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Abstract

Transition states for the H-abstraction, F-abstraction and substitution pathways of the reaction of H with fluoromethanes
were characterized at the HF and MP2(FU) levels of theory with the 6-31G(d) basis set. The reaction barrier heights for
these pathways were obtained from single point energy calculations using the Gaussian-2 and BAC-MP4 methods. These
results were employed to calculate rate constants via transition state theory. The computed rate constants are in good accord
with available experimental data, and are discussed in the context of the differing flame suppression chemistries of CH;F,

CH,F,, CHF, and CF,.

1. Introduction

Kinetic data for the reactions of H atoms with
fluorinated methanes are needed to model the com-
bustion chemistry of fluorine-containing compounds.
This topic has received recent attention through ef-
forts to understand the flame suppression activity of
halons such as CF;Br and potential substitutes [1-5].
For typical hydrocarbon flames (achieving tempera-
tures in the range 1600~2200 K) numerical simula-
tions of the decomposition of the fluoromethanes in
conjunction with flame speed measurements [6] indi-
cate that a major destruction pathway for the fluo-
romethanes is through abstraction of H from the
fluoromethanes by H atoms in the flame. This path-
way competes with the other major destruction path-

ways, including H-atom abstraction by OH radicals
and unimolecular decomposition (HF elimination).
The relative importance of each pathway depends
upon the fuel, stoichiometry (fuel/oxidizer ratio),
inhibitor, and inhibitor concentration. For example,
for stoichiometric methane—air flames at high in-
hibitor concentrations, the relative amounts of fluo-
romethane destroyed via the reaction with H atoms,
unimolecular decomposition, and via reaction with
OH radicals are 6:3:1 and 4:3:3 for CHF; nyand
CH,F,, respectively. By contrast to the process

H+CH, - CH,; +H,, ()

the experimental kinetic data base for H-atom reac-
tions with fluorinated molecules is sparse and some-
times contradictory. For example, three pathways for
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attack by H on CH,F have been discussed in the
literature [7]; abstraction of F, abstraction of H, and
substitution

H+ CH,F > CHy + HF, AH,y = — 111 kI mol™': (2f)
— CH,F+H,, AHyy = ~16kJ mol™'; (2h)
—CH; +F, dHyy=—12K mol™". (2s)

The exothermicities [8,9] demonstrate that all these
channels are thermochemically reasonable. The dom-
inance of the F-abstraction channel has been gener-
ally assumed based on experimental work by West-
enberg and deHaas [7]. Recent BAC-MP4 results of
Westmoreland et al. [5] indicate that H-abstraction is
the most important pathway. At the same time, ex-
perimental estimates of the total rate constant, k,,
differ by more than two orders of magnitude at 600
K, where different measurement techniques overlap
[7].

Here the results of high-level ab initio calcula-
tions are presented for abstraction and substitution
pathways for the series H + CH,_ F, (x = 0-4), i.e.
reactions (1), (2) and the reactions,

H + CH,F, — products, (3)
H + CHF, — products, (4)
H + CF, — products. (5)

There are limited data for many of these reac-
tions. Consequently one aim of this work is to
develop rate expressions suitable for use in combus-
tion modeling.

It is known that Gaussian-2 theory [10], which
approximates QCISD(T)/6-311 + G(3df,2p), yields
results that are in accord with experimental atomiza-
tion energies for a test set of bound molecules with
an average absolute deviation of 5 kJ mol~'. This
test set did not include fluorocarbon molecules. Simi-
larly, the BAC-MP4 method has been shown [11] to
predict enthalpies of formation for fluorinated hydro-
carbons to within 10 kJ mol~'. In this study, we
estimate barrier heights using the G2 and BAC-MP4
methods to see whether similar degrees of accuracy
hold for various transition states. These results are
employed in transition state theory calculations to
yield rate expressions and product branching ratios
for reactions (1)—(5). The implications for models of

flame suppression by fluorinated agents are also
discussed.

2. Theoretical methods

The ab initio calculations were conducted on
Cray-YMP, HP-PARisc, SGI-Power Challenge and
SUN-SVR4 computers ! using the GAUSSIAN 92
code [12]. The geometries of the reactants, transition
state (TS) and products for each reaction were ini-
tially optimized at the HF level of theory using the
6-31G(d) basis set. Next, these optimized geometries
were further refined at the MP2(FU) level with the
6-31G(d) basis set. Finally, these MP2 optimized
geometries were utilized to obtain approximate
QCISD(T)/6-311 + G(3df,2p) energies via the
G2(MP2) and G2(ZPE = MP2) [10] protocols. For
the **G2 test’” species, the G2(MP2) variation has
been shown to provide accurate atomization energies
without the use of the computationally expensive
MP4 /6-311G(2df,p) energy evaluation. On the other
extreme, the G2(ZPE = MP2) procedure requires this
expensive step as well as MP2 vibrational frequen-
cies instead of HF frequencies. For the BAC-MP4
calculations, MP4 /6-31G(d,p) single point energies
were calculated using HF /6-31G(d) optimized ge-
ometries followed by empirical bond additivity cor-
rections (BACs).

Vibrational frequencies were computed at the HF
and MP2 geometries in order to verify that the
optimizations resulted in true minima (with no com-
plex frequencies) or transition states {(with only one
complex frequency corresponding to motion along
the reaction coordinate). The vibrational frequencies
(scaled by a standard scale factor of 0.8929 for HF
and 0.9646 for MP2 [10]) were also used to compute
the zero-point energy (ZPE) correction for the
G2(MP2) and G2(ZPE = MP2) energies.

! Certain commercial equipment, instuments, or materials are
identified in this paper in order to specify the experimental
procedure adequately. In no case does such identification imply
recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the materials or
equipment are necessarily the best available for the purpose.
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The bimolecular rate constant k for each pathway
was obtained from canonical transition state theory
(TST) calculations as implemented within the
POLYRATE 6.5 program [13]

kT (0] E}
=FL_;S‘_CXP(__°), )
h QuQcu,_r, RT

where I represents a correction factor for quantum
mechanical tunneling derived at the zero-curvature
level and is > 1 [14]. The partition functions include
rotational symmetry numbers. Ej is the energy dif-
ference between reactants and TS including ZPE, i.e.
the enthalpy difference at 0 K. The rate constants
based on the BAC-MP4 calculations were evaluated
from the partition functions, @, without considering
tunneling. Consequently, at low temperatures (300-
800 K) these values will significantly underpredict
the rates of reaction. However, at typical flame
temperatures (1600-2200 K), this difference will be
small. The G2 based results do include a tunneling
contribution.

kTST

CH, + He > *CH; + H, (TS1h) CH;F + He - «CH,F + H, (TSZh)

)
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3. Results and discussion

The optimized geometrical parameters associated
with the reaction coordinate of the TSs for the
hydrogen abstraction, fluorine abstraction and substi-
tution channels are illustrated in Fig. 1. The compo-
nents of their G2(MP2) and G2(ZPE = MP2) ener-
gies are listed in Table 1 along with the MP4 /6-
31G(d,p)//HF /6-31G(d) energy utilized in the
BAC-MP4 calculation. For the reactants and prod-
ucts the optimized geometries, component energies
and enthalpies of formation are available elsewhere
[10,15-17]. Table 2 lists the computed barrier heights
for the H-abstraction, F-abstraction and substitution
channels.

For the H-abstraction reactions, TS properties have
been analyzed previously only for the reaction H +
CH, — CH, + H,. Some representative earlier val-
ues [18-23] of the barrier, E§, are compared in
Table 2. The BAC-MP4 and G2 values calculated
here are seen to be in good accord with other ab

CHZFZ + He = «CHF, + H, (TS3h) CHF; + He — «CF3 + H, (TS4h)

@
(36 83%’ L _
@ @ (176 @ 389"

()

CF, + H* - *CF; + HF (T'S5f)

0879
0906

(,HF,+H — «CHF, + HF (TS4f)

1.69 -‘“J"
dess — (59 75gf0
A%

181
@ @ Tlli%g)‘ @'(:.2_49)
(&) ¢

CHF; + He - CH,F, + F+ (1'S4s)

CF4 + He — CHF; + F« (TS5s)

Fig. 1. Optimized MP2(HF in parentheses) /6-31G(d) transition state geometries for fluoromethane hydrogen abstraction (TS1h—TS4h);
fluorine abstraction (TS2f-TS5f); and fluorine substitution (TS2s—TSSs) reactions.
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Table 2
Comparison of computed barrier heights (E}) * for the reactions of H with fluoromethanes

Reactants

CH, +H CH,F+H CH,F, + H CHF, +H CF, +H
H-abstraction: (1h) (2h) (3h) (4h)
BAC-MP4 61.0 496 479 54.1
G2(MP2) 60.3 527 516 62.0
G2(ZPE = MP2) 612 53.8 526 63.2
QCISD [18] 619
QCISD(T) [19] 57.0
CCSIX(T) [20] 55.8
PMP4SDTQ [21] 59.4
POL-CI[22] 65.1
expt. [23] 62.7
F-abstraction: 0)})] 3N 46 (sNH
BAC-MP4 130.9 149.7 167.2 174.1
G2(MP2) 128.5 154.2 177.1 190.3
G2(ZPE = MP2) 130.9 156.7 179.2 191.9
substitution: (2s) (3s) (4s) (5s)
BAC-MP4 163.0 2163 2673 269.5
G2(MP2) 131.7 191.2 2576 279.8
G2(ZPE-MP2) 132.2 192.6 261.2 279.8

* Energies in kJ mol ™! relative to reagents including ZPE, i.e. relative enthalpies at 0 K.

initio values, as well as with the value obtained by
fitting to experimental data. For abstraction of hydro-
gen from methane and the fluoromethanes, the bar-
rier does not vary monotonically with the number of
C-F bonds, but does correlate with the calculated TS

350 T T T T T
G2(MP2)
300 | 4
FaN
250 | E
'6 200 A e
£
= 150 | w
~
* 5
w 100 | B
O H Abstraction
50 | ag'E/ O F Abstraction |
A Substitution
0 1 — . 1 1
-150 -100 -50 0 50 100 150

AH(rxn), kJ mol '

Fig. 2. Calculated G2(MP2) Evans-Polanyi plot for H+
fluoromethane reactions (Squares = H abstraction; circles = F ab-
straction; triangles = F substitution).

geometries: the higher barriers are for TSs with
longer breaking C—H bonds and shorter forming
H-H bonds (Fig. 1). The Evans—Polanyi plot shown
in Fig. 2 indicates that knowledge of the reaction
enthalpy has predictive power for the barrier to
H-abstraction.

The barriers to F-abstraction increase along the
series from CH,F to CF,. There is a good correlation
between the calculated E§ and A H,, values (see Fig.
2). However, there is only a weak correlation be-
tween the C-F and H-F bond distances in the
transition states (Fig. 1) and the barriers to abstrac-
tion. Because the barriers to abstraction of H atoms
are significantly lower than for F-atom abstraction
(Table 2) the former channel is expected to dominate
under all conditions.

Transition states for substitution reactions involv-
ing CH,F and CH, F, exhibit simple structures where
H attacks opposite to the departing F atom (see Fig.
1). For CHF; the Hartree—Fock transition state ge-
ometry is similar, but the MP2 geometry has the
incoming H atom displacing a neighboring F atom.
For CF, this new transition state geometry is found
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Fig. 4. Comparison of calculated Arrhenius plots for the reverse reaction of H with CH, F, and CHF; with experiment. Computed rates are
shown as dotted lines for BAC-MP4, solid lines for G2(MP2) and dashed lines for G2(ZPE = MP2). Experimentally determined rates are
shown as open squares [25]; closed squares [26]; open circles [27]; filled triangles [28]: crosses [29]; open diamonds [30]; closed circles [31];

inverted open triangles [32]; stars [33].

at both HF and MP2 levels. The new geometry may
reflect attraction between the departing F atom and
the incoming H atom, which will become more
acidic as the extent of fluorine substitution on carbon
increases along the series. The non-reacting portions
of the TSs assume a geometry akin to the most stable
radical geometries, i.e. planar sp? for the CH, group
and pyramidal sp® for the CF; group. This shift in
structure along the series from CH;F to CF, may
imply significant differences in the substitution dy-
namics, but the high barriers mean this pathway will
only be important for reactions of translationally hot
H atoms.

The G2(MP2) and BAC-MP4 potential energy
surfaces for reactions (1)—(5) and possible product
channels were employed to calculate the rate con-

stants as outlined in Section 2. The computed Arrhe-
nius plots are compared with experimental results
cited in the literature. The forward reaction rate
constants are compared in Fig. 3 while the reverse
rate constants are compared in Fig. 4 (for CH,F, + H
and CHF; + H). Rate constants based on the G2(ZPE
= MP2) energies are also displayed for each major
channel.

Since the minor F-abstraction and substitution
channels are predicted to have small rate constants,
the total rate constant for H+ CH;F is &, =k,, +
ke + k;o = k,y,. It may be seen that there is agree-
ment between theory and the earlier recommendation
(600-1000 K, factor of 5 error limits) within the
experimental uncertainty. If the entire difference be-
tween theory and experiment is assigned to the ab

Fig. 3. Comparison of calculated Arrhenius plots for the forward reaction of H with CH;F, CH,F,, CHF, and CF, with experiment.
Computed rates are shown as dotted lines for BAC-MP4, solid lines for G2(MP2) and dashed lines for G2(ZPE = MP2). Experimentally
determined rates are shown as open circles (Hart and Grunfelder [7]); open triangles (Westenberg and deHaas (7]); filled squares (Aders et
al. [7]); crosses [24]; open squares (Skinner and Ringrose [7]); filled and open diamonds (Parsamyan and Nalbandyan [7]); filled circles
(Amphlett and Whittle [7]); filled triangles [3]; and stars (Kochubei and Moin [7)).
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initio E§ for the reaction, then this corresponds to a
computational error of only 4 kJ mol™' (at 800 K).
The review by Baulch et al. [7] suggested the domi-
nant channel to be F-atom abstraction, but the rate
constant recommendation is based largely on the
data set of Westenberg and deHaas [7] who carried
out experiments where the disappearance of CHF,
was monitored in the presence of a large excess of
H, so that knowledge of the products was not neces-
sary for determination of the total rate constant.

For reaction (3), H + CH,F,, H-abstraction is
again predicted to be more favorable (see Fig. 3).
The computed rate constants compare well (within a
factor of 2) with the measurements by Parsamyan
and Nalbandyan [7] who studied the ignition limits
of CH,F, and derived k; in combination with rate
constants for CH,F + O,, although they had as-
sumed F-abstraction to be the main pathway. The
rates for the reverse reaction, CHF, + H, > H +
CH,F,, have been measured by Prichard and Perona
[25] relative to the rate of recombination of CHF,
radicals in the 500-635 K temperature range. At 568
K the computed G2(MP2) rate differs by a factor of
6 from experiment.

In Fig. 3 there is a comparison of the forward
reaction rate for H + CHF; with experiment. The

Table 3

Summary of TST rate expressions  in the form k= AT" exp(~B/T) cm’ molecule~

rates reported by Amphlett and Whittle [7] (range:
350-600 K) were derived through consideration of
the reverse rate constant and the equilibrium constant
for CF; + H, » CHF; + H. Skinner and Ringrose
[7] obtained the rates (range: 960—1300 K) by mod-
eling the induction time of shock heated
H,/0,/CF;Br mixtures. Richter et al. [3,4] ob-
tained the rates from measurements (range: 9601300
K) in premixed H,/0,/Ar/CHF, flames. The cal-
culated rates deviate from these experiments by rms
factors in the range 0.4 to 0.7 and are closest to the
measurements of Richter et al. [3,4). For the reverse
reaction (i.e. CF; + H, = CHF; + H) the calculaged
rate constant falls between several reported determi-
nations [26—33], with rms factors in the range 0.1 to
1.3. Close agreement is found with the experimental
data of Kibby and Weston [30] (within a factor of
1.3) and Ayscough and Polanyi [26] (within a factor
of 0.7).

For H + CF,, the barrier to F-substitution is very
high so that F-abstraction is the only accessible
channel. The calculated kg for this slow process is
of the same order of magnitude as the measurements
by Kochubei and Moin (Fig. 3) [7] who analyzed
heated mixtures of CF, and H,, but the measure-
ments imply that the energy of the TS for reaction

Is‘l

Reaction BAC-MP4 G2(MP2) G2(ZPE = MP2)
A n B A n B A n B

(1h) 1.28¢ — 16 1.97 6678 1.78¢ — 23 378 3700 9.92e — 21 2.99 4729
(2h) 1.08e — 16 1.96 5394 9.25¢ — 26 4.40 2279 5.28e — 25 417 2631
(]3] 2.87e — 16 1.77 15580 2.06e — 17 1.97 14377 1.27e — 18 224 13574
(2s) 4.68¢ — 16 1.61 19293 5.07e - 17 1.77 14808 8.05¢ — 17 1.69 14787
(3h) 6.82¢ —~ 17 1.98 5249 7.50e — 26 439 2218 3.45e — 25 4.18 2538
(Bh)rev) 9.52e — 21 2.69 6210 6.42¢ — 24 3.53 4315 1.69% — 23 3.39 4502
(1) 8.14c — 16 1.73 17834 3.03e - 17 201 17253 3.10e — 17 1.93 17131
(3s) 8.09% — 24 1.61 25669 1.27e - 16 1.72 21936 1.76e — 16 1.62 22068
(4h) 3.42e — 17 201 6391 1.44¢ — 22 3.38 4514 3.83e —20 2.68 5469
(4h)rev) 2.04e — 20 2.74 4916 1.62e - 26 427 2368 242 —24 3.64 3138
(4f) 223e - 15 1.65 19943 2.60e — 16 1.80 20252 479 — 17 1.92 19766
(4s) 7.17e — 16 1.60 31663 2.16e ~ 18 174 29658 3.36e—17 156 ° 30424
(50 S.1le — 15 1.58 20773 4.83¢ — 16 1.76 21818 1.00e — 16 1.86 21333
(5s) 1.52e - 15 1.45 31990 1.33e - 17 1.58 ° 32606 2.45 — 17 156 ° 32696

* Obtained by fitting the coupling rate constants at 2500, 2000, 1500, 700, 500, 400, 350 and 298 K. Computed rate constants less than

107"? cm® molecule™' s™! were excluded from the fit.

® Calculated rate constant at 2250 K was included in order to obtain the rate expression since the rates below 2000 K were smaller than

107" cm® molecule ™' s~F.
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(5f) has been overestimated by about 22.5 kJ mol ™!
at the G2(MP2) level. A recent investigation [34] for
the entire series of chlorofluoromethanes (CH F
Cl,_,_,) has determined a BAC for the G2(MP2)
method of —8.0+0.4 kJ mol™' per C-F bond.
Even if this entire correction were applied to the TS
energy (likely an overestimate because the C—F bond
is partially broken) a significant difference remains.
Thus a confirmation of the measured & by a differ-
ent technique is highly desirable. CF, is the calibra-
tion molecule for the BAC-MP4 bond additivity
correction and we note that this method performs
better for this reaction. CF, is seen to be several
orders of magnitude less reactive than the other
fluoromethanes towards atomic hydrogen, because it
does not contain labile C—H bonds. The high C-F
bond strength also makes unimolecular dissociation
unfavorable under combustion conditions. Thus CF,
is essentially inert in a flame and the flame suppres-
sant activity of CF, is largely physical. By contrast,
the other fluoromethanes react quickly with H atoms
to yield F-containing radicals that undergo further
chemistry. This allows the possibility of chemical
flame suppression by CH,F, CH,F, and CHF,.

The rate constants obtained by least-squares fit-
ting to TST calculations at selected temperatures in
the range 298-2500 K are summarized in Table 3 in
a standard format k = AT" exp(— B/ T) suitable for
combustion models. Note that the individual A, n
and B parameters do not have separate physical
meanings. Should more accurate kinetic measure-
ments be made in the future, even if only at a single
temperature, the rate constant expressions can ac-
commodate this new information simply through ad-
justment of the B parameter.

A simple parameter which characterizes the qual-
ity of agreement between calculation and experiment
is A(log k), the rms difference between log(k_,,.)
and log(k,,,). The computed Allog k) for the
G2(MP2) method are 0.5, 0.2, 0.3 and 0.3, for the
hydrogen abstraction reaction of CH,, CH;F (using
recommendations of Baulch et al. [7]), CH,F, and
CHEF;, respectively. This indicates that the calculated
results are within a factor of =3 of experiment,
which is similar to the deviation between multiple
sets of measurements for the same reaction (such as
reactions (2h) and (4h)). An exception is the
G2(MP2) value for reaction (5f) which has been

v

discussed above. BAC-MP4 calculations yield simi-
lar overall agreement with experiment.

4. Conclusions

The ab initio PESs suggest that, contrary to some
earlier assumptions, H atoms react predominantly
with the C—H bonds in fluoromethanes and that the
major product channel is H, production. F-atom
abstraction is unfavorable kinetically, even though
HF formation is the most exothermic pathway. Tran-
sition state theory based on BAC-MP4 and Gauss-
ian-2 data gives good accord with experimental rate
constants for H + CH,F, CH,F, and CHF;. Slow
F-atom abstraction is the only plausible pathway for
H-atom attack on CF,. Therefore CF; is quite unreac-
tive in a flame and acts mainly as a physical flame
suppressant. By contrast, the other fluoromethanes
react faster with H atoms, so that CH;,F, CH,F, and
CHF; may participate chemically as well as physi-
cally in flame suppression.
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