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Abstracts

In this work, mpiled and evaluated rate expressions for reactions relevant to the
decomposiion and combustion of CH,F, (difluoromethane, refrigerant R-32) in CH,F,/0,/N, flames.
The rec alues have been used in premixed flame calculations, reported elsewhere, to

model expilmen!ally-derived burning velocities determined using a constant volume spherical
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flame method. In this work, we also provide a detailed description of the reaction pathways for
decomposition and combustion of CH,F,. This work is part of a larger effort at NIST to characterize

and preWmability of new refrigerant working fluids and their blends for consideration as

replacemem\t refrigerants with high global warming potentials (GWPs).

Introduction

Current rew are generally halogenated and many have high global warming potentials
r

(GWPs), a heir long tropospheric lifetimes and high radiative efficiencies.[1-5] There are
new refrigerants with lower GWPs, but their shorter tropospheric lifetimes (because of fewer
halogens) c the expense of increased flammability (because of more hydrogens), which is a
safety issu@ Working fluids that best balance equipment needs, efficiency, safety, and GWP

be mixtures, with each component having a different flammability. Optimization

requires inViestig g the flammability behavior of a daunting variety of possible formulations over
el loadings and humidity conditions that may be encountered in real-world
situations. ntext, there is an interest in the development of reliable predictive models of
flammaji o guide research and regulatory needs. The present work considering CH,F, (R-32)
represents part of a larger effort at NIST to characterize and predict the flammability of a range of

refrigerantSorking fluids and their blends[6]: several fluoromethanes: CHsF, CH,F,, CHF; (R-41, R-32,

R-23) several fluoroethanes: fluoroethane, 1,1-difluoroethane, 1,1,2-trifluoroethane, 1,1,1-

trifluoroet @ 1,2-tetrafluoroethane, pentafluoroethane (R-161, R-152a, R-143, R-143a, R-

134a, R-125), several fluoropropenes: 2,3,3,3-tetrafluoropropene, 1,3,3,3-tetrafluoropropene,

2,3,3,3—tet§fluoropropene: (R-1234yf, R-1234ze, R-1243zf), and their mixtures.

-

In the present papi, we focus on the development of a reliable and fundamentally sound detailed
description of the Leaction pathways for the decomposition and combustion of CH,F,

(difluor e, refrigerant R-32) in CH,F,/0,/N, flames. The required mechanism was assembled
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on the basis of the available literature, and rate expressions have been compiled from the literature,
estimated, and/or computed with quantum chemical methods/transition state theory. Available rate
constanWhen been critically evaluated. The present work presents a broad overview and
discussion reaction pathways that occur as CH,F, is burned in flames yielding CO,, HF, and
other prod&cent companion work,[7] two of the present authors have considered in
detail aminmpentamtssubset of reactions, H abstractions from the fluoromethanes by the flame
radicals H,Wd F, and have evaluated rate constants for the complete homologous series of

(fluoro)mewm, CHsF, CH,F,, CHF3, CF,. We will later summarize some findings from that

work, but t r is referred to the published review for more details of those reactions. We also

have a comaper that validates this model against experimental burning velocities.[8]

The mecha;j recommended rate expressions developed in the present work were used in
calculationg§fof freely-propagating premixed flames to model experimental burning velocities derived
using a co ume spherical flame method. The burning velocity experiments and the
protocols f W odeling are described elsewhere,[8] but that work does not provide a detailed

discussion offth emistry and kinetics — that is done here. Our modeling accurately predicted

(within o) the burning velocities for R-32/0,/N, mixtures over a wide range of conditions:
oxygen load] 21 to 40) %, pressures of P=(1 to 3) bar, initial unburned gas temperatures of
T.=(29 , and equivalence ratios of ¢=(0.8 to 1.3).[8-11] The good agreement of

predictions from the model with experimental burning velocities provides strong validation of the

kinetics mL

O

This paper into 4 main sections. The first section provides a general overview of the
mecha hways for the destruction and combustion of CH,F, in CH,F,/O,/N, flames. The
second Mides a more detailed description of the reaction pathways. We would like to

emphasize present work focuses on the evaluation of rate constants used in the

mechanis plete description of the mechanism based on experimental determinations and
modeling o g velocities along with a detailed reaction pathway analysis can be found in our
experim lidation work.[8] The third section then provides an evaluation and selection of
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preferred values for rate constants for the reactions in the mechanism. The final section presents a
table with the reactions and rate expressions used in the mechanism. Although the full mechanism

is given Wrting information in Chemkin format,[12] the present work is focused on and
discusses o ub-mechanism and rate expressions for the fluorinated species specific to CH,F,.
Details of t anisms involving hydrogen/oxygen and carbon/hydrogen/oxygen species and

reactions cammbesfeund elsewhere. [13-15]

Overviewgof, mical Kinetic Mechanism

SCr

Our prese s the development of a physically reasonable and quantitatively predictive

detailed ki el of the chemistry that leads to the destruction and combustion of

nu

difluorom in, CH,F,/0,/N, flames. As noted earlier, the kinetic mechanism has been tested in

a flame m at describes propagation (i.e. burning velocity) of an existing flame through a

a

guiescent ous fuel mixture having a defined composition (equivalence ratio) and particular
initial p temperature conditions. The flame kinetics model necessarily includes species
transport prope , thus allowing radicals in the existing flame to diffuse into the adjacent

unburn i@n and initiate the chemistry that ignites that region. The transport properties (see
supplementary material) were taken from a number of sources, augmented with our estimations by
analogy. [1S%0| In our spherically expanding flame experiments that were used to validate the

kinetics modeimtiae gas is ignited with a spark in the center of the vessel. The kinetic model here

should wo @ ately for all cases for burning R-32. It is a limited model, however, that will not be

sufficient f here R-32 is doped into hydrocarbon flames — many additional reactions would
then be ne:ed.

The present mec;;ism is developed for the case where CH,F, is the fuel. We are developing a

larger kinetics m@@e| with additional reactions that are needed to describe the combustion of other

hydrofi@ocar

on (HFC) fuels and HFC-doped hydrocarbon flames.[21] The chemistry involves
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reactions of species containing carbon, hydrogen, oxygen, and fluorine. By analogy to methane
combustion, one expects little formation of species larger than C, under conditions of current
interestMg the necessary reactions. For the non-fluorinated species, the base mechanism
is simply th thane combustion, which is well-studied. In developing our model, we therefore
held fixed & and rate constants for hydrogen/oxygen and carbon/hydrogen/oxygen
species@ndmtineseswere taken from the established literature.[13-15]. This H/O and C/H/O chemistry

is not disc e present article.

CE

To this rel [l-known C/H/O chemistry, it is necessary to add a fluorocarbon sub-mechanism

S

that descri h&breakdown of the fluorinated components. Fortunately, considerable previous

work [16, the combustion of fluorinated hydrocarbon systems has established most

U

relevant ¢ at the qualitative level. For instance, one expects unimolecular decomposition of

the fuel to@e important, as well as radical reactions involving the fuel and major active flame

£

radicals su SOH, O, and F.[7] The intermediate fluorocarbon species created by the initial

reactions go processes analogous to those of the starting fuel, as well as recombination,

d

disproportiofia , and reaction with O,. On this basis, and following the previous literature, the
fluoroc ub-mechanism was constructed, and initial rate constants assigned. The kinetics

model was ed and validated in an iterative process that is described in detail in our

I\

validati In short, premixed flame calculations were carried out with the Cantera

software.[45] The most important reactions were determined by calculating the dependence of the

I

computed i elocities on the rate constants and by carrying out a reaction path analysis using
the NIST X raphics post-processor.[46] Rate constants for the key reactions so-determined

were then evaluated as described subsequently and adjusted within their assigned

G

uncertainti imize the kinetics model to experimental burning velocity data. As part of this

n

researc entioned previously, we have published another evaluation paper for H atom

abstrac

L

e fluoromethanes[7] and a validation paper for the kinetics model.[8] Most of

the evalua onstants presented herein have been derived on the basis of literature data

U

independe model validation work. Any adjustments subsequently made during our

validation are noted in the discussions of the individual reactions and in the table of

A
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recommended values provided near the end of the paper. The final kinetics model in Chemkin

format is available in the supporting information.

T

Concurren ocess, we compiled and updated thermodynamic properties for the

P

fluorinatedespeeiess A summary of this information is provided in Table 1, which shows enthalpies of

formation, s, and heat capacities at standard state. Expanded standard uncertainties U for

enthalpies gffo ion are also provided at the 95 % confidence level (2c). The expanded standard

GF

uncertainti came from the source cited, or in some cases were assigned by us (Type B

uncertaintigff4ZPWost of the enthalpies of formation were derived from ab initio calculations by

S

Ganyecz et or from the Active Thermochemical Tables approach by Ruscic and

coworkers. a discussion of systematic uncertainties in the enthalpies of formation for the

u

fluorinated rbons, see the work at NIST by Paulechka and Kazakov.[50, 51] Thermodynamic
polynomial§’are provided in Supplementary Information (which includes references for the entropies

and heat ¢

an

In addi Ifiers for species and reaction in this model are provided in the Appendix.

M

The organization of the rest of the paper is as follows. First, in Section 2, we present in Figures 1, 2,

[

and 3 only jer reactions and characteristic species in the mechanism that control burning

velocities a mbustion pathways. Next, in Section 3, we identify all of the reactions that form
and destro
burning ve d whether or not the species and reactions are important, secondary, minor, or
negligimg that, in Section 4, we evaluate the rate constants for all of these reactions

(again,
negligible).min Section 5, we present rate expressions for all of these reactions. We

emphasize

e species in the mechanism (whether or not the species and reactions control

3

L

ot they control burning velocities or are important, secondary, minor, or

present work describes reaction pathways in CH,F, combustion and the

uation of physically-reasonable rate constants for the considered reactions on

rimental and theoretical data from the literature, sometimes as augmented by our
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own computations and optimization work. Uncertainties ranges are given in all cases. For more

details regarding the development, validation, and optimization of this kinetics model, including a

more dWion pathway analysis, see our companion paper.[8]

P

As summmanizedsimfigure 1 and Figure 2, our reaction path analysis shows that the decomposition

and combWHze in a propagating flame proceeds through two primary pathways whose

relative imp@tta is different in the pre-flame initiation and flame combustion zones. Other

fluorinate rbon reactions play minor roles but contribute less than 5 % to the computed

burning vemver the conditions studied. Per previous discussion, note that this analysis does
C

not include s of pure hydrocarbons (C/H), oxidized hydrocarbons (C/H/O), or species that

contain on!y EyErSen—oxygen (H/0) or hydrogen-oxygen-fluorine (H/O/F).

In Figure 1;perature), the very important CHF species is created by CH,F,+ OH — CHF, +

H,O follow, product CHF, destruction via CHF, + H — CHF + CHF. Then, CHFO is created
through the ant reaction CHF + O, — CHFO + O producing the “initial” radical O atom that
starts t mistry with the CHF, created through H atom abstraction from CH,F, by recycled OH
radicals. OH_isgi rtant because it is recycled through a two-step reaction, and contributes
signific al chain propagation: CH,F, + OH — CHF, + H,O followed by CHF, + O, —

CF,0 + OH. Overall, this relatively quick two-step reaction can be written as CH,F, + O, — CF,0 +
H,O0, thus hg the starting fuel to a fluorinated oxidized closed-shell intermediate and

forming w h is a final thermodynamically favorable end-product. The OH radicals driving
this chemi from the radical initiation and chain branching steps CHF + O, — CHFO + O
followed b — 2 OH. The reaction HO, + O — OH + O, is also important. The creation and
destrucﬂHFO and HO, (both species have a maximum here) are indicators of this low

temperMon zone where O atoms are produced (see Figure 3). We note that radicals in
the initiatiBstry are also produced as a consequence of diffusion of H atoms from the flame

<

zone.
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In Figure 2, the CHF, at high temperatures in the combustion zone is created through H atom
abstraction from CH,F, by flame radicals, CH,F, + X — CHF, + HX (X = H, O, OH, F). There are two
sub-zontion where there is exponential radical growth at about 1400 to 1700 K and a
flame zone t 1700 K to 1900 K at initial conditions: air (21 % O,), P =1 bar, and T, = 298 K.
The tempe&s vary somewhat with conditions, because temperatures in the flame zone

are higher fomhigher O, loadings, pressures, and initial temperatures.

Cr

The two su are clearly evident in Figure 3 where we present concentration profiles for the

reactant CH§F, he important HFC intermediates CHFO and CHF, along with the H/O flame

S

radicals H d®@H. The concentration profile of HO, is bimodal with the first maximum an

indicator of the IMiiation zone and the second maximum an indicator of the flame zone. Concurrent

1

with the bi O, profile is CHFO, an indicator of the initiation zone, and CHF,, an indicator of

the expondftial radical growth and flame zones. We note that the concentration profile for CHF is

f

not illustra s figure, but CHF is an important intermediate between CH,F, and CHFO in the

initiation z formed slowly from CH,F, and then destroyed quickly to form CHFO. The

a

reaction seqlie ere is: CH,F, + OH — CHF, + H,O plus CHF, + H — CHF + HF (two slow rate

ollowed by CHF + O, = CHFO + O (relatively fast). Concurrent with the second

determ

HO, phase is ion of CHF,, which is produced during the exponential radical growth phase —

M

this ph ed in Figure 3 by the exponential growth of the flame radical OH.

The chemi e high temperature combustion pathway is much different than the low

Qr

temperatu onsisting of irreversible reactions with no recycling of hydrogen/oxygen species —

itis all “do CO,. As discussed above, the creation and destruction of CHF, along with the

N

second ilesare indicators of this pathway. In addition, CH,F, also begins to decompose via

unimol position: CH,F, + M — CHF + HF + M. The destruction of CH,F, via abstraction

t

reactions adicals (CH,F, + X — CHF, + HX) leads to the formation of CF,0, while the

U

destructiongyi olecular decomposition leads to the formation of CHFO; both leading to the

products CO en CO,.

A
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The relative importance of each abstraction channel (X = H, O, OH, F) varies with conditions (O,
concentration, pressure, temperature, and equivalence ratio). Because flames of fluorinated fuels

are hydwelative to hydrocarbon flames, F atoms are prevalent in the combustion zone
(comparabl centration to H atoms). These F atoms are produced by the reactions CFO + M —
CO+F+M < H,0 + F. The former channel is the largest source of F and is irreversible

becausamfishestheesmodynamics. In contrast, the latter channel is highly reversible and nearly

3

equilibrate@gitis the primary reaction controlling F atom concentrations.

As discuss the kinetics model was developed and validated in an iterative process that is

SC

described i tdiPin our validation paper.[8] The most important reactions were determined by

determining the endence of the computed burning velocities on the rate constants. A number of

U

the rate co were adjusted within their assigned uncertainties to optimize the kinetics model

to experi tal burning velocity data. Our reaction path analysis (see Figure 4) indicates that the

n

two most i HFC reactions controlling burning velocities are the unimolecular decomposition

CH,F, + M HF + M and the subsequent radical initiation step CHF + O, — CHFO + O. For the

first reactio

a

+ M — CHF + HF + M, the change in the computed burning velocity S, with rate

consta in AS,'/Ak', where AS,” = AS./S,and Ak’ = Ak/k, is relatively insensitive to
equivalenc ®Increases are on the order of +20 % to +25 % at low (0.8) to high (1.3) equivalence
ratios, . For the second reaction CHF + O, — CHFO + O, AS,'/Ak' changes significantly

increasing on the order of about +5 % to about +15 % at low and high equivalence ratios,

@

equivalence With AS,'/Ak' increasing about +5%. The other two of these reactions actually

I

respectivel magnitudes are illustrated in Figure 4. There are three other HFC reactions that

contribute es to burning velocities. CHF, + O, — CF,0 + OH is largely insensitive to

inhibit fla propagation. For CH,F, + H — CHF, + H,, flame speeds decrease with AS,'/Ak' about -5

£

% and CHF — C,HF + HF flame speeds decrease with AS,'/Ak' changing from about 0

{

% to abo ow to high equivalence ratios, respectively. The first reaction CH,F, + H — CHF, +

H, inhibits flame pagation, because it reduces H atom (and OH and HO, radical) concentrations

U

which are i t for flame propagation. The latter reaction CHF + CHF — C,HF + HF (where we

assigned r limit estimated rate constant) is a termination step. All of these changes in flame

A
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speed quoted here are rough values and do change somewhat with conditions (O, loadings,

pressures, and initial temperatures).

{

P

Overall, thé @ ry of reaction consumes CH,F, and O, leading to the generation and recycling of
0] atomiarmdicals and flame propagation through the key hydrofluorocarbon intermediates
CHF and Clsz. This chemistry is discussed in more detail now.

C

The two prigma struction pathways for CH,F, are 1) the unimolecular elimination of HF to form

S

CHF and 2) ction from difluoromethane by flame radicals to form CHF,

1) CH,F, + +HF+M

U

2) CH,F, + X — CHF, + HX (X=H, O, OH, F)

q

The relati rtance of the two paths varies significantly with conditions: the rate of

unimole elimination is close to the high-pressure limit at the lower temperatures of the pre-

V]

flame zone, but is in the fall-off regime in the combustion zone, making this pathway somewhat

dependentgen the system pressure and temperature. Complicated behavior is similarly found for

I

the bimole traction pathways, for which rates strongly depend on radical concentrations,

and theref substantially with temperature and the stage of combustion. The first pathway,

unimolecular@@€dmposition (and subsequent reactions), largely drives the chemistry in the lower

temperatufe pre-flame zone where radical concentrations are relatively low. This chemistry drives

n

ignition s burning velocities, while the abstraction pathways (and subsequent reactions)

{

complete the combustion once the flame is established and have little direct impact on burning

velocities. Radicalfgoncentrations progressively build throughout the lower temperature pre-flame

L

zone duet propagation and branching. Eventually, radical-based decomposition of CH,F,

become titive with unimolecular decomposition at a point that varies with the temperature,

A
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pressure, and mixture composition. Note that unimolecular decomposition of CH,F, is important in

both the pre-flame and flame zones.

Our simuHa ons show that there are two reaction pathways in the pre-flame zone that significantly

city. The first, and most important, is initiated by the unimolecular

o, and the second involves H abstraction from CH,F, by OH radicals. These
. oy . - _ . . . ey

initial stepgare followed by the reaction of the intermediate decomposition products CHF and CHF,,
respectiveh‘xe reactant O,, producing the important flame radicals O and OH, respectively

(which confiribute 6 radical chain branching and flame initiation).

CHw CHF + HF + M
CH3 CHFO+0
and

CH%; + OH — CHF, + H,0

C CF,0 + OH

Note that H abstraction from CH,F, by H atoms is important in the pre-flame zone. As noted above,
it actually burning velocities due to consumption of H atoms, which otherwise would

contrib ain branching. The latter reaction between CHF, and O, is a radical combination

Ma

followed by an isomerization (termed QOOH chemistry: R* + 0, — ROO* — *QOOH) followed by

beta scissigm of OH. It is highly exothermic, essentially proceeding with no barrier.

f

O

The reaction e are the most sensitive reactions controlling burning velocity in this system. The

set of reacfllon pathways involving fluorinated hydrocarbons responsible for radical initiation and

hn

propag described as:

N
<+

— CHF + HF + M (initiation of chemistry)

— CHFO+0 (first radical)

(0] — CHF, + OH (initiation of OH)

At
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CHF, + 0O, — CF,0 + OH (production of OH, first step in chain cycle)

CHin +0OH — CHF,+H,0 (destruction of OH, second step in chain cycle)

As previous, , the flame model includes species transport properties, thus allowing radicals in
the existin@ﬁuse into the adjacent unburned gas region and initiate the flame chemistry.
Burningmve loeitiessim this flame are most sensitive to the first two fluorinated hydrocarbon reactions
ast three reactions have much lower sensitivities because their rates are

shown abo

sufficiently@t they are not rate determining. Nonetheless, they are important to complete

E

the chemis ‘oducts. The last two steps are involved in recycling the radical OH and are

responsibl ting the build-up of radicals in the pre-flame zone along with the H/O chemistry.

Overall, the'®@Wo $teps add up to
CH,F, + O — CF,0 + H,0

while recyﬂadicals (through H/O chemistry involving H, O, OH, HO,) and contributing to H,
O, and OH opagation.

(O

Althou unimolecular decomposition step has a larger impact on flame speeds compared to
other reacti a factor of two or more), the subsequent reaction CHF + O, — CHFO+ O is a
necess nt of the process in that it is the primary radical initiation step in this system

(forming O atoms) and is the primary pathway for the destruction of O,.

abstraction pathways, of limited importance in the pre-flame zone, play an increasingly larger role.
E CHF, + HX (X=H, O, OH, F)

followed b

CH CF,0 +OH

As prevﬁ, the importance of each abstraction channel varies with conditions.
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The initial decomposition of CH,F, produces the important intermediates CHF and CHF, which react

with O, re! !lng In CHFO and CF,0, respectively. These short-lived species are converted to

final comb cts CO and CO, and to HF via:

|
C +M—>CO+HF+M

CF CFO + HF

CFO+M—>CO+F+M

co CO,+H

U

All other c (involving fluorinated species) is secondary to controlling flame velocities. We

1

note that t other reactions of secondary importance, but necessary, because they provide

paths to c ombustion. All of the reactions included in the kinetics mechanism are described

below in Se@i eaction Pathways Description.

Ma

In sum n our reaction path analysis, we find there are two (quasi-sequential) regions

for the destruction and combustion of CH,F, in CH,F,/0,/N, flames: a pre-flame initiation zone and a

flame com one. These are illustrated in Figures 1, 2, and 3, and described in detail above.

[

O

Reaction Pathways Description

f

{

In the previous sedtjon, we provided an overview of the mechanism. This present section provides a

U

more detailed lookat the formation and destruction pathways of specific intermediates in the

conversi actants (CH,F,, O,) to products (CO,, CO, H,0, HF). The overall reaction pathways

A
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are shown in Figure 1 and Figure 2 and are discussed above for low temperature initiation chemistry

and high temperature flame chemistry, respectively.

e
CH,F, Q

In the cc?m stion zone, the most important destruction pathway of CH,F, is unimolecular
decomposi . der stoichiometric and rich conditions, this pathway contributes about 40 % to
destructio‘of CHZ’, while under lean conditions this is reduced to about 25 %. (Note these values
are integrated total destruction, not changes in flame speeds with changes in rate constants,
AS,'/AK' a ityidiscussed above). These values vary with oxygen loadings, pressures, and T,..
The balanc estruction occurs via H abstractions by H, O, OH, and F. Under lean conditions
(high relative ox ), the abstraction reactions by OH and O each contribute about (20 to 40) %

more to dmion than does the unimolecular decomposition pathway. Note that these

percentag gh values that change with conditions. Also note that although these reactions
lead to co mbustion, they do not control the burning velocities (i.e., AS,'/Ak'). The burning
velocities ily determined by reactions in the pre-flame zone, where the unimolecular
decompesiii ,F,, the reaction of CHF with O,, and H abstraction by H atom are most

important.

2F2+M — CHF + HF + M
s CH,F, + X — CHF, + HX (X = H, O, OH, F)

CHF

O

Unimolecular decomposition of CH,F, creates about 70 % of CHF in the flame, largely independent of

q

the equivalence ratio. The major secondary source is reaction of CHF, with H atoms. Destruction of

t

CHF viare ith O, accounts for about (55 to 70) % of the respective total loss under rich to

lean conditions, reSpectively. Again, note that these percentages are rough values that change with

L

conditions (as willell others quoted subsequently). Secondary loss is mainly through reactions with

A
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O and H atoms. Note that the reaction with O, dominates destruction of CHF in the pre-flame zone

where burning velocities are controlled.

FormedHF2 +M — CHF + HF + M

» + H — CHF + HF

P

Destroyed @ik + O, — CHFO + O

+0 — CO+HF

(@]

+H— CH+HF

+H— CF+H,

USerl

0

The primanyf pathway for the destruction of O, is reaction with CHF and with H. In rich flames, these

£

two chann ughly equal (35 to 40) %, while in lean flames the O, + H — OH + O channel is

about twicg't the CHF + O, — CHFO + O channel — about 45 % compared to 20 %, respectively.

d

Note that thé C O, pathway is very important, not only for overall combustion, but especially in
the pre- tage that controls burning velocities. Secondary channels for destruction of O, are its

reaction wj 5 and its reaction with H to form HO,.

\1)

Destroyed: CHF+0, —>CHFO+0

H—OH+O

4

2+02—)CF20+OH

Q

2+H—>H02

th

CHF,

CHF, is formed priarily via abstraction of H from CH,F, by active radicals in the system, a mix of H,

3

O, OH, and F. Abstghctions by O and OH dominate under lean conditions (~70 %), while the reactions

with H 8B ome increasingly important under stoichiometric and rich conditions. Destruction
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of CHF, is primarily via the quick reactions with H, O, and OH radicals at high temperatures.
Although reaction of CHF, with O, makes only a small contribution to the flux of CH,F,, this is an

importawt low temperatures that impacts burning velocities because of its role in the

pre-flame r ee Figures 1 and 3 which illustrate this). The combination of CHF, radicals is of
minor imp

Formed:- s_CHZF2 + X — CHF, + HX (X=H, O, OH, F)
Destroyed: F, + 0O, — CF,0 + OH (pre-flame)

dﬁH — CHF + HF (flame)

CHE, + O — CF,0+H (flame)

» + OH — CHFO + HF (flame)

2+ CHF, — CHFCF, + HF  (flame)

dNuUs

CHFO

CHFO is fo m the initial CH,F, decomposition intermediates CHF and CHF, and then

destroy y via unimolecular decomposition — leading to CHFO being present in near steady

M

state concentrations (destroyed as fast as it is formed).

1

Formed: +0, > CHFO+0
,+ OH — CHFO + HF
Destroyed: FO+M—>CO+HF+M

th

CF,0

L

CF,0 is formed frofin CHF, via reaction with O and O, (about 75 % and 25 %, respectively). Itis

destroyed prim (85 to 90) % via reaction with H atoms and secondarily through unimolecular

A
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decomposition. Its reaction with H,0 was found to be negligible using the rate expression of

Zachariah et al. [53, 54]

Formed: I EHFZ +0—>CF,0+H

&02 — CF,0 + OH

Destroyed :mmmm@iz0 + H — CFO + HF

g)_)cmw

USC

CFO
CFO is pri i ed (70 to 75) % through decomposition of CF,O by F abstraction by H atoms,
and secon i@lunimolecular decomposition of CF,0 as well as the reaction of the CF radical with
the reacta is primarily destroyed quickly via unimolecular decomposition (85 to 90) % and
secondarilyi tion with O and OH radicals.
Formed: ®J+H—>CFO+HF

CF+0,—CFO+0
Destroyed: +M—>CO+F+M

\

+0—CO,+F

CFO + OH — CO, + HF

[

O

are final products in combustion with CO being a product under incomplete combustion
(not fully converted to CO, due to insufficient oxygen). The primary pathway for formation of CO is
from the uffimolecular decomposition of CFO; the contribution of this pathway varies from about 75

% (lean) to 50 % (righ). Secondary reactions producing CO are the unimolecular decomposition of

U]

HCO and reaction between CHF and O atoms. The primary destruction pathway for CO is, of course,

its reacti OH to form CO,.

A
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Formed: CFO+M—>CO+F+M

HCO+M —>CO+H+M

]

F+0 — CO+HF

Destroyed: OH—CO,+H

1%

There are a few other species of secondary importance that have little-to-no impact on burning

velocities, But

C:

are necess vide a complete path for combustion.

Uus

CF,

The two pr ctions contributing to the formation of CF, are CHF, + Fand CF,0 + H. A

)

secondary CF + HF. The CF,0 + H channel becomes more important under rich conditions.

CF, is the daiic stroyed via reaction with both O and OH radicals.

a

Forme CHF, + F — CF, + HF

F20+H—>CF2+OH

M

CF+HF —>CF,+H
Destroyed: +0—>CFO+F

+0OH — CF,0 +H

els

CF

th

CF is primafily formed from CHF + H, this reaction being near equilibrium. It is destroyed quickly

mainly via reactioMwith O,, which contributes between 50 % and 70% under rich and lean

Ul

conditions, respectively. Secondary reactions destroying CF are its reactions with O and OH radicals.

Formed® CHF+H —>CF+H,
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Destroyed: CF+0,—>CFO+0

CF+0— CO+F

{

+OH — CO + HF

CH,0 ™

rip

InterestinglygCHsQ in this CH,F,/0, flame is primarily formed (85 %) from the reaction of CHF with

C

H,O and is troy€d via H abstractions by the radicals H, O, and OH. Although CH,0 is an important
species dur, ustion (leads quickly to HCO, CO, then CO,) and this reaction is the primary

reaction fo gdH,0, this reaction does not contribute at all to changes in burning velocities.

Formed: CHEF + H,0 — CH,0 + HF

LS

Destroyed: O+ X—HCO+HX(X=H, O, OH)

N

C,HF

C,HF (fl is formed following the self-recombination of CHF to form a chemically-

activated diflu hene that then decomposes by eliminating HF. It is then quickly destroyed via

Ma

reactio

S.

Formed: s CHF + CHF — C,HF + HF

Destroyed: HF + H— CH, + F

(Z)-cH FCH!
CHF (1,2-dif

(Z)-CHF ifluoroethene) is formed via insertion of CHF into a C—H bond in the reactant CH,F,

forming a m-activated fluorinated ethane which then decomposes eliminating HF. (Z)-

CHFCHF is kly destroyed through reaction of O atoms.

Formed; CH,F, + CHF — (Z)-CHFCHF + HF
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Destroyed:  (Z)-CHFCHF + O — CH,F + CFO

{

Rea es Evaluation
H I
In this sectj esent the reaction rate expressions that we have employed and discuss their

sources. R@actiongnthalpies quoted in the evaluations refer to standard state values at 298.15 K. In

G

general, rat ssions were chosen through an iterative process that consisted of a compilation

and evalualionfof &perimental and computed rate constants from the literature, with extension via

S

our own quantum chemical calculations (G3B3)[55] of transition state structures and energies.

Where necessary, RRKM/Master Equation modeling using the program ChemRate [56] was

1]

employed. For discussions of RRKM reaction rate theory see articles by Marcus and others. [57] [58]

[59] [60] [6] Rate expressions obtained on this basis were then used in simulations of premixed

1

flames where, through use of reaction path analysis, the kinetics model was refined (reactions

]

limits to achieve best agreement between the experimentally-derived and computed burning

and a few important rate expressions were adjusted within their uncertainty

velocities wide range of experimental conditions: oxygen mole fractions of (21 to 40) %, total

pressure 0 3 bar), unburned gas temperatures T, = (298 to 400) K, and equivalence ratios ¢ =

M

(0.8t01.3).

[

We first dis @ individual rate expressions, followed by table of rate expressions for the
reactions. tion is organized as follows. We begin with an overview of the
hydrogen/@xygen/carbon chemistry utilized in this work, then describe the

hydrog uorine chemistry, and finally the fluorinated hydrocarbon chemistry in the order

I

CH,F,, C F,, CF, CF,0, CHFO and CFO. Unless otherwise noted, reaction energetics pertain

to ground state spgcies.

U

A
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Please note that throughout this paper, we refer to uncertainty factors (f) for rate constants, a
standard parameter in chemical kinetics. For example, f = 2 is an uncertainty of a factor two (i.e. k is

betweeWk). Generally, we consider our assigned uncertainty factors f to be at the 95 %

confidenceQ

Hy ns and Oxidized Hydrocarbons

For the hy e@axygen, hydrocarbon, and oxidized hydrocarbon chemistry, we have largely used

1

the rate ex iaffs from GRI-Mech 3.0 [13], except for the rate expression for H+O,(+M) — HO,

G

(+M), wher ameters from JetSurf 2.0 [14] were used and judged to provide a better

S

description Il-off behavior under lean conditions. Under our conditions, the JetSurf 2.0

formulatio d burning velocities that were nearly identical to those obtained using the

U

various rat sions recommended by Dryer and coworkers [15], Konnov and coworkers [62],

and Frenkl orkers [63].

an

Hy xygen/Fluorine Species

HF is formed vi alf a dozen or so reactions and is then destroyed primarily through its reversible

\

reactio form water and F atoms. This results in an approach to equilibrium for HF + OH

< H,0 + F, particularly at higher temperatures and in the later stages of combustion. In the

]

combustio i F atom concentrations typically reach a steady state where production
processes ith the rapid reaction of F with the CH,F, fuel, a reaction that is a major source

of HF. Int pleted post-combustion gases, decomposition of CFO to CO + F is an important

3

direct sour hereas the primary sink of F is the reversible reaction with H,0. The

q

concen cales inversely with the availability of hydrogen under the conditions considered.

Key pro ning the kinetics and determining the fluorine reservoir species under specific

{

conditions eactions of F and HF with hydrogen-oxygen species. Our rate expressions for

U

reactions i i and HF with hydrogen-oxygen species are our fits to experimental data from
the literatur often involve extrapolations from results obtained at lower temperatures. All

of ther below (H,0, H,, OH, HO,) + F contribute to the reaction flux.

A
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H,0 + F — OH + HF

-

@ hermic by about 73 kJ mol™. Rate constants have been measured at low

This reactig

temperatufes(24310°369) K by Walther and Wagner in 1983, [64] at (240 to 373) K by Stevens et al.

H I
in 1989, [63] at 298 K by Frost et al. in 1986,[66] and at 294 K by Anastasi et al. in 1991.[67] Nguyen

et al. later In computed rate constants using semi-classical transition state theory.[68] In

1985, LeroYat al. rl@ported a rate constant at 1050 K using transition state theory based on an ab

initio transition skate, but it is about a factor of 20 lower than the recommended value.[69] More
recently inR029, Liscomputed a potential energy surface for this reaction and provided rate

constants$ 400) K.[70] Zhang et al. just recently in 2021 computed a potential energy

surface, b d no rate constants.[71] We employ in our kinetics model a rate expression that
isafittot nstants of Nguyen et al. (given in their supplementary material) over the
temperatu (500 to 2000) K. Note that there is a negative temperature dependence to the
rate consta the work of Nguyen et al. below about 400 K (our recommended rate expression
does not ims range). The rate expression recommended here agrees well (within 20 % to

25%) at ) K with the experimental measurements of Frost et al. and by Stevens et al, and

with the calcu s of Nguyen et al. and Li (see Figure 5). The uncertainty factor in the
recom constant for this reaction at flame temperatures is low (f < 1.4), because the rate

constant is relatively insensitive to temperature (it has an effective temperature-dependence of only

about 15 ksm'l, that is, k oc exp(-15 kJ mol™/RT).

H2+F—>HF:

This reaMhermic by about 134 k) mol™. The work of Persky and Kornweitz in 1997[72]
provides e\nate constants for this reaction at low temperatures (190 to 376) K based on the

measurem urzberg and Houston,[73] Clyne and Hodgson,[74] and Stevens et al.[65] (see

Figure 6). In ork, the rate constants in similar temperature ranges from the work of Igosin et
al.[75] Il with the recommendation of Persky and Kornweitz. The rate constant at room
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temperature reported by Fasano and Nogar[76] agree well with the recommendation of Persky and
Kornweitz. The rate constants of Homann et al.[77] show a much stronger temperature dependence
and areMor of 1.5 low at 298 K, extrapolating to about 20 % higher at higher

temperatur, rate constants in the range 295 K to 765 K from Heidner et al.[78] are about 40%
larger than@urements, as is the rate constant reported by Preses et al.[79] at about 400 K.
Kompa m_[SO] report a value at room temperature that is about a factor of 2.5 high, the
room tem alue of Goldberg and Schneider[81] is about a factor of 1.5 high. The rate
constants r, mby loffe et al.[82] have a much stronger temperature dependence with rate

constants | factors of 1.5 to 3.0 in the range 293 K to 700 K.

Very recently , Bedjanian [83] measured the rate of this reaction over wide temperature range

uS

(220Kto 9 d the values agree with the recommendation of Perksy and Kornweitz within

about 109 ow temperatures (200 K to 400 K). The rate constants of Bedjanian show little

£

curvature ( enius behavior) at higher temperatures (400 K to 960 K), while one expects some

curvature f changes in heat capacity and entropy. In addition, the entropic contribution

d

should chan use of the spin-orbit splitting of F atoms in the ground state (see short discussion
below). ang,[84] De Fazio et al. [85], Chen et al. [86], and Moix and Huarte-Larranaga [87]

have all per rajectory calculations on ab initio potential energy surfaces, but unfortunately,

M

only pr constants at lower temperatures. Wang et al. have used potential energy
surfaces[88 and Steckler and Truhlar[89] have used ab initio/transition state theory to predict rate
expression Iy higher temperatures (300 K to 600 K and 159 K to 765 K, respectively). The

rate const icted by Wang et al. are only about 5% lower than the recommended values of

G

Persky and tz. Steckler and Truhlar’s calculations are the only ones that predict rate

constants temperatures (765 K) — from their data we compute a temperature exponent of

£

about sponding to a rate constant that is about 2 times larger near 765 K than if
extrapolHa simple Arrhenius fit to the lower temperature data. In other work, Aquilanti et
al. have co potentlal energy surface and predicted rate constants at (200 to 335) K, which
are in goo ent with the experimental values.[90] In short, the rate constants measured at

low tempe need to be extended to higher temperatures relevant to combustion.

A
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This is a complicated reaction because tunneling, resonance phenomenon, electronic non-adiabatic

transitionsfmultiple potential energy surfaces, changes in barrier height due to linear vs. bent

transition s ntribution from the rate constant in v=1 (Av =3800 cm™), quantum dynamical

effects, move he turning point along the reaction coordinate, and the spin-orbit splitting

(400 cm!) mns in the ground state (2P3/2 and 2P1/2) will contribute to curvature in the

temperature-dependence of the Arrhenius rate expression. These complications are discussed in

more detaillin the theoretical references provided above (there are many other theoretical

references f:r tﬁ' reaction that are not cited here). In fact most of the theoretical works cited here
t

Giving the | tailed measurements or ab initio and trajectory calculations at combustion

point out t work should address the rate constants at higher temperature.

temperatu we adopted a temperature exponent (T") of n = 0.7 and used this in a modified-

Arrhenius fj data recommended by Persky and Kornweitz. [72] The uncertainty factor for this
reaction attla peratures is low (f = 1.4) and was assigned based on a range of estimated

temperEnts n=(0.41t01.0).

OH +F — O+ HF

ly exothermic (about 140 kJ mol™) and'is a radical disproportionation involving

the very re atom, and thus should be essentially a barrierless reaction. [91] Rate constants
were been d ined by Walther and Wagner in 1983 [64] at low temperatures (240 to 370) K.
Although tRe rate constants are relatively large, they still need to be extended to combustion

temperatuges. Gogpez-Carrasco et al. in 2004 [91] reported a computed ab initio potential energy

surface an ed the reaction using quasi-classical trajectory calculations. Their calculations

generally agree with the experimental data. Unfortunately, they did not compute rate constants at

the higher tempegatures relevant to combustion. We used a temperature exponent of (n=0.5) to

derive 3 pression that fits the low temperature experimental data of Walther and Wagner and
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extends the rate expression to combustion temperatures. Based on a range of assumed
temperature exponents (0.3 to 1.0), we estimated an uncertainty factor of about f=1.3. We note

that theMnts recommended here are about a factor of (2.5 to 3.0) smaller than our

previous readation in 1995, which was an upper limit estimate.[44]

I
HOZ+F—>!i+HF

Thisis a veuaction. We fit the rate constant of 5x10™ cm® mol™ s™ at room temperature

suggested er and Wagner [64] to a rate expression with temperature factor of n=0.5 and

S

E=0; this in sd@the rate constant to about 1x10* cm?® mol™ s at flame temperatures and we

estimate an uncerainty factor of about f= 1.4. This is a radical-radical reaction with F atoms

Ul

(extremely , and there should be no barrier to reaction — indeed, at room temperature the

rate constdft is already large.

al

Fluorthateéd Hydrocarbons: CH,F,

CHyF; + HF + HF + M

M

1

Unimolecular decomposition of CH,F, is the most important reaction controlling burning velocities in

R-32 mixtur is (1.5 to 2.0) times as important as the subsequent reaction between the
intermedi d O, in the reactant gas, and at least (4 to 5) times as important as other
reactions (s ample, Figure 4 above). Rate constants for the decomposition of CH,F, have

been repo by three groups: Politanskii and Shevchuk[92], Cobos et al.[93], and Matsugi and

Shiina[9We 7).

U

In flow reactor ies at atmospheric pressure, Politanskii and Shevchuk in 1968 measured rates of

decom{g: pf both CH,F, and CHF; by using gas chromatography to follow loss of starting
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compound. Although their relative rates are reasonable based on computed barriers from our ab
initio calculations, we did not directly employ their rate constants for CH,F, for two reasons. First,
their mew are at relatively low temperatures and a direct extrapolation would not account
for the sub ressure falloff that is expected under our conditions. Second, their use of a flow
reactor an&ntrations of CH,F, (about 10 %) are likely to create conditions where
secondany mesetiems and radical chains are important, thus potentially leading to apparent

unimolecu nstants that are too large.

CF

More rece setal. in 2017 [93] reported an indirect determination of the rate of CH,F, + M

9

— CHF +H m shock tube studies at (1400 to 1800) K. They monitored production of CF,, a

secondary produc® and then used a quantum chemical model and various mechanistic assumptions

Ul

to derive r ants that fit these data. Pressure falloff of the rate constants were described

with Troe garameters [95] and they provided limiting high- and low-pressure rate expressions based

§

on their ca . We did not use their expressions because of the indirect nature of their
measuremgnt etter set of data to utilize are the measurements by Matsugi and Shiina [94] (see

discussion b@&lo hich are more direct and were made at conditions more relevant to our

d

experi conditions.

M

Matsugi and Shiina reported CH,F, decomposition rate constants determined using real-time laser

[

absorption ments to follow HF production in shock tube pyrolysis experiments. Their

measurem made in argon at total pressures of about 1 bar at temperatures of (1577 to

2214) K, co where the reaction is well into the pressure falloff-regime. They calculated the

&

pressure a rature dependence of the rate constant using RRKM/Master Equation modeling

n

using a 1 nsition state and found good agreement with their experiments, with measured

rate con

[

about 10 % and 40 % lower than their modeled values at the lower and upper

ends of th rature range, respectively. For comparison, our suggested rate constants,

U

derived in tly as discussed below from “best fits” to reproduce the measured burning
velocities, imilar quality match to the experimental data: after changing the bath gas in our

RRKM m N, to argon, our results are about 25 % lower and 10 % higher at 1800 K and 2200

A
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K, respectively, than the measured values. Overall, our RRKM/Master Equation model produces rate
constants lower than those of the Matsugi and Shiina model by (10 to 15) % near 1800 K and (30 to
35) % neWThis is good agreement, considering the various experimental and modeling

uncertaintQ

H I
We used a teratlve process to develop a parameterized Troe-format pressure-dependent rate

expressionwjour burning velocity data and is consistent with our RRKM/Master Equation

model imp in ChemRate [56] and utilizing an ab initio (G3B3)[55] transition state. We

began by e m CH,F, decomposition rates by combining measured decomposition rates for the
C

analogous HF; + M — CF, + HF + M from the shock tube work of Schug et al. [96] with the
relative raﬁlons for the decompositions of CHF; and CH,F, as determined by Politanskii and
Shevchuk.[ figures in the work of Schug et al. , we extracted rate parameters (A = 4.9x10™

! E,=230. E) and (A =5.6x10" s, E, = 267.2 k) mol™) at 1 bar and 10 bar, respectively,

where the tant is given by k = A exp(-E,/RT). From the work of Politanskii and Shevchuk, we
estlmated ate parameters of Acuara/Achrz = 1.33 and AE, = +11.8 k) mol ™. . This initial
estimate g aIIy satisfactory agreement (within 20 %) between measured and computed
burnin nder the conditions: P=1 bar, initial temperature T,=298 K, equivalence ratio
=(0.8t0 1.3). ever, there are significant uncertainties in this comparison. First, although
radiati in the flame can change the burning velocity by up to (10 to 15) %, the exact

heat loss in the experiments cannot be readily determined. Second, from the work of Schug et al.,

we know tlm decomposition is in the pressure falloff-regime. Third, the collision efficiency of
CH,F,is u mut its value impacts pressure falloff behavior at the fuel loadings of the burning

velocity m nts. Empirically, we found that applying a slightly less than linear pressure

dependen , decomposition gave rate expressions providing a good fit to our burning

veIouty ar, T,=298 K), (2 bar, T,=350 K), and (3 bar, T,=400 K).

With theseal rate expressions in hand, we then developed a supporting RRKM/Master
Equation mo lemented in ChemRate [56]. We utilized an ab initio (G3B3) [55] transition state
andac 0 K barrier of 327 kJ mol™. For energy transfer, in argon we used an exponential-
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down model parameter of o = 0.85*T cm™ K}, which yields a rate expression at 1 bar and (1200 to
1800) K with A = 1.35x10" cm® mol™ s* and £,=257.9 ki mol™. Argon is not used in our experiments,
howeveWimary bath gases in the pre-flame region where burning velocities are
determine N,, and CH,F,. Relative to a value of 0.6 for argon, O, and N, have collision
efficiencie&while that for CH,F, is expected to be higher, with an estimated lower limit of
about 2mandeamm@ximum of about 6 based on the flame modeling work of L'Esperance et al. [37].
Using molem weighed collision efficiencies, we computed effective rate expressions for the

different cm (P, T, ¢) of our experiments, and utilized them in our burning velocity models. In
v 5

these com we then varied the collision efficiency for CH,F, and found that a value of 2.0

(relative to@) gave the best agreement with experiment. We initially used a relative CH,F,
n

collision ef of 6.0 from L’Esperance et al. [37], but found this produced burning velocities

that were far too Sgh at high pressures (3 bar) and large O, loadings (30 to 40) %.

As discussgil in the paper describing our burning velocity measurements,[8] our

optimizati ure has added uncertainty because derived burning velocities depend on the
burning veloCit del used to simulate the experiments, wherein energy-loss assumptions in the

burned range from adiabatic (no heat lost from radiation) to optically-thin (all thermal
radiation | his results in differences of (10 to 15) % in the derived burning velocity.
Noneth . al optimized RRKM model for CH,F, decomposition is in very good agreement

with the suisequently published data and model of Matsugi and Shiina. [94] Our rate constants in

the range ( 100) K agree within about + 20 % with the data of Matsugi and Shiina — this

includes bg @ onstants from our RRKM/Master Equation modeling and those that provide best

fits to our b¥ gvelocities.

but for detgtics models it is necessary to parameterize the results in a concise form

Our RR guation model allows the calculation of rate constants for discrete conditions,

describing nge of conditions. For this purpose, we used the Troe formulation of the

pressure a erature dependent rate expression, k = k., (P,/(1+P;)) F(P,), where P, = ko[M]/k., is
areduce re, [M] is the third-body efficiency weighted concentration of the mixture, k., is the
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high-pressure limit, ko is the low-pressure limit, and F(P,) is a function determined by a Troe

broadening factor of F.. [95] We used the Troe form for F(P,) and found a good fit to our data using
FC=O.08.We Troe formulation cannot reproduce all subtleties of the RRKM model,

adjustmen ade within uncertainty limits to the high-pressure k., and low-pressure k; limits
to arrive atmﬁation that best fit available data and described results over the conditions of
interestgd hegfimalgiialues are given in a list the end of this paper. We estimate the uncertainty factor
for this rat t to be about f=1.6 (in our range of interest (1 to 3) bar and (1200 to 1800) K)

from the rwlues used in our fits to the data in our flame modeling, and comparison with our

[

RKKM/Mas tion rate constants, and comparison to the recent measurements by Matsugi and

Shiina. w

In conjunc: the rest of our kinetics model, we find good agreement (3% to 6%) between
measured uted burning velocities over a wide range of conditions: oxygen mixture
fractions o 0) %, pressures of (1 to 3) bar, and equivalence ratios of (0.8 to 1.3).

dll

CH,F; + 2 THX (X=H, O, OH, F)

M

The rate expressions for these reactions, we have taken from our recent work for H abstractions
from the flupromethanes.[7] The individual reactions are discussed briefly below — for a more
detailed ar#e

with the d3 @

impact on b¥ g’velocities. In addition, the reaction with OH is important for reactions involving

the cited paper, including figures comparing the recommended rate constants

ted in the literature. Only the CH,F, + H — CHF, + H, reaction has a discernable

recycling , and OH in the pre-flame radical initiation phase (but does not impact burning

velocitias) ese reactions, however, are important to the destruction of CH,F, in the

-

CHyF, +H )+ H,

combus
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The rate expression for this reaction we have taken from our recent work for H abstractions from
the fluoromethanes by the flame radicals H, O, OH, and F. [7] There have been no direct
measurWe rate of reaction for CH,F, + H — CHF, + H,, although there has been a single
measurem is reaction in the reverse direction CHF, + H, — CH,F, + H over a limited
temperatum to 635) K by Pritchard and Perona. [98] We estimated the rate of reaction
over a widestemmpenature range considering the measurements by Pritchard and Perona and several
additional Mf information: the experimental results (605 to 871) K of Westenberg and
DeHass[99]g@r t omologous reaction CH;F + H — CH,F + H, and the relative rates for CH;F + H
and CH,F, uived from the quantum and transition state theory results of Matsugi and Shiina.
[100] Bas uncertainties in the experimental data, and estimated uncertainties in our
parametric 1¥s, estimate the uncertainty in the rate constant to be a factor of f=1.6 at (1200 to

1800) K. During ::ie model optimization we also varied rates for CH,F, + H, but found that

“optimize produced burning velocities with uncertainties that were statistically similar to
the unmodified rate expression, which we ultimately adopted. Our analysis says this reaction has a

small, but le impact on flame velocities (see above in Section 2, where values for the

dependenming velocities on rate constants are provided along with a discussion).

CHze +0 HEE OH

The rate exgression for this reaction we have taken from our recent work for H abstractions from

the fluoro by the flame radicals H, O, OH, and F. [7] There are no measurements on the

rate of reaH2F2+ O — CHF, + OH. As discussed in our H abstraction paper,[7] in order to
estimate the'¥ate€’of H abstraction from CH,F, by O atoms, we made use of experimental data from
the hommction CH;3F + O — CH,F + OH from the shock tube measurements at (920 to
1570) K et al. [101] and coupled these with relative rates at high temperatures for both
CH5F anWrom the quantum chemical calculations and transition state theory work of Matsugi

and Shiina [100] tSachieve a self-consistent estimate valid for a wide temperature range. Based on
n

the uncert the rate constants for the reference reaction and the uncertainties in the

I%rame¢c the rate expression, we estimate an uncertainty factor of about f=1.4 in the
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absolute rate of this reaction. During flame model optimization, we also varied the rates of reaction,

but found that this reaction had little impact on flame velocities.

T

CH,F, + OH ,0

]
The rate eL for this reaction we have taken from our recent work for H abstractions from
the quoro@ by the flame radicals H, O, OH, and F. [7] Many workers have measured the rate
of reaction OH — CHF, + H,0 at low temperatures (200 to 500) K because of this reaction’s

importancMspheric chemistry. There are no measurements, however, at high temperatures

relevant to combustion. For this reaction, we utilized the recommended rate expression at low
temperatures (220%o 380) K from the NASA/JPL evaluation by Burkholder et al. [102]. In order to
predict rate constants over a wide temperature range, we made use of the reference homologous
reaction C§3 + OH — CF; + H,0, where there are rate constant measurements at both high (1000 to
1700) K and low (3Q0 to 500) K temperatures. We also made use of relative rate constants at high
temperatu@ese two reactions based on the quantum chemical calculations of Matsugi and
Shiina [100]. Based on trends in the other fluoromethanes + OH, we estimated the curvature in the
rate expre ainly due to tunneling, and determined a “best” fit for the temperature exponent
(T"). Ba e uncertainties in the experimental data and the uncertainty in the
parameterization, we estimate an uncertainty factor of about f=1.5 at high temperatures. As with

other reactigns in this homologous series CH,F, + X, during flame model optimization, we varied the

rates of re this class of reaction, but they had little impact on flame velocities (CH,F,+ H —

CHF, + H, @ t discernable impact).

CH,F, +;2HF

The rate expressiof for this reaction we have taken from our recent work for H abstractions from

the fluoro es by the flame radicals H, O, OH, and F. [7] There is a reliable measurement of
CH,F, + ,» + HF at low temperatures (180 to 300) K by Persky. [103] We extended this to
higher tem s using an extended Arrhenius expression with n=1.44; this was the “best”
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parameterized value based on the trends in this parameter for the other fluoromethanes. For the
other fluoromethanes (including methane), there are no measurements for H abstraction by F atoms
above aW There are several quantum chemical calculations reported in the literature for
these react;j for example, Wang et al. [104]). We did not use the functional forms for the
rate consta@)se works. We estimate an uncertainty factor of f=1.4 for the rate constants
based om thessmeentainty in the temperature exponent. During flame model optimization we also

varied the

[

eaction, but found that this reaction had little impact on flame velocities.

Fluorinate rbons: CHF,

SC

CHF2+OZ—> F2 + OH

tl

This reaction is exathermic by about 326 kJ mol™. The pre-exponential A factor in the rate expression
was estimated by analogy to that for CH; + O, — CH,0 + OH from the 2005 work of Srinivasan et al.
[105], corr@cting for reaction path degeneracy (1/3), using a temperature dependence (T") of n=1,
rrier since this reaction is highly exothermic and is a radical-radical and

N

and assumi
concerted In this reaction, the CHF, adds to the biradical O,, then there is an internal

rearrangergien re the H atom is transferred to the ROO* radical site (becoming *QOOH), which
then immediatel{*decomposes by beta scission of OH. Our flame modeling where we included this

d

reactio izations suggested a weak temperature dependence on the order of (5 to 15) kJ
mol™ (k « e roughly equivalent to the T* dependence. This reaction has small promoting
effect Iing velocities and very weakly impacts the dependence of burning velocities on

equivalence ratio and pressure. Nevertheless, it is an important pathway in the pre-flame processes
and contributes to chain propagation. In our optimizations, we varied this rate constant by factors of

2 to 8 (vari nging both A and E), and found a range of values that gave statistically similar
fits. We ultima selected an intermediate rate expression and have estimated an uncertainty
factor of f this rate expression, the A factor and E are about 2.5 and 2.8 times lower than
those for the 2xpression for CH; + O, — CH,0 + OH from Srinivasan et al, and at (1200 to 1800

K), and the g ate constants are about (2.5 to 6) times faster. The possible pathways CHF, + O,
— CHF,0 /0 and CHF, + O, — CF,0 + O + H are energetically far less favorable than the CF,0 + OH

channe an

CHF, +H :F

ore are not competitive, nor included in the mechanism.
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This reaction is exothermic by about 100 kJ mol™. The kinetics were estimated by analogy to CF; + H
— CF, + HF, for which Takahashi et al. [106] determined a rate constant of (5.320.2)x10** cm® mol™* s’
'at 115@, independent of temperature and pressure. That work used the simultaneous
shock-indu mal decompositions of CFsl and C,Hsl to create CF; and H, respectively, in dilute
argon and @ rate constants on the basis of H atom decay rates monitored with atomic
resonanee alasenpiion spectroscopy (ARAS). They also carried out ab initio and multi-channel RRKM
calculationanestigate possible product channels. The reaction was found to be a fast radical
combinatigf¥foll®Wed by a chemically activated 1,1-HF elimination. For the analogous CHF, + H case
of currentUwe increased the A factor slightly to provide an upper limit of 6.5x10"* cm® mol™
s'to refleme of forming CHF compared to CF, (low vs high lying triplet states, respectively).
Although t e

step and itseﬁlue was found to have little impact on computed burning velocities.

CHF2+0;H

No rate measurements for this reaction appear to exist. The reaction is exothermic by about 394 kJ
mol™* an the formation of an unstable difluoromethoxy intermediate. A rate constant was
estimat e basis of the 1998 Takahashi et al. [106] shock tube study of the analogous process

CF; + O — CF,0 + F. In that work, they thermally decomposed dilute mixtures of CF;l and nitrous

lon is a contributing pathway for destruction of CHF,, it is not a rate determining

oxide in ar;n to create CF; and ground state O atoms, respectively, and then monitored the decay

rate of O ic resonance absorption spectroscopy (ARAS) in order to determine the kinetics.

They foung bnstant of (1.54+0.14)x10" cm® mol™ s™ at (1900 to 2300) K independent of

temperature @@ pressure. Ab initio and RRKM calculations were used to investigate and confirm
the produdt/channel. The reactions of O with CF; and CHF, both involve fast radical combinations to
form a uoromethoxy species, followed by a beta scission of H atoms. However, in

contrast !olﬂ + 0O, where available channels are reversal or fission of the C—F bond, the CHF, + O

system is expectedhto be dominated by fission of the weak C—H bond, a process about 85 kJ mol™

more exot an reactions available to CF; + O. The expected dominance of the CF,0 + H
channeli tent with ab initio studies of the analogous fluoromethoxy system[107]. Compared
with CF; + reased the A factor slightly to account for thermochemical differences, the
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weaker C-H bond, lighter H atom, and that the reference reaction CF; + O likely constitutes a lower
bound. Given these considerations we estimated the rate constant as 3.7x10" cm® mol™ s™. This
results the constants for CF; and CHF, that are similar to the ratio of rate constants
observed f actions CCl; + O and CHCI, + O by Slagle and coworkers [108, 109]. Although
CHF,+0O ismtruction pathway for CHF,, it is not a rate determining step in this combustion
pathwaysa nelstikemsate constants have little impact on computed burning velocities. We estimate an

uncertaint ff=2..

CHF, + OH + HF

SCI

This reaction is a radical combination, followed by a facile 1,2-elimination of HF. It is highly

(

typical comibustion conditions. In prior mechanisms for the destruction of fluorinated hydrocarbons

U

exothermic (about 449 kJ mol™) and is expected to be a pressure-independent direct process under

f

[44], rate constants for this and analogous fluoromethyl reactions were estimated with upper limit
values of (Zto B em?®molts™. More recently, Srinivasan et al. in 2007[110] measured the rate
constant of the analogous reaction CF; + OH — COF, + HF in a shock tube at high temperatures
(1300 to t about 1.0x10" mol cm®s™. In our modeling of the R-32 flame and for other
refriger ound a slightly higher value (x2.4) was a “best” fit value. We then increased this by
a factor of 2 to provide an upper limit. Although this reaction contributes to the destruction of CHF,,
the rate costant is large and the rate determining step of this combustion path is formation of

CHF,, not i uent reactions. Consequently, in a combusting system, CHF, is rapidly destroyed

and is pres at small, near steady-state concentrations. Small changes in its destruction rate,

thus only slig

rate. !

-

<

ange the concentration of CHF, and have little impact on the overall combustion
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This reaction is a radical disproportionation where the radical CHF, abstracts the hydrogen beta to
the radical site in HO,. We estimated the rate expression by analogy to that for CH; + HO, — CH, +
0, fromMJasper et al.,[111] where we have increased the barrier by 6.5 kJ mol™ to

account for, er exothermicity for this reaction. The contribution of this reaction to the
reaction fl ut is included for completeness in the mechanism.

CHF, + F—»@

This reacti@h isha radical combination followed by a 1,1-HF elimination and is exothermic by about
303 kJ mol™. Although unmeasured to our knowledge, one expects under combustion conditions a

direct pressure-indépendent process with a large rate constant with no barrier typical for a radical

US

recombination (especially since F atoms are highly reactive). We provide an upper limit estimate of

duced the rate constant by about a factor of 2 to account for the heavier F atom.

tant, this reaction is a very minor destruction pathway for CHF,.

CHF, + FCF, + HF

This reactits is exothermic by about 284 k) mol™. The rate expression is based on the ab initio

transition state.and RRKM calculations of Burgess et al. [44] We increased the rate constants from

.4 to provide an upper limit where the contribution from this reaction had a
relatively small, but discernable impact. This reaction is responsible for the formation of the
fluoroethylgne CHFCF, which is created during the pre-flame phase and then is destroyed during the
combustiol phase'hrough reactions with O atoms forming CHFO, CF,0, and CFO. This reaction has
asmallim urning velocities and only weakly impacts the dependence of burning velocities

on equivalence ratlb and pressure. Nevertheless, it is the primary pathway for the destruction of

CHF, in the pre-flamne phase.
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CHFCF, + O — Products

CvetanoHevaluated the reactions of O atoms with unsaturated hydrocarbons, including the
quoroethemn the average for the halogenated ethenes, the rate expressions (with
unspecifie ver the range (300 to 500) K could be described with about A = 5x10" mol
cm? s Eh P mol™ with an uncertainty factor f for A of about 2 and an uncertainty in E of
about 1 kJ ecifically, for CHFCF, + O — Products, Cvetanovic recommended a rate

expressionfivith AR 6.1x10™ mol cm™ s and £ = 7.9 ki mol™. His recommended rate expression was

largely base e relative rates for the fluoroethenes measured by Jones and Moss in 1974.[113]

Umemoto W%S reported a rate expression for this reaction with A = 3x10** mol cm™ s and
E=4.5k) mol".[114] The barriers reported by Umemoto et al. for this and other fluoroethene
reactions are somSvhat lower than those reported by others: about 5 kJ mol™ versus 8 kJ mol™.
Although the rate constants from both of these works are very close at 500 K, at 300 K the value of

Umemoto &t al. is almost twice as fast. Other workers have determined rate constants for this

reaction near room temperature with the value by Gilbert et al. [115] about 30 % faster than that

from Ume

recommended by Cvetanovic. Our interest here is providing an upper limit for this reaction.
AIthougEthe rate constants used here had no impact on burning velocities, they were

I. and the value from Lee et al. in 1996 [116] is about the same as that

importa ays for destruction of CHFCF,. We fit the low temperature rate constants of

Umemoto et al. with an estimated temperature exponent of n = 1.3 in order to extend the rate
constants t@ flame temperatures. We increased the A factor by about 2.5 to provide an upper limit

and then e branching ratios of (1.0, 0.8, 0.6) for the 3 possible channels CHFCF, + O —

(CHFO + CHFZ, CF,0 + CHF).

Fg Hydrocarbons: CHF

This is a key reagtin affecting computed burning velocities in the combustion of CH,F,. It is found to

influend ‘i@ ative burning velocities under rich versus lean conditions. The reaction initiates pre-
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flame processes for radical chain propagation through the generation of O atom radicals from the
reactant O,. The CHFO product quickly decomposes to CO and HF products, thus eventually
releasinM formation of CO, and increasing the system temperature.

Q.

CHF + Om—mGhif@mt O is exothermic by about 282 k) mol™. There appears to be no experimental

measuremw rate constant. However, Keating and Matula [117] carried out a shock tube

investigatimanalogous reaction CF, + O, — CF,0 + O and determined for that process an

activation about 110 kJ mol™ (suggesting a 0 K barrier on the order of about 90 kJ mol™).
The reacti s partially breaking the paired electrons in the ground (singlet) state of CF, and
involves fo idf of a short-lived intermediate peroxy biradical (i.e., *CF,00¢). Consequently, in

analogous molectles the barrier should scale with the triplet-singlet separation. The triplet state of
CF, is abou mol ™ above the singlet ground state based on the high-resolution measurements
of Zhou etmThus, the activation energy for this reaction is about 46 % of the triplet energy.
Applying t ercentage to the triplet energy of CHF (62 kJ mol™ from the measurements of

Murray et al, yields an estimated activation energy for the analogous reaction of CHF + O, —

CHFO + O of%b 9 kJ mol™. This derived barrier for reaction of O, with CHF being lower than that

for CF, istent with the greater exothermicity of the former process, which is more favorable
by about 1 "' Our a priori estimate for the rate expression used an A factor from the CF,

reactio

timated activation energy. In our flame modeling, we found that reasonable
agreements with the experimental burning velocities could be obtained using activation energies

that range 5) k) mol™. Our “optimized” value of 32.6 k) mol™ best represented the relative

burning vem high and low equivalence ratios. We note that larger rate constants for this

reaction in

In our mo he CH,F, flame, the A factor for this reaction CHF + O, — CHFO + O was adjusted

urning velocities to a greater degree at high equivalence ratios than at low

within unc i imits to best agree with the experimentally-derived burning velocities. This was
done iteratj conjunction with the rate expression for CH,F, — CHF + HF. The burning
velocitie nction of equivalence ratio are very sensitive to the rate of this reaction —and
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consequently, the magnitude of this reaction is important to reproduce burning velocities at

different conditions.

{

CHF + H,0 F

[l

This proce ermic by about 288 kJ mol™ and is a possible destruction pathway for CHF. The

reaction fofims CHI®, which relatively quickly leads to the formation of HCO [through the reactions

C

CH,O0 +X — HX (X = H, O, OH)], and then to the formation of HO, (via HCO + O, — CO + HO,),

which is anlimportant species during pre-flame processes. Our rate expression is from the ab initio

$

transition state and RRKM calculations of Zachariah et al. [53] and has a relatively small activation

energy of about 270kJ mol™ at combustion-relevant temperatures, suggesting a 0 K barrier of about

U

(10 to 15) ki mol ™. Under our conditions, the rate constant has no significant impact on computed

burning vel@cities, but is included in the mechanism for completeness.

dll

CHF + H— CH +

CHF +H —

\Y

These processes are moderately exothermic (by 43 kJ mol™ and 120 kJ mol™, respectively) and the

[

rate expre based on the room temperature measurements of Tsai and McFadden. [120].

One expect ate constants to exhibit little dependence on temperature. We assigned the

5 2 to 1 for CH + HF versus CF + H,. The reactions proceed via combination
followed b iminations of H, or HF. Although the H, formation channel is more exothermic by
about 7£Iacks a favorable ionic component, making the HF elimination channel likely to
be favoMclosed-shell fluoromethanes). These reactions have little impact on our

computed i elocities, because they occur in the combustion phase and are not rate-
determini the overall oxidation. Nevertheless, they need to be included to complete

reactior&o products.
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CHF+0 — CO + HF

The Iarg#icity of about 780 kJ mol™ should make this a direct process under typical

combustiith no formation of a stable intermediate and no pressure dependence in

the rate. C tant is from the room temperature measurements of Tsai and McFadden
[120], afu only a small temperature dependence since the rate constant is very high at low
temperatu ssentially a radical-radical reaction — CHF, a carbene, has a very reactive lone

pair). Itis fery fas@land not a rate determining step, however, so its exact value has little effect on

modeled bu elocities.

CHF + OH — CHF§ H

CHF + OH tHF

The first rmnnel forming CHFO + H reaction is exothermic by about 350 kJ mol™ and under
S

typical co onditions is expected to be a direct process with no stabilized intermediate. No
measur pear to exist. As a reference reaction, we consider the analogous reaction CF, +
OH — CF,0 + ich was measured by Srinivasan et al. [121] at high temperatures and pressures
inash y determined the rate constant of CF, + OH to be independent of temperature

within their uncertainties, finding a value of (9.64+0.36)x10" cm?® mol™ s at (1800 to 2200) K. They
used transw theory to predict a small activation energy of about 8 kJ mol™ at combustion

CHF + OH — CHFO + H, we estimate a rate constant 2x10"2 cm® mol™ s — a factor

at for CF, + OH, since CHF is a more reactive species. Using this increased rate
constant, thi jon CHF + OH is still a minor channel for the destruction of CHF. For the second
reactio ming HCO + HF, we utilized the estimated rate constant from the flame studies
of Biordw This also is a very minor channel for destruction of CHF.
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CHF + CHF — GHF + HF

This con’Himination reaction is exothermic by about 464 kJ mol™ and no stabilization of the
intermedid under typical combustion conditions. The rate expression is derived from
that given i rk [44], but was increased by about a factor of 5 to provide an estimated

upper lultrciavuies point it had only a very slight impact on burning velocities.

-

CH,F, + CHFE jCHF[Z] + HF

We are unmany experimental studies of this reaction, which is exothermic by about (280 to

320) kJ mo expects it to proceed via an insertion/elimination mechanism. Although there

are three similar duct channels that eliminate HF — with formation of CH,CF,, CHFCHF[E], and

CHFCHF[Z], e only included this one channel as a surrogate for all of the channels.

-

Cobos et al¥fin [123] using a computed ab initio transition state report energetics and a rate

expression at ( to 2200) K for another channel CH,F, + CHF — CHF, + CH,F which is an insertion

to form ivated fluoroethane CHF,-CH,F followed by C-C bond fission. In that work, they
measured t ge in density of a number of species in a shock tube at high temperatures (1800
to 220 ated/calculated rate constants for a number of reactions from their kinetic

modeling and of the decomposition of CH,F,. This alternate reaction channel CHF, + CH,F is

endothernhut 32 kJ mol™ with a computed barrier of about 51 kJ mol™ — that is, the reverse
reaction hmr of about 20 k) mol™. Cobos et al. did not include the insertion/elimination
channel C — CHFCHF[Z] + HF which we believe should be important. Matsugi and Shiina in
2018 [9ﬂ)itio calculations to compute the barrier to insertion of CHF into CH,F, and found
it to be mol™. They computed a total rate expression (at the high pressure limit) for the
three reHnels: CH,CF,, CHFCHF[E], and CHFCHF[Z] products. They did not include the C-C

bond fissio | likely because it is an endothermic reaction, while the HF elimination channels

are highly ic.

<
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This reaction does not affect modeled burning velocities when using an estimated upper-limit rate
constant. This reaction, however, is necessary to complete the reaction pathways to final products.
In 1995,Med rate expressions (at 1 bar) for these type of reactions using ab initio transition
states and Iculations.[44] In the mechanism reported here, we provide what we consider
an upper—limstant where we have increased the A factor for the Matsugi and Shiina rate
expressignioymabemt a factor of 2. Note this is about 4 times slower than that of Burgess et al. [44]

and about wster than that for the C-C bond fission channel CH,F, + CHF — CHF, + CH,F from

the work o b t al..

SC

CHFCHF[Z] FO + CH,F

U

We fit the rate expression for this reaction over the range (300 to 500) K as recommended by

Cvetanovidf112] using a temperature exponent of n = 1.0 to extended the rate constants to flame
temperatures. This reaction has no impact on burning velocities, but is an necessary pathway for

destructiogiof HF([Z].

Ma

ed Hydrocarbons: CF,

CF2+OZ—)CF20+O

This reacti condary pathway for the destruction of CF, and is exothermic by about 163 kJ

or

mol™. Ins studies at (1670 to 2500) K and (4 to 7) bar, Keating and Matula[117]

determine stants for CF, + O, — CF,0 + O by thermally decomposing C,F, to 2CF, in the

1

presen following the formation rate of CF,O with infrared emission and CF,

concen ultraviolet absorption spectroscopy. Their conditions were similar to the flame

I

conditions tinterest. We extended their reported rate constants to lower temperatures by

U

assuming ifi®d Arrhenius format with a temperature exponent (T") of n=1.5. We then utilized

a simple Arr it at high temperatures (1500 to 1800) K with an A factor slightly reduced by 1.24

A
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through our optimization of the rate expression in this model (and our work on other fluorinated

hydrocarbons, not reported here).

T

CF, + H,0
I I

This reacti(Lhermic by about 219 k) mol™. Our rate expression is from the ab initio transition
state and @ulations of Burgess et al. [44] The process makes only a very minor contribution

to the destr of CF, and has no significant impact on the calculated burning velocities.

CF2+H—>CF+HFs

This reactirg';s about 50 kJ mol ™ exothermic. Biordi et al. in 1976[124] reported an estimated rate

constant of 4)x10" cm?® mol™ s™ for CF, + H at 1800 K based on mass spectrometric studies

of methane argon flames inhibited with CF;Br. In more-direct shock-tube experiments that
we pref ri et al.in 1999 [125] determined the rate constant to be about a factor of 2
times slower iordi et al. and found it to be independent of pressure with a slight temperature
depend ~ 20 kJ mol™) at 1450 K to 1850 K. Yamamori et al. simultaneously generated H and

CF, from the respective decompositions C,Hsl and CHCIF, and determined the rate constant from the
H atom degy profiles monitored with ARAS. They also carried out ab initio calculations at the G2

level of theopyafinding the channel to CF + HF to be far lower in energy than other possibilities. At

room tempe there is measurement of CF, + H in a plasma by Ryan and Plumb reported in

1984[126] that i alitatively consistent with the high temperature results.

.

There is an m temperature measurement by Tsai and McFadden[127] which is about a
factor of 200 highgl than the value of Ryan and Plumb —and even about 2.5 times that of the high

temperature measgrements of Yamamori et al. Relatively recently, Cobos et al. in 2017 reported a

rate exy 4@ or this reaction at high temperatures (1800 to 2200) K from their kinetic modeling
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of the decomposition of CH,F,.[123] Their rate constants are about a factor of 5 lower than the high
quality direct measurements of Yamamori et al, a factor of 10 lower at 1000 K, and when extended
to rooWe about a factor of 500 lower than the measurements of Ryan and Plumb. In
addition, thei tive activation energy at combustion temperatures is about 45 kJ mol™ — much
higher thame for addition of H atom to a carbene, lone pair, or alkene — which should be
only onthesendemef (5 to 15) k) mol™. We disregard the reported experimental rate constants of
Tsai and Mand the indirect modeled rate constants of Cobos et al. in favor of the high

quality dir@rements of Yamamori et al.

In Table 2, mde a modified Arrhenius expression using a temperature exponent (T") of n=1.0
that agrees Wlt: 5th Yamamori et al. and Ryan and Plumb to within a few percent. We utilized in
the kinetic

temperatus range (1600 to 2100) K relevant to the combustion of CH,F,. This reaction is a very

ery nearly at equilibrium — and thus needs to be included in the mechanism.

a two-parameter Arrhenius fit (also provided in the table) specific to the

minor cha

e Biordi et al. and Yamamori et al. measurements, we estimate an uncertainty

factor of f=2%t ¥@Mme temperatures.

CF2+O§

This reactiht 151 kJ mol™ exothermic on the ground state surface. An approximate

temperatufée endent rate constant of (1 to 5)x10™ cm® mol™ s™ for CF, + O at 1800 K was

estimated by*Bi#erdi et al. in 1976 from their mass spectrometric studies and kinetic modeling[124]
from their [hass spectrometric studies of methane-oxygen-argon flames inhibited with CF;Br. More
direct s - periments at (2017 to 2429) K by Yamamori et al. in 1999 [125] yielded a value
of Z.ZLSXM)I'1 s™ consistent with that of Biordi et al. The Yamamori et al. work utilized
nitrous oxmdh as precursors of O atoms and CF,, respectively, and the derived rate

constants sed on O atom decay profiles. They also carried out G2-level ab initio calculations

to confir roduct channel and that there was no barrier to addition. A number of workers
have meas rate of reaction CF, + O — Products at room temperature with values ranging
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from (0.98 to 1.2)x10"* cm?® mol™ s* where they indicate the likely products were CFO + F.[128-131].
We utilized the rate constant of Yamamori et al. along with the room temperature measurements to

determl pression with no barrier and a weak T" (n=0.4) temperature dependence

(equwalen =2.3 kI mol™). We estimate an uncertainty factor of about f=2. This is a
secondary he destruction of CF,.

]
CF, + OH Q
CF, + OH —
Biordi et algi [86] estimated the rate constant for CF, + OH — Products to be approximately
! st at 1800 K from mass spectrometric studies of species profiles in methane-

(1to 3)x10%

oxygen- argEs inhibited with CFsBr. In later work in 1978 on the system with the same

apparatus rived a value of 5x10" cm® mol™ s™* (1090 to 1375) K for the reaction CF, + OH —

CF,O0+H.[ re direct measurements are the shock tube studies of Srinivasan et al. in 2008
[121], sparwo K to 2200 K, who dissociated CF; in the presence of H,0 to create a system
containj H wherein the spectroscopically-monitored OH decay profiles were sensitive to
rate constan F, + OH — CF,0 + H. Their measured rate constant of (9.6410.36)x1012 cm® mol™
s' (180 was only about 20 % smaller than their CASPT2 variable reaction coordinate

transition state theory (VRC-TST) calculations that suggested an activation energy of about 6 kJ mol™

at combusin temperatures. Srinivasan et al. concluded quite reasonably that the large

he CF,0 + H product channel (approximately 230 kJ mol™ [121]) will preclude

the rate will rved. Our flame model predicts CF, + OH is the primary destruction pathway for

exothermici
collisional on under normal combustion conditions and that no pressure-dependence of
CF, in R-32%lames, and our rate constants (Table 2) for the CF,0 + H product channel are based on

the data fr@m Srinjwasan et al. The CFO + HF product channel is more exothermic than CF,0 + H by

about 60 k ~ but is expected to have a significantly larger reverse barrier, so the branching
value is uncertain.lln the absence of measurements, we have estimated a maximum value for the
branching value based on Biordi et al. [124]. Computed burning velocities, however, were insensitive

to chan ese rate constants.

This article is protected by copyright. All rights reserved.

44

95UB01 SUOWILLOD 8A1TER1D) 8|qedt [dde au Aq peuseAob ae S9pie YO ‘SN JO S8 J0) ArIqIT 8UIUQ AB|1/W UO (SUONIPUOD-PUe-SWIRILI0D" A3 1WA Je g1 |Bul [U//:SANL) SUORIPUOD Ppue SWid | 8y 89S " [£20Z/0T/70] Uo Ariqi]aulju AB|IM ‘UOTTBWLIOU| [ED1ULDS | PUY d1JNUBIS JO 80110 AQ 65/STZ UI/Z00T OT/I0p/W0d A8 1M Ale.d1jpuluo//sdny wouy pspeojumod ‘€ ‘220z ‘T09v.60T



Fluorinated Hydrocarbons: CF

CF+OZ—>!F + 0

This reagtiQigissiiegmajor loss pathway for CF, a short-lived steady-state species formed in R-32
flames prir&ilx via CHF + H — CF + H,, a reaction that is only a secondary route for destruction of
CHF. ConsmCF is @ minor intermediate in the presently modeled systems. The CF + O,

reaction is 4 k) mol™ exothermic. Rate constants have been measured in the temperature

range of (Zm) K by Vetters et al,[132] following up an earlier room temperature study by the
same grou 3fThey generated ground state CF radicals via 2-photon photodissociation of CF,Br,

in helium mﬁlx u ontaining O, as reactant and CF, as an efficient quencher of excited CF. Rate

constants ermined by monitoring CF decay rates with laser-induced-fluorescence. Because
the reacti » is fast and not a rate determining step in this oxidation path, the exact value is
unimporta our conditions. The process is needed, however, to complete the conversion of

intermediaf€s al combustion products. Vetters et al. represented their data with a two-term
expr

Arrhenius n, but rate constants can be adequately represented at combustion

temper only the high temperature term (errors in k of < 8 % above 1000 K) as given in
Table 2.

CF+O—>L

The reactio — CO + F is about 527 kJ mol™ exothermic and is presumed to involve a radical
combinm stabilization of the intermediate. van Hoeymissen et al. in 1994 [134]

measur onstant at room temperature using laser photodissociation/laser-induced
quorescwques (LPD/LIF). CF radicals were generated by photolysis of CF,Br, and reacted
with O atomced in a discharge-flow apparatus. From real-time CF decays monitored with LIF,

the rate co as determined as (2.83+0.48)x10"™ cm® mol™ s, about a factor of three larger
than the ement of Tsai and McFadden reported in 1990 [130] in a discharge-flow apparatus
utilizing p jzation detection of CF. The rate constant of van Hoeymissen et al. was obtained
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under more dilute conditions likely better able to isolate the reaction and is more consistent with
the relative rate measurements for CF + O and CF, + O by Booth et al. [135]. We have adopted their

result a te expression with A=8.0x10". This reaction is a minor channel for the

{

destructio hich primarily reacts with O, as discussed here elsewhere. The computed
burning ve insensitive to the rate constant.

I
CF + OH

C

This reactigh iglbdut 667 k) mol™ exothermic and proceeds by a radical-radical combination to give

S

an unstable intermediate that decomposes immediately under flame conditions. No measurements

of the rate constant for CF + OH appear to exist. We estimated the value to be equal to that of CF +

U

O — CO + F. This is another minor channel for the destruction of CF. The exact value employed very

slightly affécts the modeled near steady-state concentration of CF, but has no significant impact on

A

computed burning velocities.

a

d Hydrofluorocarbons: CF,0, CHFO, CFO

Y

CF,0 + F

The rate eh(s) for this reaction were taken from the ab initio transition state and RRKM

calculation ariah et al. [54] [53]. This reaction proceeds through three separate elementary
reaction p involving addition of H to the carbon or the oxygen, followed by HF elimination,
or via a dir ction channel. All of these pathways lead to the same products. The overall
reactiongi ic by about 60 kJ mol™. Three rate expressions, one for each distinct elementary

reaction“re provided in the kinetics model (labeled “DUP” in the Chemkin mechanism
file). The o constants used here agree well with the experimental rate constants reported

by Biordi e and Richter et al. [137] For a further discussion of these reactions see the work

by Zachq
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CHFO+M — CO+HF + M

This 1,1 HF ular elimination is approximately just 1 kJ mol™ exothermic and is the

Ot

predonWaWction pathway for CHFO under flame conditions, rapidly consuming the

quoroform!dehyde so that it is destroyed as fast as it is formed. Shock tube studies of the thermal

decomposw carried out by Saito et al. in 1984 [138] at temperatures of 1160 K to 1480 K.
tro

Emission s py was used to simultaneously monitor in real-time both loss of CHFO and
formation qQfsC e derived rate constants should be reliable. The reaction has also been explored
theoretica mber of researchers [139-146] and the barrier height has been established to be
near 180 k he decomposition rate is pressure-dependent under flame conditions of typical
interest an e expression used is from the RRKM fit by Burgess et al. [44] to the rate constants
of Saito et C

CHFO + Hm +H,

The rate sion for this mildly exothermic reaction (approximately 12 kJ mol™) is estimated
based on e analogous CH,0 + H reaction as given in the review of Tsang and Hampson
[147]. Wi Is rate constant, this reaction is a minor channel.

CHFO + o@ + OH

is exothermic by about 6 ki mol™ and the rate constant has been estimated by analogy

This reacti

to CH,0 + ed by Klemm et al. [148] With this rate constant, this reaction is a minor

CHFO <CFO +H,0

channel.
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Wallington and Hurley provide an upper limit for this reaction at 295 K,[149] which is of little use at
combustion temperatures, except via estimation and extrapolation. Instead, we have utilized the
rate exan the ab initio transition state calculations reported by Francisco in 1992.[150]
The reactio hermic by about 73 ki mol™ and is a minor channel that should be considered for
eIiminatior&ed versions of the mechanism. More recently, Wang and Li have performed
higher |gvelmmbaimitio calculations and computed tunneling corrections to predict rate constants for
this reactiommeir rate constants are about an order of magnitude lower at combustion
temperatumhose of Francisco. Since this is a minor channel and we consider the rate

constants t er limits, and hence, we have utilized the rate expression of Francisco.

CFO+M—>EEE+§M

C-F bond figsion in CFO is endothermic by about 145 kJ mol™. To derive rate constants in conjunction

with the thermochemistry, the rate expression for the reverse combination CO + F — CFO from

Burgess et as previously been employed directly and as later modified by Saso et al. [39],
who increased the A factor by a factor of 3 to better fit experimental burning velocity measurements
in CHF; do mes. The present work uses a rate expression that is a combined fit to the room
temper asurement of CO + F + M (third order conditions) by Appleman and Clyne using a
discharge-flow apparatus[152] and the directly measured decomposition rate of CFO in the low-
pressure Iigt at (950 to 1050) K by Knyazev et al. [153] Knyazev et al. laser-photolyzed acetyl

fluoride to CFO in a flow reactor and derived the kinetics by monitoring its decay rate with

photoionizs spectrometry. Our fit assumes a negative temperature coefficient[153] for the
re r

low pressu ate constant and used a temperature exponent (T") of n =-1.0. When
extrapolatéd to combustion temperatures, this reduces the rate constant by a factor of 1.7 to 1.9
relative ming Arrhenius behavior (i.e., n=0). The rate constant is nonetheless sufficiently

large tha! ie exact value had no discernable impact on our computed burning velocities. Reaction

Rate Expressions s

<
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Reaction Rate Expressions

{

Table 2 su the rate expressions used in this work. If a single value was selected from the
Iiterature,m reference is given. If the recommended rate expression is based on our
evaluatign efmultiple literature sources, it is denoted “this work eval” and a discussion of the
evaluation

und above under the corresponding reaction listing. In a few cases, the rate

expressionsgdre upper-limit estimates made either by analogy to other reactions or based on

GE

calculation are denoted “this work est.” Reactions so estimated were found to have little-

to-no impaéfo ning velocities — they are not rate-determining and simply provide pathways to

S

complete t ombustion of immediate species. Since these are upper limit estimates and the

present studies previde no significant information on the actual rate constants, one should be

U

cautious in of these estimates in other situations. Finally, there are several rate expressions

that were ddjusted (within their uncertainty limits) to achieve best agreement between the

n

experimen ved and model burning velocities — these are denoted “this work model.” We

have estim@te ertainty factors f for some of the most important reactions from our modeling.

a

For the othefr ons, it would be difficult to estimate uncertainty factors, although f=2 is generally

a good e for fast reactions and f=(2 to 4) for other reactions.

M

Author
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work, we compiled, evaluated, calculated, and estimated rate expressions that
describe the Pathways for the decomposition and combustion of CH,F, in CH,F,/0,/N,

|
flames. A ghemical kinetic mechanism was constructed and used (in other work) [8] to model

freely-pro remixed flames and predict burning velocities which were compared to

rning velocities was good (3 % to 6 %) and provides a validation of the chemical

kinetic meﬁaresented here.
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Appendix ies and Reaction Identifiers

In Table AT, Tor each species in this mechanism containing fluorinated hydrocarbon (C/H/F), and

oxygen-containing fluorinated hydrocarbon (C/H/F/O) species, we provide several identifiers: InChl,

I"

hydrogen/fluorine (H/F), hydrogen/oxygen/fluorine species (H/O/F), fluorinated hydrocarbon

Chemical Registry Numbers (CASRN), and NIH PubChem Compound Identifiers (PubChem
CID). O
We alsofhl—ER identifiers for each of the reactions in this mechanism containing

(C/H/F). ang ox -containing fluorinated hydrocarbon (C/H/F/O) species. InChl identifiers are

{

widely use ide structural/connectivity information for molecular species. InChl identifiers

i

are unique represg@htations. Each structure generates a unique InChl, and conversely each InChl

generates a uni structure. [154] [155] [156].

A

In a similar fashion, InChl-ER identifiers are extensions of base InChl identifiers and are used to
provide structural and chemical information for elementary reactions.[157-159] Like InChl, InChI-ER

51

95UB01 SUOWILLOD 8A1TER1D) 8|qedt [dde au Aq peuseAob ae S9pie YO ‘SN JO S8 J0) ArIqIT 8UIUQ AB|1/W UO (SUONIPUOD-PUe-SWIRILI0D" A3 1WA Je g1 |Bul [U//:SANL) SUORIPUOD Ppue SWid | 8y 89S " [£20Z/0T/70] Uo Ariqi]aulju AB|IM ‘UOTTBWLIOU| [ED1ULDS | PUY d1JNUBIS JO 80110 AQ 65/STZ UI/Z00T OT/I0p/W0d A8 1M Ale.d1jpuluo//sdny wouy pspeojumod ‘€ ‘220z ‘T09v.60T



has many layers that provide different types of (orthogonal) information about the elementary
reactions. Each layer is proceeded by a slash followed by a character, i.e. "/v" "/c" "/h". Within each

layer inWributions are delimited by semicolons. The layers are described in Table A2.
|

Standard M notation is used to denote the molecular formula and the numbering follows

this orderifig except H atom are numbered last. For example, the molecular formula for formyl

included infth cular connectivity layer (they are implicit), but are included in the reaction layer

“/r” and trﬁtate connectivity layer “/z” by necessity.

Compositegactions are written as a sequence in each layer. For example, CHF, + OH = CHFO + HF is

fluoride is CH gith the Clabeled #1, F as #2, O as #3, and lastly H as #4. The H atoms are not

a radical combiaation followed by a 1,2-elimination of HF. Table A3 shows the InChlI-ER identifier for

this compaogite

InChI-ER id@fcr all of the reactions in this mechanism are provided in Table A4.
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Table 1. Thermodynamic properties of fluorine-containing hydrocarbon species considered

in the kinetics model. AHO — standard enthalpy of formation, U — expanded standard uncertainty

(20), s°- Introp’)f formation at standard state, C,° — heat capacity at standard state.

Q.

Species AiHo(298 | U So(298 K) | C,° (298 | Reference
J/mol «Jirmol J/mol/K K)
J/mol/K

CHzF2 1.66 | 0.68 246.347 | 42.869 [48]
CHzF .39 0.50 229.665 | 42.869 [48]
CHF2 3.45 | 0.51 258.000 | 43.062 [48]
CHF .66 0.43 223.342 | 34.588 [49, 52]
CF2 -194.06 | 0.41 240.831 | 38.915 [48]
CF .74 0.13 213.034 | 30.056 [49, 52]
CHFCHF|[ 66 0.9 268.723 | 58.349 [49]
CHFC 2 1.6 292.665 | 69.191 [49]
C2HF 5.66 0.41 231.573 | 52.268 [49]
CHFO -382.23 0.31 246.727 | 40.019 [49, 52]
CF20 -606.45 0.41 258.971 | 47.365 [49, 52]
CFO .04 0.37 248.992 | 38.880 [49, 52]
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Table 2. Rate Expressions for Reactions for Combustion of CH,F,
Paramew A T" exp(-E./RT). Units in mol, cm?, s, kJ, K and fis uncertainty factor (95 %
confidence ligait). In some cases, both a two parameter (n=0) Arrhenius expression (valid only at

combustio atures, i.e. typically 1200 K to 1800 K) and the three parameter extended

Arrhenius ¢ alid at both combustion and low temperatures) are given. The two
paramefer IFERERIlis expressions are useful for comparing A factors and activation energies E,.
Where weﬁuld not determine a rigorous uncertainty estimate, we employed f=2.0. Uncertainties
denoted “ul”_ar ere we have assigned upper limits to rate constants to which our model is not

sensitive. Bhe finalicolumn briefly indicates key references, applicable temperature ranges, and

sometimes etadata (see footnote). Unless otherwise noted, the temperature ranges of
validity ar to be (300 to 1800) K. The most reliable range for each reaction, however, is
the region it was experimentally determined. For details the reader should refer to the
text.
A ‘ n ‘ E ‘ f ‘ Reference '
H/O/F
s 1.4 | this work, evaluation 200-1800 K [65]
1.3x10 1.6 -4.6
H,0 +F — OH +HF [68]
+HF 6.6x10™ | 0.7 | 2.2 | 1.4 | this work, evaluation 200-1800 K [72]
OH+F + HF 1.4x10" 0.5 0 | 1.3 | this work, evaluation [64]
HO, + F + HF 2.9x10" 0.5 0 | 1.4 | this work, evaluation [64]
CH,F,
2.25x10" 342. | 1.6 _ B R
5 0 k.., this work, adj in model [8]
CH,F; (+ F + HF (+M) 3
9.80x10" 261. . o :
7 ko, this work, adj in model [8]
F=0.08 0 9

H,0/6.0/ CMz/Z 0/

30.6 | 1.5 . .
4 this work, evaluation [7]
8.29x10 2.63 5
2.49x10" 62.5 | 1.5 _ ;
5 0 4 this work, fit 1200-1800 K [7]
271|114 . .
5 this work, evaluation [7]
wa +OH 4.10x10° | 2.40 9
1.86x10" 56.3 | 1.4 _ i
4 0 5 this work, fit 1200-1800 K [7]
CH,F, + OH F, + H,0O 3.29x10° | 1.86 | 7.52 | 1.5 | this work, evaluation [7]
1.68x10" 300 | 1.5 , ]
3 0 9 this work, fit 1200-1800 K [7]
1.3 . .
8 this work, evaluation [7]
CH,F, + F — CHF, + HF 2.05x10 1.79 130 | 5
5.54x10" 1.3 _ _
4 this work fit 1200-1800 K [7]
0 9.77 | 5
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CHF,
CHF, +0, — CF,0 + OH 7.5x10" 0 15 | 1.8 | this work, adj in model, 1200-1800 K [8]
1.5x10" | 1.0 0 | 1.8 | this work, fit, 800-1800 K
CHF, + HH{F +HF 6.5x10" 0 0 | ul | this work, CFy+H, est upper limit [106]
CHF, +0 on +H 3.7x10" 0 0 | 2.5 | this work, est CF;+0 [106] 6=2.4
CHF, + OH FO + HF 5.0x10" 0 0 | 1.5 | this work, est upper limit, CF3+OH[110]
CHF, +F — CF, + HF 3.0x10" 0 0 | ul | thiswork, est upper limit, CHF,+H
m_—»(jl-lzh +0, 1.3x10" 0 21 | ul | this work, est upper limit, CHF,+H
L 19 - 15 .
CHF, + CHF, HECF, + HF 3.1x10 195 17 RRKM [44] 6=1.4, est upper limit
‘ ’ ~5x10" 0 0 | 1.5 | this work, average 1200-1800 K
CHF
CHF + 0, FO+0 3.4x10" 0 33 | 1.8 | this work, adjusted in model [8]
CHF + H,0 ,O +HF 5.0x10" 0 27 | 2.0 | BAC-MP4 [53]
CHF +H + HF 2.0x10" 0 0 | 2.0 | [120] est branching 2:1
CHF + H - s +H, 1.0x10™ 0 0| 2.0 | [120] est branching 2:1
CHF+0 — CO +HF 9.0x10" 0 020 |[120]
CHF + OH E—» FO +H 2.0x10" 0 0| 2.0 | est, CF,+OH [121] 6=2
CHF + OH O +HF 4.0x10" 0 020 |[122]
CHF +F + HF 1.0x10" 0 0 | ul | thiswork, est upper limit
CHF + CHF ' E SHF +HF 2.7x10" 0| -21| ul | thiswork, est upper limit [44]
FCHF([Z] + 1 ul _ o
CH,F, + 1.5x10 0 84 this work, est upper limit
CF,
, 1.5 | this work, 1700-2500 K [117]
CF, + 0, —CF,0+0 6.6x10 1> % adjusted in model [117] [8] 6=1/1.24
1.7x10" 111 | 1.5 | this work, fit 1200-1800 K
CF, + H,0 h«FO +HF 5.0x10™ 105 | 2.0 | BAC-MP4 [44]
CF,+H G +HF 3.6x10" 18 | 1.8 | this work, fit 1200-1800 K
1.12x10" 1.8 _ :
| 10| 85 this work, fit [125] [126] 300-2000 K
2.45x10" 2.0
40 ! 0+F s 0 0 1200-1800 K [125]
I ! 1.1x10% | 04 0|20 | [125,128-131] 300-2000 K
CF, + OH — CF,0 +H 9.6x10" 0 0| 1.5 |[121] 1200-1800 K
s 2.1x10" | 0.5 0 | 1.5 | this work, fit 800-2000 K
CF, + OH O +HF 2.0x10" 0 0 | 1.5 | estupper limit [122] 1200-1800 K
CF
CF+0, CFO+0 6.6x10" 7.1 | 1.7 | [132]
CF+0 +F 8.0x10" 59| 1.6 |[130]
CF+OH — CO +HF 8.0x10" 59 | 1.6 | [130]
CHFO, CF,0, CFO
CHFO + M > CO+HF+M 2.5x10° | 3.0 | 180 [ 2.0 | [44]
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CHFO +H — CFO +H, 1.10x10% | 1.77 | 12.6 | 2.0 | [44]

CHFO +0 — CFO + OH 9.0x10" 0| 12.9 |20 | [44]

CHFO + OH — CFO + H,0 2.8x10" o| 27.7 |20 |[150]

CHFO + FHO +HF 2.7x10" o| 75|20 |[150]

CF,0 +H O +HF 5.50x10° | 1.42 79 | 2.0 | [54], path 1 via CF,OH, (~90 %)

CF,0 +H 0 + HF 1.2x10" | 0.83 93 | 2.0 | [54], path 2 via CHF,0, (~9 %)
5 ax10” | 188 150 2.0 [54], path 3 via direct abstraction, (~1

4X .

CF,0 + ™ WESE . HF %)

CFO +M H +F+M 3.0x10® | -1.0 | 126 | 2.0 | this work, fit [153]

CFO+F F,O 1.0x10" 0 0 | 2.0 | [44] est upper limit

CHFCHF[Z], @HFCF,

CHFCHF[Z] + . 2.0 _ ]

o F 4 CrO 7.0x10 10| 6.7 this work, fit [112] [113] n=1

2

CHFCF, + O FO +CF, 42x10° | 13| 1.0 2.0 | thiswork, fit [114] n=1.3 6=2.5
2.1x10" 0| 16.8 | 2.0 | this work, fit 1200-1800 K

CHFCF, + O N 50 + CHF, 3.4x10° | 13| 1.0/ 2.0 | this work, CHFO+CF,, 6=0.8
1.6x10" 0| 16.7 | 2.0 | this work, fit 1200-1800 K

CHFCF, + O ,O +CHF 2.5x10° | 13| 1.0 | 2.0 | this work, CHFO+CF,, 6=0.6
1.2x10% 0| 16.7 | 2.0 | this work, fit 1200-1800 K

Table 2 Foo
" Indicated
metada
based adju
'k, and k

reduce

dl

M

complex (P,T) rate expression k =k, (P
] is the concentration of the mixture including third-body efficiencies, and F(P,)

references used, applicable temperature ranges, methodology, and other

+y refers to a reaction used to derive a rate by analogy; 6 is an a priori or model-
factor used to modify the initial pre-exponential factor, A; est = estimate.

/1+P,) F(P,), where P, = ks[M]/k.. is a

a broadening function using the Troe form with a broadening factor of F.. [95] k.. and k, from this
work, fit tofliterature data and subsequently optimized to our burning velocity data. An optimized

I

collision ef
given.

Autho

f 2.0 was used for CH,F,. Third-body efficiencies for other major species are also

67

95UB01 SUOWILLOD 8A1TER1D) 8|qedt [dde au Aq peuseAob ae S9pie YO ‘SN JO S8 J0) ArIqIT 8UIUQ AB|1/W UO (SUONIPUOD-PUe-SWIRILI0D" A3 1WA Je g1 |Bul [U//:SANL) SUORIPUOD Ppue SWid | 8y 89S " [£20Z/0T/70] Uo Ariqi]aulju AB|IM ‘UOTTBWLIOU| [ED1ULDS | PUY d1JNUBIS JO 80110 AQ 65/STZ UI/Z00T OT/I0p/W0d A8 1M Ale.d1jpuluo//sdny wouy pspeojumod ‘€ ‘220z ‘T09v.60T



Table Al. *e jes |dentifiers

Species InChlI CASRN | PubChem CID
CH,F, m #CH2F2/02-1-3/h1H2 75-10-5 6345
CH,F s CH2F/c1-2/h1H2 3744-29-4 59907226
CHF, CHF2/c2-1-3/h1H 2670-13-5 137670
CHF CCH‘_F/CIQ/th 13453-52-6 n/a
CF, CF2/c2-1-3 2154-59-8 n/a
CF g 'CAF/CI-Z 3889-756 | 162214211
CHFCHF[ 29 C2H2F2/c3-1-2-4/h1-2H/b2-1- | 1630-77-9 5462921
CHFCF, ﬁcngs/c3-1-2(4)5/h1H 359-11-5 9665
C,HF C2HF/c1-2-3/h1H 2713-09-9 32759
CHFO CHFO/c2-1-3/h1H 1493-02-3 15153

CF20/c2-1(3)4 353-50-4 9623

CFO/c2-1-3 1871-24-5 137241

=
. -
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Table A2. InChI-ER layers

Layer | Des

/v md prmula for each of the reactants and products

/c moleetla ectivity for all of the heavy atoms (hon-hydrogen atoms) in each of the

e JEEERES hd products

/h idefitifi e number of hydrogens on each species in the chemical reaction

/r identifiegthe connectivity (bonds broken and formed) during the reaction (spectator atoms
notinvolvad in the reaction are not included)

/b iden double bond) stereochemical isomers zusammen (Z) or entgagen (E)

/z prg W S the connectivity of the atoms in the transition state (again, spectator atoms are not
inclaged

/k sp s of chemical reaction.
of ple, "/kC-H+O" denotes an hydrogen (H) abstraction from a carbon-center (C) by

-center on a species (0), such as, CH,F, + OH = CHF, + H,0
. xample, "/kO.C-H" denotes a beta scission of H from a C adjacent to a O-centered

radical site, such as, H-CH20* = CH20 + H. A beta scission creates an unsaturation bond
( pair such as a carbene, (e.g., :CHF).

Table A xample of InChl-ER for CHF, + OH = CHFO + HF
/v/c/h molecular formula, connectivity, and location/number of hydrogens
/ri+1%1,1' atom 1 on first reactant combining with atom 1' on the second reactant

followed by elimination of FH (2,2') from the carbon and oxygen centers on the
chemically-activated intermediate CHF2-OH species (1,1')

/z1-1"1-1'- the first term denotes the connectivity of the C-O "transition state" and the

second term denotes the -(C-O-H-F-C)- four-centered transition state (the last
carbon shown here is the first carbon)

combination of a carbon-center with an oxygen-center, denoted as "C-O(-1)" -
combinations are considered as the reverses of bond fissions (the unimolecular

direction)
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Table A4. InChI-ER Reaction Identifiers for this Mechanism

Reactants — Products

InChI-ER

/vH20;F;HO;FH; /c;;;; /h1H2;;h1H;h1H,
/r1-2-1"; /z1-2-1"; /kO-H+F; (abstraction)

/vH2;F;H;FH; /c; /h1H;;;h1H;
/r1'-2'+1; /z1'-2'-1; /kH-H+F; (abstraction)

/VHO;F;O;FH; /c;;;; /h1H;;;h1H;
/r1'-2'+1; /z1'-2'-1; /kO.H-F; (disproportionation)

/vHO2;F;02;FH; /c1-2;;1-2;; /h1H;;;h1H;
/r1'-3'+1; /k1'-3'-1; /kO.H+F; (disproportionation)

CH,F;

CH,F, CHF + HF /vCH2F2;CHF.FH; /c2-1-3;c1-2;; /h1H2;h1H;1H;
/r1-2,4 /z1-2-4-1 /kC-FH (1,1-elimination)

CH,F, +H CHF2 + H2 /vCH2F2.H;CHF2.H2; /c2-1-3;2-1-3; /h1H2;h1H;1H
/r1-4+1"/z1-4+1' /kC-H+H /wCHF?2 (abstraction)

CH,F, + O — CHF, + OH /vCH2F2;0;CHF2;HO; /c2-1-3;;2-1-3;; /h1H2;;h1H;h1H,;
/r1-4+1"; /z1-4-1"; /kC-H+O; (abstraction)

CH,F, + 0O CHF, + H,0 /vCH2F2;HO;CHF2;H20;/c2-1-3;;2-1-3;; /h1H2;h1H;h1H;h1H2;

/r1-4+1"; /z1-4-1"; /kC-H+O; (abstraction)

CH,F, +F

CHF, + HF

/VCH2F2;F;CHF2;FH; /c2-1-3;;2-1-3;1-2;; /h1H2;;h1H;h1H;
/r1-4+1"; /z1-4-1"; /kC-H+F; (abstraction)

CHF,

CHF, + 02 — CF,0 + OH

/vCHF2;02;CF20;HO; /c2-1-3;1-2;2-1(3)4;; /h1H;h1H;h;h1H
/r1+1%1-4+2%1-1";, /z1-1;1-4-2";1-1"; /kC-O(-1);C-H+0O;C.0-0;
(combination;isomerization;beta scission)

CHF, +H — CHF + HF

/vCHF2;H;CHF;FH; /c2-1-3;;1-2;; /h1H;;h1H;1H;
/r1+11-2,1" /z1-4-1";1-2-1'-1; /kC-H(-1);C-HF;
(combination;1,1-elimination)

CHF,+0O CF,0+H

/VCHF2;0;CF20;H; /c2-1-3;;2-1(3)4;; /h1H;;;;
/r1+1';1-4; /k1-1';1-4; /kC-O(-1);0.C-H;
(combination;beta scission)

= CHFO + HF

CHF, + OH

/vCHF2;HO;CHFO;FH; /c2-1-3;;2-1-3;; /h1H;h1H;h1H;h1H;
/r1+1%1,1'-2,2"; /z1-1";1-2-2'-1'-1; /kC-O(-1);CO-FH;
(combination;1,2-elimination)

CHF, + CF, + HF /VCHF2;F;CF2;FH; /c2-1-3;;2-1-3;; /h1H;;;h1H;
/r1+1';1-4,1"; /z1-4-1'-1; /kC-F(-1);C-HF;
(combination;1,1-elimination)

CHF, + HO CH,F, + O, /vCHF2;02;CH2F2;02/c2-1-3;1-2;2-1-3;1-2; /h1H;h1H;h1H2;;
/r1'-3'+1; /z1'-3'-1 /kO.O-H+C; (disproportionation)

CHF, + — CHFCF, + HF vCHF2;CHF2;C2HF3;FH; /c2-1-3;2-1-3;3-1-2(4)5;;
/h1H;h1H;h1H;h1H;
/r1+1';1,1'-4,2"; /z1-1";z1-1'-2'-4-1; /kC-C(-1);CC-HF;
(combination;1,2-elimination)

CHF

CHF + O, — CHFO + O | /VCHF.O2;CHFO.O; /c1-2;1-2;2-1-3;;/h1H;;h1H;;
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/r1+1%1'-2" /z1-1;1'-2"; /kC-O(-1);0.0-C;
(combination;beta scission)

CHF + H,0

g CH2O + HF

/vCHF;H20;CH20.FH; /c1-2;;1-2;1-2;; /h1H;1H2;h1H2;1H;
/r1+1',2%1,1'-2,2"; /z1-1'-2'-1; /kC-OH(-1);CO-HF;
(insertion;1,2-elimination)

CH + HF

/VCHF;H;CH;F; /c1-2;;1-2;; /h1H;;h1H;h1H;
/r1+1%1-2,1" /z1-1";1-2-1'-1; /kC-H(-1);C-HF;
(combination;1,1-elimination)

—>CF+H2

/VCHF;H;CF;H2; /c1-2;;1-2;; /h1H;;;h1H;
/r1+1%r1-3,1"; /z1-3-1'-1; /kC-H(-1);C-HH;
(combination;1,1-elimination)

CO + HF

/vCHF;0;CO.FH; /c1-2;;1-2;; /h1H;;;h1H;
/r1+1%1-3,2"; /z1-1';1-3-2'-1; /kC-O(-1);C-HF;
(combination;1,1-elimination)

CHF + OH CHFO +H

/vCHF;HO;CHFO;H; /c1-2;;2-1-3;; /h1H;h1H;h1H;;
/r1+1%1'-2"; /z1-1';1'-2"; /kC-O(-1);C.O-H;
(combination;beta scission)

CHF + OH

HCO + HF

/vCHF;HO;CHO;FH; /c1-2;;1-2;; /h1H;h1H;h1H;h1H;
/r1+1%1,1'-2,2"; /z1-1",1-1'-2'-2-1; /kC-O(-1);CO-HF;
(combination;1,2-elimination)

— CF + HF

/vCHF;F;CF;FH; /c1-2;;1-2;; /h1H;;;h1H;
/r1-141-2',1"; /z1-2'-1'-1; /kC-F(-1);C-HF;
(combination;1,1-elimination)

C,HF + HF

/vCHF;CHF;C1-2-3;; /h1H;h1H;h1H;h1H;
/r1-141,1'-2,2"; /z1-1'-2'-2-1; /kC-C(-1);CC-HF;
(combination;;1,2-elimination)

— CHFCHF[Z] + HF

/vCH2F2;CHF;C2H2F2;FH; /c2-1-3;1-2;3-1-2-4;;
/Mm1H2;h1H;h1-2H;h1H; /b2-1+;

/12'-1,4 /z2'-1-4-2"; /kC-CH(-1);CC-HF;
(insertion;1,2-elimination)

CF,

CF, + 02 — CF,0+ 0O IVCF2;02;CF20;0; /c2-1-3;1-2;2-1(3)4;; /h;;;;
/r1+1';1'-2"; /kC-O(-1);C.0-0;
(combination;beta scission)

CF, + H,0 CHFO + HF /vCF2;H20;CHFO;F; /c2-1-3;,c2-1-3;; /h;h1H2;h1H;h1H,;
/r1-1'2"1-1'-2"/z1-1'-2'-2-1; /kC-OH(-1);CO-HF;
(insertion;1,2-elimination)

CF,+H — CF + HF /vCF2;H;CF;FH; /c2-1-3;;1-2;; /h;;;h1H;
/r1-2+1"; /z1-2=1"; /kC-F+H; (abstraction)

CF,+0 CFO+F /vCF2;0;CFO;F; /c2-1-3;;2-1-3;; /h;;;;
/kC-0O;C-F (combination;bond fission)

CF, + OH CF,0+H /VCF2;HO;CF20;H; /c2-1-3;;2-1(3)4;; /h;h1H;;;
/kC-0(-1);C.O-H; (combination;beta scission)

CF, + OH CFO + HF /vCF2.HO;CFO;FH; /c2-1-3;;2-1-3;; /h;h1H;;h1H;
/kC-O(-1);C,0-F,H (combination;1,2-elimination)

CF

CF+0, — CFO+ 0 /VCF;02;CFO;0; /c1-2;1-2;2-1-3;;/h;;;;
/kC-0(-1);C.0-O) (combination;beta scission)

CF+0 — CO+F /VCF.O;CO.F;/c1-2;c1-2;/h;;;;
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/kC-0(-1);0.C-F (combination;beta scission)

CF + OH — CO + HF /VCF.O; CO.F/c1-2;¢1-2; h;;;h1H;
/kC-O(-1);0.C-F (combination;beta scission)

CHFOMO

CHFO — CO + HF /VCHFO;CO.FH/c2-1-3;c1-2;/h1H;/h;1H

/kC-H,F (1,1-elimination)

CHFO +H

/VCHFO.H;CFO.H2/c2-1-3;¢2-1-3;/h1H;h;1H
/kC-H+H (abstraction)

CHFO + O

/VvCHFO.O;CFO.HO/c2-1-3;¢2-1-3;/h1H;h;1H;
/kC-H+O (abstraction)

CHFO + O

/vCHFO.HO;CFO.0/c2-1-3;c2-1-3;/h1H;1H
/kC-H+O (abstraction)

CHFO +F

//[vVCHFO.F;CFO.FH;/c2-1-3;/h;1H;
/kC-H+F (abstraction)

CFO + HF

/vCF20.H;CFO.FH;/c2-1(3)4;c2-1-3;/h;1H
/kC-H(-1);0.C-H,F (combination;1,1-elimination)

— CFO + HF

/vCF20.H;CFO.FH;/c2-1(3)4;c2-1-3;/h;1H;
/kO-H;C,0-F,H (combination;1,2-elimination)

— CFO + HF

/vCF20.H;CFO.FH;/c2-1(3)4;2-1-3;/h;1H
/kC-H+F (abstraction)

/VCFO;CO.F;/c2-1-3;1-2;/h;
/r1-2;/z1-2;/kO.C-F (beta scission)

/VvCFO.F;CF20;/c2-1-3;c2-1(3)4;/h;
/r1+1'/z1-1'/kC+F (combination)

CHFCHF FCF,

CHFCH — CH,F + CFO

/vC2H2F2.0;CFO.CH2F;/c3-1-2-4;2-1-3;1-2;
/h1-2H;/b2-1+;h; 1H2;
/kC.C-H;C.C-H;C.C-C;
(addition;isomerization;beta scission)

CHFCF, + O — CHFO + CF,

/vC2HF3.0;CF2.CHFO;/c3-1-2(4)5;c2-1-3;2-1-3;/h1H;h; 1H;
/r1+1'1-2; /z1-1"1-2; /kC+O;C.C-O (addition;beta scission)

/vC2HF3.0;CHF2.CFO;/c3-1-2(4)5;2-1-3;2-1-3;/h1H;h1H;
/kC+0;C.C-F;0.C-C
(addition;isomerization;beta scission)

/VC2HF3.0;CF20.CHF/c3-1-2(4)5;2-1(3)4;1-2;/h1H;h; 1H;
2+1';1-2; /22-1";1-2;/kC+0O;C.C-O
(addition;beta scission)

CHFCF, + CFO + CHF,
CHFCF, + CF,0 + CHF

<
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CO ppes CO,

FIGURE erature (about 400 K to 900 K) pre-flame radical initiation phase. The thickness
of the lines | ral indicator of the relative integrated fluxes. Carbon-containing species are
shown a H/O reactant partners. For clarity, HF and H/O species products are generally not
shown . For example, “CHFO + M — CQO” is shown, while the HF product is not; CO + OH

— CO02 is shown, while the H product is not
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CO;
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FIGURE 2 High % perature (about 1400 K to 2000 K) flame overall combustion pathway. The
thickness of the'ffies is a general indicator of the relative integrated fluxes. Carbon-containing
species
are not shown arity in the figure

Author M

long with H/O reactant partners, but generally the HF and H/O species products
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FIGURE 3 C&&ution profiles for important species illustrating the two zones of chemistry. R-

32/air, =298 K, @ = 1.1. Note that CHFO, HO2, OH, and CHF2 have been scaled by
120000, 5000¢ , and 100, respectively, for ease in comparison. CHF is not shown here, but is an
importantd ediate between CH2F2 and CHFO in the initiation zone: CHF is formed slowly from
CH2F2 idly forms CHFO via reaction with ambient O2 and subsequent loss of O. Figure 2

and figure 3 show the reaction pathways at low and high temperatures, respectively

Author
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25%
20%
CH,F,+ M — CHF + HF+ M
CHF+ O, — CHFO+ 0
15%
x 10%
<
o CHF,+ O, — CF,0+ OH
» 5%
<
0% | CHF+ CHF — C,HF + HF
CH,F,+ H — CHF,+H,
-5% X
0.8 0.9 1.0 11 1.2 1.3

Equivalence Ratio
- -
FIGURE#EChange in burning velocities Su with rate constants k: (BSu'/@k'), where BSu’ = BSu/Su and
@k’ = @k/k. Conditions are 30% 02, P = 2 bar, Tu = 350 K — at other conditions, the dependencies are

qualita e same, but quantitatively different

)

Author
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FIGURE 5 nded rate expression for H20 + F — OH + F versus experimental and theoretical
values. k (cm3 mol-1 s-1). Recommended (large solid red line), 13NGU/LIN [68] (dotted line),
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14.5
. Recommended
85CLY/HOD
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=
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12.5 //
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FIGURE 6 mnded and experimental rate constants for H2 + F — HF + H. Recommended
(thick solid red line), 97PER/KOR(eval) [72] (thick dashed line), 70HOM/SOL [77] (medium solid line),

741GO/ dashed line), 76GOL/SCH [81] (triangle), 77PRE/WES [79] (large filled dot),
80HEI/ROT [7 ted curve), 8OWUR/HOU [73] (open circles), 81FAS/NOG [76] (unfilled square),
85CLY/ s sign), 89STE/BRU [65] (X), 21BED [83] (thin solid line)
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FIGURE 7
(open circl@s),
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CHF + HF (high pressure limit). Recommended (thick red line), 18MAT/SHI [94]
B/HIN [93] (dashed line), 68POL/SHE [92] (dotted line)
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