the same and, hence, SARs should work relatively well. This concept
goes by many names and has been implemented in different ways in
the field of chemical kinetics including SARs,"”** %" valid kinetic
parameter range analysis,”" group additivity kinetics,”” " rate con-
stant rules,” reaction classes,”” " hierarchical classes,”” isodesmic
reactions for TSs," "’ graph theory for reactions,”””! and even re-
action symbolic computing,” deep learning of activation energies,””
and genetic algorithm-based method for kinetics.”*

For each homologous series, the following assumptions were
included as constraints in developing our fits:

1. log(A/ny) ~ ny. The log of the normalized A factors (per H atom) at
high temperatures (we chose 1200-1800 K) should vary roughly
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linearly with the number of H atoms. The simplest assumption would
be to make the normalized A-factors identical, but this is not the case
for a number of reasons—the partition functions will change with
increasing fluorine substitution, the PES will change due to polar-
izability changes, and for the reaction with OH, the degree of hin-
drance in the OH rotor in the TS will change. Consequently, the
reaction coordinate will vary in a regular way across a homologous
series of reactions, which will slightly impact the TS entropies and
hence the A-factors. This criterion is applied at high temperatures to
avoid interference from tunneling. As will be illustrated and dis-
cussed in Sec. 8, the uncertainties in the optimized A factors of about
f=1.1 £ 0.1 are substantially less than the assigned expanded un-
certainty factors (20) of about f= 1.4 + 0.2, and thus, the normalized
A factors are highly correlated with the number of H atoms.

E, ~ A.H. The activation energy E, at high temperatures should vary
roughly linearly with the heat of reaction A H. This is an expression
of the well-known Evans-Polanyi relationship.””” " We have
qualified this to apply at high temperatures because tunneling is
expected to cause the activation energy (an empirical quantity) to
deviate at low temperatures from the relevant thermodynamic en-
ergy barrier, whereas tunneling plays only a minor role at high
temperatures (see Sec. 8.4 for a further discussion of tunneling). One
thus expects a better correlation at high temperatures. No particular
assumptions were made about the slope in this correlation, but the
value is approximately determined by the behavior and data for the
bounding reactions. As will be illustrated and discussed in Sec. 8, the
uncertainties in the optimized activation energies E, of about (3-7)%
(excluding a few outliers) that correspond to an expanded uncer-
tainty factor f (20) of about (1.2-1.3) for the rate constants at high
temperatures are less than the assigned expanded uncertainty factors
f(20) of about f = 1.4 + 0.2, and thus, the optimized activation
energies E, are well correlated with the heats of reactions.

n ~ E,. The temperature coefficient n should vary roughly linearly
with the activation energy E, at high temperatures. This reflects the
well-known kinetic compensation effect between the Arrhenius
parameters [A exp(—E,/RT) = (A’T") exp(—E/RT)]: a rate expression
in order to go through the same rate constants would require a higher
A factor along with a higher activation energy E, and similarly would
require a higher temperature coefficient n along with a higher ex-
ponential energy coefficient E. The extended Arrhenius format
accounts for an upward curvature in Arrhenius plots over an ex-
tended temperature range. Such a curvature is partly related to
temperature-dependent changes in the thermodynamic properties of
the TS, but tunneling also significantly increases the rate over the base
non-tunneling value at near-ambient temperatures. The larger the
barrier, the greater the relative contribution of tunneling at lower
temperatures, leading to a greater curvature and a larger required .
In deriving our rate constant fits, we found that only modest changes
in n were required for each reaction partner (H, O, OH, F) and that
assuming a roughly linear dependence on E, at high temperatures
gave good results. As will be illustrated and discussed in Sec. 8, we
estimate expanded uncertainty factors f (20) of about f = 1.25 for rate
constants (based on a derived empirical uncertainty of about 10% in
the temperature coefficient n) using the correlation between nand E,,
which is less than our assigned uncertainty factors of f= 1.4 + 0.2,
demonstrating that the kinetic compensation effect is a good
assumption.
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AE, ~ AE,(ab initio). The relative activation energies at high
temperatures for the different reactions in each set of reactions
(R-H + X — R + HX) should roughly scale with those from ab initio
calculations. In this work, we employed the rate expressions from
Matsugi and Shiina’” who carried out high-level calculations for
(X =H, O, OH). We do not expect the computations to be quan-
titatively exact but do consider the relative rate constants to be good
initial guesses. We do not provide a graphical characterization of this
correlation but do briefly discuss it in each section of homologous
reactions.

Ey(Tiow) ~ Ea(Thign). There is an exact relationship between E, at
high and low temperatures that can be analytically derived from an
extended Arrhenius expression, E,(Thigh) — Ea(Tiow) = 1R (Thigh — Tiow)
where R is the gas constant and 7 is the temperature coefficient. Thus,
the uncertainty in E, at low temperatures relative to that at high
temperatures should be on the order of the uncertainty in the
temperature coefficient n or about 10% (see above). We illustrate and
discuss this correlation in Sec. 8. We estimate expanded uncertainty
factors f (20) of about f = 1.25 for rate constants (based on a derived
empirical uncertainty of about 10% in the temperature coefficient #)
using the correlation between n and E,, which is less than our
assigned uncertainty factors of f= 1.4 + 0.2. This demonstrates clearly
that the kinetic compensation effect is a good assumption with regard
to E, at high and low temperatures.

log(ksg0) ~ E,. Since there are correlations (see above) between the
normalized A factors (per H atom) and the number of H atoms,
between the temperature coefficients 7, and between the activation
energies E, at high and low temperatures, there will also be a de-
pendent correlation between the rate constants at low temperatures
(k300) and the activation energies E, at high temperatures. The log of
the rate constant at room temperature (300 K) should vary roughly
linearly with the activation energy E,. For these reactions where an H
atom is being abstracted, the rate constants at low temperatures are
dominated by tunneling and the tunneling rate is, to first order, a
direct function of the height of the barrier through which the H atom
tunnels. It is also a function of the width and asymmetry in the
barrier, but since we are considering a homologous set of reactions
having PESs that are functionally the same, to first order, these will
also scale roughly linearly. This correlation is illustrated and dis-
cussed in Sec. 8, although the uncertainty factor is on the order of
f = 2.0—this is reflected in our assigned uncertainties at low tem-
peratures (provided in tables in Secs. 4-7).

We note that because of high electronegativity of F, there will be some
deviations from these linear correlations. We point out these in-
stances in the discussion in Sec. 8.

This appears to be a complicated model requiring computer
optimization, but in practical terms, it is not, and we optimized the
parameters manually without much difficulty. Not all of the 3
Arrhenius parameters (A, 1, E) for all of the 16 different reactions, RH +
X — R+ HX (RH = {CH,, CH;F, CH,F,, CHF;}; X = {H, O, OH, F}),
need to be simultaneously optimized. First, only n and E are inde-
pendent parameters with A being a dependent parameter determined
through best agreement (least-squares fit) with the experimental data.
We note that E is essentially a first-order correction (“slope”) to the rate
expression, while # is a second-order correction (“curvature”). Second,
one only needs to optimize the parameters within each homologous
series (X = {H, O, OH, or F}). Finally, the rate parameters for the
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bounding cases RH = {CH, and CHF;) are largely determined by
experimental data that are for the most part available over wide
temperature ranges, and thus, the parameters n and E for the rate
expressions involving the intermediate species CH3F and CH,F, can be
estimated fairly well through simple interpolation.

The optimization procedure was quite standard and fairly
simple. First, initial guesses for the rate constants at high temperatures
(1200-1800 K) were generated where the relative A factors and
relative activation energies E, were based on those from the ab initio
calculations of Matsugi and Shiina’” benchmarked to A and E, of the
bounding parameters (from fits to experimental data) for CH, and
CHF;. Second, initial guesses for the rate constants at low temper-
atures (k3q) were generated through interpolation oflog(kso) vs E, at
high temperatures from the bounding cases of CH, and CHF; and the
initial estimate of E, at high temperatures for CH;F or CH,F,. These
estimated data at high and low temperatures plus the available ex-
perimental data were then fit to an extended Arrhenius expression to
determine an initial guess for the parameters A, #, and E. This can be
termed a “tight” optimization since the rate expression is forced to
agree with the initial guesses including the parametric constraints
from SARs. In contrast, a “loose” optimization is where the fit does not
consider the parametric constraints.

The initial tight optimization was then iteratively made “looser”
to generate more relaxed fits by adjusting the rate constants at high
temperatures and/or at low temperatures and/or by adjusting the
independent parameters # and E. This process was then manually
iterated a few times until a fully relaxed fit was obtained—that is, the
data were fit to a least-squares regression to an extended Arrhenius
expression while the deviations from the structure-activity correla-
tions were also minimized. This is the same procedure as a formal
(computer) optimization, which would, of course, find the “true”
global minimum but would likely produce fits with uncertainties
statistically similar to our recommended uncertainties. The figures
and discussion in Sec. 8 show that the different parameters related to
the 6 constraints above are well-correlated—the uncertainties in the
parameters result in uncertainties in the rate constants that are less
than our assigned uncertainties.

There are two caveats to the additional constraints. First, fluorine
is highly electronegative and can change the PES in a non-linear
fashion, especially at high fluorine substitution (i.e., CHF;). Second,
abstraction by OH has a hindered rotor in the TS. Consequently, the
effective barrier to the hindered rotation will change significantly with
addition of highly electronegative fluorine atoms and will become
both sterically hindered and strongly temperature-dependent. In-
stances of these exceptions will be discussed in Sec. 8.

In each section for the homologous reactions RH + X — R + HX
(X =H, O, OH, F), we provide tables and discussion regarding the
goodness of these fits including statistically derived uncertainty
factors f, An, and AE. In Sec. 8, we also provide tables and discussion
regarding the goodness of these fits, along with figures showing how
well the parameters A, n, and E and the rate constants at low tem-
peratures (kso) are correlated with the SAR constraints.

2.3. Network of related reactions

As discussed above, this reference series of reactions can be used
to aid in determination of the reactivity of more complex agents.
There are many agents where rate constants have not been measured,
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have only been measured in a restricted temperature range, or have
been measured just at low temperatures but not at high temperatures
(or vice versa). Rate constants are often (and best) determined by
measuring the rate of one reaction relative to another reaction with
well-established absolute rate constants. For some agents, reactivities
(rate constants) have not been measured, and one can estimate fairly
well the reactivities by interpolating using structure-activity relations
(and energy relationships) such as the relative number of hydrogen
and/or fluorine atoms or the relative bond strengths (equivalently,
relative heats of reactions). In addition, high-level ab initio quantum
chemical calculations can be used as an aid in determining relative
rate constants and their temperature dependencies. Although the
quantum calculations may not be completely accurate, they do very
well in predicting relative rates.

For example, if TS calculations based on quantum chemical
calculations predict that the magnitude of the relative rates of two
reactions at high temperatures differs by about a factor of 6, then the
actual (experimental) relative rates likely differ on the order of
(4.5-8). Our recommended rate expressions show differences with
the ab initio calculated relative values on the order of f= 1.3. Similarly,
if quantum chemical calculations predict a relative barrier of about
1.25, the actual difference in barriers is likely on the order of
(1.20-1.30). In short, the quantum chemical calculations often have
modest differences when compared to experimentally derived rate
constants, but these differences are largely systematic and hence lead
to fairly precise relative rates.

Within a homologous series of reactions, the activation energies
often correlate well with bond strengths (or equivalently, heats of
reaction). This correlation is often termed Evans-Polanyi relation-
ship.” For example, in the reactions considered here, a change in
bond strength of 10 k] mol ! results in a change of about 3.6 kJ mol™!
(+6%) in the activation energy. See figures and discussion about this
correlation in Sec. 8.

Since all of these reactions involve H atom transfer, the rates of
reaction at low temperatures are dominated by quantum chemical
tunneling. There is a strong correlation between tunneling rates and
barriers to reaction, and the tunneling rate is, to first order, a direct
function of the height of the barrier through which the H atom tunnels
(it is also a function of the width and asymmetry of the barrier).
Consequently, both experimental data and quantum chemical cal-
culations for other similar reactions can be used to assist in predicting
relative tunneling rates using this correlation.

At low temperatures, the rates of these H abstraction reactions
are dominated by tunneling. These tunneling rate constants can be
predicted (scaled) using ab initio barriers and curvature in the energy
potentials. Although the tunneling calculations may not be accurate,
there will be systematic differences with the actual (experimental) rate
constants. For example, if the effective barrier, or activation energy
(E,), at high temperatures (e.g., 1500-1800 K) between two ho-
mologous reactions changes by about 10 kJ mol ™', then the effective
activation energy at low temperatures (e.g., 300 K) might differ on the
order of 8.5 k] mol™! (+15%). The tunneling roughly scales with the
barrier because the shape of the energy potential along the reaction
coordinate changes only slightly. See figures and discussion about this
correlation in Sec. 8.

In short, the accuracy in the determination of absolute rate
constants over a range of temperatures for all H abstraction reactions
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involving a set of HFCs can be significantly increased by utilizing the
more precise relative rates in a network of self-consistent reactions
using correlations based on SARs and assigning uncertainties based
on bracketing of the relative rates.

2.4. Overview of classes of reactions

The evaluations are divided into four sections, one for each
reaction class, R-H + X — R + HX (X = H, O, OH, F). These sections
are then followed by a discussion section that provides an overview of
this critical evaluation and then analyzes the trends in A factors,
energies E, or E (temperature dependencies), and tunneling with
fluorine substitution, as well as the trends with regard to the attacking
radical (H, O, OH, F). Within each section, an overview of the
available data and evaluations is first provided for the homologous
series with increasing fluorine substitution (CH,, CH3F, CH,F,,
CHF;) and this includes a table of recommended rate expressions for
the series. These overviews are then followed by subsections for each
of the compounds containing tables of available data from the lit-
erature (reviews, experimental, and theoretical), figures with the data
and our fits, and a discussion of the evaluation for each individual
reaction. In all cases, we have done our best to provide a good un-
certainty estimate, 20 (type B, a level of confidence of approximately
95%).”” We note that uncertainties for the rate constants are often not
provided in the literature for both experimental and (especially)
theoretical values. In addition, in cases where uncertainties are
provided, they are generally simply precision estimates and do not
include systematic uncertainties, and the coverage (10 or 20) is often
not specified.

We note that a column “Method” is provided in the tables. This
is a brief characterization of the methods used to determine the rate
constants. The acronyms and abbreviations used for “Methods” are
more fully specified in Sec. 10.

We now provide a brief overview for each of the four classes of
reactions R-H + X — R + HX (X = H, O, OH, F). For all of these
abstraction reactions, note that the available ab initio calculations, our
(recommended) parameterization of the rate constants, and all
available experimental data for abstraction reactions involving H, O,
F, and OH suggest that the difference in barriers between abstraction
reactions for CH;F and CH,F, are on the order of (2-3) kJ mol™" and
that the differences in rate constants at low and high temperatures are
on the order of f = (1.5-2.5). Consequently, the relative rate of an
abstraction reaction from one fluoromethane can be estimated rel-
atively well from the same reaction involving another fluoromethane
because of relatively small differences.

R-H + H — R+ H,. For the reactions involving H abstraction by
H atoms from the fluoromethanes, there are reliable data for CH, and
CHF; at both high and low temperatures and usually a single
measurement each at intermediate temperatures for CH3F and
CH,F,. There are possible conflicting data (about a factor of f= 1.8) at
high temperatures for the reaction CHF; + H — CF; + H,. We
address this in our evaluation. In all cases, our recommended rate
expressions agree with the available (reliable) experimental data
(within uncertainties) at the midpoint of their limited temperature
ranges. The temperature dependencies of the recommended rate
expressions were determined by benchmarking the experimental data
while considering trends in the series for the rate parameters A, n, and
E and relative values from ab initio calculations.
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R-H + O — R + OH. For the reactions involving H abstraction
by O atoms from the fluoromethanes, there are reliable data for CH,4
over a wide range of temperatures and rate constants for CHF; at
intermediate and high temperatures, but none at room temperature
for CHF;. There are possible conflicting data at high temperatures for
the CHF; + O reaction, which we address in our evaluation. For the
reaction of O atoms with CH,F, there is a single measurement at high
temperatures. In that same work, the reaction of O atoms with CHF;
was determined (as well as the reaction with CH,)—providing an
excellent set of relative values that can be used. There are no reliable
measurements for the reaction of the O atom with CH,F, at any
temperature. We provide a recommended rate expression for CH,F,
considering trends within the homologous series in the rate pa-
rameters A, n, and E along with relative values from ab initio
calculations.

R-H + OH — R + H,0. There are extensive measurements for
the reaction of OH with the fluoromethanes (and other HFCs) near
room temperature (above and below) because of the importance of
these reactions in atmospheric chemistry that impact global warming.
Reliable rate constants for the reaction of OH with both methane and
CHEF; are available at high temperatures, but none for CH;F or CH,F,.
The recommended rate constants at high temperatures for these two
compounds were determined by considering trends within the ho-
mologous series in the rate parameters A, #, and E along with relative
values from ab initio calculations.

R-H + F — R + HF. There are a few reliable rate constants that
have been measured for the reaction of F atoms with methane and all
of the fluoromethanes at low (near room temperature) and inter-
mediate temperatures, but unfortunately no measurements at high
temperatures where the rate constants are important in the com-
bustion of refrigerants. Rate constants for the reactions involving CH,4
and CHF; have been measured from about 200 K up to about
(450-550) K, while rate constants involving CH;F and CH,F, have
only been measured in the range (200-300) K.

Unfortunately, many of the researchers who carried out ab initio
calculations for these reactions did not report rate constants at higher
temperatures where the rate constants are not known—they instead
focused on rate constants at lower temperatures where the rate
constants are well-established.

2.4.1. Estimation and interpolation

Where rate constants for R-H + X — R + HX in the series of
reactions are unavailable, or only available over a limited temperature
range, we loosely utilized the high-level ab initio quantum chemical
calculations of Matsugi and Shiina™ to guide the estimation and
interpolation of rate constants in the different homologous series of
reactions. (We did not repeat these calculations at other levels of
theory because we believe their results are adequate as relative values.)
Unfortunately, for some reactions, they did not provide their original
calculations but instead provided “adjusted rate expressions” to agree
with low-temperature measurements where tunneling is important.
Because the exact adjustments are uncertain, we used the trends to
guide our fits, but did not take the relative rates to be exact.

For abstractions involving OH, we utilized the relative rate
constants from the ab initio quantum calculations of Schwartz et al.®!
rather than those of Matsugi and Shiina, because the latter reported
“adjusted” rate constants for these reactions instead of their original
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values. Based on our inspection of these ab initio calculations and also
considering them relative to the available experimental data, we
believe that the relative rate constants from the ab initio calculations
with regard to their magnitude (A factor), temperature dependence
(E), and curvature including tunneling (T") can be used fairly well to
aid as interpolation and extrapolation tools when viewed in context of
SARs, the relative number of hydrogen and fluorine atoms, and
relative heats of reactions in these homologous series of reactions.
Quantifying this, we believe that the uncertainty in this parametric
estimation is on the order of the experimental uncertainties. The
network of self-consistent rate constants based on all the experimental
data in conjunction with parametric constraints leads to relatively
accurate rate constants—certainly within less than a factor of f= 2.0
where little data are available but with uncertainties on the order of a
factor of f=(1.3-1.5) where more data are available.

3. Thermochemical Data

In Table 2, we provide standard enthalpies of formation for reactant
and product species involved in H abstraction from the fluoromethanes
by the radicals H, O, F,and OH. The enthalpies of formation provided are
single high-quality values taken from original sources. We did not use
evaluated sources that were weighted averages of different values yielding
yet another value that is largely statistically indistinguishable from the
single high-quality value. In some cases, we provide values from evaluated
sources where the original sources were simply corrected using updated
supplementary values (see the supplementary material). We also provide
C-H bond dissociation energies (BDEs) for the fluoromethanes. These
values are used in tables and figures in this paper.

4. Fluoromethanes + H — Fluoromethyls + H,

In this section, we compile and evaluate rate constants for re-
actions involving the abstraction of H from C-H bonds by H atoms
from methane and the fluoromethanes. Data are included from both
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experimental determinations and quantum chemical calculations.
Based on considering all of the data, we provide expanded uncertainty
factors f (20) that are generally a factor of about f= (1.4-1.5) over the
entire range.

Table 3 lists our recommended rate expressions for abstraction of
H from fluoromethanes by H atoms. Preferred values for each reaction
are subsequently discussed in Sec. 4 with each individual reaction. Two
sets of rate expressions are provided in Table 3. The first set uses the
three-parameter extended Arrhenius format (k= A T" ¢ %) to specify
values at temperatures of (300-1800) K. The second set uses the simpler
two-parameter Arrhenius expression (k = A e “%") to describe the rate
constants over a narrower range of temperatures more relevant to
combustion (1200-1800 K). The latter expressions make it easier to
inspect the parameters of related reactions for compatibility and are
useful when adjusting rate parameters in models to optimize agreement
with experimental observables such as ignition delays and burning
velocities.

Both the extended and simple rate expressions can be used at
temperatures above 1800 K; however, validation data at such tem-
peratures are limited and the reliability is not well-tested. We note that
there exist in the literature many “recommended” rate expressions
(usually based on ab initio calculations) that give (300-2500) K as the
range. We think values at temperatures above 1800 K should be
treated with caution.

When placed in a standard Arrhenius format, the pre-
exponential A factors that describe H abstraction from the fluoro-
methanes by H at high temperatures (1200-1800 K) for CH,F,, CH;F,
and CH,, relative to that for CHF; (1.0) are 1.92, 2.85, and 3.84,
respectively, and are very similar to the reaction path degeneracies
(the number of hydrogen atoms) of 2, 3, and 4. These ratios are about
(10-15)% larger than the ratio of A factors from the rate expressions
in the quantum chemical work of Matsugi and Shiina,”” which were
1.80, 2.51, and 2.99, respectively. The effective barriers E, at high
temperatures (1200-1800 K) for the recommended rate expressions

TABLE 2. Standard enthalpies of formation A¢H°(298.15 K) and C—H BDEs used in this work. Units for enthalpies and uncertainties
are kJ mol~". Expanded absolute uncertainties U (20) as reported are provided. We also provide our estimates of the uncertainties

(in parentheses)

Species AH°(298 K) U Reference BDE(C-H)
CH, —74.55 0.15 04RUS/PIN® 439.1 £ 0.3
CH;F -235.55 0.70 (1.2) 18GAN/KAL® 4232+ 14
CH,F, —451.66 0.68 (1.2) 18GAN/KAL® 4262 + 1.4
CHF, —697.45 0.65 (1.4) 18GAN/KAL®” 4464 + 1.7
CH;3 146.55 0.25 09BOD/JOH""

93BLU/CHE®”
CH,F -30.39 0.50 (0.8) 18GAN/KAL®
CHF, -243.45 0.51 (0.8) 18GAN/KAL®
CF; —469.06 0.52 (1.0) 18GAN/KAL®”
H, 0.0 0.0 By definition
H,0 -241.831 0.026 13RUS
HF -272.72 0.05 06HU/HEP®’
H 217.9979 <0.0001 04ZHA/CHE®*
0 249.229 0.002 13RUS/FEL"’
OH 37.51 0.03 13BOY/KOS™
F 79.46 0.05 (0.10) 05YAN/HAQ"""*
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TABLE 3. Recommended rate expressions for H abstraction from the fluoromethanes by the H atom and enthalpies of reaction. k(T) = A T" exp(—E/RT). k(T), temperature-dependent
rate constant. A, pre-exponential factor. n, temperature coefficient. £, energy coefficient. f (20), expanded uncertainty factors. AH,gg, Standard enthalpy of reaction at 298 K. Units: k
(em®*mol™"'s7"), E (kJ mol™"), T (K). Uncertainty factors fare at high(low) temperatures. Uncertainty factors in parentheses “(f)” are at low temperatures (300-500) K. Al/Acyrs i the

ratio of the pre-exponential to that for CHF 3.

Reaction A n E f T log;0(k300) AHyo
CH, + H —> CH; + H, 9.01 X 10° 241 + 031 38.21 + 2.13 1.4(1.6) 300-1950 5.28 3.1
CH,F + H — CH,F + H, 2.13 X 10° 2.56 + 0.42 31.98 + 2.34 1.5(1.8) 300-1800 6.11 -12.8
CH,F, + H — CHF, + H, 8.29 x 10* 2.63 + 0.45 30.65 + 2.41 1.6(1.8) 300-1800 6.09 -9.8
CHF; + H — CF; + H, 2.89 X 10* 295+ 0.28 38.61 + 2.28 1.1(2.0) 300-1800 4.05 10.4
A/ACHF3
CH, + H - CH; + H, 499 X 10™ 68.10 14 1200-1800 3.84
CH,F + H — CH,F + H, 3.71 X 10* 63.06 1.5 1200-1800 2.85
CH,F, + H — CHF, + H, 249 x 10 62.53 1.6 1200-1800 1.92
CHF; + H — CF; + H, 1.30 X 10" 72.45 1.5 1200-1800 1.00

for CH,, CH;F, CH,F,, and CHF; are 6.0%, 3.7%, 4.2%, and 4.1%
lower, respectively, than those derived from the Matsugi and Shiina
rate expressions. There is relatively good agreement between our
recommendations and the computed values, in terms of both absolute
A factors and the relative scaling of A factors and effective barriers E;
this provides a degree of validation that the rate expressions are self-
consistent and accurate within the indicated uncertainties. This will
be discussed further later in this section.

In Table 3, we have assigned an expanded uncertainty factor
f(20) to each of the rate constants at both high and low temperatures
(the latter in parentheses). For the CH, + H and CHF; + H reactions,
the uncertainties are based on scatter in the experimental mea-
surements. We have, however, increased this uncertainty slightly for
CHF; + H. This accommodates the relatively imprecise measurement
by Takahashi et al”’ that is at odds with the recommended rate
expression; it likewise accounts for uncertainties in the equilibrium
constants for CHF; + H — CF; + H, and CF; + CF; — C,F, that were
used to derive the rate constants at low temperatures. The deviations
between the recommended rate expressions and the experimental
data for CH;3F + H and CH,F, are about f = 1.2 and f = 1.45, re-
spectively. However, we believe that higher uncertainties of f=1.5 and
f = 1.6, respectively, are appropriate, given uncertainties in the ex-
perimental measurements and our estimation methods. Uncertainties
for these reactions at low temperatures are assigned in accord with
that estimated for CH, + H, with a higher uncertainty for CHF; + H
because of the limited measurements.

41.CH,+H — CHz + H,

In Table 4, we present rate constants complied from the liter-
ature for CH, + H — CHj; + H,. This is one of the most studied
reactions in chemical kinetics. Table 4 does not include all mea-
surements but is rather a substantial and representative set of the data
considered to be most reliable. The recommended rate expression is
based on our fit to these data. The first set in this table is comprised of
evaluated values, the second set is the data used in our fits, the third set
is data excluded from our fits, and the fourth set is from ab initio
quantum chemical calculations. Data were excluded from the fits if
the magnitude of the rate constants differed substantially (well outside
our recommended uncertainty), the temperature dependence was

inconsistent with the well-established temperature dependence by
many other measurements (and calculations), and/or they were re-
vised values from prior measurements (duplicates). We note that our
fit is statistically equivalent to the 2001 fit by Sutherland et al.,”* an
often-cited evaluation based on their measurements at high tem-
peratures along with their analysis of measurements by others in-
cluding at intermediate and low temperatures. We utilized our rate
expression in this work instead because (1) we have included more
data in our fit, particularly at low temperatures, and (2) our rate
expression yields an effective rate expression at high temperatures
(1200-1800 K) that has an A factor that is self-consistent with A
factors we find for the fluoromethanes (see Table 3 and the quantum
chemical calculations of Matsugi and Shiina’”). Our recommended
rate expression differs from that of Sutherland et al. in that it agrees
slightly better with the high-temperature experimental data of both
Sutherland et al. and Baeck et al’”’ and also with the low-
temperature experimental data of Marquaire et al.”’

Figure 2 presents, from Table 4, the experimental data deemed
reliable, the results of the ab initio calculations of Matsugi and Shiina,
and the recommended fit. Note that the plotted experimental data
points are smoothed values obtained from the reported rate ex-
pressions rather than the primary measurements. We estimate the
uncertainty in the rate constant to be a factor of about f= 1.4 at high
temperatures (1200-1800) K and about f = 1.6 at low temperatures
(300-450) K based on the scatter in the experimental data and the
different statistically similar fits that could be obtained. The rec-
ommended uncertainty factor includes consideration—with appro-
priate weighting—of rate constants excluded from the fit. Those data
excluded from the fit deviated from the recommended value by
generally factors of about 2-3 (or more) and most had temperature
dependencies that were significantly different than derived from the
recommended values—on the order of AE = (10-20) k] mol™. The
residuals between the fitted expression and the data excluded from the
fit are provided in Fig. 3 [note in In(k) units].

4.2. CHsF + H — CH,F + H; and CH;F, + H — CHF; + H,

Rate expressions for abstraction of H from CH;F and CH,F, by
H atoms that we compiled from the literature are provided in Tables 5
and 6. There is only one reliable measurement for the H atom
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TABLE4. CH,+H — CHs+Hjrate expressions. k(T) = A T" exp(-E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E, energy
coefficient. f (2¢), expanded uncertainty factors. Units: k (cm® mol~" s™"), E (kJ mol™"), T (K). Uncertainty factors fare at high temperatures. Uncertainty factors f in parentheses “(f)"
are our estimates at low temperatures (300-500) K. Uncertainty factors in square brackets “[f]" are the deviations from our recommended values. See Sec. 10 for definitions of

acronyms and abbreviations in the Method column

A n E f T Method Reference
Evaluations

9.01 X 10° 2.41 38.21 1.4(1.6) 300-1950 Recommended This work
4.38 X 10" 67.37 14 1200-1800 Recommended, high T fit This work
4.08 X 10° 3.16 36.63 [1.5] 348-1950 Review 01SUT/SU™*
3.86 X 10° 2.11 32.43 [2(5)] 400-1800 Review 91RAB/SUT"®
6.31 X 103 52.71 2.0[3] 350-2000 Review 67DIX/WIL"
Experimental (preferred data)

1.77 X 10" 57.65 1.2 913-1697 Fwd/rev rxn, shock, photol, H abs 01SUT/SU”*
1.54 X 10" 57.15 1.35 748-1054 Dischg flow, reson fluor 01BRY/SLA™
3.10 X 10™ 63.19 [1.2] 1310-1820 Rev rxn, shock, CH3 UV abs 95BAE/SHI1"®
4.40 x 10™ 65.19 [1.2] 1250-1950 Rev rxn, shock, CH3 UV abs 95BAE/SHI2"®
3.21 X 10" 33.92 [1.3] 348-421 Dischg flow, ESR 94MAR/DAS"’
1.07 X 10" 53.55 1.5 897-1730 Flash photol, shock, H abs 91RAB/SUT"®
1.82 x 10" 55.12 1.8 640-818 Dischg flow, GC 79SEP/MAR®'
3.20 X 10" 1.2 1600 Flame, MS 73PEE/MAH®
6.25 X 10" 48.56 1.3 474-732 Dischg flow, ESR 70KUR/HOL®
4.00 X 10" 1.5 900 Flame, MS 67DIX/WIL"
3.31 X 10™ 63.18 [1.4] 673-753 Ignition LIB 62GOR/NAL**
Experimental (excluded data)

1.02 X 107 1.2[5] 298 Dischg fast flow, ESR 86JON/MA*”
7.23 X 10" 63.0 [2.5] 1700-2300 Model, flow, H reson abs 75ROT/JUS®®
1.24 x 10™ 49.80 [3] 298-753 Rev rxn, static, thermal, GC 71BAK/BALY
6.9 X 10" 49.37 1.09[1.7] 426-747 Flow, H dischg, H ESR 69KUR/TIM™
121 X 10" 4432 1.7[2.5] 843-933 Thermal, ESR 67AZAY

3.44 X 10" 35.59 [70] 298-398 Ultrasonic, GC 66LAW/FIR”
6.03 X 10" 30.93 24 500-787 Fast flow, dischg, GC 64JAM/BRO”!
2.00 X 10™ 48.14 1.7[2.5] 1200-1800 Model, flame 61FEN/JON’”
1.00 X 10'° 18.62 [3] 372-436 Thermal, H heat combin 54BER/LER”™
Theoretical

450 X 10° 2.57 41.65 [1.2(1.8)] 300-2000 CBS-QB3 Eckart 14MAT/SHI”
2.82 X 10™ 72.84 [1.2] 1200-1800 CBS-QB3 Eckart, this work, High T fit 14MAT/SHI™
2.59 X 10* 2.93 38.30 [1.2(1.8)] 300-2500 CC/pVQZ Eckart 97KON/KRA™
1.07 X 10" 3.78 30.76 [2.0(2.0)] 298-2500 G2MP2 97BER/EHL™
425 % 1078 6.51 15.47 [1.5(4.0)] 200-1000 MP4 CVT/SCT 99MAI/DUN"*

abstraction reaction for CH3F, but none for CH,F,. The rate mea-
surement for CHsF by Westenberg and DeHaas”” is at intermediate
temperatures (750-900) K. Note that in that work, the decay of CH;3F
was measured (products were not identified), and the authors in-
correctly assumed that the F atom was being abstracted by analogy
with the other halogenated methanes CH;Cl and CH;Br where the
halogen (Cl or Br) is abstracted.”””® C-F bonds are much stronger
(about 480 kJ mol™") than C-Cl (about 350 k] mol™!) and C-Br (about
300 kJ molfl) bonds; consequently, for CH3F, it is the H atom rather
than the F atom that is being abstracted. For more discussion of
abstraction of halogens (C-X) by the H atom, see the work by Manion
and Tsang.”

There is also a reasonable rate constant reported in the literature
for CH,F, + H — CHF, + H, by Pritchard and Perona,'” who
measured the rate of the reaction in the reverse direction CHF, + H,

— CH,F, + H. This measurement, however, was determined relative
to the rate of combination CHF, + CHF,, which is pressure- and
temperature-dependent, and deriving the rate constant involved
modeling of a set of reactions and some assumptions. We display the
rate constants derived from these measurements but did not use them
in determining our recommended rate expression (although they
roughly agree). Note that we computed the equilibrium constant
(from available thermochemical data) in the temperature range of this
measurement (500-635 K), Kq = 42.2 * exp(—46.9/T), and utilized
this to determine the “forward” rates from the measured “reverse”
rates. The equilibrium constant was computed using Burcat’s ther-
mochemical polynomials'”’ with an adjustment to make them
compatible with the enthalpies of formation given in Table 2.
There are also several unreliable measurements for these two
reactions by Parsamyan and Azatyan,'”” Parsamyan and
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FIG. 2. CH, + H — CH; + H, experimental data and fitted rate expression. Data:
Evaluation 01SUT/SU,”* Quantum 14MAT/SHI,” other experimental data as given
in Table 4. k (cm® mol™" s7"). Note that other quantum chemical data rate
expressions are not provided in this figure. Note that data points are not individual
measurements but rather smoothed values obtained from the reported rate
expression. Legend: This work (rec) recommendation (red line), 14MAT/SHI*®
(dotted line), 01SUT/SU™ (rec, their recommended expression, dashed ling),
01SUT/SU™ (experimental, red dots), 01BRY/SLA® (yellow squares), 95BAE/
SHI1">7% (green dots), 94MAR/DAS’” (blue dots), 91RAB/SUT® (brown dashes),
79SEP/MAR®" (black dashes), 73PEE/MAH™ (large brown dof), 70KURHOL ?
(blue circles), 67DIX/WIL™ (large green dot), and 62GOR/NAL®* (blue squares).

Na.lbandyan,“)j Hart and Grunfelder,'"" and Aders et al.'” The re-
ported rates are an order of magnitude (or more) different from that
which is reasonable, and in some cases, in the papers, there are in-
consistencies between the rate constants given in the tables and the
reported rate expressions. In the evaluation by Baulch et al,'”® they
corrected the determination of the rate constant for CH;F + H by
Parsamyan and Azatyan using correct values for relative reactions. The
revised rate constant is in good agreement with that from Westenberg
and DeHaas,”” but we do not include it in the fit because of the many
uncertainties in how it was derived.

There are also several rate expressions for these reactions based
on ab initio quantum calculations, and these are provided in
Tables 4-7. The rate constants from the work of Matsugi and Shiina,””

5
CH,+H — CH; +H,
4
(excluded data) 66LAW/DIR

3
. 75ROT/IUS
g 2 S4BER/LER
= 61FEN/ION 71BAK/BAL o*
€ 1 4oo® $00000000000000000000g8
—~ page .:3 o.oo'o........

0 o2 .

o* k
oo K34 fit
-1 67AZA pe .°°.
Lo° saam/ero
-2
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035
1/T(K)

FIG. 3. CH, + H — CHz + H, residuals for rate data excluded from fit. Note that not
all of the excluded data are shown here because they either deviated much more
than shown here or were revised measurements (duplicates).
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however, are the only ones that are in relatively good agreement with
the available experimental data.

In Fig. 4, we provide the experimental rate constants for
CH;F + H and CH,F, + H that we think are relatively reliable, along
with our recommended rate expressions and those from the
quantum chemical calculations of Matsugi and Shiina. Note that in
this figure, the curves for CH,F, have been shifted up by a factor of
10 (1log; unit) for clarity because they overlapped with the curves
for CH3F. The actual rate constants for CH,F, + H are about 92%
and 59% of the rate constants for CH3F at 300 K and 1800 K,
respectively.

Our recommended rate expressions for CH3F + Hand CH,F, + H
given in Tables 5 and 6 and displayed in Fig. 4 were based on trial-and-
error iterative parametric fits. The constraints were these: (1) The rate
expression for CH;F + H — CHLF + H, agrees with the midpoint of the
single measurement for this reaction; (2) when combined with the data
for CH, and CHFs;, the A factors and activation energies E, at high
temperatures (1200-1800) K should vary smoothly across the series
CH,, CH5F, CH,F,, CHF;; and (3) the effective A and E, at high
temperatures should roughly scale with those from the quantum
chemical calculations of Matsugi and Shiina.”” In short, we attempted to
make the rate expressions self-consistent with other available data.
Determined firstin our procedure were the rate expressions for CH, and
CHEF; because these comprise the upper and lower rate bounds and both
reactions have rate measurements extending from atmospheric to
combustion temperatures; these bounding values were then used to help
establish intermediate rates for the less-well-studied compounds CH;F
and CH2F2.

43, CHFz; + H — CFz + H»
4.3.1. Overview

We have compiled all available rate constants for CHF; + H
— CF; + H, from the literature. This includes both experimental
and computational work and also rate constants for the reverse
reaction CF; + H, — CHF; + H. The forward rates in these cases
were derived using the equilibrium constant for the reaction (see
discussion below regarding computation of the equilibrium con-
stant). The forward rates are given in Table 7, and the reverse rates
are given in Table 8.

Our recommended rate expression is based on an unweighted fit
to rate constants from four measurements at high temperatures
(1000-1700 K) and one measurement at low temperatures (375-450
K). (See Table 7 and discussion below for details.) Other values were
excluded in the fit because of their large deviation from others or lack
reliability. The recommended rate expression along with almost all of
the experimental data (included or excluded from the fit) is given in
Fig. 5.

Based on all of the considerations, we assign an expanded un-
certainty factor f (20) of f = 1.1 for rate constants for our recom-
mended rate expression at high temperatures and f = 2 at low
temperatures.

In this section, we first provide the data for CHF; + H — CF; + H,
from the literature and the reverse reaction CF; + H, — CHF; + H in
Tables 7 and 8, respectively, and rate constants in Fig. 5. This is followed
by discussions of the data at both high temperatures and low tem-
peratures. We then compare rate constants for CHF; + H — CF; + H,
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TABLE 5. CH3F +H — CH,F + H, rate expressions. k(T) = AT" exp( EIRT). k(T), temperature dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factors. Units: k (cm® mol™" s7"), E(kd mol™"), T (K). The uncertainty factor is at high temperatures. The uncertainty fin parentheses is
at low temperatures (300-500) K

A n E f T Method Reference
Evaluations

2.13 X 10° 2.56 31.98 1.5(1.8) 300-1800 Recommended This work

3.71 X 10 63.06 1.5 1200-1800 Recommended, high T fit This work

2.3 X 10" 41.2 1.5 600-1000 Review 81BAU/DUX'"
Experimental (preferred data)

1.80 x 10" 39.33 12 750-900 Dischg flow, ESR 75WES/DEH”’
Experimental (excluded data)

6.30 X 10" 21.78 1.1[10] 298-652 Dischg flow, ESR 75ADE/PAN'"”
6.30 X 10" 34.27 1.7[5] 870-1088 Model, rel rate CH3Br, flame 74HAR/GRU'"*
1.38 X 10*? 6.80 1.3(5] 858-933 Static 67PAR/AZA'”
Theoretical

7.83 X 10* 2.76 32.00 [1.6(1.2)] 200-1800 CBS-QB3 Eckert 14MAT/SHI”
2.13 X 107° 5.94 8.44 [2.5(5)] 200-1000 MP4 CVT/SCT 99MAI/DUN"®
5.57 X 1072 4.40 18.95 [1.5(2.0)] 300-2500 G2MP2 97BER/EHL”

TABLE 6. CH,F, +H — CHF, + H, rate expressions. k(T) = A T" ex ? —EIRT). k(T), temperature dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factors. Units: k (cm® mol™" s7"), E (kJ mol™"), T (K). The uncertainty fin parentheses is at low temperatures (300-500) K

A n E f T Method Reference
Evaluations

8.29 X 10* 2.63 30.65 1.6(1.8) 300-1800 Recommended This work
249 X 10 62.54 1.6 1200-1800 Recommended, high T fit This work
Experimental (preferred data)

2.72 X 10™ 55.26 1.3[1.5] 500-635 This work, from rev rxn 69PRI/PER'""
Theoretical

3.13 X 10* 2.83 30.93 [1.7(1.7)] 200-1800 CBS-QB3 Eckart 14MAT/SHI"’
592 X 107° 5.74 7.59 [2.5(5)] 200-1000 MP4 CVT/SCT 99MAI/DUN"®
452 X 1072 4.39 18.44 1.5(2.0)] 300-2500 G2MP2 97BER/EHL’®

computed using quantum chemical methods—these data are provided
in Table 7 and in Fig. 6.

We also provide here a discussion of systematic trends in rate
constants for the entire homologous series fluoromethanes + H
— fluoromethyls + H,. It is shown that there appears to be strong
relationships between the rate constant at room temperature (k3o) and
the activation energy E, at high temperatures (1200-1800 K) and
between the rate constant at high temperatures (k;500) and C-H BDEs.
We present these empirical correlations here because data for the
present reaction CHF; + H — CF; + H, are the most reliable, and
consequently, these systematic trends can be used for other fluoro-
methanes + H reactions employing CHF; + H — CF; + H, as the
benchmark reaction.

Finally, at the end of this section, we also provide ancillary data in
order to derive some of the rate expressions for CHF; + H — CF; + H,
from the reverse reaction CF; + H, — CHF; + H. Table 9 provides

equilibrium constants for CHF; + H — CF; + H,, and Table 10
provides rate constants for the reference reaction CF; + CF; — C,F.

4.3.2. Rate constants at high temperatures

The three measurements included in the fit at high temperatures
consist of two sets measured in the forward direction by Hrani-
savljevic and Michael'”” and Richter et al.''''* and one set measured
in the reverse direction by Hranisavljevic and Michael'’” and Berces
etal.''” Although the rate constants from Richter et al. agree well with
the other three sets of data, they are from flame measurements (and
estimated flame temperatures) and are based on a model that required
rate constants for abstraction of H by O atoms and OH radicals, as
well as other reactions. The rate constants reported by Berces et al." '’
agree similarly well with the other rate expressions but were also
derived using a complex model. Consequently, there is much more
uncertainty in these data and the apparent good agreement may be
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FIG. 4. CH3F + H — CH,F + H, and CH,F, + H — CHF, + H, experimental data
and rate expressions. The CH,F, curves and points have been displaced upward by
a factor of 10 for clarity. Rate constants k (cm® mol~" s™"). Note that data points
shown simply represent the range of values and are not actual measured data
points. Legend: This work recommended (red lines), 14MAT/SHI*” (quantum, dotted
lines), 69PRI/PER'” (blue squares), and 7SWES/DEH"" (green circles).

coincidental—as a result, we excluded these two sets of data from our
fit to the rate constants.

There are four additional rate constants at high temperatures
reported by Skinner and Ringrose,'””'”' Hidaka et al,''” Fargash
et al,'"” and Westbrook''® that were excluded from the fits because
they differed by about an order of magnitude and the determinations
had some significant uncertainties due to the lack of reported details
and the use of complex model reaction systems to derive the reported
rate expressions.

There is an additional 1997 measurement of this reaction (in the
forward direction) at high temperatures by Takahashi et al.”” that we
did not weigh as strongly as the 1998 measurements of Hranisavljevic
and Michael'”” even though we generally find both groups to provide
reliable data and the methods used were similar. In agreement with
Hranisavljevic and Michael, Takahashi et al. found much smaller rate
constants than most early investigators (see Fig. 5); nonetheless, their
values are about 1.8 times larger than those of Hranisavljevic and
Michael and lie outside of the experimental uncertainties of each. In
addition, the barrier of Takahashi et al. is about 20 k] mol ! lower than
that of Hranisavljevic and Michael, a discrepancy larger than ex-
pected. In considering the work of Takahashi et al., we note several
issues: the H atom absorption coefficients did not follow a linear
Beer-Lambert law; the H atom absorbance had to be corrected by
subtracting absorbance by CHF;; the relatively high concentration of
CHF; could promote secondary chemistry; the decay traces were
noisy in comparison to those of Hranisavljevic and Michael; the rate
constants were derived using a model that required rate constants for
the decomposition of the precursor C,HsI (used to produce the H
atoms) as well as rate constants for the reaction of H atoms with the
decomposition product CHF,. We also find that the data of Takahashi
et al. are inconsistent with the trends in Arrhenius parameters A, #,
and E observed for the other reactions in this series and, further, with
the scaled rate parameters from the ab initio calculations of Matsugi
and Shiina. The effective A factor and activation energy E, at high
temperatures (1200-1800 K) were higher than what one might expect,
and the temperature coefficient (T") was much lower (flatter curve)
than one would expect, n = (2.1-2.2) vs n = (2.5-3.0). For all these
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reasons, we favor the results of Hranisavljevic and Michael and did
not directly use the data of Takahashi et al. in deriving our fit.

In the work of Hranisavljevic and Michael, the H atom decay
profiles showed precise single exponential decays with little noise
(2%-5% uncertainty). The derived rate constants, however, showed
significantly more variability—on the order of (20-30)% (k = 1) likely
due to uncertainties in determining the temperatures and/or con-
centrations. Inspection of a scatter plot of the rate data relative to a
best fit rate expression (for both forward and reverse reactions) seems
to show that the deviations at the higher pressure measurements
(~16 bar) were significantly larger and a significant proportion of data
points were outside 3 sigma deviations of the mean. Eliminating just 9
outlier points of the 54 total data points significantly reduces the
uncertainty (k = 1) from about (25-30)% to about (13-18)%.

Note that Hranisavljevic and Michael measured the rate con-
stants for this reaction in both the forward and reverse directions. As
with the other “reverse” rate constants, we employed the equilibrium
constant to derive forward rates. The good agreement between the
rate constants measured by Hranisavljevic and Michael in both di-
rections is another confirmation of the validity of their data since
these are essentially independent measurements. We compared the
magnitude of the forward and reverse rate constants in the tem-
perature range of 1100-1600 K and found that the equilibrium
constant derived from the relative rates was within about a factor of
f=1.35 of the more accurate equilibrium constant computed from
thermodynamic properties—a very good agreement for thermody-
namic data derived from kinetics measurements.

When we examine the self-consistency of the recommended rate
expression, we find that it is consistent with the effective rate ex-
pression at high temperatures (1200-1800 K) for the root reaction in
this system CH, + H — CHj + H,, the effective A factor being about
3.4 times less (the ratio of hydrogens is 4:1), and the effective barrier E,
is 5.1 kJ mol™* higher, consistent with the difference of the BDEs of
5.3 kJ mol . This fit is also consistent with slightly scaled rate pa-
rameters from the ab initio work of Matsugi and Shiina.”

Based on all of the considerations discussed, we assign an ex-
panded uncertainty factor f (20) of f = 1.1 for rate constants for our
recommended rate expression at high temperatures (1500-1800
K)—there are five measurements that agree within this uncertainty
(although two may be coincidental since they were derived using
complex mechanisms).

4.3.3. Rate constants at low temperatures

As indicated in Tables 7 and 8, rate constants for CHF; + H
= CF; + H, at lower temperatures have been measured in both the
forward and reverse directions by several groups. However, some of
these reported values are based on reworking earlier values or are
based on estimates using BDEs. After consideration, we think the rate
constants from the work of Ayscough et al.''” and Kibby et al.''® are
most reliable. These two determinations measured the rate constant
of CF; with H, relative to the rate of recombination of CF; to form
C,Fq. To convert these measurements to rate constants for CHF; + H
— CF; + H,, we must know the equilibrium constant, Keq = kya/krevs
and the rate constant for the reference reaction CF; + CF; — C,Fq.

There are two main issues to address here in order to derive rate
constants for the reaction in the forward direction. First, the equi-
librium constant must be calculated: Keq = kfya/krey- We have done
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TABLE 7. CHF3+H — CF3 + Hj rate expressions. k(T) = A T" exp(~E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(24), expanded uncertainty factors. Units: A (cm® mol~" s™"), E (kJ mol™"), T (K). The uncertainty fin parentheses is at low temperatures (300-500) K. See Fig. 5

showing an Arrhenius plot of the experimental rate expressions provided in this table, along with the recommended rate expression from a fit to the data

A n E f T Method Reference

Evaluations

2.89 X 10° 2.95 38.61 1.1(2) 300-1800 Recommended This work

1.30 X 10 72.45 1.1 1200-1800 Recommended, high T fit This work

2.14 X 10" 3.62 37.77 [1.1(1.3)] 300-1673 Rev rxn, Fit w/ksgo = 2.0 X 10* 98HRA/MIC'"”

3.20 X 10" 46.89 2] 350-600 Review 67AMP/WHI'"

2.89 X 10" 38.07 [5] 219-447 Review 64PRI/FOO""”

1.05 X 10" 16.5 [5] 300-700 Review 72KON''?

3.39 X 10™ 30.4 [5] 336-1300 Review 72KON'""

Experimental (preferred data)

3.69 X 103 61.22 [1.2] 1111-1550 Shock, H reson abs 98HRA/MIC'"”

1.78 X 10 78.00 [1.1] 1168-1673 Rev rxn, shock, H reson abs 98HRA/MIC'”

1.16 X 10 73.16 [1.1] 1050-1350 Model, flame, MS 94RIC/VAN''"112

8.93 X 10" 52.47 2.3[1.1] 375-447 Static, this work rev rxn 55AYS/POL' "

Experimental (excluded data)

9.54 X 10" 64.60 1.36[2] 1100-1350 Model, shock, H reson abs 97TAK/YAM”’

3.76 X 10" 54.99 1.26[2] 1100-1350 Model, shock, H reson abs 96YAM/TAK'"

2.75 X 10 58.05 [2] 1000-1600 Model, shock, IR, this work rev rxn 93HID/NAK'"”

5.01 X 102 20.92 [5] 1400-1800 Model, flame, MS 83WES''°

7.08 X 102 47.84 1.26[1.1] 1029-1132 Shock, this work rev rxn 72BER/MAR'"”

1.22 X 10" 53.68 [3] 333-550 This work rev rxn 68KIB/WES'"*

420 X 10™ 61.69 [10] 738-854 This work rev rxn 68FAR/MOI' "’

5.00 X 102 20.95 [20] 970-1300 Model, shock, IR 65SKI/RIN' 17!

n/a Rev rxn, rel rate 56PRI/PRI'*

Theoretical

3.67 X 10* 2.74 42.32 [2.0(1.2)] 200-1800 CBS-QB3 Eckart 14MAT/SHI"’

2.82 X 10" 75.58 2.0 1200-1800 This work, fit high T 14MAT/SHI™

1.73 X 10° 2.5 48.30 [1.3(5)] 200-2000 CCSD/pVTZ, this work, extracted pts 13SHA/CLA'*
from figures, fit 200-2000 K

1.18 X 10 0 72.40 [1.3] 1000-1600 CCSD/pVTZ, this work extracted pts 13SHA/CLA'>
from figures, fit 1000-1600 K

8.37 X 10° 2.08 53.20 [1.5(5)] 300-2000 G3B3, TST Wigner 07ZHA/LIN'**

7.83 X 10° 2.05 51.46 [1.3(5)] 300-2000 CCSD/6-311G 04LOU/GON'**

6.80 X 10°° 5.26 21.32 [1.1(1.3)] 300-1700 G2, adjusted E, Eckart 98HRA/MIC'"”

9.00 X 10° 3.00 38.91 (4] 300-2000 BAC-MP4 97BUR/ZAC'*°

8.67 X 10" 3.38 37.53 [1.3(2)] 300-2000 CH 97BER/EHL’”

this, and the equilibrium constants for CHF; + H — CF; + H, and the
reference reaction CF; + CF; — C,F, are derived, shown, and dis-
cussed later in this section in Tables 9 and 10, respectively. The biggest
uncertainty here is the heat of reaction derived from the enthalpies of
formation of CHF; and CF;. The uncertainty in the heat of reaction
(at 298 K) is about 2.6 k] mol™* (see Table 2)—this translates into an
uncertainty of about a factor of 2 at low temperatures.

Second, Ayscough et al. and Kibby et al. measured a relative rate
constant and both workers employed a fixed equilibrium constant
Kq(400 K) for the reference reaction CF; + CF; — C,Fg as determined by
Ayscough et al. and did not consider the possible pressure dependence of
this unimolecular reaction. Later determinations'*” '*' showed that the
value of Ayscough et al. was low by about a factor of 2.8. In addition, the
theoretical work of Cobos et al."”' showed that there was a small tem-
perature dependence—it varied by about a factor of 1.15 over the

temperature range of the work by Ayscough et al. (375-447 K) and
about a factor of 2.1 over the temperature range of Kibby et al. (333 K-870
K). Fortunately, Cobos et al. showed that there was no pressure de-
pendence under the conditions used by Ayscough et al. Rate constants for
the recombination of CF; (CF; + CF; — C,F) are given in Table 10.
At low temperatures, we utilized the corrected rate constants
from Ayscough et al. in our fits. The reverse reaction was determined
using the updated rate expression for the relative reference reaction of
recombination of CF;. The forward rate constants were then derived
using the equilibrium constant for the reaction CHF; + H— CF; + H,
(see Table 10 and the discussion below). Although the rate constants
from Kibby et al. are similar, we did not use them in the fits for several
reasons: (1) significant uncertainties in both the equilibrium con-
stants and the reference reaction; (2) the temperature dependence of
the data being systematically weaker than that for Ayscough et al. and
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TABLE 8. CF3 + H, — CHF3 + H rate expressions (reverse direction to CHF3 + H — CF3 + Hy). k(T) = A T” exp(-E/RT). k(T), temperature-dependent rate constant. A, pre-
exponential factor. n, temperature coefficient. £, energy coefficient. f (20, expanded uncertainty factors. Units: k (cm®mol~" s, E (kJ mol™"), T (K). The uncertainty fin parentheses

is at low temperatures (300-500) K

A n E f T Method Reference
Evaluations

7.49 X 107! 3.70 27.29 [1.1(1.3)] 300-1673 Fit w/kspo = 2.0 X 10* 98HRA/MIC'"”
Experimental (preferred data)

1.54 X 10" 71.08 [1.3] 1168-1673 Shock, H reson abs 98HRA/MIC'"”
1.13 X 10" 68.05 [1.3] 1111-1673 Shock, fit to ki1, k-1 98HRA/MIC'"”
7.19 X 10" 39.74 23 375-447 Photol, UV abs 55AYS/POL'"”
Experimental (excluded data)

2.2 % 107 50.21 [3.0] 1000-1600 Model, shock, IR 93HID/NAK'"”
5.01 X 10" 38.91 [2.0] 1029-1132 Model, static, GC 72BER/MAR'"”
4.90 X 10" 15.82 [2.5] 1400-1800 Model, flame 83WES''°

8.91 x 10" 39.74 [2.5] 350-600 Review 78 ART/BEL'”’
2.45 X 10" 31.68 [3.5] 350-600 Review 75ART/DON'**
9.33 X 10" 40.84 [3.5] 333-870 Rel rate, photol, MS 68KIB/WES'"®
2.52 X 10" 51.47 [3.5] 738-854 photol, IR abs 68FAR/MOI' Y
Theoretical

126 X 1074 4.88 10.01 [2.5(6)] 200-1000 MP4/pVTZ CVT/SCT 99MAI/DUN"®
1.26 X 10" 25.86 [3(6)] 200-1000 MP4/pVTZ CVT/SCT 99MAI/DUN"
6.80 X 107° 5.26 21.32 [1.1(1.3)] 300-1673 Quant, G2, Eckart, adjusted E 98HRA/MIC"”
2.54 X 10" 31.68 [4] 350-600 Theory BEBO 75ART/DON'**

our recommended expression; and (3) other possible systematic
errors that are introduced because of the much wider temperature
range in their measurements.

4.3.4. Quantum chemical calculations for CHFz + H

In Fig. 6, we present rate expressions from quantum chemical

Based on the various considerations discussed above, we assign
expanded uncertainty factors f(20) of f = 2 for rate constants for our
recommended rate expression at low temperatures (300-500 K)—this
encompasses the difference in the measurements of Ayscouigh et al.
and Kibby et al.

13 u  93HID/NAK
12 [tpeenm 83WES
S 65SKI/RIN
1 > +———————— 97YAM/TAK
e, CHF; +H — CF; +H,
10 68FAR/MOI
X g |9sHRA/MIC
E] 94RIC/VAN
gs 68KIB/WES
7
55AYS/POL
6
5
4
0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
1/T(K)

FIG. 5. Rate constants for CHF3 + H — CF3 + H,. Open circles and open squares
are high-temperature and low-temperature values, respectively, used in fit. All other
rate constants were excluded (see Table 7 and text for details). Rate constants k
(em® mol~" ™). Note that data points shown simply represent the range of values
and are not actual measured data points. Legend: Recommended rates (red line);
68FAR/MOI'"® (green triangles); 93HID/NAK'"® (blue squares); 65SKI/RIN'*""*'
(black asterisks); 83WES'™ (blue dots); 97TAK/YAM'® (red dots); and 98HRA/
MIC'”" and 94RIC/VAN"""""? (blue circles).

calculations for the reaction CHF; + H — CF; + H,. There are large
differences between the different calculations that used different
quantum chemical methods. These calculations also used different
methods for predicting the dependence of the rate constant (increase)
on tunneling at low temperatures. At high temperatures (1200-1800 K),
the spread in rate constants from the different quantum chemical
calculations is about a factor of 6, while at low temperatures (300-400 K),
the spread is very large—about a factor of 60. Compared to the rate
expression recommended in this work, the effective rate expressions
at high temperatures from the quantum chemical calculations have
pre-exponential A factors mostly about (1.3-1.9) times higher,

14
= 14MAT/SHI
12 Wy, e 13SHA/CLA
_______ = =-07ZHA/LIN
0 | TR — - 04LOU/GON
S - - -97BER/EHL
X8| NN, L 97BUR/ZAC
S TS
-] ‘ey
Se | ORI
CHF;+H— CF;+H e,
3 3 2 D
4 bt P
Sag
2
0.0005 00010 0.0015 00020 0.0025 0.0030  0.0035
1/7(K)

FIG. 6. CHF; + H — CF; + H,. Rates from quantum chemical calculations. Rate
constants k (cm® mol~" s~"). Deviations are on the order of factors of f= 2.5 and
f=17.5 at high and low temperatures, respectively. 97BUR/ZAC,'*° 97BER/EHL,*
04LOU/GON,'** 07ZHA/LIN,"** 13SHA/CLA, ** and 14MAT/SHI.*®
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TABLE 9. Equilibrium constants for CHF3 + H <> CF3 + H,. See text for details

T (K) Keq

300 0.282
400 0.751
500 1.393
600 2.123
700 2.870
800 3.584
900 4.238
1000 4.820
1100 5.324
1200 5.753
1300 6.114
1400 6.412
1500 6.656
1600 6.852
1700 7.006
1800 7.125
1900 7.213
2000 7.275

commensurate with temperature dependencies E that are roughly
(2.5-3.2) k] mol™" higher (about 4%).

The rate expression from the work of Matsugi and Shiina™ has
the best agreement (within about 12%) with the experimental rate
constants at low temperatures (not shown in Fig. 6 for clarity). This
agreement, however, is because they adjusted the overall reaction
barrier to match the low-temperature rate constants. This adjustment
came “at a price”—their rate expression differs from our recom-
mended value (based on high-temperature measurements) by a factor
of 2. In the work of Matsugi and Shiina, they employed the CBS-QB3
quantum chemical method'** using optimized structures with a high-
quality DFT (density functional theory) method wB97X-D'** and
corrected for tunneling using asymmetric Eckart potentials."”* They
computed rate expressions for the abstraction of H from methane and
the fluoromethanes (CH,, CH5F, CH,F,, and CHF;) not just by H but
also by the radicals O atom and OH. There is relatively good
agreement between these computed rate expressions and the limited

ARTICLE scitation.org/journalljpr

experimental data. Based on our analysis, however, there are modest
systematic differences between the computed and experimentally
derived rate constants. This is “good news” in the sense that the
modest systematic differences enable using the relative values of the
computed rates to help evaluate and predict rate expressions where
experimental data are limited, not available, or in disagreement. For
example, the effective pre-exponential A factors that describe the
computed rate expressions for the fluoromethanes + H reactions at
high temperatures (1200-1800 K) for CH,F,, CH;F, and CH, relative
to that for CHF; are 1.8, 2.5, and 3.0, respectively, similar to
(75%-90%) of the reaction path degeneracy (i.e., the number of
hydrogen atoms) of 2, 3, and 4. This can provide a framework for
generating self-consistent rate expressions among the fluoro-
methanes. The “bad news” is that any calculation that adjusts the
overall reaction barrier to “hit” low-temperature data provides a bias
and lowers the accuracy of the rate constants at high temperatures.
The proper procedure would be to adjust the parameters for the
tunneling potential parameters.

4.3.5. Discussion of systematic trends
in fluoromethanes + H rate expressions

The tunneling (enhanced rate constants) at low temperatures is a
function of a number of factors: barrier heights, barrier widths, and
asymmetry in the potentials. For a homologous series of reactions
where the potential energy reaction surfaces will be similar (but
scaled), there should be a rough correlation between the tunneling
rate constants (at low temperatures) and the barrier height. We have
considered the barrier heights as characterized by the temperature
dependence (effective activation energy) at high temperatures
(1200-1800 K) compared to the rate constants at low temperatures
(300 K). We considered both the experimentally derived recom-
mended values from this work and those from the ab initio quantum
chemical calculations by Matsugi and Shiina.”” These comparisons
are shown in Fig. 7. Note that in this figure, the rate constants are
corrected for the number of hydrogen atoms (reaction path degen-
eracy). In Fig. 7, for CHy, CH3F, and CH,F,, there is a strong cor-
relation (for both the experimental and ab initio values) between the
rate constant at low temperatures (ksoo) and the effective activation
energy (E,) at high temperatures. We calculated that the decrease in
the rate constant at low temperatures with the barrier at high

TABLE 10. CF3+ CF3 — C,Fg rate constants. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-
exponential factor. n, temperature coefficient. £, energy coefficient. Units: k (cm® mol™" s™"), E (kJ mol™"), T (K). See text for

discussion of uncertainties

A n E T Method Reference
8.33 X 10'° 0.77 0.00 300-600 Scaled 10COB/CRO This work

9.69 X 10'° 0.77 0.00 300-2000 10COB/CRO"
6.73 X 10" 300 From weighted average This work

8.44 X 10" 400 From weighted average This work

6.62 X 10" 300 08SKO/KHR'*’
7.83 X 10'? 300 10COB/CRO""
5.96 X 10'? 300 700GA/CAR""!
9.77 X 10'? 400 10COB/CRO""!
7.65 X 10'? 400 08SKO/KHR'*’
234 X 10" 400 56AYS"’
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FIG. 7. Fluoromethanes + H rates (per H atom) at 300 K vs barriers at (1200-1800)
K. Rate constants k (cm®mol~" s™"). £, for CHF is about 3 kJ mol~" higher than the
trend for other fluoromethanes. Filled circles and open circles are derived from
experimental data and quantum chemical data (14MAT/SHI*®), respectively.

temperatures is consistent with a change in the effective barrier at low
temperatures that is about 1.7 of the change in the effective barrier at
higher temperatures (suggestive of the barrier becoming propor-
tionally wider). Likely, this effective relative decrease in the tunneling
rate is due to the turning point in the reaction moving along the
reaction coordinate—a higher barrier likely results in a later barrier
(more product-like), a relatively wider barrier, and less tunneling
possible.

The rate constant for CHF; + H — CF; + H,, however, is not
consistent with the trend for the other reactions, with the high-
temperature barrier being about 3 kJ mol ™" higher than that would be
predicted (about 1 kJ mol ™" higher for the ab initio value).

We can also consider this in the context of an Evans—Polanyi
type relationship’” where the barrier to reaction in a homologous
series of reactions should roughly scale with the heat of reaction or,
equivalently, with the BDE. This correlation is represented in Fig. 8
where we plotted the rate constants at 300 and 1500 K vs the C-H
BDE: for this series. Note that the rate constants are normalized to the
number of H atoms (reaction path degeneracy). We see that the rate
constants at both temperatures vary only slightly, except for CHF;
where the rate constant is much lower at 300 K. These relative dif-
ferences are consistent with a barrier for CHF; that is about (5-6) kJ
mol ™" higher than one might expect based on trends in BDEs.

13

12 Beceeodlleecececcccccaassssssnnnnnnae Weceecccacccnane E

11
10 | CHsF CHF.  CH, / CHF,

Assuming barrier for CHF;+H—CF,+H,is 5.5
kJ/mol lower than predicted from BDE trend

log;(k)

W A N O O
H
'
7

420 425 430 435 440 a5 450
Bond Dissociation Energy (kJ/mol)

FIG. 8. Fluoromethanes + H rate constants (per H atom) vs BDEs. Rate constants k
(cm® mol~" s™"). Open circles and squares were derived assuming the barrier for
CHF; + H is 5.5 kJ mol~" lower than predicted using the trend in BDEs.
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This anomaly for CHF; can be likely explained because of the
extreme electronegativity of fluorine. In CHy, the carbon is somewhat
electronegative because of the electron-donating H atoms. With
addition of fluorine, which is highly electron-withdrawing, the carbon
becomes increasingly electropositive. In the case of CHF;, the carbon
is highly electropositive and the C-H bond involved in the reaction
has a semi-ionic nature. Consequently, for CH,, CH;F, and CH,F,,
the C-H bond breaking is largely covalent in nature. However, for
CHEF;, there is an additional ionic contribution. The trends we observe
suggest that the additional contribution to the barrier may be on the
order of about (3-6) k] mol™'—not an unreasonable amount.

We would like to note here that we could generate fitted rate
expressions with substantially different coefficients (4, n, E) but that
were essentially statistically identical, because the experimental rate
constants are only available in limited temperature ranges. We found
differences that ranged from about factors of 1.3-1.5 for A, tem-
perature coefficients n (T") that ranged as much as a factor of 1.5, and
barriers E that ranged from 2 to 3 k] mol™". In our fitting procedure,
however, we selected intermediate values that were best consistent
with trends in the parameters A, n, and E and the rate constants at low
and high temperatures.

4.3.6. Equilibrium constant for CHFz + H < CFz + H

Equilibrium constants for this reaction at selected temperatures
are given in Table 9 and were computed using Burcat’s thermo-
chemical polynomials'’’ with a slight modification. Standard en-
thalpies of formation of CHF; and CF; were updated to —695.0 kJ
mol " and —467.6 k] mol ™', respectively. These revised enthalpies of
formation are based on the iPEPICO measurements and thermo-
chemical network analysis of Harvey et al.'”” and the high-level
ab initio calculations by Cobos et al.'’® Burcat’s thermochemical
polynomials utilized —693.2 kJ mol ™' and —467.4 kJ mol™" for the
enthalpies of formation of CHF; and CFs, respectively. The
updated heat of reaction (at 298 K) is more endothermic by 1.6 kJ
mol™ (9.5 k] mol™ vs 7.9 k] mol™!). The resultant equilibrium
constants are then about 0.52, 0.68, 0.83, and 0.90 times smaller at
300 K, 500 K, 1000 K, and 1800 K, respectively. The biggest impact is
at low temperatures. The overall uncertainty in the heat of reaction is
about 2.6 k] mol ™', based on the uncertainties in the enthalpies of
formation for CHF; and CF; (see Table 2). Thus, the equilibrium
constants computed using either set of enthalpies of formation are
within the experimental uncertainties.

The equilibrium constants given in Table 9 can be described
between 300 and 2000 K to within 1.0% by the following equation:

Keq(T) = AT"exp (—E/RT)exp (~T/T)),

where A =5.11 X 1072, n = 0.90, E = 8.02 k) mol ™', and T, = 1425 K.
On a practical level, however, the uncertainty in the equilibrium
constant at low temperatures is on the order of a factor of f = 2.0.
Coupled with the uncertainty in the measurement of the rate of the
reverse reaction CF; + H, — CHF; + H (estimated to be about a factor
of f = 1.5), the calculated rate of the forward reaction CHF; + H
— CF; + H, has an uncertainty on the order of a factor of about
f=2.5. We estimated the uncertainty in the reverse reaction by
comparing the measurements of Ayscough'’’” and Berces et al.''”
We note that the equilibrium constants computed using
K = ky/k_; from the rate expressions provided by Hranisavljevic and
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TABLE 11. Recommended rate expressions for H abstraction from the fluoromethanes by O atoms. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant.
A, pre-exponential factor. n, temperature coefficient. E, energy coefficient. f(20), expanded uncertainty factors. AHagg, standard enthalpy of reaction at 298 K. Units:
Kk (cm® mol™" s7"), E (kJ mol™"), T (K). AlAcurs is the ratio of each pre-exponential A to that for CHF 3. Uncertainty factors fin parentheses “(f)” are at low temperatures

(300-500) K.
Reaction A n E f T logio(k300) AHyo
CH, + O — CH; + OH 6.63 X 10° 2.16 + 0.24 3142 + 191 1.18(1.5) 300-1800 6.70 9.4
CH,F + O — CH,F + OH 1.66 X 10° 2.28 +0.39 26.34 + 2.44 1.4(2.0) 300-1800 7.28 -6.6
CH,F, + O — CHF, + OH 4.10 X 10° 240 + 0.41 27.19 + 2.52 1.4(2.0) 300-1800 6.72 -35
CHF; + O — CF; + OH 2.70 X 10* 2.65 + 0.58 42.17 + 3.52 1.7(2.3) 300-1800 3.65 16.7
A/ACHF3

CH, + O — CH; + OH 3.98 X 10'* 57.55 1.18 1200-1800 4.26

CH,F + O — CH,F + OH 2.70 X 10" 53.92 1.4 1200-1800 2.89

CH,F, + O — CHF, + OH 1.86 X 10 56.32 14 1200-1800 1.99

CHF; + O — CF; + OH 9.33 X 10" 74.27 1.7 1200-1800 1.00

Michael'”” do not agree with the equilibrium constants we provide
above nor those derived using the JANAF tables.”* "’ The
equilibrium constants derived from their expressions decrease from
K=7.8to K=5.0from 1000 K to 1600 K, while those provided above
increase from K = 5.8 to K = 7.7, as one might expect. They indicated
that they used equilibrium constants derived from the JANAF tables.
We were unable to identify the source of this discrepancy (it is on the
order of about 6 kJ mol™").

5. Fluoromethanes + O — Fluoromethyls + OH
5.1. Overview

In this section, we compile and evaluate rate constants from the
literature and provide recommended rate expressions for reactions
involving the abstraction of H from C-H bonds by O atoms from the
fluoromethanes (and methane). The data for the fluoromethanes + O
reactions are extremely limited. There are no experimental rate
constants (except for CH,) near room temperature. At medium to
high temperatures (about 600-1600 K), there are two sets of relatively
reliable rate constants for CHF3, one reliable measurement for CH;F,
and none for CH,F,. There have been a number of rate constants for
these series of reactions derived using ab initio quantum chemical
methods that include tunneling. The work by Matsugi and Shiina™
using the CBS-QB3 method for energies and Eckart potentials for
tunneling is the best work employing quantum chemical calculations
for the fluoromethanes + O reactions. There is somewhat of a dis-
agreement (a factor of 1.8-2.2) between the two intermediate to high
temperature (600-1300 K) measurements for CHF; + O, both by
reliable groups.

In Table 11, we provide recommended rate expressions for
abstraction of H from the fluoromethanes (and methane) by O atoms.
This includes rate expressions (with three parameters A, n, and E) that
are good over a wide temperature range (300 K-1800 K), as well as
simpler rate expressions (with two parameters A and E) to describe
the rate constants at temperatures relevant to combustion
(1200-1800 K). Also included in this table are relative A factors at
high temperatures. We see that the relative A factors for the CHF;,
CH,F,, CH;F, and CH, reactions from the recommended rate ex-
pressions (1.0, 1.89, 2.75, and 4.05) are roughly proportional to the
number of hydrogen atoms in the molecules (reaction path

degeneracy). The TS calculations from the ab initio quantum
chemical work of Matsugi and Shiina also yielded relative A factors
(1.0, 1.55, 2.66, and 4.11) that are also roughly proportional to re-
action path degeneracy. This analysis provides a measure of the self-
consistency (estimated 20%-30%) of these recommended rate ex-
pressions at high temperatures.

The assigned expanded uncertainty factors f(20) for CH, + O
were determined from the scatter in the experimental measurements
and the recommended rate expression. Although the measurements
extend down to nearly 400 K, these are limited data, and
consequently, a higher uncertainty is assigned. The uncertainty
factors at high temperatures for CH;F + O and CHF; + O were
assigned based on experimental uncertainties from the work of
Miyoshi et al.'*” and of Fernandez and Fontijn'"* and agreement
between the two measurements for the CHF; + O reaction. At low
temperatures, the uncertainty factors were increased to account for
the uncertainty in tunneling based on the comparison of the cal-
culated tunneling from Matsugi and Shiina’” and that from the
recommended expressions. The uncertainty factors for CH,F, + O
were assigned by analogy to CH5F + O, which has nearly identical rate
constants.

5.2. CH, + O — CHs + OH

We have compiled rate constants from the literature for CH, + O
— CH; + OH—this is the benchmark reaction for analogous reac-
tions for the fluoromethanes. Our recommended rate expression is
based on a fit to six sets of measurements that range from about 400 to
1900 K. This recommended rate expression is largely statistically
equivalent to a number of recommended rate expressions for this
reaction in the literature. We, however, utilize our recommended rate
expression for self-consistency in evaluating the other reactions (the
fluoromethanes). Table 12 contains the rate expressions from the
literature along with our recommended value. The rate expression
from Miyoshi et al.'** was not included in the fit since two other
measurements by this group were included. Figure 9 shows the fit
(solid curve) to the experimental rate constants (various symbols). For
comparison, in Fig. 9, we also show the recommended rate expression
of Sutherland et al."** and the quantum calculations of Matsugi and
Shiina.” Figure 10 shows the deviations of the data not included in the
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TABLE 12. CH, + O — CHj; + OH rate expressions. k(T) = A T” exp(~E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f{20), expanded uncertainty factors. Units: k(cm® mol™ s'1), E (kd mol™"), T(K). Letters in the uncertainty factor f column refer to quantum chemical data presented

in Fig. 11. See Sec. 10 for definitions of acronyms and abbreviations in the Method column

A n E f T Method Reference
Evaluations

6.63 X 10° 2.16 31.42 1.18(1.5) 300-1840 Recommended This work

3.98 X 10 57.55 1.18 1200-1800 Recommended, high T fit This work

6.92 X 10® 1.56 35.50 [1.4] 400-2250 Review 86SUT/MIC""
490 X 10° 22 31.76 [1.3] 420-1520 Review 86COH/WES'™*
1.62 X 10° 2.3 29.68 [1.3] 300-1800 Review 86COH' ™

3.16 X 10" 0.50 43.07 [1.5(2.5)] 475-2250 Review 81KLE/TAN'°
1.14 X 107 2.08 31.93 [1.2] 300-2200 Review 79ROT/JUS'”
2.1 X 10" 37.83 1.3 350-1000 Review 73HER/HUI"*
2.19 X 10" 37.08 [1.6] 300-1000 Review 69HER/HUI"”’
Experimental (preferred data)

2.83 X 10" 54.13 1.52 980-1529 Shock, flash photol, reson abs 94MIY/TSU'*’
501 X 10" 58.28 1.55 980-1520 Shock, flash photol, reson abs 93MIY/OHM "
6.75 X 10 64.44 1.86 1340-1840 Shock, flash photol, reson abs 920HM/YOS '
161 X 10* 1.75 34.26 2.0 763-1760 Shock, flash photol, reson abs 87SUT/KLE'*
5.55 X 10° 2.40 24.44 2.0 763-1760 Shock, flash photol, reson abs 86SUT/MIC'**
524 X 10° 2.50 29.67 24 420-1670 Fast flow, flash photol, reson fluor 86FEL/MAD'*”
121 x 10" 45.15 1.7 474-1160 Dischg flow, reson fluor 81KLE/TAN"°
7.60 X 10'2 34.18 [1.3] 474-520 Dischg flow, reson fluor 81KLE/TAN"°
1.14 X 107 2.08 31.93 2.6 525-1250 Flow, flash photol, reson fluor 79FEL/FON'**
2.0 X 10" 38.50 1.12[1.7] 400-900 Fast dischg flow, ESR 69WES/DEH'*
1.23 X 10" 36.03 [1.3] 363-605 Refit 69WES/DEH This work
Experimental (excluded data)

4.0 X 10° [10] 293 Static, photol 73FAL/HOA'®
1.9 X 10" 30.51 1.5[5] 350-1000 Revised 65CAD/ALL 73HER/HUI"*
1.26 X 107 [3] 300 Fast dischg flow, ESR 69WES/DEH'*
4.0 X 108 [100] 300 Fast dischg flow, ESR 68FRO'°

4.0 X 10" 41.82 [10] 375-576 Stirred reactor, dischg, MS 67WON/POT'*’
7.0 X 10"2 32.18 1.29[5] 450-600 Dischg flow, ESR 67BRO/THR'“*
3.30 X 10° 1.5 295 Dischg flow, O emiss 65CAD/ALL'"”
2.3 X 10" 27.6 L5 295-533 Dischg flow, O emiss 65CAD/ALL'"”
7.1 X 10" 30.51 1.5[10] 295-533 Dischg flow, oxygen emiss 65CAD/ALL'”
2.00 X 102 28.85 1.5[3] 353-580 Stirred reactor, MW dischg, MS 63WON/POT'"’
Theoretical

5.64 X 107* 5.20 12.97 [3] x 200-1000 Quantum PES, our fit to data in tables 16ZHA/WAN'"!
1.87 X 10° 3.24 24.86 [1.6] a 300-1800 CBS-QB3 Eckart 14MAT/SHI™
8.68 X 10" 64.06 [1.6] 1200-1800 This work; high T fit 14MAT/SHI””
6.78 X 10° 327 23.15 [13] b 300-2500 Quant PES; our fit to data in tables 14GON/COR*71*8
2.09 X 10 4,01 18.65 [1.3] ¢ 200-2500 Quant PES; our fit to data in tables 05TRO/GAR'"’
5.62 X 10* 2.70 28.06 [1.7]1d 200-1000 Quant PES; our fit to data in tables 02HUA/MAN"'
8.12 X 10* 2.60 26.32 [1.7] e 200-1250 Quant PES 00YU/NYM'™
3.63 X 10° 2.17 30.09 [1.3] f 200-2500 Quant PES 00ESP/GAR'**
2.16 X 10° 1.32 38.43 [3.5] x 300-1000 Quant PES; our fit to data in figures 99CLA'"”

3.39 X 10" 51.8 [2.0] x 300-2500 Quant PES 98COR/ESP'”*
5.38 X 10" 3.65 22.95 [13] g 300-2000 Quant PES 90GON/MCD'*"
2.13 X 10° 2.21 27.11 (13]h 500-2500 BEBO theory 83MIC/KEI'™
5.12 X 10° 2.00 26.94 [14] i 300-2500 Semi-empirical 78SHA'"

1.03 X 10" 38.58 [4] x 300-1000 BEBO Theory 68MAY/SCH'">'"°
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FIG. 9. CH, + O — CHj; + OH rate constants and recommended rate expression.
Rate constants k (cm® mol~" s™). Legend: Red line (recommended), dotted line
(14MAT/SHI*®), dashed line (86SUT/MIC rec, their recommendation), black trian-
gles (94MIV/T SU™), black circles (93MIY/OHM'*%), yellow circles (920HM/
YOS'™), blue circles (87SUT/KLE'®?), green circles (86SUT/MIC'*“), red dots
(86FEL/MAD'®*), brown dashes (81KLE/TAN'*), black dashes (79FEL/FON'®),
brown dots (6OWES/DEH'*®), and red circles (BOWES/DEH'*® tw) were derived
from our refitting of the original data.

fit from the recommended rate expression, and Fig. 11 shows the
deviations for the quantum calculations.

The rate constants at intermediate to high temperatures
(500-1800 K) are well established (within about 20%). At low
temperatures (300-500 K), there is a single fairly reliable measure-
ment by Westenberg and Dehaas.'*” There are, however, some in-
consistencies in the data. First, the barrier from the reported rate
expression (38 kJ mol™) is substantially lower than the effective
temperature dependencies (44 kJ mol™!) of measurements at inter-
mediate temperatures (600-900 K) by other workers. Second, the
reported rate expression is inconsistent with the individual rate
constant data presented in the paper. In our fits, we utilized an in-
termediate temperature subset of the reported data (4 points from
363 K to 605 K) and ignored the lowest (297 K) and highest (904 K)
data points—and our fit goes through roughly the midpoint (450 K) of
these data.

2
75ROT/IUS 66LAW/DIR
1
CH, +0 — CH; + OH
. e (excluded data)
z 1 oo S4BER/LER
.
5 3 ®oo ° *
o 0
8
-2 cooe “’AM/B":{.- . "....
67AZA oo 2 e o,
...' 71BAK/BAL "...
-3 — Py
0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035
1/7(K)

FIG. 10. Residuals for CH4 + O — CHj; + OH rate constants excluded from fit. Rate
constants k (cm® mol~" s™"). Residuals in In(k) units.
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FIG. 11. Residuals for CH4 + O — CHz + OH rate constants from quantum chemical

calculations. Rate constants k (cm®mol~" s~"). Residuals in In(k) units. See Table 12
for legend (“a” through “i” labels).

Figure 11 shows the deviations of the rate constants A In(k) for

quantum calculations from the recommended rate expression. Note
that several sets of rate constants are not included in this figure
because they deviated by large amounts (these are denoted in Table 12

« »

with “x” in the uncertainty factor column). Note also that identifi-

«, » e

cation of the rate expressions with the labels “a” through “i” is also

denoted in this table.

Overall, the differences between the rate constants from
quantum calculations and the recommended values are on the order
ofafactor of f=1.7. The rate constants from the quantum calculations
are on the average about 20% lower at high temperatures and about
10% higher at low temperatures compared to the recommended rate
constants based on experimental data. The rate expression from
quantum chemical calculations that is closest to the recommended
expression is that of Espinosa-Garcia and Garcia-Berndldez'*°—the
temperature coefficients n are virtually identical (2.17 vs 2.16), the
temperature dependencies differ by under 1.5 k] mol™’, and the rate
constants at 300 K differ by just 1.2%.

The rate constants at high temperatures from the calculations of
Gonzélez-Lavado et al,”*”'* Troya and Garcia-Molina,'*’ and
Gonzalez et al."”" agree satisfactorily (within about 25%) with the
experimental values. The temperature dependencies at low tem-
peratures from the quantum calculations agree satisfactorily (within
about 2 kJ mol™!) with that derived from the recommended rate
expression in the work of Gonzalez-Lavado et al,"*”'*% Hurarte-
Larranga and Manthe,"”" Yu and Nyman,'”” and Michael et al.,"””
although the absolute rate constants deviate by factors of f=(1.3-2.0).

Other key things to note about the ab initio calculations are that
the rate expression at high temperatures (1200-1800 K) from the

work of Matsugi and Shiina has an A factor about 2.2 times higher

than the fitted recommended value and a temperature dependence E
that is about 11% higher. They adjusted their barrier so that their rate
expression agreed with the low-temperature data, which then affects
the rate constants at high temperatures. This is an incorrect proce-
dure, and the tunneling parameters should have been adjusted. Other
observations are that at 300 K, the predicted tunneling rate by Yu and
Nyman is about 15% higher than that derived from the reccommended
rate expression, and the tunneling rate from Matsugi and Shiina is
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FIG. 12. Rates of reaction for H abstraction by O from CHsF, CH,F», and CHF 3. Rate
constants k (cm® mol~" s™"). Circles and squares are experimental rate constants.
Open squares (01FER/FON'*’), filled circles (93MIY/OHM'*%), and filled squares
(adjusted 93MIY/OHM'“%). Solid curves are recommended rate expressions. Dotted
curves are from quantum calculations of Matsugi and Shiina.”® The rate constants
for CH,F,, where no experimental data are available, were estimated by interpo-
lating the rate expressions using the rate constants calculated by Matsugi and Shiina
as a relative measure, as well as trends in A, n, and E in this homologous series.

about 1.9 times higher. We will employ the latter difference to assist in
estimating k(300 K) for the other fluoromethane + O reactions.

5.3. CHzF + O — CH,F + OH

There is one set of reliable experimental data for this reaction
from the shock tube work of Miyoshi et al."** in the temperature range
(920-1570) K. There are other reported rate constants, but they differ
from the recommended and self-consistent rate expression by as
much as an order of magnitude. In the work of Miyoshi et al., the
authors measured rate constants for the abstraction of H by O atoms
from CH,, CH,F, and CHF; (as well as other molecules). Conse-
quently, these three sets of measurements provide a good measure of
the relative rates of these reactions.

The rate constants for the homologous reaction CH, + O in the
work of Miyoshi et al. are slightly different (about 15% higher) than
the rate constants measured in other work for this reaction by the
same group'°”'®" and slightly different from the rate expression
recommended in this work. The most recent work of Miyoshi et al.'**
reanalyzed/corrected the rate expression for CH, + O. Thus, we have
also corrected the reported rate constants for the reaction CH3F + O
— CH,F + OH by Miyoshi et al. by 15% (decreased) to account for
this difference.

There are no measured rate constants for this reaction at low
temperatures (i.e., near room temperature). In order to provide a rate
expression valid over a range of temperatures (300-1800 K), we
needed to fit the high-temperature data along with providing an
estimate for the rate constant at low temperatures. We estimated
k(300 K) for CH;5F (and for CH,F, and CHF;) by extrapolating the
rate constants at high temperatures with a fixed k(300 K) for CH,.
[Note that the high-temperature rate constants for CH,F, were es-
timated by analogy to CH3F + O (see discussion for that reaction
below).] We bracketed k(300 K) for the fluoromethanes that
provided a range of reasonable parameters for the fitted rate

ARTICLE scitation.org/journalljpr

expressions using the systematic differences between the calculated
tunneling rates from Matsugi and Shiina’” and the fitted values. We
then used intermediate values from the bracketing of k(300 K) for
each fluoromethane. The procedure we used was iterative and sys-
tematic but manual (not computer optimization). [Note that by
“reasonable parameters,” we mean different sets of parameters (A, n, E)
that gave statistically similar fits and were constrained by the cor-
relations that we discuss in Sec. 8. For example, a temperature co-
efficient of n = (2-3) is reasonable, while n = (1 or 4) is not.]

The resultant fit to the experimental rate constants of Miyoshi
et al. and the estimated k(300 K) from bracketing are shown in Fig. 12.
Rate expressions from the literature are given in Table 13. The fitted
rate expression not only agrees very well with the rate constants at
high temperatures but also displays the same effective activation
energy (temperature dependence) at high temperatures. From in-
spection of the raw data of Miyoshi et al., we estimated an uncertainty
factor of f = 1.4 at high temperatures. Considering the uncertainties
inherent in the bracketing methodology to estimate a rate constant at
low temperatures (along with the uncertainties in the rate constants at
high temperatures), we estimate an uncertainty factor of f = 2.0 for
k(300 K).

5.4. CH,F; + O — CHF;, + OH

There are no reliable experimental measurements for this re-
action. The reported values by Parsamyan and Nalbandyan'"” are off
by an order of magnitude from what would be reasonable. In order to
provide a rate expression, we utilized estimated rate constants at both
high and low temperatures. An initial guess for the rate constants at
high temperatures was estimated using the recommended rate ex-
pression for CH3F + O and then scaling the rate constants by the ratio
of the constants from the ab initio calculations of Matsugi and
Shiina.” An initial guess for the low-temperature k(300 K) rate
constant was estimated by bracketing reasonable values for the
temperature coefficient n (2.2-2.5)—considering the trend in tem-
perature coefficients n for the other molecules CH,, CH;F, and CHF;,
as well as considering the derived activation energy at low temper-
atures to be about 60% of the derived activation energy at high
temperatures. See Sec. 8 for figures and discussion regarding these
correlations. These parameters were manually adjusted to obtain a
best relaxed fit while maintaining the relative rate constants for the
reactions involving CH5F and CH,F, from the ab initio calculations of
Matsugi and Shiina. The resultant estimated rate constants are shown
in Fig. 12, and the rate expressions are provided in Table 14. As before,
we estimated expanded uncertainty factors f(20) of f=1.5and f= 2.0
at high and low temperatures, respectively.

Note that the rate constants in Fig. 12 for CH,F, + O are dis-
placed upward by an order of magnitude (one log;, unit) for clarity.
The absolute values for the CH,F, + O rate constants are about 1.8
times lower at high temperatures and about 2.9 times lower at low
temperatures than those for CH3F + O.

5.5. CHFs + O — CFz + OH

There are two relatively reliable measurements of the reaction of
O with trifluoromethane (CHF;) by Fernandez and Fontijn]"H and
Miyoshi et al.'** They are, however, in disagreement by a factor of
about (1.8-2.2) and outside their respective expanded uncertainty
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TABLE 13. CH3F + O — CH,F + OH rate expressions. k(T) = A T" exp(~E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
E

energy coefficient. f(20), expanded uncertainty factors. Units: k (cm® mol™" s77),

(kd mol™"), T (K)

A n E f T Method Reference
Evaluations

1.66 X 10° 2.28 27.19 1.4(2.0) 300-1800 Recommended This work

2.70 X 10' 53.92 1.4 1200-1800 Recommended, high T fit This work
Experimental (preferred data)

1.48 X 10" 47.47 1.1 920-1570 Adjusted 93MIY/OHM"** This work
Experimental (excluded data)

1.70 X 10" 47.47 1.3 920-1570 Shock, laser photol, O reson abs 93MIY/OHM'**
7.83 X 10" 40.57 (7] 858-933 Static 67PAR/AZA'”
Theoretical

3.01 X 10° 3.13 20.45 [1.7(3.0)] 300-1800 CBS-QB3 Eckart 14MAT/SHI™
5.76 X 10" 58.44 [1.7] 1200-1800 This work, high T fit 14MAT/SHI™
n/a 51.25 298 G2M 01KRE/SEY'"’
7.5 X 10° 298 G2M 01KRE/SEY'"”
254 X 1072 4.80 10.08 200-3000 G2MP2 99WAN/HOU'"*

factor f(20) of f= 1.3 and f = 1.5. Both measurements were made by
reliable researchers who have obtained essentially the same rate
constants (within <10%) for the reference reaction CH, + O
— CHj; + OH, as well as having made reliable measurements for other
reactions.

The limited data for this reaction are given in Table 15. The rate
constants from the literature and our recommended rate expression
are presented in Fig. 12 along with the rate expression from the
ab initio calculations of Matsugi and Shiina.”” The other values in the
table not considered are in significant disagreement with the ex-
pression recommended here.

We have examined the measurements of this reaction by Fernandez
and Fontijn and by Miyoshi et al. and see no obvious a priori reason to
consider one or the other to be in error. In order to discriminate between
the two measurements, we utilized the ab initio calculations of Matsugi

and Shiina combined with parametric fits to the data and also self-
consistency with the other rate expressions. We found that utilizing the
rate constants of Miyoshi ef al. yielded fitted rate expressions with A
factors at high temperatures (1200-1800 K) that closely scaled with the A
factors derived from the TS/quantum chemical calculations of Matsugi
and Shiina and that these rate expressions yielded exponential temper-
ature coefficients (T") that were more reasonable, n = (2.0-2.5), and
relaxed (not a forced fit). On the other hand, the activation energy in the
temperature range of interest from the fitted curve was consistent with the
measured temperature dependence of Fernandez and Fontijn, while the
data of Miyoshi et al. showed a higher activation than the trend from the
fitted curve. Consequently, we used both of these sets of data to determine
the recommended rate expression with the data of Fernandez and Fontijn
and Miyoshi et al. a factor of about 1.35 lower and 1.65 higher at the
midpoint of their respective temperature ranges than the recommended

TABLE 14. CH,F,+0 — CHF, + OH rate expressions. k(T) = A T" exp(~EIRT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factors. Units: k (cm® mol™" s7), E (kJ mol™), T (K)

A n E f T Method Reference
Evaluations

4.10 X 10° 2.49 27.19 1.4(2) 300-1800 Recommended This work
1.86 X 10 56.32 1.4 1200-1800 Recommended, high T fit This work
Experimental (preferred data)

NONE

Experimental (excluded data)

2.65 X 10" 36.83 1.14[10] 873-953 Static 68PAR/NAL'"
Theoretical

1.20 X 10° 3.17 22.61 [1.8] 300-1800 CBS-QB3 Eckart 14MAT/SHI’
3.28 X 10" 61.08 [1.6(1.13)] 1200-1800 This work, high T fit 14MAT/SHI”’
n/a 54.48 298 G2M 01KRE/SEY'"”
2.7 X 10° 298 G2M 01KRE/SEY'””
224 X 1074 5.03 9.30 200-3000 G2MP2 99WAN/HOU'"®
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TABLE 15. CHF;+ O — CF3 + OH rate expressions. k(T) = A T" exp(—EIRT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factor. Units: k (cm® mol™" s7"), E (kJ mol™), T (K)

A n E f T Method Reference
Evaluations

2.70 X 10* 2.65 42.17 1.7(2.3) 300-1800 Recommended CHN This work

933 X 103 74.27 1.7 1200-1800 Recommended, high T fit CHN This work

3.07 X 10" 79.28 630-1330 Review 01FER/FON'"’
Experimental (preferred data)

457 X 10" 81.80 1.6 956-1328 Shock, laser photol, O reson abs 93MIY/OHM "
3.98 X 10" 81.80 [1.65] 956-1328 Adjusted 93MIY/OHM This work

1.51 X 10" 60.16 [1.35] 630-940 Fast flow, VUV flash photol, O reson abs 01FER/FON*’
Experimental (excluded data)

1.50 x 10" 24.94 1.25[5] 500-750 Flow, photol, LIF 97MED/FLE'"’
1.10 X 10 13.30 [7] 920-1150 Model, flame 94RIC/VAN'"
4.88 X 10" 45.15 [6] 298-600 Plasma excit, MS 77JOU/POU
Theoretical

1.51 X 10% 36.58 [1.2(2)] 300-1800 CBS-QB3 Eckart 14MAT/SHI”
2.11 X 10™ 77.48 [1.2] 1200-1800 High T fit 14MAT/SHI™

rate expression, respectively. We note that in the small temperature range
(940-956 K) where the two sets of data overlap, they differ by (20-30)%,
diverging at higher and lower temperatures.

In the fitting procedure, while utilizing the experimental high-
temperature data, it was necessary to estimate k(300 K) for CHF;. To
do this, we used a bracketing procedure (as discussed earlier) based on
extrapolating the rate constants from high temperature, using k(300
K) for CH,, and utilizing the differences between calculated tunneling
rates by Matsugi and Shiina and that obtained through fits of the
experimental data. This was not a rigorous procedure but rather
(manually) iteratively adjusting k(300 K) to obtain a range of rea-
sonable fit parameters. See Secs. 2 and 8 for discussion and figures
regarding this optimization procedure where the experimental data
are fit subject to constraints involving correlations due to SARs.

In summary, the recommended rate expression is based on the rate
constants of Fernandez and Fontijn and Miyoshi ef al. at high temper-
atures and an estimated k(300 K). Based on the uncertainties in the
experimental data and the uncertainty in the parametric fit to the data, we
estimate an expanded uncertainty factor f (20) of about a factor f= 1.7 to
the rate constant at high temperatures and about f = 2.3 at 300 K.

6. Fluoromethanes + OH — Fluoromethyls + H,O
6.1. Overview

All of the fluoromethanes and methane have many reliable
measurements for the abstraction of H by OH radicals at low tem-
peratures, both below and above room temperatures (250-500 K).
The extent of the number of these measurements is because the
lifetimes of these molecules in the upper atmosphere are important to
radiative forcing and global warming.' High-temperature measure-
ments (1000-2000 K) related to the combustion of these molecules
have been made only for CH, and CHF;, but not for CH3F or CH,F,.
However, the rates of these two latter reactions at low temperatures
(up to about 500 K) are due to tunneling and the curvature in the rate
expressions (characterized by the temperature exponent T") is a
constraint on the rate constant at high temperatures.

The recommended rate expressions for the reaction of OH with
methane and the fluoromethanes are collected in Table 16. The
relative A factors at high temperatures for abstraction by OH do not
follow the reaction path degeneracy (number of hydrogen atoms) like
they roughly do for abstraction by H and O atoms—1.0, 3.0, 4.3, and
10.9 vs 1, 2, 3, and 4 for CHF;, CH,F,, CH;F, and CH,, respectively.
This is likely because the TS has a hindered rotor; this is discussed in
more detail in the discussion near the end of this paper.

6.2. CH4 + OH — CH3 + Hzo

In Table 17, we provide rate expressions compiled from the
literature for the reaction CH, + OH — CH; + H,O. These include
evaluations/review, experimental measurements, and quantum
chemical calculations. We fit the experimental data from 9 different
measurements to provide a recommended rate expression with ex-
panded uncertainty factors f(20) of about f = 1.15 at higher tem-
peratures (1000-2000 K) and f = 1.07 at low temperatures
(200-500 K), respectively. Although we assign an uncertainty of
7% at low temperatures, we note that at (300-400) K Bryukov
et al,'"! Bonard et al.,'”” Dunlop and Tully,'"* Gierczak et al.,'*’
Vaghjiani and Ravishankara,'®" Amedro et al.,'®” and Overend
et al.'* all agree to within about 3% of the recommended values.
For more discussion of the low-temperature data for this reaction,
see Burkholder et al.'®” The recommended rate expression by
Burkholder et al. agrees with our recommended rate expression
(and the experimental data) to within about 5% in the temperature
range (200-350) K but diverges rapidly above about 400 K.

The data excluded from our fit deviated from the recommended
expression by factors of f= (1.2-5.0), and almost all of these data had
rate constants that were higher than the recommended values. In
addition, many of these had temperature dependencies that were
inconsistent with the recommended rate expression. In general, the
data included had residuals on the order of (3-13)%, while the data
excluded had residuals of about (20-70)%. Figure 13 shows the ex-
perimental rate data along with the recommended rate expression.
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TABLE 16. Recommended rate expressions for H abstraction from the fluoromethanes by OH radicals. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-exponential
factor. n, temperature coefficient. £, energy coefficient. f (2¢), expanded uncertainty factor. AHags, standard enthalpy of reaction at 298 K. Units: k (cm® mol =" s7"), E (kd mol™"), T(K). AlAcrrsis
the ratio of each pre-exponential A to that for CHF3.

Reaction A n E f T IOglo(k300) Aergg

CH, + OH — CH; + H,0 6.19 X 10° 223 +0.09 9.84 + 154  1.12(1.05) 200-2025 9.62 -58.2

CH,F + OH — CH,F + H,0 1.06 X 10° 2.04 + 0.26 570 +1.93  1.5(1.22) 240-1800 10.08 —74.2

CH,F, + OH — CHF, + H,O0  3.29 X 10° 1.86 + 0.24 752+190  1.5(1.17) 220-1800 9.82 -71.1

CHF; + OH — CF; + H,0 1.20 X 10° 185+0.19 1371 +178  1.3(1.22) 250-1800 8.27 -51.1
AlAchrs

CH, + OH — CH; + H,0 6.12 X 10" 35.33 1.12 1200-1800 10.9

CH;F + OH — CH,F + H,0 2.40 X 10" 30.44 1.5 1200-1800 426

CH,F, + OH — CHF, + H,0 1.68 X 10" 30.09 1.5 1200-1800 2.98

CHF; + OH — CF; + H,0 5.64 X 10" 36.15 1.2 1200-1800 1.00

Figures 14 and 15 show the deviations of the included and excluded
data, respectively, in In(k) units from the recommended expression.
There have been many precise measurements at lower temperatures
for this reaction but only one at high temperatures by Srinivasan
et al."*® This is reflected in an uncertainty at high temperatures that is
about 2 times higher than at low temperatures (15% vs 7%). We note
that our fit is statistically similar to the recommended rate expression
(not their experimental one) by Srinivasan et al. (see Table 17) based
on their fit to available data with their rate expression being about 5%
and 14% higher at low and high temperatures, respectively. Our fit is
slightly different because we consider other data and use different
weightings. Note that we excluded the data from flame measurements.

6.3. (CHzF, CH,F;, CHF3) + OH — (CH,F, CHF,, CF3) + H,O

We can estimate (in a relative fashion) the rate constants for
CH5F + OH and CH,F, + OH at high temperatures (1200-1800 K)
utilizing the low-temperature measurements and extrapolating and
bracketing considering the relative activation energies from ab initio
calculations (benchmarked to that for CH, + OH and CHF; + OH),
considering a range of temperature exponents by analogy to CH, and
CHF;, and considering that the A factors should vary (roughly)
uniformly from that for CH, to that for CHF;.

Using the low-temperature data and extrapolating based on a
range of temperature exponents (n = 1.95 + 0.10), we find that the
activation energies for CH;F + OH and CH,F, + OH should be about
6.8 + 0.8 k] mol " and 5.5 + 0.8 k] mol™" lower, respectively, than that
for CHF; + OH. Using the relative activation energies from TSs
computed in the quantum chemistry work of Schwartz et al.”' and
Matsugi and Shiina,”” the activation energies for CHsF + OH and
CH,F, + OH should both be about 6.9 + 0.3 k] mol ™" lower than that
for CHF; + OH. There is some uncertainty in the relative activation
energies from the work of Matsugui and Shiina because they arbi-
trarily adjusted the barriers (at 0 K) in order to make their tunneling
calculations agree with the experimental rate constants at low tem-
peratures (and do not report the unadjusted rate constants)—hence,
we increase the uncertainty and estimate the activation energies for
CH;F + OH and CH,F, + OH as 6.9 + 0.3 k] mol ™" lower than that for
CHF;. Concurrent with the lower activation energies, the rate con-
stants (k) at high temperature should be about 6.2 + 0.3 and 5.1 + 0.3
times higher for CH;F + OH and CH,F, + OH compared to

CHF; + OH, and A factors should be about 3.9 + 0.3 and 2.9 + 0.3
times higher, respectively.

Our recommended rate expressions for CH;F + OH and
CH,F, +OH are based on bracketing the rate parameters A, n, and E
using the recommended rate expressions for CH, + OH and CHF; + OH
as benchmarks and interpolating using the ab initio calculations
as a measure. The uncertainties provided in square brackets “[]” for
the rate constants in Table 18 are based on deviations for the ex-
perimental measurements at low and high temperatures. We have
assigned uncertainty factors of f = 1.4 for both CH;F + OH and
CH,F, + OH based on our bracketing estimate. This corresponds to
an uncertainty in the activation energy of 4.2 k] mol " at 1500 K.

Tables 17-19 list the rate constants compiled from the literature
for the reactions of OH with CH;F, CH,F,, and CHF;, and Figs. 15-17
present the recommended rate constants along with the selected data
for these three reactions. Figure 19 is a summary comparing the
temperature dependence of the recommended rate constants with
reactions involving CH;F and CH,F, being similar, while CHF; + OH
has a much stronger temperature dependence.

Table 18 provides rate constants from the literature for
CH;F + OH — CH,F + H,0, and Fig. 16 compares the experimental
rate constants to our recommended rate expression. The only ex-
perimental rate constant data that exists for this reaction
CH;F + OH — CH,F + H,O0 is at low temperatures between about
240 and 500 K. The scatter in the experimental data is about a factor of
f=1.3. In this range, our recommended rate expression agrees with
the recommended values from the NASA/JPL Kinetics Panel Eval-
uation'®” to within about (6-8)% (see the dashed line in Fig. 16). We
assign an uncertainty to our rate expression in this range of f = 1.2.

Table 19 provides rate constants from the literature for
CH,F, + OH — CHF, + H,0, and Fig. 17 compares the experimental
rate constants to our recommended rate expression. There are no
experimental data above about 500 K. The majority of the data are
between about 220 and 400 K. There are two sets of data that extended
slightly above 400 K (420 and 490 K). The agreement between the
experimental data at low temperatures is good, and we assign an
uncertainty factor f=1.17. Because of the uncertainty in extrapolating
the rate constants to high temperatures, we assign an uncertainty
factor f= 1.5 in this range.

The recommended rate expressions provided here for the re-
actions of OH with CH;F and CH,F, are based on fits to the
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TABLE 17. CH, + OH — CHj + H,0 rate expressions. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. Expanded uncertainty factor f(20). Units: k (cm® mol™' s, E (kJ mol‘1), T (K). See Sec. 10 for definitions of acronyms and abbreviations in the Method column

A n E f T Method Reference
Evaluations

8.68 X 10° 2.18 9.98 1.15(1.07) 200-2025 Recommend This work

6.12 X 103 35.33 1.25 1200-1800 Recommend, high T fit This work

1.69 X 10'° 0.67 13.09 1.1[1.2] 243-480 Review 15BUR/SAN'’
1.48 X 102 14.76 1.1[1.2] 243-480 Review, our fit 15BUR/SAN'®’
1.00 X 10° 2.18 10.24 1.2 195-2025 Review 05SRI/SU'™
2.46 X 10° 3.04 7.65 1.05[1.12] 195-1234 Review 02BON/DAE"’
1.57 X 107 1.83 11.64 1.41[1.23] 250-2500 Review 92BAU/COB'®
1.93 X 10° 2.40 8.81 1.4[1.1] 300-2500 Review 86TSA/HAM "
5.72 X 10° 1.96 11.04 [1.17] 268-1512 Review 86FEL/MAD'®”
1.90 X 10° 2.40 8.81 2.0[1.08] 240-3000 Review 83COH/WES'”!
1.55 X 10° 2.13 10.26 [1.13] 250-2000 Review 78ERN/WAG'””
Experimental (preferred data)

3.61 X 10° 1.03[1.06] 296 Flow, laser photo, LIF 12AME/MIY'®
5.70 X 10" 34.37 1.17 840-2025 Shock, OH abs 05SRI/SU'**
2.30 X 10° 2.38 9.45 1.05[1.03] 298-1009 Laser photol, OH LIF 04BRY/KNY'*'
3.40 X 10° 3.01 7.97 1.09[1.03] 295-668 Laser photol, OH LIF 02BON/DAE"’
1.12 X 10* 2.82 8.21 1.06[1.03] 196-420 Laser photol, OH LIF 97GIE/TAL'®
1.54 X 102 14.63 1.67[1.1] 233-343 Laser photol, OH LIF 94MEL/TET"*”
5.83 X 10* 2.58 8.98 1.05[1.03] 293-800 Laser photol, OH LIF 93DUN/TUL'*
1.71 X 102 14.72 [1.06] 378-422 Dischg flow, OH EPR LIB 92LAN/LEB'™*
241 X 10" 16.13 1.4[1.06] 278-378 Dischg flow, OH res fluor 92FIN/EZE'”
9.59 X 10° 2.84 8.13 1.12[1.03] 223-420 Laser photol, OH LIF 91VAG/RAV'
1.81 X 10" 1.07 1240 Flow, laser pyrolysis, LIF 85SMI/FAI'”*
461 X 10° 1.08[1.14] 300 Flash photol, reson fluor 81HUS/PLA'’
420 X 10° 1.01[1.09] 296 Flash photol, reson fluor 80SWO/HOC'”*
458 X 10° 1.12 298 Rel rate, flow, chemilum 76 COX/DER'"”
3.92 X 10° 1.04 295 Flash photo, UV abs 750VE/PAR'®
Experimental (excluded data)

1.70 X 10 1.19[1.3] 1072-1139 Shock, OH abs 12HON/DAV*"
5.82 X 10" 11.81 [1.25] 178-298 Laser photol, OH LIF 93SHA/SMI”""
1.62 X 102 [1.5] 1030 Flame, GC, model 92YET/DRY*"*
2.60 X 10'2 1.19[1.5] 1200 Shock, OH abs 89BOT/COH”"”
1.55 X 107 1.83 11.64 1.16[1.3] 298-1510 Fast flow, flash photol, reson fluor 85MAD/FEL*"*
223 x 10" 21.2 1.25[1.7] 340-1250 Flow disch, OH res fluor 84JON/MUL’”
1.55 X 10° 2.13 10.23 1.1[1.2] 403-696 Photol, GC 83BAU/CRA™°
3.37 X 10" 16.38 1.27 278-473 Flow disch, OH res fluor 82JEO/KAU"’
7.96 X 10° 1.92 11.31 1.13[1.3] 298-1020 Flash photo, reson fluor 80TUL/RAV*"
2.5 X 102 1.3 1300 Shock, flash photol, OH reson abs 78ERN/WAG'”*
3.47 X 10° 3.08 8.4 1.2[1.6] 300-900 Flash photo, reson fluor 76ZEL/STE"”
5.73 X 10° 1.15[1.4] 296 Dischg flow, LMR 76HOW/EVE*""
2.33 X 10" 15.46 [1.5] 300-700 Flash photo, reson fluor 75STE/ZEL1”"
2.8 X 10" 15.48 [1.3] 300-480 Flash photo, reson fluor 75STE/ZEL2”"
231 X 10" 15.3 1.05[1.22] 290-440 Flow disch, OH res fluor 74MAR/KAU?"?
1.42 X 102 14.22 1.09[1.16] 240-373 Flash photo, reson fluor 74DAV/FIS*"
3.60 X 10" 25.11 1.2[1.5] 1100-1900 Model, flame, MS LIB 73PEE/MAH®
2.52 X 10" 20.95 1.38[2.3] 298-753 Rev rxn, photol, GC 71BAK/BALY
3.97 X 10" 15.8 1.25[1.7] 301-492 Flash photo, OH abs 70GRE*"*

6.5 X 10° 1.23[1.5] 300 Dischg flow, OH ESR 67WIL/WES*"”
5.01 X 10" 20.92 [4] 298-423 Static, flash photo, OH abs 67HOR/NOR”'®
3.00 X 10" 1.33[14] 1280 Flame, MS, model 67DIX/WIL"
1.43 x 10" 27.19 [4] 372-1340 Flame, model, MS LIB 63FRI*"
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FIG. 13. CH, + OH — CHj; + H,0 rate constants and recommended rate expression.
Rate constants k (cm® mol~" s7"). Legend: Black dots (05SRI/SU'®), black circles
(04BRY/KNY'®"), green squares (02BON/DAE'®), black triangles (97GIE/TAL'®),
blue circles (94MEL/TET'™), blue dots (93DUN/TUL'®), green dots (91VAG/
RAV'®), red squares (92LAN/LEB'™), yellow dots (92FIN/EZE'*), black X's
(15BUR/SAN'®" evaluation), red plus (92YET/DRY%), blue X (67DIX/WIL'), green
plus (85SMI/FAI'), yellow dash (89BOT/COH”"), brown circle (12HON/DAV>™),
and red triangle (12AMEMIY'®). Note that only data within about 3o of the
recommended rate expression are included in this figure. Note also that all of the
experimental data below room temperature are represented by the recommended rate
expression from the evaluation by Burkholder et al.'®’ (using black X's).

experimental data at low temperatures and extrapolation to higher
temperatures using parametric correlations that we developed (see the
discussion in Sec. 8). The rate constants at high temperatures for these two
reactions were interpolated between those for CH, and for CHF; (ex-
perimental data exist for both of these reactions at high temperatures).
The interpolation was determined by considering the relative A factors
and activation energies from the quantum chemical study of Matsugi and
Shiina,” trends in A factors with fluorine substitution, and correlations
between the rate constants at room temperature and the activation en-
ergies at high temperatures for this and other homologous series (fluo-
romethanes + X — fluoromethyls + HX). This procedure provides a
relatively self-consistent set of rate expressions. We assign uncertainties of
f= 1.5 for these two rate constants at high temperatures by considering a
range of parameters that are consistent with our empirical correlations.
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TABLE 17. (Continued.)
A n E f T Method Reference
3.5 X 10" 37.66 1.7[5] 1200-1800 Flame, model, MS 61FEN/JON??
Theoretical »
6.62 X 10* 2.56 9.15 [1.4(1.08)] 300-2000 CBS-QB3 Eckart 14MAT/SHI"’
n/a 244 200-1000 CBS-RAD 09BLO/HOL***
n/a 15.1 0 B3LYP/6-311 0 K barrier 02KOR”"’
464 X 10° 2.30 11.47 [1.3] 200-1500 CCSD VTST 01IMAS/GON""
n/a 16.6 298 MP2/6-31 OI1ELT* ,
n/a 19.7 280-420 G2 99KOR/KAW**
8.37 X 10° 3.21 6.59 [1.5] 200-2500 G2 Eckart 98SCH/MAR®'
n/a 10.0 0 B3LYP/6-311 0 K barrier 96JUR**”
14 0.25
0.20
13 0.15
CH,+ OH — CH; + H,0 T
12 é:"- 0.05
g % 0.00
!E 11 Z -0.05
o -0.10
10 -0.15
CH, + OH — CH; + H,0
-0.20 °
o 025 (residuals)
0.0000 0.0010 0.0020 0.0030 0.0040 0.0050
8 1/7(K)
0.0000 0.0010 0.0020 0.0030 0.0040 0.0050
1TIK) FIG. 14. CH, + OH — CH; + H,O rate constant residuals relative to the

recommended rate expression. Rate constants k (cm® mol~' s™"). Legend: Black
dots (05SRI/SU'*), black circles (04BRY/KNY'®"), green squares (02BON/DAE ),
black triangles (97GIE/TAL'®), blue circles (94MEL/TET'™), blue dots (93DUN/
TUL'™), green dots (91VAG/RAV'®), brown squares (92LAN/LEB'“*), yellow dots
(92FIN/EZE'*), black X's with line g1SBUR/SAN187 evaluation), blue asterisks
(92FIN/EZE'®), red X (81HUS/PLA™™"), blue square (76COX/DER'®), red dia-
mond (80SWO/HOC '), blue triangle (750VE/PAR'®°), green plus (85SMI/FAI'®),
red triangle (12AME/MIY '),

Table 20 lists rate constants compiled from the literature for
CHF; + OH — CF; + H,0, and Fig. 18 shows the recommended rate
expression along the experimental rate constants used in the fits. This
reaction, unlike those for CH;F and CH,F,, has rate data at high
temperatures. There are also a fair amount of reliable rate constants at
low temperatures—six that are individual points at room temperature
and four with temperature dependencies. Because of the extent of the
data and good agreement, we assign expanded uncertainty factor
f(20) f=1.3 and f= 1.22 at high and low temperatures, respectively.
Finally, Fig. 19 compares the recommended rate constants for the
reaction of OH with the three fluoromethanes, showing that the rate
constant for CHF; + OH has a much stronger temperature depen-
dence than those for CH;3F and CH,F,.

7. Fluoromethanes + F — Fluoromethyls + HF
7.1. Overview

In this section, we compile rate constants from both experi-
mental and quantum chemical studies for the reaction of F atoms with
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FIG. 15. CH4 + OH — CHj3 + H,0 rate constant residuals for excluded data relative
to the recommended rate expression. Legend: Black dots (86FEL/MAD'®), black
circles (83BAU/CRA”), black open trian gles (82JEQ/KAU™""), green squares
(BOTUL/RAV>®), blue circles (76ZEL/STE*"), blue dots (75STE/ZEL1*'"), green
dots (75STE/ZEL2°""), red squares (73PEE/MAH82) yellow filled triangles (71BAK/
BAL®"), brown f|IIed diamonds (70GRE’'), brown open diamonds (67HOR/
NORM) blue plus signs (63FRI*'"), and red asterisks (61FEN/JON™). Note that
not all of the excluded data provided in Table 17 are included here.

the fluoromethanes (and methane) that abstract H atoms. Based on
our analysis and fitting procedures, we recommend rate expressions
for these reactions over a wide range of temperatures. Experimental
rate constants are only available at lower temperatures (about
200-550 K). We extend these rate constants to higher temperatures
employing quantum chemical calculations (done by others) as
frameworks and empirical correlations (see discussion later). A
summary of the recommended rate expressions is given in Table 21.
Individual rate constants and expressions for H abstraction by F
atoms from the fluoromethanes are given in the following tables: CH,
(Table 22), CH3F (Table 23), CH,F, (Table 24), and CHF; (Table 25).
Figure 20 provides an Arrhenius plot of the experimental data for
these four compounds along with the recommended rate expressions.
The rate expressions are represented by k(T) = A T" exp(—E/RT),
where A, n, and E (pre-exponential factor, temperature coefficient,
and energy coefficient, respectively) are given in the tables. Expanded
uncertainty factors f{(20) are also provided. The uncertainty factors
are as provided in the original works. Uncertainty factors that we
assigned are 2-sigma coverage. The range of temperatures for the rate
expressions are given, as is a short description of the method used to
determine the rate constants. Along with the experimental and
computed rate constants, we provide recommended rate expressions
for these reactions over a range of temperatures. Two sets of rec-
ommended expressions are provided: the first are extended Arrhenius
expressions with A, n, and E that are good from about 200 to 2000 K
and the second are simple Arrhenius expressions with just A and E
that are good at high temperatures from about 1200 to 1800 K—
relevant to combustion chemistry. We also provide a rate constant for
each reaction at room temperature (298 K) based on a weighted
average of the experimental measurements—although we would
recommend values at 298 K from our rate expressions.
Unfortunately, there are no measurements at high temperatures
for H abstraction from the fluoromethanes by F atoms where this
chemistry is very important in describing the decomposition of the
agents. The flammability of the neat agents in combustion processes
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in air is extremely dependent upon the hydrogen content. For neat
agents, where there is no hydrocarbon fuel present, the flames become
hydrogen-poor and fluorine-rich. The only rate measurements for
these reactions are at low temperatures. For CH, and CHF;, rate
constants are available in the range of about 200-550 K, while for
CH;F and CH,F,, it is a much more limited range just below room
temperature (from about 200 to 300 K). For each of the reactions,
there are multiple determinations of the rate constant at room
temperature (300 K) but only a few temperature-dependent mea-
surements. However, these temperature-dependent measurements
are deemed reliable.

A summary of the rate constants for this series of reactions is
provided in Fig. 20. The many single room-temperature measure-
ments are not shown for clarity. There also are a few temperature-
dependent measurements that are not shown—they are inconsistent
with the other measurements and the recommended rate expressions.
The experimental data are represented by points (circles and squares).
The solid lines represent the recommended rate expression. In ad-
dition, dashed lines represent the variational transition state theory
calculations by Wang et al.”*”**® using a PES determined from
ab initio quantum chemical calculations using coupled cluster theory.
Other rate expressions from ab initio calculations are not shown in
Fig. 20 for clarity.

We now discuss in more detail the experimental data and the
recommended rate expressions for this homologous series of
reactions.

There are many studies measuring the rate of H abstraction by F
atoms at room temperatures. The experimental data for temperature-
dependent rate constants, however, are more limited. Persky has
measured the rate constants at below room temperature (189-298 K)
for CH5F and CH,F, and at below and above room temperature
(184-406 K) for CH,.>*" > Wagner et al.”>" and Beiderhase et al.”*”
have measured the rate constants at below room temperature
(220-312 K) for CH, and CH3F, respectively. There have been three
measurements from below room temperature to slightly higher
temperatures (>400 K) of the rate constants for CHF3 +F— CF;+HF
by Louis and Sawerysyn,””® Maricq and Szente,””” and Clyne et al.””
Wang and coworkers have used quantum chemical methods to
compute rate expressions for the reaction of F atoms with methane
and all of the fluoromethanes.”"””****” Other work using quantum
chemical methods is listed in the tables.

We fitted our rate expressions to the low-temperature data and
then utilized empirical trends in the derived A factors at high tem-
peratures, activation energies vs heats of reaction, and temperature
coefficients T" to extrapolate the rate expressions to higher tem-
peratures in a self-consistent manner (see Sec. 8 about this param-
eterization). We also considered the predicted temperature
dependence from quantum calculations.

We benchmarked our rate expression for CH, + F to the ex-
perimental data of Persky and found that it agrees with our rec-
ommended values to within about 20%. Note that Persky revised his
expression in 2008 from that reported in 2006 using an updated
expression for the rate constant of H, + F (relative rate constants were
measured in this work).”*””” We note that the temperature de-
pendence at low temperatures for the data of Persky is weaker than
that from our recommended expression (we calculated effective
activation energies of 1.8 kJ mol™ vs 2.5 kJ mol™"), and the
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TABLE 18. CH,F + OH — CH,F +H,O rate expressions. k(T) = AT exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f (20), expanded uncertainty factor. Units: k (cm®mol~"s™"), £ (kd mol™"), T (K). Uncertainty factors when reported in the literature are given in the table. In addition,
we provide deviations (uncertainty factors f) from our recommended rate constants in square “[f]” brackets with the uncertainty factor at low temperatures given in parentheses “(f).”

A n E f T Method Reference
Evaluations

1.06 X 10° 2.04 5.70 1.5(1.22) 240-1800 Recommend This work

2.40 X 10* 30.44 1.5 1200-1800 Recommend, high T fit This work

1.32 X 102 11.64 1.1[1.1] 243-480 Review 15BUR/SAN'®’
Experimental (preferred data)

2.65 X 102 13.8 [1.2] 308-398 Photol, FTIR 96DEM™**

1.32 X 10 12.06 [1.15] 298-363 Photol, FTIR 95HSU/DEM™*”
1.05 X 102 10.81 [1.1] 243-373 Laser photol, LIF 93SCH/TAL™**
4.93 X 10 15.71 1.08[1.4] 292-480 Dischg flow, reson fluor 82JEQ/KAU""
Experimental (preferred data, 298 K)

1.16 X 10 [1.3] 298 Ultrasonic, UV abs 98KOW/JOW**’
9.04 X 10° 1.07[1.3] 298 Photol, FTIR 93WAL/HUR™**
1.03 x 10 1.14[1.2] 298 Pulse radiolysis, reson abs 88BER/HAN"*’
1.31 X 10" 1.08[1.1] 297 Flash photo, reson abs 79NIP/SIN*"
9.64 X 10° 1.22[1.3] 296 Dischg flow, LMR 76HOW/EVE*""
Experimental (excluded data, all duplicates)

1.01 x 10% [1.2] 298 Photol, FTIR 96DEM”**

1.02 X 10 [1.15] 298 Photol, FTIR 95HSU/DEM**”
1.34 X 10" [1.1] 298 Laser photol, LIF 93SCH/TAL**®
8.64 X 10° [1.4] 298 Dischg flow, reson fluor 82JEO/KAU
Theoretical

1.93 X 10° 2.37 6.15 [2(1.2)] 300-2000 CBS-QB3 Eckart 14MAT/SHI’
4.03 X 10" (3] 300 DFT KKMLYP/6-311 Wigner 12PET/HAR™
1.91 X 10° 2.15 8.92 200-700 CC/cbs CVT/SCT, our fit 08MAR/GRU"*
4.12 X 10* 2.60 5.72 200-1500 mPW1PW91/6-31 CVT/uOMT 06ALS/SWA™
n/a 9.6 0 B3LYP/6-311 0 K barrier 02KOR*"?

2.21 X 10° 2.03 7.66 200-1000 MP2/6-31 CVT/uOMT, our fit 01LIE/YOU™™
n/a 21.34 298 CC/pVTZ 01LIE/YOU™
1.14 X 10" 13.18 [2.5] 250-400 MP4/6-311G Wigner 00LOU/GON™"”
2.28 X 107 3.35 3.06 [4(1.3)] 300-2000 G2 Eckart 98SCH/MAR"!
4.44 X 10° 4.78 -4.52 200-1000 CVT/uOMT 98ESP/COI"™**
n/a 0.4 0 B3LYP/6-311 0 K barrier 96JUR**

temperature dependence from Foon and Reid is even weaker (1.2 k]
mol™"). Given this uncertainty in the temperature dependence of the
rate expression, we assign an uncertainty of a factor of f= 1.4 at high
temperatures.

Our recommended rate expressions for reaction of F atoms with
CH;F and CH,F, agree well with the data of Persky to within 2% and
4%, respectively. We excluded the data of Beiderhase for CH;F be-
cause they had a temperature dependence (activation energy) that was
inconsistent with the temperature dependence (5.0 kJ mol ' vs 3.5 kJ
mol ™) from our self-consistent rate expressions developed for the
fluoromethanes + F homologous series. We benchmarked the rate
constants for CHF; at low temperatures with the data of Louis and
Sawerysyn and Maricq and Szente with our recommended values and
found that they agree to within 6% and 11%, respectively. We ex-
cluded the higher temperature data by Clyne et al. because they had a
weak temperature dependence inconsistent with our self-consistent

rate expressions, resulting in a rate constant that was about 40% lower
at the highest temperature (667 K).

7.2. Evaluation procedure

The recommended rate expressions were determined by fitting
the low-temperature experimental data and the scaled rate constants
at high temperatures (1200 K-1800 K) from the work of Wang et al.™*’
The procedure was to first fit the ab initio rate expressions at T =
(1200-1800) K to determine A and E (simple Arrhenius expression).
The values of A and E were then (iteratively) adjusted to arrive at
scaled values that were best self-consistent with fits to the experi-
mental data and the scaled rate constants. This procedure worked well
for CHF; + F and CH,F, + F—where the ab initio and fitted curves are
very similar in curvature. For CH5F + F, however, there was some
tension in the fitting procedure—where we obtained values for the
temperature coefficient (1) that ranged from about 1.1 to 1.4. We
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TABLE 19. CH,F,+OH — CHF, +H,0 rate expressions. k(T) = A T" exp(~E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient.

E, energy coefficient. f(20), expanded uncertainty factor. Units: k (cm® mol™"

s, E (kJ mol™"), T (K)

A n E f T Method Reference
Evaluations

3.29 X 10° 1.86 7.52 1.5(1.17) 220-1800 Recommend This work

1.68 X 10" 30.09 1.5 1500-1800 Recommend, high T fit This work
1.02 X 10" 12.47 1.2 220-492 Review 15BUR/SAN'"
Experimental (preferred data) i
1.08 X 10" 12.89 1.07 297-383 Photol, FTIR 95HSU/DEM”*
9.46 X 10" 12.22 113 220-380 Flash photol, LIF 91TAL/MEL""
2.65 X 10" 14.72 1.08 250-492 Dischg flow, reson fluor 82JEO/KAU""
3.89 X 10" 16.63 1.74 293-429 Dischg, reson fluor 79CLY/HOL”"*
Experimental (preferred data, 298 K)

6.05 X 10° 1.03 298 Dischg flow, reson fluor LIB 00SZI/DOB*”’
5.30 X 10° 1.16 298 Pulse radiolysis, reson abs 88BER/HAN229
7.05 X 10° 1.12 297 Flash photol, reson abs 79NIP/SIN*
4.70 X 10° 1.15 296 Dischg flow, LMR 76HOW/EVE™""
Experimental (excluded data, 298 K, some duplicates) )
9.89 X 10° (1.6] 298 Ultrasonics, UV abs 98KOW/JOW**/
5.94 X 10° 1.07 298 Photol, FTIR 95HSU/DEM””’
6.82 X 10° 1.13 298 Flash photol, LIF 91TAL/MEL""
6.97 X 10° [1.17] 298 Dischg flow, reson fluor 82]EO/KAU?W
4.73 X 10° 1.74[1.2] 298 Dischg, reson fluor 79CLY/HOL**
Theoretical )
1.32 X 10° 2.35 6.40 300-2000 CBS-QB3 Eckart 14MAT/SHI
3.77 X 10" 300 DFT KKMLYP/6-311 Wigner 12PET/HAR™
n/a 244 298 CBS-RAD 09BLO/HOL"'*
2.38 X 10* 2.86 10.06 200-1500 mPWI1PW91/6-31 CVT/pOMT 07ALB/SWAa™"’
n/a 8.8 0 B3LYP/6-311 0 K barrier 02KOR*"”

n/a 16.8 298 MP2/6-31 01ELT*' )
3.25 X 102 13.39 250-400 MP4/6-311G Wigner 00LOU/GON""
333 X 107° 5.43 -5.13 210-500 CCSD/pVTZ VTST/LCT 01GON/LIU*"!
2.64 X 10° 3.27 3.98 300-2000 G2 Eckart 98SCH/MAR"'
n/a 0.4 0 B3LYP/6-311 0 K barrier 96JUR*>

n/a 9.2 298 MP2/3-21 93BOT/POG™"”
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FIG. 16. CHyF + OH — CH,F + H,0. Rate constants k (cm® mol~" s~"). Red solid
line (this work recommended), large black dot (98KOW/JOW?"), open blue circles
(96DEM***), green squares (95HSU/DEM?*°), large blue triangle (93WAL/HUR?*®),
red circles (93SCHITAL?®), blue dots (82JEO/KAU?""), large blue X (79NIP/
SIN*%), large yellow dot (76HOW/EVE’'), and dashed line (15BUR/SAN'®

recommended).
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FIG. 17. CH,F, + OH — CHF, + H,0. Rate constants k (cm® mol~" s~"). Red solid
line (this work recommended), blue dots (91TAL/MEL**"), green squares (95HSU/

DEM*°), black X's (79CLY/HOL***), and red circles (82JEO/KAU”").
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TABLE 20. CHF;+OH — CF3+H,O rate expressions. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factor. Units: k (cm® mol™" s7), E (kJ mol™), T (K)

A n E f T Method Reference
Evaluations
1.20 X 10° 1.85 13.71 1.3(1.22) 250-1800 Recommend This work
5.64 X 102 36.15 1.3 1200-1800 Recommend, high T fit This work
3.67 X 10" 18.79 chk 253-500 Review 15BUR/SAN'?’
Experimental (preferred data)
5.84 X 10" 36.56 1.22 995-1663 Shock CH 07SRI/SU*"
2.89 X 10" 18.13 1.27 253-343 Rel rate, static, photol, GC 03CHE/KUT**
3.85 X 10" 19.54 [1.1] 298-383 Photol, FTIR 95HSU/DEM™**”
4.18 x 10" 19.12 [1.2] 298-500 Laser photol, LIF 93SCH/TAL”**
1.82 X 10*? 24.20 1.1 387-480 Dischg flow, reson fluor 82JEO/KAU>
4.0 x 10" 1.25 1350 Shock, flash photol, OH reson abs 78ERN/WAG'**
0.19 1300 Rel rate CH4+OH, shock, flash photol, 76BRA/CAP’"
OH reson abs
Experimental (excluded data, some duplicates at 298 K)
1.92 X 10° 1.27 298 Rel rate, static, photol, GC 03CHE/KUT*"
6.62 X 10" 19.12 [2] 298-750 Photol, LIF 97MED/FLE'”’
2.95 X 10° [1.8] 298-750 Photol, LIF 97MED/FLE'"”
1.45 X 108 [1.10] 298 Photol, FTIR 95HSU/DEM”*”
1.86 X 108 [1.16] 298 Laser photol, LIF 93SCH/TAL”**
1.39 X 10° 1.17[9] 298 Pulse radiolysis, reson abs 88BER/HAN"*’
1.04 X 108 1.1 298 Dischg flow, reson fluor 82JEO/KAU""”
2.1 X 10® 1.5 297 Flash photo, reson abs 79NIP/SIN*’
121 X 10° 2 296 Dischg flow, LMR 76HOW/EVE"""
Theoretical
1.39 X 10° 2.83 11.31 300-2000 CBS-QB3 Eckart 14MAT/SHI™’
5.94 X 10 300 DFT KKMLYP/6-311 Wigner 12PET/HAR™'
425 X 10° 3.22 9.96 298-2500 G3B3 07ZHA/LIN'*
4.60 X 10° 2.87 14.70 200-1500 mPW1PW91/6-31 CVT/uOMT 07ALB/SWAb™*
n/a 29.6 298 MP2/6-31 01ELT**!
1.20 X 10" 22.82 250-400 MP4/6-311G Wigner 00LOU/GON™"
6.93 X 10 3.66 8.86 300-2000 G2 Eckart 98SCH/MAR"'
n/a 5.9 0 B3LYP/6-311 0 K barrier 96JUR™

selected an intermediate value of n = 1.25. As can be seen in Fig. 20, the
calculated rate curve for CH3F + F shows much more curvature than
the fitted curve. We speculate that the additional curvature is due to
the inadequacy of variational transition-state theory to represent a
complicated and multi-dimensional quantum dynamical PES (see
discussion below). This is evident in the many quantum dynamics
studies for the CH, + F reaction (see Table 22), which disagree
substantially on the degree of curvature—these studies found that the
rate constants were extremely dependent upon fine details of the PESs
used to determine the rates of reaction.

The recommended rate expression for the reaction CH, + F is
taken from the quantum dynamics study of Chu et al.”*’ This rate
expression agrees with the experimental data at low temperatures
within the experimental uncertainties. Note that all of the other
quantum calculations for CH, provided in Table 22 are also consistent
with the experimental data. We chose the rate expression from Chu
et al. for several reasons. It is one of the higher level calculations
using a refined PES. The temperature coefficient (n = 0.91) from this

study was an intermediate value compared to other computations
(n=0.53-1.57). In addition, we found that the temperature coefficient
(n) for the reaction series CH4, CH;F, CH,F,, and CHF; varied smoothly
(with a slight quadratic curvature) as a function of log;o(k,9s) Where
k»og is the rate constant for each reaction at 298 K.

In summary, we compiled rate expressions for H abstraction by F
atoms from the fluoromethanes (and methane) and provide rec-
ommended rate expressions over a range of temperatures. These rate
expressions agree with the experimental data at low temperatures,
appear to be self-consistent with one another, and are generally
consistent with rate expressions from quantum calculations.

7.3. Discussion of fluorine impact on rate constants

If we consider the rate parameters in Table 21, we first see that
the effective A factors at high temperatures do not scale with the
number of hydrogen atoms as found for abstraction by other radicals.
In contrast, the effective activation energies at high temperatures scale
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FIG. 18. CHF3 + OH — CF3 + H,0. Rate constants k (cm® mol~" s~"). Red solid line
(this work recommended), blue dots (07SRISU**), blue triangles (95HSU/
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FIG. 19. Fluoromethanes + OH — fluoromethyls + H,0. Recommended rate constants
k (cm® mol~" s7"). See Figs. 15-17 for rate data and fits for individual reactions.
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roughly with the C-H BDEs (see Table 2): E, and BDEs: CH5F
< CH,F, < CH,4 < CHF;. In contrast, we see that both the curvatures
as expressed by the temperature coefficients n (T") and the rate
constants at low temperatures scale well with the number of fluorine
atoms in the molecule. We interpret this as a clear indication of semi-
ionic contributions to the rates of these reactions in this extraordinary
class of reactions involving the reaction of F atoms (highly electro-
negative) with fluorinated methanes (electropositive carbon atom).
These are nearly barrierless reactions, and thus, the strong curvature
in the rate constants cannot be due to tunneling. The strong overall
temperature dependence would be indicative of the turning point
from products to reactants moving along the reaction coordinate and
likely related to the charge on the central carbon atom. At low
temperatures (low collision energies), semi-ionic forces may domi-
nate the rate of reaction (related to the charge on the carbon atom).
On the other hand, at high temperatures (high collision energies), the
covalent nature of the bonding is dominant (evident by the barrier
scaling with BDEs).

Much of the following discussion is based on that in earlier work
by others.”*”*#%2°%200:20927L A 'more complete and accurate dis-
cussion of these quantum dynamical effects for F atom abstraction of
H atoms can be found in the quantum chemical works referenced in
the rate expression tables for these molecules (the quantum dy-
namical studies of the CH, + F — CHj; + HF provide the most
information).

All of these reactions CX;H + F — CX; + HF display a large
change in rate constants with temperature and significant curvature to
the Arrhenius rate expressions. These effects need to be explained
because these reactions are barrierless reactions (or nearly) that are
not classical abstraction reactions. Classical abstraction reactions
essentially involve the intersection of two covalent bond-breaking
PESs (e.g., C-H and H-F in the forward and reverse directions,
respectively). In contrast, these reactions proceed essentially only on
attractive potential surfaces with very early turning points. The high
electronegativity of the F atom results in a more ionic and less covalent
character to the bond breaking with polarization of the H-F bond
and a charge separation. The largest temperature dependence is
observed with the reaction CHF; + F, where electron withdrawal by

the three fluorine atoms on CHF; leads to a much stronger C-H bond.

TABLE 21. Recommended rate expressions for H abstraction from the fluoromethanes by F atoms. k(T) = A T" exp(—EIRT). k(T), temperature-dependent rate constant. A, pre-
exponential factor. n, temperature coefficient. £, energy coefficient. f(2¢), expanded uncertainty factor. Units: k (cm® mol™" s™), E (kJ mol™"), T (K). AlAcwes is the ratio of the pre-
exponential to that for CHF3. A;H,gg, Standard enthalpy of reaction at 298 K

Reaction A n E f T log1o(k300) A;Hao

CH, + F — CH; + HF 2.93 x 10" 091 + 0.21 0.79 + 1.51 1.35(1.23) 180-1800 13.58 -131.1

CH;F + F — CH,F + HF 1.91 X 10" 1.25 £ 0.29 0.81 + 1.49 1.35(1.24) 180-1800 13.24 -147.0

CH,F, + F — CHF, + HF 2.05 X 108 1.79 + 0.25 1.30 + 1.65 1.35(1.35) 180-1800 12.52 -144.0

CHF; + F — CF; + HF 457 X 10* 2.77 £ 0.20 3.00 + 1.47 1.35(1.20) 180-1800 11.00 -123.8
AlAcurs

CH, + F — CH; + HF 5.81 X 10" 11.95 1.35 1200-1800 1.42

CH,F + F — CH,F + HF 6.86 X 10 6.87 1.35 1200-1800 1.68

CH,F, + F — CHF, + HF 5.54 X 10" 9.77 1.35 1200-1800 1.35

CHF; + F — CF; + HF 4.09 X 10" 15.54 1.35 1200-1800 1.00

J. Phys. Chem. Ref. Data 50, 023102 (2021); doi: 10.1063/5.0028874
©2021 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.

50, 023102-32


https://doi.org/10.1063/5.0028874
https://scitation.org/journal/jpr

Journal of Physical and

Chemical Reference Data ARTICLE

scitation.org/journalljpr

TABLE 22. CH, + F — CHs + HF rate expressions. k(T) = A T" exp(-EIRT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f (2, expanded uncertainty factor. Units: k (cm®mol~" s™), £ (kJ mol™), T (K). See Sec. 10 for definitions of acronyms and abbreviations in the Method column.

A n E f T Method Reference
Evaluations

2.93 X 10" 0.91 0.79 1.35(1.23) 180-1800 Recommend. Selected 09CHU/HAN”*" This work

5.81 X 10' 11.95 1.4 1200-1800 Recommend, high T fit This work

7.71 X 10" 1.79 1.12 184-406 Review 06PER™”

4.09 X 10" 1.2 298 Review 93WAL/HUR™*®
Experimental (preferred data)

7.71 X 10" 1.79 1.12 184-406 Corrected 96PER™"’ 98PER™’
Experimental (preferred data, 298 K)

3.78 X 10" 1.26 298 Average This work

3.73 X 102 1.1 298 Rel rate, dischg flow, MS 98PER”*"

2.83 X 10" 1.2 298 Rel rate, photol, FTTR 95MOQ/SMI*"!
3.19 X 10" 1.1 294 Rel rate, photol, FTTR 94MOO/SMI***
3.97 X 10" 1.1 298 Fast flow, MS 89WOR/HEY***
4.00 X 10" [1.03] 298 Pulse photol, UV detect 88PAG/MUN""*
3.44 X 10" 1.05 298 IR photodissoc, HF emission 82FAS/NOG™*
4.52 X 10" 1.2 298 Dischg flow, atomic reson 78CLY/NIP**
430 x 10" [1.1] 298 Laser photol, HF emission 72KOM/WAN®’
3.49 X 10" 1.15 298 Rel rate, flow, GC 71FOO/REI*™”
4.74 X 10" 1.5[1.3] 298 Fast flow, MS 71WAG/WAR™"
Experimental (excluded data)

9.88 X 10" 2.20 1.1 184-406 Rel rate, dischg flow, MS 96PER™"’

33 x 10M 4.81 [1.5] 250-312 Fast flow, MS 7IWAG/WAR>
Theoretical

2.63 X 10° 1.57 -1.74 [1.07] 184-404 Quant dynamics, PES, CC/pVTZ 13WAN/CZA™”
2.93 X 10" 0.91 0.79 selected 180-400 Quant dynamics, PES, CC/pVTZ 09CHU/HAN"*’
2.00 X 10" 0.53 0.58 [1.5] 180-500 Quant dynamics, PES, CC/pVTZ 07ESP/BRA”""
1.27 X 10° 1.70 -1.58 [1.5] 200-2000 CC/pVTZ, VTST 05ROB/MAC*’
5.68 X 10" 0.71 -0.29 [1.5] 180-500 Quant dynamics, PES, CC/pVTZ 05RAN/NAV"
7.07 X 10° 1.30 -1.92 [2.0] 200-500 Quant dynamics, PES, CC/pVTZ 04TRO/MIL”"!

The strong temperature dependence of the rates of these
reactions is due to a number of factors. Quantum chemical cal-
culations reveal the existence of van der Waals adducts X;C-H-F
in the entrance channel (reactants) due to long-range forces. The
quantum dynamical studies of these systems (supported by ex-
perimental evidence) suggest that rovibrational excitations cou-
pled to the electronic PES result in reactive resonances that
enhance the reactivity. Although there are essentially no “barriers”
to these reactions, the turning point moves along the reaction path
as a function of energy, leading to an entropic temperature de-
pendence to the reaction rate. This effect requires the use of
variational transition state theory or quantum dynamical studies
to accurately predict reactivity in these systems. In addition, the
ground state of the F atom is split into two states P/, and *Py,
with degeneracies of 4 and 2, respectively, and the higher state *P; ,
is separated by a spin-orbit splitting of 404.10 cm™" (4.83 kJ
mol ™ !). This leads to a change in effective electronic degeneracy
(and rate constant) with temperature. In addition, the quantum
dynamics studies suggest that the *P,,, state may have a signifi-
cantly higher reaction rate.

In summary, all of these factors contribute to the large change in rate
constants as a function of temperature—even though these are barrierless
reactions.

8. Discussion
8.1. Overview

In this work, we complied and evaluated rate constants for
the abstraction of H from the fluoromethane homologous series
(CH,4, CH;F, CH,F,, CHF;) by the radicals H atom, O atom, F
atom, and OH and provided self-consistent recommended rate
expressions for these reactions from room temperature to com-
bustion temperatures (300-1800 K). There were limited experi-
mental temperature-dependent rate constants for some of the
reactions. In these cases, we predicted the rate constants using
relative rates employing a combination of rate constants from ab
initio calculations and self-consistent parametric fits considering
all the reactions as a set of homologous reactions. In this work, the
rate expressions we provided are consistent with all the reliable
experimental data within reported uncertainties. Other rate
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TABLE 23. CH3F +F — CH,F + HF rate expressions. k(T) = A T" exp(~E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factor. Units; k (cm® mol™" s7"), E (kJ mol™"), T (K)

A n E f T Method Reference
Evaluations

1.91 x 10 1.25 0.81 1.35(1.24) 190-1800 Recommend This work

6.86 X 10" 6.87 1.25 1200-1800 Recommend, high T fit This work
Experimental (preferred data) )

6.20 X 10" 324 115 189-298 Flow, dischg, MS 03PER™'
2.42 X 107 2.4 0 1.1[1.2] 220-300 Flow, dischg, MS 95BEI/HAC™™”
Experimental (preferred data, 298 K)

1.85 x 10" 1.24 298 Weighted average This work

1.66 X 10'° L1 298 Flow, dischg, MS 03PER™'
2.06 X 10" 1.1 298 Flow, dischg, MS 95BEI/HAC™””
1.69 X 10" 1.2 298 Rel rate, photol, FTIR 95MOQ/SMI*®!
223 x 107 12 295 Rel rate, laser photol, FTIR 93WAL/HUR™
1.33 X 10" 1.06 300 Rel rate, electron beam, IR 83MAN/SET""*
1.82 X 10%3 [1.1] 298 Rel rate, flow, dischg, HF emission 77SMI/SET*"? )
2.16 X 10" [1.1] 298 Rel rate, H2+F—HF + H 75MAN/GRA"*
Experimental (excluded data) -
4.00 X 10" 1.23[5] 298 Pulse radiolysis, UV detect 98KOW/JOW**/
241 X 10° 1.75[1.3] 298 Electron beam, ESR, CH 86JON/MA™"
5.30 X 10" [2.8] 298 Rel rate, fast flow, chemilum 73POL/JON"""
Theoretical )
324 x 10° 1.75 -0.91 180-1800 CC/6-311 VTST i 05WAN/LIU*"
6.28 X 10" 8.60 1200-1800 High T fit to 05SWAN/LIU"" This work

TABLE 24. CH,F, + F — CHF, + HF rate expressions. k(T) = A T" exp(~EIRT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,

energy coefficient. f(20), expanded uncertainty factor. Units: k (cm® mol™" s7"), E (kJ mol™), T (K)

A n E f T Method Reference
Evaluations

2.05 X 10° 1.79 1.30 1.35(1.35) 180-1800 Recommend This work

5.54 X 10" 9.77 1.35 1200-1800 Recommend, high T fit This work
Experimental (preferred data)

223 X 10" 478 1.15 182-298 Flow, dischg, MS 03PER181"
Experimental (preferred data, 298 K)

3.03 X 10" 1.35 298 Weighted average This work

3.25 X 102 L1 298 Flow, dischg, MS CH 03PER181”"
2.83 X 102 12 298 Rel rate, photol, FTIR 95MOO/SMI*"'
2.59 X 10'? 1.2 295 Rel rate, laser photol, FTTR 93WAL/HUR"*
3.44 X 10" 1.05[1.1] 298 Electron beam, dischg flow, LIF 85CLY/HOD”"®
234 X 10"2 1.33 300 Rel rate, electron beam, IR 83MAN/SET”"*
4.06 X 10" [1.3] 298 Rel rate H2 + F = HF + H 75MAN/GRA”"
Experimental (excluded data)

1.26 X 10" 1.47[2.5] 298 Pulse radiolysis, UV detect 98KOW/JOW”*
5.90 X 10 [1.9] 298 Rel rate, laser photol, FTTR 92NIE/ELL82"""
1.10 X 10" [3.5] 298 Rel rate, fast flow, chemilum 73POL/JON"*
Theoretical

1.54 X 107 2.1 0.13 [1.4] 180-1800 CC/6-311 VTST 08WAN/LIU**
5.38 X 10' 10.74 [1.2] 1500-1800 High T fit to 05WAN/LIU*" This work
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TABLE 25. CHF; + F — CF3 + HF rate expressions. k(T) = A T" exp(—E/RT). k(T), temperature-dependent rate constant. A, pre-exponential factor. n, temperature coefficient. E,
energy coefficient. f(20), expanded uncertainty factor. Units; k (cm® mol™" s7"), E (kJ mol™"), T (K)

A n E f T Method Reference
Review
457 x 10* 2.77 3.00 1.35(1.2] 210-1800 Recommend This work
4.09 X 10 15.54 1.40 1200-1800 Recommend, high T fit This work
Experimental (preferred data)
1.26 X 10" 12.22 15 297-421 Dischg flow, MS 98LOU/SAW”™°
2.17 X 10" 7.90 1.55 210-353 Rel rate, flash photol, UV abs 93MAR/SZE*”’
6.38 X 102 10.00 [1.4] 301-667 Dischg flow, MS 73CLY/MCK*™*
Experimental (preferred data, 298 K)
8.49 X 10" 1.20 298 Weighted average This work
8.13 X 10 12 298 Rel rate, photol, FTTR 95MOO/SMI**'
7.23 X 10" 1.35 294 Photol, chemilum 94MOO/SMI***
8.43 X 10'° 13 295 Rel rate, laser photol, FTIR 93WAL/HUR™"
7.23 X 10'° [1.2] 298 Rel rate CH 92NIE/ELL1009""
7.23 X 10" [1.2] 298 Rel rate, flash photol, UV abs CH 92MAR/SZE""’
9.03 X 10" [1.05] 298 Dischg flow LIB 83CLY/HOD”®
g
8.99 X 10" [1.05] 298 Pulse radiolysis, ESR 76GOL/SCH™"!
Experimental (excluded data, 298 K, some duplicates) .
9.08 X 10" 15 298 Dischg flow, MS 98LOU/SAW "™
4.88 X 10" 1.2[60] 298 Pulse radiolysis, UV detect 98KOW/JOW**’
7.23 X 10'° [1.2] 298 Rel rate, flash photol, UV abs CH 92MAR/SZE*"’
P
9.03 X 10" (1.05] 298 Dischg flow LIB 83CLY/HOD""
435 x 10" [5] 298 Rel rate, H2+F=HF + H 75MAN/GRA™"
1.90 X 10! [2] 298 Rel rate, fast flow, chemilum 73POL/JON"">
1.13 x 10" [1.3] 298 Dischg flow, MS 73CLY/MCK>**
g
Theoretical
7.11 X 10* 2.69 4.14 180-1800 CC/6-311 VIST 08WAN/LIU™*
3.28 X 10" 15.63 1200-1800 High T fit to 0SWAN/LIU™* This work
n/a G2MP2, found no barrier 000KA/TOM"*
n/a 16.1 MP2/6-311 barrier 99LOU/RAY""
expressions could be provided that are statistically equivalent,
but our intent in this work was to provide well-behaved
rate expressions allowing for accurate interpolation and
extrapolation.
15
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FIG. 20. Fluoromethanes + F — fluoromethyls + HF rate constants. k (cm> mol™" s77). 1 2 3 4

Red solid lines represent recommended rate expressions. Dashed lines represent the
calculations by Wang et al. (OSWAN/LIU,”*" 08WAN/LIU**). Experimental data: CH,

circles (0BPER”*), CHF circles (03PER™"), squares (95BEVHAC?
(03PER™"), CHF; circles (93MARISZE™"), filled circles (98LOU/SAW”

(73CLY/MCK™).

%), CH,F, circles
%), and squares

Number of H atoms in Fluoromethanes

FIG. 21. Normalized A factors (per H atom) (on a logarithmic scale) at high
temperatures as a function of the number of H atoms for the different reactants H, O,

OH, and F. A (cm® mol~" s7").
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We now discuss the systematic trends we have observed and
provide a basis for our claim that the rate expressions are self-
consistent.

8.2. Correlations for rate constant A factors

It was found that the relative A factors for abstractions by H and
O atoms for rate constants at high temperatures (1200-1800 K)
roughly scaled (within about 30%) with the number of hydrogens in
the molecule (reaction path degeneracy), while the relative A factors
for abstractions by OH and F changed upon fluorine substitution.
This included both A factors derived from our rate expressions and
from TSs derived from reliable ab initio quantum chemical calcu-
lations. The A factors, of course, should not scale exactly with the
number of hydrogens for a number of reasons: (a) TSs will move along
the reaction coordinates in a homologous series, changing the shapes
of the PESs; (b) the addition of heavy F atoms to replace light H atoms
will impact the enthalpic differences between the TS and the reactants;
and (c) the large electronegativity of additional F atoms will, of course,
change the nature of the TSs. Figure 21 shows the normalized A
factors (per H atom) at high temperatures for all of the H abstraction
reactions from the fluoromethanes by H, O, OH, and F. We see that
for abstraction by H and O, the normalized A factors are very nearly
independent of the degree of fluorination (within about 10%-20%).
This is less than the assigned uncertainties of f= (1.3-1.5) for the rate
constants. The independence of the normalized A factors is unsur-
prising since abstractions are simple reactions—bond breaking
concurrent with bond formation, relatively tight (closer) TSs, and
only slight changes expected in the structure and bond frequencies
involving spectator atoms (those not involved in the reaction). In
contrast, we see that the normalized A factors for H abstraction by OH
decrease by a factor of about (2.5-3) from CH, to CHF;, and the
opposite trend is observed for abstraction by F atoms, where the
normalized A factors increase by about a factor of (2.5-3) from CH,4 to
CHF,.

The deviations of the normalized A factors (per H atom) from
the linear correlations illustrated in Fig. 21 are about factors of 1.01,
1.12, 1.20, and 1.08 (1%, 12%, 20%, and 8%) for abstractions by H, O,
OH, and F. Thus, there is a high degree of correlation between the A
factors and the number of H (or F) atoms. Although these deviations
(10 +10)% are the optimized a posteriori derived factors, nevertheless,
they are significantly less than the assigned uncertainty factors that are
on the order of (40 + 20)%.

The absolute values of the normalized A factors for the series
of reactions CH, + (O, H, F) only differ by a small amount, about
(1.0 X 10'%,1.25 X 10", 1.5 X 10'*) cm® mol ' s, respectively, while
the A factor for CH, + OH is about (6-8) times less at about 1.5 X 10"
cm® mol ™ s7', suggesting a much tighter TS. The decrease in the nor-
malized A factor for abstractions by OH with fluorine substitution from
CH, to CHF; is a valid systematic trend since the rate constants for these
two reactions at high temperatures are relatively well-known (f= 1.3). The
change in the normalized A factors for these reactions with OH is likely a
consequence of several factors involving interaction between the elec-
tropositive O-H bond and the very electronegative C-F bonds in the TS.
The hindered rotor in the TS involving the OH with a barrier that will
depend upon the number of fluorine atoms in the molecules, and
consequently a factor of about 1/2R in the entropy or a factor of 1.65 in the
A factor, might be expected considering that the OH in the CH, + OH TS
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FIG. 22. Evans-Polanyi® plot of activation energy E, at high temperatures
(1200-1800 K) as a function of heat of reaction AH. The correlation is approx-
imately E, = 55.79 + 0.356 A,H. The barriers for H and F atoms are about (8-11) kJ
mol~" and (4-5) kJ mol~" higher, respectively, than the trend for O atoms and OH
radicals. The barrier for CHF5 + O — CF5 + OH is about 10 kJ mol~" higher than the
trend for other abstractions by O atoms. See discussion in text.

is significantly less constrained (essentially a free rotor) compared to the
OH in CHF; + OH, which is much more constrained (hindered rotor)
and closer to a vibration. In addition, both the magnitude and anhar-
monicity of the bending normal modes involving the OH bond will be
significantly impacted by the electrostatics of any O-H/C-F interactions.
The consequences of these factors are that the A factors do not scale
roughly with the number of hydrogens like for abstractions by H and O
atoms; instead, the ratios are about (1.0, 3.0, 4.3, 10.9), indicating that the
TSs become increasingly more constrained with fluorine substitution.

There is also an apparent increase in the normalized A factor for
the fluoromethanes + F abstractions upon fluorine substitution,
changing by about a factor of (2.5-3.0) from CH, to CHF;. This is a
consequence of the semi-ionic nature of this class of reactions
involving a highly electronegative F atom with molecules where the
charge distribution drastically changes depending upon the number
of fluorine substitutions. This is a complicated series of reactions.
They are very nearly barrierless reactions (see the references in Tables
21-24), and the temperature dependences of the rate constants are
due to the turning point for the reactions moving along the reaction
coordinate with temperature (energy), due to quantum dynamical
effects, and due to the semi-ionic nature of these reactions. The “TS”
for CHF; + F is earlier and looser (higher entropy), while that for
CH, + F is later and tighter (closer).

Such changes in the rate constants are to be expected because
of the large changes in the electronegativity of the central carbon
atom with fluorine substitution impacting the PES involving the
attacking highly electronegative F atom. A much different type of
barrier is to be expected for CHF; + F with a large positive charge
on the carbon atom, compared to that for CH, + F where there isa
substantial negative charge on the carbon atom. CHF; has a large
dipole moment (positive pointing toward the reaction site) along
the reaction coordinate due to the electronegative fluorine sub-
stitutions, and consequently, a long-range (loose) semi-ionic
interaction with the attacking electronegative F atom is avail-
able. In contrast, H atoms are electropositive, and the effective
dipole moment along the reaction coordinate for the CH, reaction
is pointing away from the reaction site. Somewhat equivalently,
the fluorine substitutions in CHF; make the central carbon atom
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highly electropositive, which makes the H atom being abstracted
less electropositive than in CH,, and consequently will have more
electron density to react with the attacking F atom (and a higher
rate constant).

8.3. Activation energies

In Fig. 22, we provide an Evans—Polanyi type relationship™
showing a correlation between the activation energy E, at high
temperatures (1200-1800 K) determined from the recommended
rate expressions and the experimental heats of reaction A, H. The
reactions involving F, OH, O, and H with the fluoromethanes
follow the relation E, = 55.79 + 0.356A.H (k] mol™) with an
expanded uncertainty factor f(20) of about 2.1 k] mol™" in the
barrier with a “correction” of —(8-11) kJ mol™* and -(4-5) kJ
mol ™! for H and F atoms, respectively. The uncertainty of about
2.1kJ mol ™" corresponds to uncertainties of only about (10-30)%,
or f=(1.1-1.3) in the rate constants at 1500 K, and well within our
assigned uncertainties for these reactions of about f = 1.4 + 0.2.
The barriers for abstraction by H and F atoms are likely higher
because of electronegativity effects. The other reactive species
(O atoms and OH radical) are electronegative, while H atoms are
more electropositive and F atoms are highly electronegative.
Consequently, the interaction between the attacking H and F
atoms and the H atom being abstracted will be less attractive
(more repulsive) than for the reaction involving O atoms and OH
radical. There is significant uncertainty in the barriers for ab-
straction by F atoms at high temperatures (which were derived
using correlations) since there are no experimental rate constants
for any of the fluoromethanes (and methane) above about 450 K.
Undoubtedly, there are some differences in the attractiveness of
the abstraction potentials for these electronegative species;
however, with uncertainties on the order of (2-5) k] mol™" and
over a large range of heats of reaction (about 100 kJ mol™'), any
effect is likely masked. There are undoubtedly competing factors
related to polarization of the reactant molecule and polarization
effects in the TS due to substitution of highly electronegative
fluorine atoms.

The barrier for CHF; + O — CF; + OH is about 10 kJ mol™
higher than the trend for other abstractions by O atoms. CHF; is a
special case—with three fluorine atoms withdrawing electrons, the
electron density on the carbon atom is small. This low electron density
on the carbon atom in CHF; is evident by considering the radical
product CF; in this reaction, which is nearly sp® hybridized with near
tetrahedral angles—we calculate (B3LYP/6-31G™) that it has a
principal moment of inertia of about 91.1 amu A compared to 90.0
amu A for CHF;. The combination of this electronegativity effect
with the triplet oxygen atom (biradical) likely affects the polarization
of electrons during the reaction.

Substitution of H atoms by F atoms in methane results in a
withdrawal of electron density from the carbon, thus lowering the
bond order in the remaining C-H bonds and making them weaker. In
general, lowering the C-H bond strength will decrease the activation
energy for the corresponding H abstraction. However, although the
withdrawal of electron density by fluorine weakens the remaining
C-H bonds, it also makes the starting molecule more polarized and
therefore less able to transfer electron density that would contribute to
the formation of a new bond in an abstraction reaction (i.e., in the TS).
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FIG. 23. Activation energies (open circles) for hydrogen abstraction by H, O, OH,
and F, and TS bond distances (filled circles) vs fluorine substitution in the
fluoromethane series. The lines are only to guide the eyes. Activation energies
are from this work and bond distances are from Matsugi and Shiina.”® The four
points for each curve are left-to-right for CH,, CH3F, CH,F5, and CHF 3, respectively.
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FIG. 24. Contribution of tunneling to the rate constants for CH4 + OH — CH3 + H,0.

This latter effect tends to increase the activation energy for ab-
straction. The first is a static effect in the reactant molecule, while the
latter is a dynamic effect in the TS.

In Fig. 23, we see the competition between these two effects
and see a correlation between the C-H bond distance in the TS and
the activation energy (which is correlated with bond strengths/
heats of reaction; see Fig. 22). Shorter C-H bonds indicate more
bond energy and thus a more stabilized lower-energy TS. The data
suggest that the bond weakening effect dominates for the first two
fluorine substitutions (CH, to CH3F to CH,F,) but that this is
overshadowed by electronic effects in the extremely polarized
CHF;. The activation energies in Fig. 23 are from our recom-
mended rate expressions at high temperatures (1200-1500 K),
while the C-H bond distances are from the ab initio calculations of
Matsugi and Shiina.”” They did not calculate abstraction by
fluorine, and consequently, those bond distances are not con-
tained in the figure.

8.4. Tunneling rates

These abstraction reactions involve H atom transfer, and con-
sequently, the rates of reaction at low temperatures are dominated by
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FIG. 25. Correlation between activation energies E, atlow temperatures (300 K) and
activation energies E, at high temperatures (1200-1800 K). £, (kJ mol™"). Black
squares are reactions involving H atoms, red dots are reactions involving O atoms,
blue triangles are reactions involving OH radicals, and green circles are reactions
involving F atoms. The activation energies were derived from our recommended rate
expressions.

quantum chemical tunneling. The tunneling rate is, to first order, a
function of the height of the barrier through which the H atom tunnels
(to second order, it is also a function of the width and asymmetry of
the barrier).

It is well beyond the subject of this chemical kinetic evaluation to
go into any detail on the subject of tunneling. There are many theories,
treatments, PESs, and computer programs utilized in this field in-
cluding variational transition state theory,”*" semiclassical TS the-
ory,”*** large curvature tunneling approximation,”*’ zero curvature
tunneling,”*® centrifugal dominant small curvature semiclassical
tunneling,””  multidimensional ~ tunneling,”’ *”*  Wigner
potentials,”” **> Eckart barriers,”’*”*”” unsymmetrical Eckart bar-
riers," ™ Polyrate,l"g‘w‘) and TheRate.”"’

A generic example of a potential energy curve and barrier was
shown in Fig. 1. Here, we present a complementary figure (Fig. 24) to
illustrate the contribution of tunneling to these types of H abstraction
reactions for the case of CHy + OH — CHj; + H,O. In this figure, the
solid curve is the total rate constant from our recommended rate
expression, while the dashed and dotted lines are the contributions
from the classical PES and from quantum chemical tunneling, re-
spectively. The classical rate is represented by a rate expression
considering an activated complex in TS theory,””"”"* which corre-
sponds to an extended Arrhenius expression with n = 1 that as-
ymptotes to the total rate constant at high temperatures. Here, we
derived the tunneling contribution by simply subtracting the classical
rate from the total rate. In Fig. 24, we see that the contribution of
tunneling extends over a wide temperature range, that the rate
constant is dominated by tunneling up to about 500 K, that it becomes
equal to the classical rate at about 800 K, that the tunneling rate
maximizes at about 1200 K, and that it does not finally drop to 10% of
the classical rate until above about 1600 K.

Figure 25 shows a strong correlation between E, at high
(1200 K-1800 K) and low temperatures (300 K). These were derived
from our recommended rate expressions. There should be a strong
correlation since it can be derived analytically from an extended
Arrhenius expression, E(Thigh) = Ea(Tiow) = 7R (Thigh — Tiow)> Where
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FIG. 26. Normalized (per H atom) rate constant k (cm> mol~" s™") at 300 K as a
function of activation energy E, (kJ mol™") for H abstractions in the fluoromethane
series. Correlation between rate constants with tunneling and activation energies at
high temperatures (1200-1800 K). The rates at 300 K and the activation energies at
high temperatures were derived from our recommended rate expressions.

Ris the gas constant and 7 is the temperature coefficient. For example,
using a high temperature of 1440 K (1/T average of 1200 K and 1800
K) and a low temperature of 300 K, one calculates the difference
between E, at high and low temperatures to be about #*9.5 kJ/mol
from this simple equation. Using the four data for OH abstractions in
Fig. 25, one calculates on the average E, (high) and E, (low) to be about
32.8kJ mol™* and 14.2 k] mol ™ or a difference of about 18.7 kJ mol .
Thus, n should be about 1.97, in excellent agreement with the roughly
(1.9-2.0) for OH abstractions in Fig. 27. Similarly, using the three
lowest data for abstractions by O (excluding CHF3), one calculates on
the average E, (high) and E, (low) to be about 56.6 kJ mol™ and
35.0 kJ mol™, respectively, or a difference of about 21.6 kJ mol L.
Thus, n should be about 2.27, in excellent agreement with the roughly
(2.3-2.4) in Fig. 27. The exact values here are not important—other
than to demonstrate that the activation energies E, at high and low
temperatures and the temperature coefficients n are all well-
correlated and thus are valid for use in our least-squares optimiza-
tion with additional constraints.

We find uncertainties in E, at low temperatures to be about
(3-4)% for reactions involving H and O atoms and about (6-8)% for
OH where the barriers are about half as much. From these data, we
estimate uncertainty factors of about f = (1.4-2.0) for these rate
constants, which are consistent with our assigned uncertainty factors
of about f= (1.2-2.3). Although barriers for H, O, and OH follow this
trend very well, those for F atoms do not. These reactions involving F
atoms have very low barriers, and the interactions are much less
covalent and much more ionic in nature and thus do not have similar
PESs to those for H, O, and OH.

A reaction with a large barrier will have much less tunneling.
This is illustrated in Fig. 26, which shows the reaction rates (entirely
due to tunneling) at low temperatures k(300 K) derived from our
recommended rate expressions, on a log;, scale, as a function of the
effective barrier E, at high temperatures. The values for k3p and E,
were all derived from our recommended rate expressions. The
tunneling rates k(300 K) were normalized to the number of H atoms
(reaction path degeneracy). These effective barriers were derived from
the recommended rate expressions for reaction of all of the fluoro-
methanes (and methane) with H, O, F, and OH over the range
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FIG. 27. The compensation effect correlation of the temperature coefficient n with
energy coefficient £ in expressions k = A T" exp(~E/RT) for H abstractions in the
fluoromethane series.

1200-1800 K. We see that abstraction by F atoms has the smallest
barriers (near 10 kJ mol™) and largest rate constants, while ab-
straction by H atoms has the largest barriers (near 65 kJ mol™) and
smallest rate constants. Abstraction by OH (near 30 kJ mol™) and by
O (near 60 kJ mol™!) have intermediate barriers and rate constants.

The correlation in Fig. 26 corresponds to (ksgo/nyy) =4.70 X 10"
exp(—0.306 E,), or the changes in the rate constants (per H atom) at
300 K scale as about 31% of the activation energies at high tem-
peratures (1200-1800 K).

The deviations of k3o from this correlation with E, are relatively
large—about a factor of f= 3.5. However, we found that if we applied a
correction of +(5-7) kJ mol™" to E, for the reactions involving CHF;
(an outlier, see Figs. 7, 22, and 23), the uncertainty factor for this
correlation was on the order of f = 2.0, not an unreasonable value
(consistent with our assigned uncertainties). On the other hand, this is
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actually a dependent correlation since there are relatively strong
correlations (see Sec. $ elsewhere) between the A factors, the number
of H atoms, the temperature coefficients #, and the activation energies
E, at high and low temperatures. Thus, the correlation between k3o
and E, at high temperatures should also be satisfactory. In any case,
Fig. 25 illustrates that there is a correlation between the rate constant
at low temperatures and the activation energy at high temperatures.

A consequence of the correlation between the enhanced rate
constant at low temperatures due to tunneling and the activation
energy at high temperatures means that there should also be a
correlation between the temperature coefficient #n and the activation
energy E,—this is shown in Fig. 27, where the temperature coefficient
n ranges from about 2.6 + 0.3 t0 2.4+ 0.2 t0 2.0 + 0.2 for H, O, and OH
reactions, respectively, or uncertainties in n of about (10 + 2)%. Note
that the temperature coefficient n for F atom reactions does not follow
this correlation because of compensation with the very low energy
coefficients E. Considering the compensation effect between n and E,,
we estimate expanded uncertainty factors f (20) of about f = 1.25 for
rate constants optimized utilizing the correlation shown in Fig. 27,
well within our assigned uncertainty factors of about f= 1.4 + 0.2.
Consequently, we can conclude that recommended values of n and E,
are fully self-consistent.

9. Summary

We have complied and critically evaluated rate constants from
the literature for abstraction of H from the fluoromethanes (CH;F,
CH,F,, CHF;) and methane (CH,) by the radicals H atom, O atom,
OH, and F atom. We provide about 350 determinations of rate
constants abstracted from the literature for these 16 reactions from
just over 200 references. Based on our evaluation, we provide self-
consistent recommended rate expressions for these reactions
over a wide range of temperatures (about 300-1800 K). We provide
expanded uncertainty factors f(20) for abstractions by H atoms, O

TABLE 26. Recommended rate expressions for H abstraction from the fluoromethanes by H, O, OH, and F. k(T) = A T" exp(~E/RT). k(T), temperature-dependent rate constant. A,
pre-exponential factor. n, temperature coefficient. E, energy coefficient. The expanded uncertainty factor f(20) is at high temperatures with the uncertainty factor at low temperatures
(300-500) K given in parentheses. kago is the rate constant at 300 K. Units: k (cm® mol™" s7), E (kJ mol™), T (K).

Reaction A n E f T log;o(k300)
CH, + H — CH; + H, 9.01 X 10° 241 + 0.31 3821 + 2.13 1.4(1.6) 300-1950 528
CH3;F + H — CH,F + H, 2.13 X 10° 2.56 + 0.42 31.98 + 2.34 1.5(1.8) 300-1800 6.11
CH,F, + H — CHF, + H, 829 X 10* 2.63 + 0.45 30.65 + 2.41 1.6(1.8) 300-1800 6.09
CHF, + H — CF, + H, 2.89 X 10* 2.95 + 0.28 38.61 + 2.28 1.1(2.0) 300-1800 4.05
CH, + O — CH; + OH 6.63 X 10° 2.16 £ 0.24 3142 + 191 1.18(1.5) 300-1800 6.70
CH3F + O — CH,F + OH 1.66 X 10° 2.28 +£0.39 26.34 + 2.44 1.4(2.0) 300-1800 7.28
CH,F, + O — CHF, + OH 4.10 X 10° 2.40 + 041 27.19 + 2.52 1.4(2.0) 300-1800 6.72
CHF; + O — CF; + OH 2.70 X 10* 2.65 + 0.58 42.17 + 3.52 1.7(2.3) 300-1800 3.65
CH, + OH — CH; + H,O 6.19 X 10° 2.23 + 0.09 9.84 + 1.54 1.12(1.05) 200-2025 9.62
CH,F + OH — CH,F + H,O 1.06 X 10° 2.04 + 026 570 + 1.93 1.5(1.22) 240-1800 10.08
CH,F, + OH — CHF, + H,0 3.29 X 10° 1.86 + 0.24 7.52 £ 1.90 1.5(1.17) 220-1800 9.82
CHF; + OH — CF; + H,O 1.20 X 10° 1.85 + 0.19 13.71 £ 1.78 1.3(1.22) 250-1800 8.27
CH, + F — CH, + HF 2.93 X 10" 091 + 0.21 079 + 1.51 1.35(1.23) 180-1800 13.58
CH3F + F — CH,F + HF 1.91 x 10 1.25 + 0.29 0.81 + 1.49 1.35(1.24) 180-1800 13.24
CH,F, + F — CHF, + HF 2.05 X 10 1.79 + 0.25 1.30 + 1.65 1.35(1.35) 180-1800 12.52
CHF; + F — CF; + HF 457 X 10* 2.77 £ 0.20 3.00 + 147 1.35(1.20) 180-1800 11.00
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atoms, OH radicals, and F atoms at higher temperatures (1200-1800
K) that range about (1.4-1.6), (1.2-1.5), (1.2-1.5), and (1.3-1.5),
respectively. Uncertainty factors for these reactions at lower tem-
peratures (300-500 K) are also provided—and are slightly lower (for
OH) or slightly higher (for H, O, and F atoms).

For a number of reactions, the reported rate constants in the
literature are available only over a limited temperature range, or there
are no reliable measurements. In these cases, we predicted the rate
constants and their temperature dependencies in a self-consistent
manner employing relative rates based on the rate constants and
expressions that are established for other reactions in the homologous
series. In these cases, we utilized empirical SARs correlating changes
in rate constants with characteristics of the reaction, used empirical
correlations between the rate constants at room temperature and the
activation energy at high temperatures, and also used relative rates
derived from ab initio quantum chemical calculations to guide (but
not force) the rate constant predictions. We found that the relative A
factors generally scaled with the reaction path degeneracies (number
of H atoms) with some systematic differences due to (a) changes in the
PESs from changes in polarizabilities due to substitution by the highly
electronegative F atoms and (b) changes from free-rotor to hindered-
rotor TSs for the reactions involving OH radicals. We also found that
there was a strong correlation between the activation energy E, at high
temperatures where the rate constants can be considered at the
classical limit and the activation energy E, at low temperatures where
the rate constants are dominated by quantum mechanical tunneling.

A summary of the evaluated rate constants that are recom-
mended in this study and the uncertainties in the parameters for these
reactions is provided in Table 26.

10. Notation Used

Notation Description

Acronyms

EPR Electron paramagnetic resonance
spectroscopy

ESR Electron spin resonance spectroscopy

FTIR Fourier transform infrared spectroscopy

GC Gas chromatography

IR Infrared spectroscopy

LIF Laser induced fluorescence

LMR Laser magnetic resonance spectroscopy

MS Mass spectrometry

MW Microwave excitation

uv Ultraviolet light

vuv Vacuum ultraviolet light

Abbreviations

abs absorption

chemilum chemiluminescence

detect detection

dischg discharge

ARTICLE scitation.org/journalljpr

(Continued.)

Notation Description

emiss emission spectroscopy

fast flow fast flow reactor

flame flame measurements

flow flow reactor

fluor fluorescence

fwd/rev rxn forward/reverse reaction

heat recomb heat of recombination

High T fit High-temperature fit

ignition ignition measurement

model complex chemical kinetic model
photodissoc photodissociation

photol photolysis

plasma excit plasma excitation

pulse photol pulse photolysis

Recommended Recommended value

Rel rate Relative rate

reson resonance

rev rxn reverse reaction

Review Evaluation based on literature review
shock shock tube measurement

static static reactor

stirred stirred reactor

thermal thermal reactor

ultrasonic ultrasonic chemical kinetic method

Theoretical methods

BEBO
Semi-empirical
TST

VTST

Bond energy bond order theory
Semi-empirical theoretical method
Transition state theory
Variational transition state theory

Quantum chemical methods

BAC-MP4
CBS-QB3

CBS-RAD
CC

CCSD
CVT

DFT

Eckart
G2

G2MP2
G3B3

MP2
MP4

BAC-MP4 quantum chemical theory

CBS-QB3 composite quantum chemical
method

CBS-RAD composite quantum chemical
method

Coupled cluster quantum chemical
theory

CC theory with single and double
excitations

Canonical variational transition state
theory

Density functional theory quantum
chemical methods

Eckart tunneling approximation

G2 composite quantum chemical
method

G2MP2 composite quantum chemical
method

G3B3 composite quantum chemical
method

MP2 quantum chemical theory

MP4 quantum chemical theory
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(Continued.)

Notation Description

PES Quantum chemical potential energy
surface

Quant Quantum chemical method

Quant dynamics Quantum dynamical method
SCT Small curvature tunneling approxima-
tion method

Wigner Wigner tunneling approximation
Quantum chemical basis sets

6-311 6-311 quantum chemical basis set
KKMLYP KKMLYP quantum chemical basis set
pVQZ pVQZ quantum chemical basis set
pVTZ pVTZ quantum chemical basis set

11. Supplementary Material

See the supplementary material for __. all the tables in the paper
in Excel format.

12. Data Availability

The data that support the findings of this study are available
within the article.
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