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Abstract. The hydrogen-abstraction reaction
C,HsF+0 — C,H4F + OH has been studied by a dual-
level direct dynamics method. For the reaction, three
reaction channels, one for a-abstraction and two for f3-
abstraction, have been identified. The potential-energy
surface information is obtained at the MP2(full)/6-
311G(d,p) and PMP2(full)/6-311G(3df,3pd) (single-
point) levels. By canonical variational transition-state
theory, rate constants for each reaction channel are cal-
culated with a small-curvature tunneling correction. The
total rate constant is calculated from the sum of the in-
dividual rate constants and the temperature dependence
of the branching ratios is obtained over a wide range of
temperatures from 300 to 5,000 K. The agreement of the
rate constants with experiment is good in the experimental
temperature range from 1,000 to 1,250 K. The calculated
results indicate that at low temperatures o-abstraction
is most likely to be the major reaction channel, while
p-abstraction channels will significantly contribute to
the whole reaction rate as the temperature increases.

Key words: Hydrogen abstraction — Direct dynamics —
Ab initio — Rate constant — Variational transition state

1 Introduction

Chlorofluorocarbons (CFCs) are being phased out
because of their well-known connection to the depletion
of stratospheric ozone and the contribution to the
greenhouse effect that are detrimental to the environ-
ment [1]. Hydrofluorocarbons (HFCs) have been pro-
posed as major CFC replacements used in refrigeration,
air conditioning, foam blowing, and cleaning applica-
tions since they retain many of desirable physical and
chemical properties of CFCs and have a zero ozone
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depletion potential [2]. Owing to their containing at least
one C—H bond, HFCs are readily attacked by oxidizing
agents in the lower atmosphere or in combustion
systems, and thus they have shorter atmospheric life-
times. The reaction with the OH radical, which is the
main channel of tropospheric degradation for HFCs,
has attracted considerable attention, experimentally [3,
4] and theoretically [5, 6, 7, 8]. On the other hand, less
attention has been paid to the reactions of HFCs with O
atoms, which play an important role in the field of fire
suppressants and air pollution [9] relevant to flame and
combustion chemistry, except for the reactions of
oxygen and fluoromethanes [10, 11, 12]. In the most
recent work [13], the direct measurement of the overall
rates of O (°P) with fluoroethane (C,HsF) and difluo-
roethanes (CH,FCH,F and CH;CHF,) was reported in
the temperature range from 1,000 to 1,400 K. In the
present work, the focus is on the hydrogen-abstraction
reaction of oxygen with fluoroethane.

In fluoroethane, the hydrogen atom can be abstracted
from o- and f-carbon atoms; thus for the reaction
C,H;sF + O, two hydrogen-abstraction reactions, R1 and
R2, i.e., a- and fS-abstractions,

CH;CH,F + O — CH;CHF + OH RI1 | (1)
CH,FCH; + O — CH,FCH, + OH R2 | (2)

are feasible. However, because it is difficult to know
which hydrogen atom is abstracted in experiments, only
a-abstraction was assumed [13]. Up to now no informa-
tion is available on the branching ratio R1/R2; there-
fore, theoretical investigations are very desirable to gain
an understanding of the multiple channel reaction
mechanisms of the hydrogen-abstraction reaction of
C,HsF + O. Furthermore, since there are no available
experimental data at temperatures other than in the
range from 1,000 to 1,250 K, our theoretical results are
expected to provide a good prediction for the kinetics of
this reaction over a wide temperature range.

Here, a dual-level (X//Y) direct dynamics method [14]is
applied to study the «- and f-hydrogen-abstraction reac-
tions, R1 and R2. As usual, X//Y refers to optimization
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and frequencies at lower-level Y with single-point energies
calculated at higher-level X. In this approach, the required
electronic structure information for the stationary points
and some extra points along the minimum energy path
(MEP) is obtained directly from ab initio calculations.
Subsequently, by means of the Polyrate 8.4.1 program
[15], the rate constants for each reaction channel were
calculated using the variational transition-state theory
(VTST) [16, 17] with the interpolated single-point-ener-
gies (ISPE) [18] method. The canonical VTST (CVT) [19]
and the small-curvature tunneling (SCT) method [20, 21]
were taken into account at the VTST level. Finally,
the total rate constant of the reaction Co,HsF+ O was
obtained as well as the temperature dependence of the
branching ratios of reactions R1 and R2.

2 Calculation methods

In the present study, all the electronic structure calculations were
carried out with the program package Gaussian 98 [22]. The ge-
ometries of all the stationary points (the reactants, transition states
(TSs), and products) involved in reactions R1 and R2 were opti-
mized at the restricted or unrestricted second-order Moller—Plesset
perturbation level, including all the electrons in a correlation cal-
culation, with the standard 6-311G(d,p) basis set [(U)MP2(full)/6-
311G(d,p)]. The harmonic vibrational frequencies were calculated
at the same level of theory to characterize the nature of each critical
point and to make zero-point-energy corrections. The number of
imaginary frequencies (0 or 1) indicates whether a minimum or
a TS has been located. In order to yield more reliable reaction
enthalpies and barrier heights, single-point calculations for
the stationary points were made at the PMP2(full)/6-311G(3df,3pd)
and QCISD(T)/6-311G(2df,2p) levels. For each reaction
channel, the MEP was calculated with a gradient step size of
0.05 amu'/bohr at the MP2(full)/6-311G(d,p) level to confirm that
the TSs really connect with minima along the reaction paths. At the
same level, the energy derivatives, including gradients and Hessians
at geometries along the MEP, were obtained to calculate the cur-
vature of the reaction path and to calculate the generalized vibra-
tional frequencies along the reaction path. Then, the energies along
the MEP were refined with the ISPE method [18] at the PMP2(full)/
6-311G(3df, 3pd) level.

This initial information on the potential-energy surface (PES)
was used to evaluate the rate constants by means of the Polyrate
8.4.1 program [15]. The theoretical rate constants for each reaction
path were calculated using the CVT with the SCT approximation
proposed by Garrett and coworkers [19, 20, 21]. The generalized
normal mode analysis was carried out in curvilinear coordinates
[23] so as to eliminate unphysical imaginary values over a wide
range of the reaction coordinate owing to the rectilinear coordi-
nates. The lowest bending frequencies were real over the whole of
the reaction path using the curvilinear coordinates. All vibrational
modes other than the lowest vibrational one were treated har-
monically, and for the lowest-frequency modes the partition func-
tions were calculated using the hindered-rotor approximation of
Truhlar and Chuang [24]. The spin—orbit splitting of O (°P), which
is 158.26 and 226.98 cm™! for *P; and P, relative to >P,, was in-
cluded when calculating the electronic partition functions. Finally,
the total rate constant was obtained from the sum of the individual
rate constants associated with the o- and f-abstraction reactions.

3 Results and discussion
3.1 Stationary points

The optimized geometries at the MP2(full)/6-311G(d, p)
level of the reactants and products involved in reactions

R1 and R2 are presented in Fig. 1 along with the
available experimental data [25, 26]. The corresponding
harmonic vibrational frequencies are given in Table 1.
As shown in Fig. 1, fluoroethane (C,HsF) has C;
symmetry, and the fluoroethane radical (CH,FCH,)
has two conformations with C; and Cs symmetry,
respectively. When a comparison is possible, the geom-
etries of C,HsF and OH are in good agreement with the
corresponding experimental values; the maximum error
of the bond lengths is 0.6%. With respect to the
frequencies, the MP2(full) level gives an overestimate,
with the largest deviation being about 10% between the
calculated and experimental values.

Since the two hydrogen atoms in the o-position of
C,H;sF are equivalent, only one TS («-TS1) of reaction
R1 was located. As to the three f-hydrogen atoms, H’
(in Fig. 1) is different from the other two; as a result, two
TSs B-TS2 and S-TS3 for reaction R2 were found. Thus,
p-abstraction reactions via f-TS2 and S-TS3 are de-
scribed as reactions R2a and R2b, corresponding to the
product radical CH,FCH, with C; and C; symmetry,
respectively. The reaction path symmetry numbers for
the reactions are 2 for R1, 1 for R2a, and 2 for R2b. The
optimized structures of the three TSs at the MP2(full)/
6-311G(d,p) level are depicted in Fig. 2, and the corre-
sponding harmonic vibrational frequencies are listed in
Table 2. In the three TS structures, the reactive C-H’
bond, which is broken, is elongated by 13.97%, 16.91%,
and 16.68% compared to the C-H equilibrium bond
length of C,HsF, and the forming bond O-H’ is 27.7%,
22.93%, and 23.25% longer than the equilibrium bond
length of the OH radical. Thus, all the TSs are reactant-
like, and the three reactions will proceed via “‘early”” TSs.
Furthermore, it is obvious that the «-TS1 is a more re-
actant-like TS, so the a-hydrogen abstraction reaction
R1 will proceed via an “‘earlier” TS compared with
f-hydrogen-abstraction reactions R2a and R2b. The TSs
are identified with only one imaginary frequency, and
the imaginary frequencies of the three TSs are 2,233i,
2,146, and 2,176i cm™", respectively.

It is well known that the estimates for the reaction
enthalpies, AHSQS, and barrier heights, AE, are sensitive
to the level of theory and basis set used. Here, the reac-
tion enthalpies and potential barriers were calculated at
three levels, i.e., (U)YMP2(full)/6-311G(d,p), (U)YMP2/6-
311G(3df,3pd)//MP2, and QCISD(T)/6-311G(2df,2p)//
MP2. The corresponding results and the experimental
data are listed in Table 3. It is shown that the MP2(full)/
6-311G(d,p) calculations predict the «a-hydrogen-
abstraction reaction (R1) to be endothermic, and the
QCISD(T) calculations estimate this reaction to be
nearly thermally neutral, while the results of the
unprojected MP2 energies and spin-projected MP2
energies (PMP2) calculated at the MP2(full) level with a
larger basis set, 6-311G(3df,3pd), find reaction R1 to be
exothermic, and the improved reaction enthalpies are
-3.21 and —4.52 kcal mol™!, respectively. Furthermore,
the PMP2 result is in excellent agreement with the
experimental value of —4.23 + 2.0 kcal mol™" derived
from the experimental standard heats of formation
(CH;CH,F, -63.06 + 2.0 kcal mol™' [27]; CH;CHF,
—17.01 + 2.0 kcal mol™' [27]; OH, 9.33 kcal mol ™" [26];
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Table 1. Calculated frequencies (cm™') of the reactants and
products at the MP2(full)/6-311G(d,p) level. The wvalues in
parentheses are experimental values (Ref. [25] for CH3CH,F and
Ref. [26] for OH)

Species Frequency (cm™)

CH,CH.F(C.) 279 418 827 914 1,112 1,154
(243)  (415) (310) (880) (1,048) (1,048)
1,217 1,334 1420 1,467 1,501 1,522
(1,108) (1.277) (1,365) (1,395) (1.449) (1.449)
1,552 3,095 3,106 3,161 3,188 3,200
(1.479) (2,915) (2,941) (3,003) (3.003) (3,003)

CH;CHF 209 418 644 932 1,054 1,157
1,217 1,392 1,450 1,487 1,518 3,058
3,147 3,193 3,239

CH,FCH, (C;) 181 417 494 862 1,000 1,134
1,152 1,283 1,436 1,488 1,525 3,055
3,128 3,222 3,344

CH,FCH,; (C;) 88 385 645 813 1,026 1,116
1210 1323 1434 1511 1538 3.116
3,179 3,218 3,336

OH 3,857
(3,735)

0, 59.61 kcal mol™" [26]). Similarly, at the PMP2/
6-311G(3df,3pd) level, the calculated reaction enthalpy
values of 0.24 kcal mol for R2a and —0.63 kcal mol™
for R2b are in reasonable agreement with the estimated
value, 1.37 + 2.0 kcal mol™' (CH,CH,F, -11.41
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B (C))

Fig. 1. Optimized geometries of
CH;CH,F (4), CH3CHF (B), CH,FCH,
with C; symmetry (C) and C; symmetry
(D), and OH (E) at the MP2(full)/
6-311G(d,p) level. The values in the
parentheses are the experimental values
(Ref. [25] for CH3CH,F and Ref. [26] for
OH). Bond lengths are in angstroms and
angles are in degrees

DIC,)

+0.24 kcal mol™! [28]). The barrier heights of the
three reactlon channels are brought down by about
4.0 kcal mol™" at the MP2 level when the size of the basis
set is increased from 6-311G(d,p) to the 6-311G(3df,3pd).
The spin-projection correction at the MP2 (full)/
6-311G(3df,3pd) level reduces the barrier heights further
by about 2.5 kcal mol™". The difference between the MP2
and PMP?2 results for the barrier heights is larger than
that for the reaction enthalpies (about 1.5 kcal mol™).
This is because of more severe spin contamination in the
TS regions compared to the product radicals. For ex-
ample, the (S?) values before spin annihilation for three
TSs are around 2.05, whereas the values of (S?) for the
product radicals never exceed 0.762. Also, Table 3 shows
that the calculated results for the reaction enthalpies and
barrier heights obtained at the more computationally
demanding QCISD(T)/6-311G(2df,2p) level are obvi-
ously higher than the corresponding PMP2(full)/6-
311G(3df,3pd) results, and the best agreement between
theory and experiment is obtained at the PMP2(full)/6-
311G(3df,3pd) level. Thus, for the reaction system under
study, we chose the PMP2(full) method with the
6-311G(3df,3pd) basis set to refine the energies along
the MEP in the following kinetic calculation.
Furthermore, from Table 3 one can see that the
a-abstraction reaction is more exothermic and has
a lower barrier height compared to p-abstraction.
The barrier height of 6.66 kcal mol™' obtained at the
PMP2(full)/6-311G(3df,3pd) level for a-abstraction is
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Fig. 2. Optimized geometries of the three transition states at the
MP2(full)/6-311G(d,p) level. Bond lengths are in angstroms and
angles are in degrees

Table 2. Calculated frequencies (cm™') of the transition states at
the MP2(full)/6-311G(d,p) level

Species  Frequency (cm™)

a-TS1 2,233i, 112, 175, 267, 417, 573, 849, 930, 1,132, 1,186,
1,188, 1,220, 1,337, 1,401, 1,444, 1,492, 1,513, 3,094,
3,153, 3,187, 3,201

p-TS2 2,146i, 90, 105, 369, 438, 650, 825, 884, 1,100, 1,113,
1,209, 1,232, 1,238, 1,334, 1,445, 1,506, 1,540, 3,132,
3,154, 3,185, 3,250

p-TS3 2,176i, 83, 143, 399, 482, 614, 830, 916, 1,084, 1,134,

1,164, 1,246, 1,269, 1,322, 1,443, 1,474, 1,531, 3,097,
3,146, 3,157, 3,243

more than 2.0 kcal mol™! lower than those of the two
channels for f-abstraction. This is in accordance with
the fact that in CH3;CH,F the dissociation energy (Dvsog)

of the «C—H bond is lower than that of a fC-H bond by
about 5 kcal mol™". The corresponding values of (Dv,og)
obtained at the PMP2(full)/6-311G(3df,3pd)//MP2 level
are 96.88 and 101.63 kcal mol™", which agree reasonably
well with the experimental ones [28], 96.87 + 1.5 and
103.7 + 0.5 kecal mol™", respectively. The difference be-
tween o- and f-bond dissociation energies can be ana-
lyzed by the changes in the electron density distribution
due to fluorine substitution. Because of the high elec-
tronegativity of the fluorine atom, the electron density
on the o-carbon atom is significantly reduced and that
on the o-hydrogen atom is increased. The electron den-
sity redistribution leads to the lowering of the polariza-
tion of the «C-H bond and makes it easier to break.
Similarly, the net electron redistribution caused by the F
atom results in stronger C—H bonds on the f-carbon
than on the a-carbon. Therefore, the barrier heights are
higher for f-abstraction than for a-abstraction, and as a
result, hydrogen abstraction from the a-position will be
preferred at lower temperatures. This view is further
testified in the following study of the rate constants.

3.2 Properties of the reaction path

The MEP for each reaction channel was obtained at the
MP2(full)/6-311G(d,p) level and the potential profile
was further corrected with the ISPE method [18] at the
PMP2(full)/6-311G(3df,3pd) level. The classical poten-
tial-energy curves, Vygp(s), and the vibrationally adia-
batic ground-state potential-energy curves, VS(s), of
reactions R1, R2a, and R2b are shown in Fig. 3 as a
function of the intrinsic reaction coordinate (IRC), s, at
the PMP2(full)/6-311G(3df,3pd)//MP2 level.

The changes in the bond length along the MEP of the
a-hydrogen abstraction reaction R1 as functions of s are
described in Fig. 4. It appears that for the reaction the
active C-H’ and H’-O bonds change strongly in
the course of the hydrogen-abstraction reaction, and the
other bond lengths of C—C, C-F, and C—H are almost
invariable during the reaction process. The length of the
breaking C-H’ bond elongates linearly with s after about
s =—1.0 amu'? bohr, and the forming bond H-O
shortens rapidly and arrives at the O—-H equivalent bond
length of the OH radical at about s = 1.0 amu'/? bohr.
It is thus evident that the geometric changes mainly take
place in the region of s = —1.0 to 1.0 amu'/? bohr on the
IRC. The same conclusion can be drawn from reactions
R2a and R2b.

The variations of the generalized normal-mode
vibrational frequencies along the MEP of reaction Rl
are shown in Fig. 5. In the negative limit of s (s = —00),
the frequencies are associated with those of CH;CH,F,
and in the positive limit of s (s = + c0), the frequencies
correspond to the products OH+ CH;CHF. Most of
these frequencies do not change significantly on going
from the reactants to the products. The two lowest
harmonic frequencies are the transitional modes, which
correspond to free rotations and translations that evolve
into vibrations. Of all the frequencies, the frequency of
mode 1, shown as the solid line in Fig. 5, has a dramatic
drop in the region from s = —1.0 to 1.0 amu'/? bohr as
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Table 3. Reaction enthalpies, AHY,, and barrier heights, AE, (kcal mol™") for reactions R1 and R2 at various levels. The values in
parentheses are the corresponding PMP2 results. The experimental heats of formation were obtained from Ref. [26] for OH and O, Ref. [27]

for CH;CH,F and CH;CHF, and Ref. [28] for CH,FCH,

MP2(full)/ MP2(full)/ QCISD(T)/ Experimental
6-311G(d,p) 6-311G(3df,3pd) 6-311G(2df,2p)
R1 (a-TS1) AHd%s 2.53 (1.27) -3.21 (-4.52) 0.42 —4.23 £ 2.0
AE 13.52 (10.76) 9.03 (6.66) 8.87
R2a (5-TS2) AHd%s 7.40 (6.02) 1.71 (0.24) 5.30 1.37 £ 2.0
AE 16.37 (13.36) 11.55 (8.84) 12.37
R2b (B-TS3) AH%s 6.78 (5.37) 0.88 (—0.63) 4.65
AE 15.97 (13.00) 11.75 (9.11) 12.65
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Fig. 3. Classical potential energy, Vygp, and vibrationally adia-
batic energy ground-state, V,, as functions of s for reactions R1,

R2a, and R2b at the PMP2(full)/6-311G(3df,3pd)//MP2(full)/
6-311G(d,p) level

2.6
244

224

2.0: C-H'

Distance (angstrom)

s (amu)l'/zbohr

Fig. 4. Changes in the bond lengths (angstroms) for reaction R1 as
functions of s at the MP2(full)/6-11G(d,p) level

-1 6] 1
172
s (amu) “bohr

Fig. 5. Changes in the generalized normal-mode vibrational
frequencies for reaction R1 as functions of s at the MP2(full)/
6-311G(d,p) level

the reaction proceeds. Mode 1 correlates with the evo-
lution from the C—H’ stretching vibrational frequency
of CH;CH,F to the stretching vibrational frequency
of OH. Therefore, mode 1 can be referred to as the
“reactive mode’’ in the reaction. Similar behavior is also
observed for the two f-hydrogen-abstraction reactions.

In addition, for brevity, we only state without details
that the reaction-path curvatures of the three reactions
are not severe. The maximum values of the total cur-
vature for reactions R1, R2a, and R2b are about 2.2,
2.7, and 2.0 au, respectively. Thus, the SCT correction
method should be suitable for calculating the reaction
rate constants.

3.3 Calculation of rate constants

Dual-level dynamics calculations were carried out for
the reaction of C,HsF+ O using the VTST-ISPE ap-
proach. The total rate constant was obtained from the
sum of the individual rate constants associated with the
three channels via three TSs, o-TS1, p-TS2, and S-TS3,
respectively. The PES information for each reaction
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Fig. 6. Plot of the transition-state theory (TST), canonical varia-
tional TST (CVT), and CVT/small-curvature tunneling (SCT)
rate constants calculated at the PMP2(full)/6-311G(3df,3pd)//
MP2(full) /6-311G(d,p) level versus 1,000/7 between 300 and
5,000 K for reaction R1 via o-TS1. b Same as in a except for the
reaction R2a via -TS2. ¢ Same as in a except for the reaction R2b
via -TS3

channel obtained at the PMP2(full)/6-311G(3df,3pd)//
MP2(full)/6-311G(d,p) level was put into POLYRATE
8.4.1 program [15] to produce the VTST [16,17] rate
constants over a wide temperature range from 300 to
5,000 K. The forward rate constants were calculated by
the conventional TS theory (TST), the CVT, and the
CVT/SCT.

The TST, CVT, and CVT/SCT rate constants of re-
action R1 are shown in Fig. 6a, and the corresponding
values of reactions R2a (via f-TS2) and R2b (via -TS3)
are plotted in Fig. 6b and c, respectively. From Fig. 6a—
c, it can be seen that the difference between the TST and
CVT rate constants increases as the temperature in-
creases, while the CVT/SCT rate constants are slightly
larger than the CVT rate constants in the range 300-600
K and they are asymptotic to the CVT ones at higher
temperatures. This means that for the title reaction the
variational effect is small at lower temperatures and
becomes significant in the higher-temperature range,
whereas the SCT effect is small and should be considered
only in the lower temperature range.

The CVT/SCT rate constants of ki, k»,, and ko, as
well as the total rate constant, k, and the available ex-
perimental values [13] are given in Table 4. The theo-
retical and the experimental rate constants are plotted
against 1,000/7 in Fig. 7a, and the temperature depen-
dence of the k/k and k,/k branching ratios is exhibited
in Fig. 7b. Table 4 shows that, in the lower-temperature
range (7<600 K), k; is about 1 order of magnitude
larger than k,, and k,,, and the total rate constant is
nearly equal to the rate constant of reaction R1. Thus,
the a-hydrogen abstraction is likely to dominate the re-
action at lower temperatures. However, as shown in
Fig. 7b, the contribution of k; to the total rate constant
decreases with the increase in the temperature, for ex-
ample, the k;/k ratio is 98% at 300 K, 61% at 1,000 K,
50% at 1,800 K, and 46% at 3,000 K. It is also shown
that at temperatures higher than 1,800 K, the rate con-
stants for reaction R2, k, = k,, + k>, becomes faster
than k;. Consequently, all three reaction channels will
contribute to the whole reaction rate as the temperature
increases. The rate constants (k) of the reaction
C,HsF + O are in excellent agreement with the measured
experimental values [13] in the range 1,000-1,250 K. The
deviation factor between the calculated and experimen-
tal data is of 1.5-0.93. Therefore, it is reasonable to
think that the theoretical results obtained at the PMP2
(full)/6-311G(3df,3pd)//MP2(full)/6-311G(d,p) level are
reliable over the entire temperature region. Furthermore,
the three-parameter fits for the CVT/SCT rate constants
for the o- and f-abstractions as well as for the total
reaction from 300 to 5,000 K give the expressions as
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(cm®molecule™'s™!) for the T (K) ky ka2 K k Experimental
fszﬁﬁﬁfﬁi;ﬁéﬁfs}fgoo K. 300 1.68 x 107> 146 x 1077 22210717 172 % 107
k. kay. and kap represent the 400 14451071 3.96x 1071 7.66x 10710 156x 1071
canonical variational transition- 500 6.34 x 10_13 3.59 x 10_14 7.95 x 10_14 7.49 x 10_13
state theory (CV'T)/small- 600 183 x 1072 176X 1071%  422x10 243 %10
curvature tunneling (SCT) rate 800 7.51 x 1075 9.74 x 10~ 2.57x 10713 1.11 x 1072
constants of reactions R1, 900 1.25 x 10712 1.89 x 10713 516 x 10713 1.96 x 10712
R2a (via -TS2), and R2b (via 1,000 1.91 x 10712 3.23x 10713 9.09 x 10713 3.14 x 10712 2.05 x 10712
B-TS3), respectively, and k 1,100 273 x 10712 5.03 x 1071 1.45 x 10712 4.68 x 10712 3.86 x 10712
represents total rate constant 1,200 3.71 x 10712 7.32x 107" 2.16 x 10712 6.60 x 10712 6.54 x 10712
calculated from the sum of the 1,250 4.26 x 1072 8.64 x 10713 2.58 x 1072 7.70 x 107" 8.25 x 107"
three CVT/SCT rate constants. 1,400 6.14 x 10712 1.33 x 10712 4.08 x 10712 1.16 x 107"
The experimental values are 1,600 9.16 x 10712 2.10 x 10712 6.66 x 1071 1.79 x 107!
estimated ones from Ref. [13] 1,800 1.27 x 107! 3.03 x 10712 9.82 x 10712 2.56 x 107!
2,000 1.67 x 107! 4.09 x 1072 1.35x 107" 3.43 x 1071
2,500 2.81 x 107" 7.17 x 107" 2.45x 107" 5.98 x 107"
3,000 4.11 x 107" 1.07 x 107" 3.72x 107" 8.90 x 107!
3,500 5.48 x 107" 1.45x 107" 511 x 107" 1.20 x 1071°
4,000 6.91 x 107" 1.84 x 107" 6.55 x 107" 1.53x 1071
4,500 8.31 x 107" 2.24 x 107" 8.03 x 107" 1.86 x 107'°
5,000 9.70 x 107" 2.65x 107" 9.52x 107" 2.19 x 1071°
follows (in units of cubic centimeters per molecule per
a second):
- D k(1) =272 x107157"3 2413.8/T
_I/-\ 1E-10 \oo +k22 (—) - < X eXp(i . / )a
o NN —b—k, k(D) = 2.1 x 107378 exp(—4067.9/T),
ERLUE RN —0—k, —1571.43
8 o kg k=217 x107°T"* exp(—2592.7/T) .
g 1Bt 0\%* ‘S?t%g ika
o O 1e
= 0\ SN 4 Conclusion
8 1Eu \ 0\
§ s 0% o The dual-level direct ab initio dynamic method was
2 A employed to investigate «- and f-hydrogen-abstraction
~ ie1e reactions of C,HsF+ O. Three reaction channels pro-
3 ceeding via three early TSs («-TS1, $-TS2, and -TS3)
1EA7 have been identified. The PES information needed to
‘ , . : , , , l calculate the rate constants was obtained at the
00 05 10 15 20 25 30 35 MP2(full)/6-311g(d,p) level. Then, the energies along
1000 (K") the MEP were improved using the ISPE method at the
PMP2(full)/6-311G(3df,3pd) level. The changes in the
b ;] potential energies and the generalized normal-mode
1 °/° vibrational frequencies along the MEP are very similar
094 _ for the three reaction channels. The barrier height is
08 /° lower by about 2.0 kcal mol™' for a-abstraction than for
. ° k/k p-abstraction owing to the difference in the C—H bond
074 o energy between the o- and -positions. Accordingly, the
06 ,,/ o-abstraction reaction will be preferred in the lower-
] gy @° temperature range, while as the temperature increases,
05+ OO%K;\ the contribution of the two f-abstraction reaction
04 €++‘+ By channels should be taken into account and the reaction
o 4 @\ will proceed in favor of f-abstraction at higher temper-
0.3 #m @\@ k/k atures. Moreover, for the three reaction channels, the
02.] ky/k \+\ \ variational effect is important in the higher-temperature
] *\@ range, whereas the SCT effect is small. Since good
014 o o-omoc\o\o +\$
00 . <
T T T Fig. 7. Plot of the calculated individual rate constants k, k,,, and
00 05 10 15 20 25 30 35 ko, the total rate constant k, and the available experimental values
| versus 1000/7 between 300 and 5,000 K. b Calculated branching
1000T(K") ratios versus 1000/7 between 300 and 5000 K
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agreement with the experimental data is obtained in the
measured temperature range, 1,000-1,250 K, and there
are no experimental data available in other temperature
ranges, we hope our results may provide a good estimate
for the kinetics of this reaction over a wide temperature
range.
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