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Abstract The kinetic properties of the hydrogen
abstraction reactions of CF;CH,F + F —» CF;CHF + HF
(R1) and CF;CH,CI 4+ F — CF;CHCI 4+ HF (R2) have
been studied by dual-level direct dynamics method. Opti-
mized geometries and frequencies of all the stationary
points and extra points along the minimum-energy path
(MEP) were obtained at the B3LYP/6-311 4+ G(2d,2p)
level. Two complexes with energies less than that of the
reactants were located in the reactant side of each reaction.
The energy profiles were further refined with the interpo-
lated single-point energies (ISPE) method at the G3(MP2)
level of theory. Using canonical variational transition state
theory (CVT) with the small-curvature tunneling correction
(SCT) method, the rate constants were evaluated over a
wide temperature range of 200-2,000 K. Our calculations
have shown that C—H bond activity decreases when one
hydrogen atom of CF;CHj is substituted by a fluorine
atom, than when substituted with a chlorine atom. This is in
good agreement with the experimental results.
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1 Introduction

Chlorofluorocarbons (CFCs) contribute to two very
important global ecological consequences with their
emission into the atmosphere. One is that the photolysis of
CFCs by ultraviolet solar radiation produces chlorine
atoms that can initiate the chain destruction of ozone. The
other is that CFCs contribute to greenhouse effect by
absorbing the earth’s infrared emission. Considering the
adverse effects of CFCs, an international effort has been
made to replace CFCs with environmentally friendly
alternatives. Hydrofluorocarbons (HFCs) and hydrochlo-
rofluorocarbons (HCFCs) are considered to be two impor-
tant classes of CFCs substitutes used in refrigeration, foam
blowing and cleaning applications. Moreover, the inclusion
of at least one C—H bond makes them react readily with OH
radicals, oxygen atoms, and other atmospheric constituents.
Here, we focus our attention on the reactions of HFC-134a
(CF;CH,F) and HCFC-133a (CF5;CH,Cl) with fluorine
atoms. HFC-134a (CF5;CH,F), the principal CFCs alterna-
tive, has been used in air-conditioning applications and new
model automobiles [1-3]. As to HCFC-133a (CF;CH,Cl),
it has not been applied in large scale of industrial appli-
cations although its structure is similar to HFC-134a.
However, its kinetic parameters have also been studied
here for comparison with HFC-134a. Owing to their
importance, numerous experimental and theoretical studies
have been performed for the reactions of HCFCs with OH
radicals and CI atoms [1, 4-12]. On the contrary, limited
experimental data are available for the reactions of F atoms
with CF;CH,F and CF;CH,Cl, especially for the temper-
ature dependence of rate constants [12—16]. The reactions
of HFC-134a and HCFC-133a with fluorine atoms deserve
our attention because fluorine atoms can react with most
trace atmospheric compounds rapidly. In the early literature,

@ Springer


http://dx.doi.org/10.1007/s00214-010-0813-8

184

Theor Chem Acc (2011) 128:183-189

the rate constants of CF;CH,F + F — CF;CHF + HF
(R1) were measured around room temperature, and in the
temperature ranges of 210-363 K [14] and 296-381 K
[12], and they did not show significant discrepancies. The
corresponding Arrhenius expressions (in cm® molecule ™
s7)(9.872) x 107" exp[—(1,130 & 190)/T](210-363 K)
and (6.57%1) x 107" exp[—(1,100 £ 100)/T] (296-381 K)
were obtained by Maricq et al. [14] and Louis et al. [12],
respectively. Although these two expressions exhibit good
consistency, both expressions have large uncertainties. On
the other hand, the rate constant of CF;CH,Cl + F —
CF;CHCI + HF (R2) has only been measured at 296 K
(2.1 £0.5) x 102 cm® molecule ™! s_l) by Mggelberg
et al. [16].

As for theoretical studies, Louis et al. [12] have calcu-
lated the rate constant of reaction R1 at room temperature.
However, only one-dimensional tunneling was considered,
and they did not calculate the rate constants at other tem-
peratures. In the available experimental and theoretical
studies in rate constants determination, the temperatures
used are still far from covering the whole temperature
range of practical interest. Thus, the accurate extrapolation
of rate constants to higher temperatures requires theoretical
studies.

In this work, we employed dual-level (X//Y) [17-19]
direct dynamic method to study the kinetic nature of both
reactions over a wide temperature range. In this method-
ology, the potential energy information can be calculated
directly from a sufficiently accurate molecular orbital
(MO) theory only in the region of configuration space
along a reaction path, without the intermediary of a
potential surface fit. As usual, dual-level X//Y refers to
optimization and frequencies at lower-level Y with single-
point energies calculated at higher-level X. Here, the
electronic structure information is obtained directly from
density functional theory (DFT) calculations. Then, single-
point energies were calculated by G3(MP2) method based
on the lower level DFT geometries. Subsequently, by
means of the Polyrate 9.7 program [20], the rate constants
were calculated using the variational transition-state theory
(VTST) [21-23], proposed by Truhlar and coworkers. The
comparison between theoretical and experimental results
will be discussed.

The knowledge of the standard enthalpy of formation of
the species is important in evaluating feasible reaction
pathways and stability of intermediates. However, the
enthalpies of formation of species CF;CH,Cl and
CF;CHCI have not been determined experimentally. We
attempt to estimate their enthalpies of formation using
ab initio and DFT methods by two sets of isodesmic
reactions.
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2 Computational methods

The geometries of the stationary points (reactants, prod-
ucts, complexes, and transition states) were calculated with
Becke’s three-parameter nonlocal-exchange functional
with the nonlocal correlation functional of Lee—Yang—Parr
[24, 25] with 6-311 + G(2d,2p) basis set (B3LYP/6-311 +
G(2d,2p)). To obtain more reliable reaction enthalpies and
barrier heights, high-level single-point calculations for the
stationary points were performed by G3(MP2) [26] theory
based on the B3LYP-optimized geometries. Reactants and
products were characterized by frequency calculations and
have positive definite Hessian matrices. Transition states
(TSs) showed only one negative eigenvalue in their diago-
nalized force constant matrices, and their associated
eigenvectors were confirmed to correspond to the motion
along the reaction coordinate under consideration, using the
intrinsic reaction coordinate (IRC) method. The first and
second energy derivatives at geometries along the MEP
were obtained to calculate the curvature of the reaction path
and the generalized vibrational frequencies along the
reaction path. The dual-level potential profile along the
reaction path was further refined with the interpolated sin-
gle-point energies (ISPE) method [27], in which a few extra
single-point calculations were needed to correct the lower
level reaction path. All the electronic structure calculations
were performed by the Gaussian 03 program package [28].
To estimate the enthalpies of formation (AH}’298) of the
species CF;CH,Cl and CF;CHCI, two sets of isodesmic
reactions were employed.
For CF;CH,Cl,

CF;CH,ClI + CH4 — CH3CH,Cl1 + CHF3 (R3)
CF;CH,Cl + C,Hg — CH3CH,Cl1 + CF;CH3 (R4)
For CF;CHCI,

CF3;CHCI + CH4 — CF;CH,Cl 4 CH3 (RS)
CF;CHCI + C;Hg — CF3CH,Cl1 + C,H;5 (R6)

The evaluated enthalpies of formation for the four reactions
are the unweighted average of the results obtained by the
G3(MP2)//B3LYP/6-311 + G(2d,2p) and G3(MP2)//MP2/
6-311 + G(2d,2p) levels in this study.

The rate constants were calculated by using the varia-
tional transition state theory (VTST) proposed by Truhlar
and coworkers. The specific level of VTST that we have
used is the canonical variational transition-state theory
(CVT) [29-31] with the small-curvature tunneling (SCT)
[32, 33] method. The canonical variational transition state
theory rate constant, KV, at fixed temperature (7) by
minimizing generalized transition state theory rate
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constant, k°T(T,s), with respect to the dividing surface at
s is expressed as

KVT(T) = minkCT(T, s)

The generalized transition state theory rate constant, kGT,
for temperature 7" and dividing surface at s is

GT
KOT(T, ) = 0 exp (= BViee(s))
In this equation, s is the location of the generalized tran-
sition state on the IRC; ¢ is the symmetry factor accounting
for the possibility of two or more symmetry-related reac-
tion paths; § equals (kg 7)"' where kg is Boltzmann’s
constant, & is Plank’s constant; QR(T) is the reactant’s
partition function per unit volume, excluding symmetry
numbers for rotation; Vygp(s) is the classical energy along
the MEP overall zero of energy at the reactant. Q°(7, s) is
the partition function of the generalized transition state at
s along the MEP. To include tunneling effect, the CVT rate
constant is multiplied by the small-curvature tunneling
(SCT) approximation, which is denoted as kVTSCT(T).
Note that the *P;/, and *P5, electronic states of the fluorine
atom, with a 404 cm™" splitting due to the spin—orbit
coupling, are used in the calculation of the electronic
partition functions. The curvature components were cal-
culated by using a quadratic fit to obtain the derivative of
the gradient with respect to the reaction coordinate. The
rate constants calculations were performed by the POLY-
RATE 9.7 program.

3 Results and discussion
3.1 Stationary points

The geometric parameters of all of the reactants, products,
complexes, and transition states optimized at the B3LYP/
6-311 + G(2d,2p) level, as well as available experimental
and theoretical results calculated at the MP2/6-31G(d,p)
level [12], are shown in Fig. 1. It can be seen that the cal-
culated H-F bond length (0.92 A) is the same as the cor-
responding experimental value (0.92 A) [34]. The results
obtained at the B3LYP/6-311 4 G(2d,2p) level agree well
with those obtained at the MP2/6-31G(d,p) level [12] with
relative error of 9%, except for the bond length between F
and H in TS1. The breaking C-H bonds are stretched by
0.28 and 1.57% in transition states of TS1 and TS2,
respectively, with respect to the C—H equilibrium bond
lengths in CF3;CH,F and CF;CH,Cl. The forming H-F
bonds are elongated by 149.7 and 97.4% with respect to the
equilibrium bond lengths in isolated HF molecule,
respectively. The two transition states resemble the reac-

H 109 1350 F

1.089%(108.9) (1.346

(1.088) Z(1.508) / o F

1.089 C C’) 108

(108%}//(1087'?'811 (111.6)
1379 (10&6)F
K1.382)

CF;CH,F

CF4CH,CI
l‘: F
Vo141 :
2302} )
1.336)N\1554) 182()-‘
109 1.349 F %139 .
1.092(107.1) (1,346
(15D N (1 51
o8 c—yhe T o8
(1.088 1 £(110.5)
H™ /1099 112 %
1377 (1095) F
(1365)
TSI o

Fig. 1 Optimized geometries of reactants, products, complexes, and
saddle points at the B3LYP/6-311 + G(2d,2p) level. The value in the
square bracket is experimental value [34]. The values in the
parentheses are the theoretical values obtained at the MP2/6-
31G(d,p) [12]. Bond lengths are in angstroms and angles are in
degrees

tants more than the products, i.e., both reactions proceed
via ‘‘early” transition states.

The harmonic vibrational frequencies of the reactants,
products, complexes, and transition states calculated at the
B3LYP/6-311 + G(2d,2p) level, as well as the available
experimental and theoretical values are listed in Table 1.
The frequency of HF obtained at the B3LYP/6-311 +
G(2d,2p) level reproduces experimental [35] and theoreti-
cal value [12] relatively well, with deviation of 1% and 2%,
respectively. However, the frequencies of CF;CH,F,
CF;CHF, and TS1 calculated at the B3LYP/6-311 +
G(2d,2p) and MP2/6-31G(d,p) levels have large deviation,
especially for small frequencies. The reactants and prod-
ucts have all real frequencies, and transition states were
confirmed to have only one negative eigenvalue in their
diagonalized force constant matrices.
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Table 1 Calculated -
Species

B3LYP/6-311 + G(2d, 2p)

MP2/6-31G(d,p)

Frequencies (in cm™") of the
reactants, products, complexes, F

X 4,097 (4,138%)
and saddle points at the B3ALYP/

4,192°

6311 + G(2d.2p) level. CF;CH,F 107, 216, 346, 403, 522, 538, 653, 833,966, 114, 216, 358, 412, 530, 549, 668, 865,
experimental result for HF in 1,089, 1,144, 1,180, 1,285, 1,300, 1,433, 1021, 1,147, 1,246, 1.247, 1,360, 1,363,
the parentheses and theoretical 1,491, 3,080, 3,138 1,508, 1,563, 3,170, 3,245
values at the MP2/6-31G(d,p) CF;CH,Cl 96, 182, 347, 349, 523, 525, 627, 782, 843,
level 905, 1,100, 1,119, 1,260, 1,282, 1,340,
1,472, 3,115, 3,178
CF;CHF 78,210, 301, 412, 443, 544, 570, 668, 854, 86, 213, 352, 419, 517, 556, 673, 724, 884,
1,080, 1,150, 1,189, 1,261, 1,432, 3,238 1,211, 1,229, 1,254, 1,340, 1,505, 3,325
CF;CHCl 34, 182, 214, 363, 401, 528, 557, 644, 817,

932, 1,086, 1,119, 1,230, 1,349, 3,256
CR1 25, 62,99, 114, 217, 348, 405, 522, 540, 652,
829, 960, 1,088, 1,146, 1,172, 1,277, 1,299,
1,435, 1,491, 3,082, 3,142
CR2 7,74, 121, 171, 302, 346, 350, 523, 525, 628,
764, 842, 905, 1,094, 1,132, 1,247, 1,274,
1,333, 1,467, 3,124, 3,194

TS1 199i, 19, 25, 97, 216, 333, 403, 521, 537,
652, 832, 961, 1,079, 1,146, 1,161, 1,261,
1,292, 1,427, 1,476, 2,946, 3,113

1,479i, 21, 73, 110, 217, 316, 406, 521,
544, 667, 715, 867, 979, 1,184, 1,257,
1,267, 1,345, 1,413, 1,447, 1,641, 3,219°

TS2 414i, 42, 77, 102, 180, 335, 350, 524, 527,

* Ref. [35]

621, 754, 824, 894, 1,061, 1,127, 1,229,
1,263, 1,312, 1,413, 2,656, 3,146

b Ref. [12]

Due to the lack of experimental heats of formation for
the CF3CH,Cl and CF;CHCI species, it is difficult to
compare calculated reaction enthalpies with experimental
data. Here, enthalpies of formation of the above two spe-
cies were estimated by four isodesmic reactions (R3-R6).
The reaction enthalpies of R3-R6 were first calculated,
and these theoretical results combined with the known
enthalpies of formation (CH,, —17.88 kcal mol™'; C,Hg,
—20.0 keal mol~!'; CH;CH,Cl, —26.8 kcal mol™!; CHFs,
—166.8 kcal mol™'; CF;CH;, —179 + 2 kcal mol™'; CHs,
35 4 0.2 keal mol™'; C,Hs, 28.4 & 0.5 kcal mol™") [36]
to estimate the required enthalpies of formation of target
species at 298 K. The AH})Z% calculated at the G3(MP2)//
B3LYP/6-311 4+ G(2d,2p) and G3(MP2)//MP2/6-311 +
G(2d,2p) levels is presented in Table 2. Note that the error
limits are calculated by adding the maximum uncertainties
of AH;?zggvalues of the reference compounds taken from the
literature. The enthalpies of formation are —179.76 +
2.0 kcal mol™! for CF;CH,Cl and —131.93 + 4.7 kcal
mol ™! for CF;CHCI. The calculated results based on two

sets of isodesmic reaction show good consistency at two
levels.

The reaction enthalpies (AH3g) and barrier heights
(AE(0 K)) of reactions R1 and R2 calculated at the
B3LYP/6-311 + G(2d,2p) and G3(MP2)//B3LYP/6-311 +
G(2d,2p) levels as well as the available experimental result
are summarized in Table 3. The calculated reaction
enthalpy of —34.16 kcal mol ' for reaction R1 at higher
level agrees well with the corresponding experimental
value of —33.14 £ 3.3 kcal mol ', which is derived from
the experimental heats of formation (CF3;CH,F, —214 £+
1 kcal mol™'; CF;CHF, —163 + 2 kcal mol™'; F, 19.0 +
0.1 keal mol™'; HF, —65.14 & 0.2 kcal mol™") [36]. Our
calculated value also shows good consistency with the
value of —33.49 kcal molfl, which was calculated at the
PMP2/6-311G(2d,2p)//MP2/6-31G(d,p) level by Louis
et al. [12]. It can be inferred that the reaction enthalpy of
R2 calculated at the same level is credible although no
experimental value is available for comparison. For both
reactions, the complexes located at the entrance with the

Table 2 Calculated enthalpies
of formation at 298 K (in
keal mol™!)

CF;CH,CI + CH,
CF;CH,CI + C,Hg
CF;CHCI + CH,

CF;CHCI + C,Hg

G3(MP2)//B3LYP/ G3(MP2)//MP2/ Average value
6-311 + G(2d,2p) 6-311 + G(2d,2p) and deviation
—180.47 —180.47 —179.76 £ 2.0
—179.10 £ 2.0 —179.00 £ 2.0

—131.39 £ 2.2 —131.28 £ 2.2 —131.93 £ 4.7
—132.51 £2.5 —132.55 £ 2.5
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Table 3 Enthalpies (in kcal mol™") and barrier heights (in kcal 30 1 7ZPE
mol™") at B3LYP/6-311 4+ G(2d,2p) and G3(MP2)//B3LYP/6- 25
311 4 G(2d,2p) levels and available experimental value - 20
= )
CF;CH,F + F CF;CH,CI + F g 157
= 101
AHyq AEOK) AHYy AEOK) g 5]
g )
an 04
B3LYP/6-311 —35.02 —0.63 —37.63 —2.80 § 5
+ G(2d,2p) = a0
<
G3(MP2)//B3LYP/  —34.16 —1.20 —36.77 1.15 = 154
6-311 + G(2d,2p) 2 20
. v ]
Expt.* —33.14 £33 -25
* Ref. [36] 307
'35 T T T T T T T T T T T 1
-4 -2 0 2 4 6 8

relative energies of 1.43(CR;) and 2.25(CR,) kcal mol !
lower than the reactants at the G3(MP2)//B3LYP level are
first formed. From the complex, the reaction passes through
a transition state to form the products. The barrier heights
calculated at the B3LYP/6-311 4+ G(2d,2p) level are
—0.60 keal mol ™' forR1and —2.80 kcal mol ™' for R2. The
corresponding values are —1.20 and 1.15 kcal mol ' at the
G3(MP2)//B3LYP/6-311 + G(2d,2p) level, respectively.

The MEP for each reaction was obtained by the intrinsic
reaction coordinate (IRC) theory at the B3LYP6-
311 4+ G(2d,2p) level, and the kinetics calculations of the
title reactions were carried out with the VTST-ISPE
method at the G3(MP2)//B3LYP level. The classical
potential energy (Vmgp(s)), the ground-state vibrational
adiabatic potential energy (VS(s)), and the zero-point
energy (ZPE) curves of reaction R1 as functions of the
intrinsic reaction coordinate (s) are plotted in Fig. 2, where
VaG(s) = Vumep(s) + ZPE(s). It should be noted that the
locations of maxima on the Vg’(s) and Vygp(s) energy
curves shift in the s direction toward the products, and the
maxima of the curves are slightly higher than the reactants.
This is the case when the saddle-point position of the dual
level is generally shifted. The same conclusion can be
drawn from the other reaction.

3.2 Kinetics calculation

Dual-level (X//Y) direct dynamics calculations were car-
ried out for both reactions using the variational transition-
state theory. The PES information for each reaction
obtained at the G3(MP2)//B3LYP/6-311 + G(2d,2p) level
is put into Polyrate 9.7 program to calculate the VTST rate
constants over a temperature range of 200-2,000 K. The
forward rate constants were calculated by canonical vari-
ational transition-state theory (CVT) with the small-cur-
vature tunneling (SCT) method. The TST, CVT, CVT/
SCT, and available experimental rate constants for both
reactions in the temperature range of 200-2,000 K are
presented in Table S and Fig. 3a, b. As shown in Fig. 3a,
the calculated rate constants of reaction R1 are in good

S (bohr)

Fig. 2 Classical potential energy curve (Vygp), ground-state vibra-
tionally adiabatic energy curve (V<), and zero-point-energy curve
ZPE as functions of s bohr at the G3(MP2)//B3LYP/6-311 +
G(2d,2p) level for CF;CH,F + F — CF;CHF + HF

agreement with most of experimental values with deviation
within a factor of 0.74-1.53, except for the experimental
result at 363 K reported by Maricq et al. (5.90 x 107'?
cm’molecule 's™"). This value is also higher than other
experimental values. The calculated activation energies
1.02 and 0.86 kcal mol ™" are slightly lower than corre-
sponding experimental values of 2.19 4+ 0.2 [14] and
2.25 + 0.4 [12] kcal mol™' in the temperature ranges of
296-381 and 210-363 K, respectively. However, both
experimental values also have big uncertainties, especially
for the preexponent that is almost doubled. After consid-
ering the error limits of experiments, there is good con-
sistency between calculated and experimental results. For
the other reaction CF;CH,Cl 4+ F — CF;CHCI + HF
(R2), the calculated result is in a good accord with the only
available experimental value at 296 K.

The CVT/SCT rate constants of reaction R2 are greater
than those of reaction R1 below 500 K. The Arrhenius
expressions (k = Aexp(—E,/RT)) are fitted based on the
calculated CVT/SCT rate constants in the temperature
range of 200-500 K. Plot of the Inkcyrscr, calculated at
the G3(MP2)//B3LYP/6-311 + G(2d,2p) level, versus 1/T,
which is between 200 and 500 K, is almost a straight line.
The slope and intercept are obtained, and finally the pre-
exponential factor (A) and activation energies (E,) are
calculated through intercept and slope of the straight line.
The corresponding values are summarized in the Table 4.
After the chlorine atom of CF;CH,CI is substituted by
fluorine atom, the A of reaction R1 (7.58 x 10_12) is much
smaller than that of reaction R2 (1.76 x 10_“), whereas
the calculated activation energies are very close (0.90 vs.
1.09 kcal molfl) to each other. Thus, the rate constants of
R2 are little larger than those of R1. This conclusion can

@ Springer
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(a) Table 4 Arrhenius parameters for the title reactions
:: A (em®s7h E, (kcal mol™1)
‘o
3 e CF;CH,F + F 7.58 x 107" 0.90
g ] CF;CH,Cl + F 1.76 x 107! 1.09
” o
\‘Ei In temperature range of 200—500 K
= —0—TST
g —e—CVT %
£ —X— CVT/SCT(k,) :
S 1 \M &
S 1E124 _o— MUK . .
g 1812 T Hg %<§:§ path curvature is defined by the expression cos0 =
~ A Ref [14] mamc :
e Ret 1] \/ /(mA + mp)(me + mp)- For these two reactions,
. . . . . the 0 values are 14.1° for R1 and 13.9° for R2, which
0 ! 2 1000/T Ii_, 4 ° indicate that the large curvature tunneling (LCT) may have
) some influence on the rate constants calculations. More-
(b) over, since the H-abstraction of the title reaction is between
_~ 1E-10 4 two heavy fragments, the LCT correction would be desir-
T: ] able. However, the LCT correction cannot be directly
E calculated by means of the ab initio or DFT potential
E 1E-11 4 energy surface. The LCT effect can only be made when the
mg ] \A% analytic representation of the potential energy surface is
z ...A‘&Q\A\A available, which is beyond the capabilities of our compu-
A, . . . .
% 1o —o0—TST %‘u\i R NUN tational resources. Considering that the skewed angle 0 is
- - "~ . . .
§ 3 :Z: Sg/scm) '1-\ almost the same for the two reactions, the inclusion of the
3 —e— Ref. [17] : " LCT correction may not change the qualitative results. Our
calculated rate constants with SCT correction show good
1E-13 S agreement with the experimental values. In addition, the
1000/T (K SCT correction has been applied widely to evaluate the rate

Fig. 3 a Plot of the TST, CVT, and CVT/SCT rate constants
calculated at the G3(MP2)//B3LYP/6-311 + G(2d,2p) level and the
available experimental values versus 1,000/T between 200 and
2,000 K for the CF;CH,F + F — CF;CHF + HF. b Plot of the
TST, CVT, and CVT/SCT rate constants calculated at the G3(MP2)//
B3LYP/6-311 4+ G(2d,2p) level and the available experimental
values versus 1,000/T between 200 and 2,000 K for the

also be justified by the C-H bond dissociation energies.
The C-H bond dissociation energies are 102.12 and
99.51 kcal mol™" for CF;CH,F and CF;CH,CI at the
G3(MP2)//B3LYP/6-311 + G(2d,2p) level, respectively.
Our calculation indicates that fluorine substitution deacti-
vates the C—H bond compared with chlorine substitution.
It can also be reflected from Fig. 3a that for the reaction
CF;CH,F + F — CF;CHF + HF (R1), the rate constants
of TST and CVT are nearly the same over a whole tem-
perature range, which means that the variational effect for
reaction R1 is almost negligible. While the CVT/SCT rate
constants are larger than the CVT ones at lower tempera-
tures, the ratios of kcyscr/kcyr are in the range of 1.03—
1.29. Thus, small-curvature tunneling (SCT) effect on the
rate constants is small for reaction R1. A similar conclu-
sion can be made for the reaction R2. For a typical reaction
A 4+ BC - AB + C, the skewed angle 0 of the reaction

@ Springer

constants in the heavy-light-heavy mass combination for
the hydrogen abstraction reactions, in which the skewed
angle 60 is almost the same or smaller than those of reac-
tions R1 and R2 [37-41]. So it is reasonable to believe that
rate constants including the SCT correction are reliable.
Owing to the good agreement between the theoretical
and experimental values, it is reasonable to believe that the
present calculations can provide reliable predictions for the
rate constants of the title reactions at higher temperatures.
This will be useful for atmospheric modeling calculations
that can help to assess the atmospheric lifetimes of HCFCs.
Therefore, for the convenience of future experimental
measurements, the theoretical rate constants of title reac-
tions within 200-2,000 K are fitted by the following
expressions (in cm’ molecule ™! s_l):kl =6.0 x 10716714
exp(—41.3/T) and k, = 7.0 x 107" 72 exp(—121.1/T).

4 Conclusions

In this paper, the hydrogen abstraction reactions of
CF;CH,X(X = F, Cl) with F atoms were investigated by
dual-level direct dynamic method. The average values of
heats of formation for CF;CH,Cl and CF;CHCI are
—179.76 £ 2.0 and —131.93 + 4.7 kcal mol™', respec-
tively, using ab initio and density functional calculations
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via two sets of isodesmic reactions. The rate constants
calculated by the variational transition-state theory (VTST)
at the G3(MP2)//B3LYP/6-311 + G(2d,2p) level are
observed to mutually agree well with the available exper-
imental values. The rate constants of R2 are greater than
those of R1, which is the opposite direction of C—H bond
dissociation energies. The chlorine substitution increases
the reactivity of C-H bond compared with the fluorine
substitution in CF3CH;. The three-parameter expressions
(in cm® molecule ™! s™1) for both reactions over the whole
temperatures are k; = 6.01 X 1o~ 4 exp(—41.3/T)
and kr = 7.0 x 107'¢ 7"->2 exp(—121.1/T), respectively.
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