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The CHClF2 + Cl f ClH + CClF2 gas-phase abstraction reaction was chosen as a model of asymmetrically
substituted polyatomic reactions of type CWXYZ+ A f products. The analytical potential energy surface for
this reaction was constructed with suitable functional forms to represent vibrational modes, and calibrated
with respect to experimental thermal rate constants which are available over the temperature range 296-
410 K. On this surface, the thermal rate constants were calculated using variational transition-state theory
with semiclassical transmission coefficients over a wider temperature range, 200-2500 K, therefore obtaining
kinetics information at lower and higher temperatures than are experimentally available. This surface was
also used to analyze dynamical features, such as tunneling and reaction-path curvature. In the former, the
influence of the tunneling factor was important since a light hydrogen atom passes through the barrier. In the
latter, it was found that vibrational excitation of the C-F and C-Cl stretching modes can be expected in the
exit channel.

I. Introduction

Basically, three strategies for the construction of potential
energy surfaces (PES) can be considered. Two are based on
performing thousands of electronic structure calculations on
different geometrical configurations, followed by either inter-
polation (global or local) or a fit to a suitable functional form.
The third is based on choosing a suitable functional form and
calibration against theoretical and/or experimental information.
The first two strategies give adequate PESs only when very
high level ab initio calculations (basis set and correlation energy)
are used, which is still today prohibitive for atoms beyond the
second row, and the computational cost increases exponentially
with molecular size. The third strategy, although semiempirical,
represents an economic, useful, and less time-consuming
alternative.

Until now we had applied this economic alternative1-8 to gas-
phase symmetrically substituted polyatomic reactions of type
BXn + A f AX + BXn-1, where B is the central atom, A is
the abstractor atom, and all the X substituents are equivalent.
This equivalent character of the B-X bonds and X-B-X
angles allowed a simplification of the problem, because all the
bonds and angles were treated in the same way. Recently, our
group9 extended this strategy to gas-phase asymmetrically
substituted polyatomic reactions, beginning with the simplest
case, monosubstitution, i.e., only two different substituents on
the central atom, BYXm + A. This abstraction reaction can
proceed through two reaction channels, AX+ BYXm-1, and
AY + BXm, which complicates the PES construction because
now the bonds and angles must be treated independently.

The main goal of the present paper is to extend this method
to asymmetrically poly substituted reactions of type BWXYZ+
A, where all the bonds and angles must be independently treated.
Clearly, the formulation of the functional forms, the

compilation, and finally the calibration process will considerably
increase in difficulty with respect to the symmetrically substi-
tuted reactions.

Unfortunately, experimental studies on these asymmetrically
substituted reactions are scarce, and to test the strategy we shall
build the PES for the gas-phase CHClF2 + Cl abstraction
reaction, where the central atom is the carbon, and the abstractor
atom is the chlorine, which a priori could proceed through three
reaction channels: hydrogen, chlorine, and fluorine abstraction.
While the two last channels are very endothermic,10 +24.91
and+59.09 kcal mol-1, respectively, and therefore disfavored,
the first is energetically favored (∆H°r ) -0.05 kcal mol-1), so
that we shall take it as the focus of the present study.

This reaction presents several important features that invite
theoretical study. First, the study of hydrochlorofluorocarbons
(HCFCs) is of great importance in atmospheric and combustion
processes. Second, the experimental rate constants15-18 are
usually restricted to room temperature and show a broad range
of values, although recent critical reviews19-22 give a narrower
range. Third, the theoretical studies on this reaction have also
been scarce,23-25 and a complete potential energy surface has
not been constructed.

The article is structured as follow: In Section II we briefly
outline the potential energy surface and the computational
details. The results are presented in Section III, and compared
with experiments and other theoretical results. Finally, Section
IV presents the conclusions.

II. Potential Energy Surface and Computational Details

II.1. Functional Form. On the basis of our previous
experience with symmetrically (BX4 + A) and asymmetrically
(BX3Y + A) monosubstituted reactions, the new surface for
poly substituted reactions of type BWXYZ+ A, where W, X,
Y, and Z can be equal or different, is formulated in similar terms,* Corresponding author. E-mail: joaquin@unex.es.
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i.e., stretching (str), valence (val) bending, and out-of-plane (op)
bending, and has the general form

whereVstr is the stretching term given by

with W, X, Y, and Z being the possible abstracted atoms, A
the abstractor, andV3 represents the London-Eyring-Polanyi
(LEP) functional form. EachV3 term involves a singlet curve
depending on three adjustable parameters (1DU-V, RU-V, and
RU-V

0) and a triplet curve depending on three parameters
(3DU-V, RU-V, and RU-V

0) for each U-V bond. The B-U
(U ) W, X, Y, Z) Morse parameters,RB-U, are allowed to relax
using a switching function, from reactant, BWXYZ, to products,
depending on the pathway chosen

where R is the B-U bond length in the system,R0 the
corresponding equilibrium B-U bond length in the reactant,
and aU-V, bU-V, and cU-V are adjustable parameters to obtain
accurate stretching frequencies at the reactants, products, and
saddle point. This separation of the B-U stretching modes
greatly complicates the calibration process because more
parameters are involved, but permits us to separate all the
possible abstraction channels using the same functional form.
Note that in this case we have made a separation of the V3

terms, and have the possibility of selecting all the reaction types
(BW4, BW3X, BW2X2, BW2XY, and BWXYZ) and all the
channels in each type using the same functional form.

VVal is an harmonic term for valence bending:

where the sum is over all the three atoms’ possibilitiesi-B-j
wherei andj are the atoms bound to the center atom. The force
constant,kij

0, is a function depending on adjustable parameters,
and on the distances B-i and B-j, so we obtain the constant
force independently, depending on which i andj atoms we are
considering (kWX

0 , kWY
0 , kWZ

0 , kXY
0 , kXZ

0 , andkYZ
0 ) and the reference

angleθij
0 represents the angle defined by two bonds (B-i, B-j)

wherei and j are W, X, Y, and Z. Thekij
0 are also allowed to

relax using a switching function from the reactant to product
structure depending on the pathway chosen. As in the case of
the Vstr term, we made a separation of theVval term between
the i-B-j possibilities.

Finally, Vop is the out-of-plane bending term, correlating with
the out-of-plane motion of the product radical in all the four
possible pathways. Again we separated the distinct pathways
that we can choose, and the expression is

The functional form is based on symmetric terms suggested
by Duchovic et al.,26 where

R being each of the B-U bonds (U ) W, X, Y, and Z) andR0

the corresponding equilibrium value,f∆Bjkl andh∆
Bjkl being force

constants for every possibleBjkl product, and

where the vectorr is associated with the bondR (rBW, rBX,
rBY, andrBZ).

In sum, in this new PES we have separated the functional
forms for each bond and angle, and have introduced 30 new
(in total, 64) calibration parameters describing the behavior of
the different atoms. Note that, as in the case of our previous
PESs, this new PES is also symmetric with respect to the
permutation of equivalent atoms in systems of type BW2X2 and
BW3X, a very important feature in dynamics studies. Therefore,
to clarify the nomenclature, it is necessary to note that until
now we had constructed PESs to describe symmetrically
substituted reactions of type BX4 + A f AX + BX3, and
asymmetrically monosubstituted reactions of type BX3Y +
A f BX3 + AY or BX2Y + AX. Now with this work, we are
introducing all the possible poly-substituted reactions of type
BWXYZ + A f products, where W, X, Y, and Z can be equal
or different (BW4, BW3X, BW2X2, BW2XY, and BWXYZ), and
opening all the possible paths for every reaction using the same
functional form.

II.2. Calibration Process. Having selected the functional
form, we next consider the calibration of the PES for the
CHClF2+ Cl f ClH + CClF2 hydrogen abstraction reaction.
This calibration process has been described in detail elsewhere,1-9

and we shall present here just a short description of the process,
although in this case, due to the independent treatment of the
different bonds and angles, 64 parameters are involved, and the
computational time and effort have considerably increased. The
calibration process consists of three steps. In the first step, we
changed the parametersRU-V

0, 1DU-V, and RU-V for the
different bonds in the system (C-H, C-Cl, and C-F in the
CHF2Cl molecule, and C-Cl with the abstractor atom) related
to the geometric, energy, and vibrational properties of the
reactants and products, so that the geometries, heat of reaction,
and vibrational frequencies agree with the available experimental
and/or theoretical data. In the second step, we refit the
parameters3DU-V for all the U-V bonds in the PES in order
to reproduce the characteristics of the ab initio calculated saddle
point, in particular, geometry, barrier height, and vibrational
frequencies. During this fitting process, we took especial care
to ensure that no artificially deep wells were introduced in the
reactant or product valley. Note that the topology of the reaction
path is very sensitive to the3DU-V parameters, i.e., small
changes in them produce large changes in the shape of the path,
barrier height, and imaginary frequency. Finally, since a main
objective in this work was to analyze dynamical details of the
rate process (importance of tunneling, temperature dependence,
possible vibrational excitation in reactants or products, etc.), as
the third step of our calibration, we refit some of the parameters
of the analytical PES (mainly the force constants,ki, in the
valence bending term,Vval, and thef∆i and h∆i parameters in
the out-of-plane term,Vop), in order to reproduce the experi-

V ) Vstr + Vval + Vop (1)

Vstr ) V3(RBW,RBA,RAW) + V3(RBX,RBA,RAX) +
V3(RBY,RBA,RAY) + + V3(RBZ,RBA,RAZ) (2)

RU-V ) aU-V + bU-V(tanh[cU-V(R - R0)] + 1

2 ) (3)

Vval )
1

2
∑
i)1

3

∑
j)i+1

3

kij
0kikj(θij - θij

0)2 (4)

Vop) ∑
i)1

4

f∆i ∑
j)1,j*i

4

∆ij
2 + ∑

i)1

4

h∆i ∑
j)1,j*i

4

∆ij
4 (5)

f∆i ) ([1 - S3(Ri)]‚S3(Rj)‚S3(Rk)‚S3(Rl)‚f ∆
Bjkl

h∆i ) ([1 - S3(Ri)]‚S3(Rj)‚S3(Rk)‚S3(Rl)‚h∆
Bjkl

S3(R) ) 1 - tanh [R3(R - R0)(R - â3)
2] (6)

∆ij ) cos-1[ (rk - rj) × (rl - rj)

|(rk - rj) × (rl - rj)|
‚

ri

|ri|] - φij
0 (7)
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mental rate constants. Note that since this calibration is carried
out by hand, the fitting performed in last steps obliges us to
refit some of the parameters obtained in previous steps. This
iterative process is tedious, non-trivial, and has to be followed
until convergence with the experimental information.

Although more information on the topology of the reaction
could help in this fitting process, our previous experience with
similar potential energy surfaces indicated to us that the data
set (reactant, products, and saddle-point properties and experi-
mental rate constants) used here in the calibration process is
adequate. Moreover, in this polyatomic system with several
heavy atoms, the use of very high ab initio calculations to build
the PES is practically prohibitive, and so our strategy using
experimental rate constants in the calibration process, although
semiempirical, is justified, useful, and economical. The final
functional form and the adjustable parameters of the new PES
are given on our Web page.27

As was noted in the Introduction, the experimental data on
asymmetrically substituted reactions is scarce, and the present
study is focused on the hydrogen abstraction. However, at this
point it is necessary to take into account that in the general
case of a multichannel reaction the same functional form is used
for all the channels, the difference being in the calibration
process exclusively. Therefore, if three channels are possible,
three independent calibration processes are necessary on the
same functional form. This was the approach used in an earlier
study9 on the asymmetrically monosubstituted H+CH3Cl reac-
tion, which proceeds through two channels, CH3+ClH, and

CH2Cl+H2. There, we performed two independent calibrations
using the same functional form.

The results of the final fit are listed in Table 1 for reactants
and products, and in Table 2 for the saddle point. In general,
the reactant and product properties agree with the experimental
data,11,12 with an enthalpy of reaction at 0 K of -0.73 kcal
mol-1, versus the experimental value of-0.05 ( 3.00 kcal
mol-1 (value at 298 K, because the enthalpies of formation are
available only at this temperature for all components). This
agreement is, obviously, a consequence of the fitting procedure
used, and represents simply a check of the consistency of the
parametrization. Next we consider the properties of the saddle
point, especially the barrier height (Table 2). It is well-known
that the classical barrier height (∆Eq) is very sensitive to the
method used (correlation energy and basis set), a general
problem in computational chemistry. The theoretical (ab initio
and DFT) calculations (ref 25 and this work) used as initial
reference give barriers in a wide range, 9.55-12.89 kcal mol-1,
and an average value (about 11 kcal mol-1) was chosen for the
calibration. When the ZPE correction is included, ourVa

G value,
4.01 kcal mol-1, is lower than other ab initio calculations by
about 1 kcal mol-1, with the largest difference being with
calculations at the QCISD(T)/6-311+G(2d,2p) level, possibly
due to the limited basis set used at this level. The saddle-point
geometry shows reasonable agreement with the sparse ab initio
and DFT quantum chemical calculations, although the new
surface has a shorter Cl-H′ bond. The transition state is “late”,
i.e., a product-like transition state, where the length of the bond

TABLE 1: Reactant and Product Propertiesa Calculated Using the Analytical Surface

CHClF2 HC CClF2

PES exp.b PES exp.b PES theor.c

Geometry
d(C-H) 1.085 1.09
d(C-F1) 1.297 1.35 1.322 1.31
d(C-F2) 1.320 1.35 1.322 1.31
d(C-Cl) 1.718 1.75 1.764 1.73
d(Cl-H) 1.234 1.28
∠F-C-F 109.3 115.5
∠F-C-Cl 110.7 115.5 113.7
∠H-C-Cl 109.7 107.0
∠F-C-F-Cl 138.9

Frequency
3158 3035 2901 2991 1244 1251
1573 1350 1222 1164
1557 1310 716 768
1215 1088 429 570
1154 805 362 409
873 794 349 352
503 576
403 400
348 355

ZPE 15.42 14.00 4.14 4.31 6.18 6.50

Energy

∆Er ∆Hr (0 K) ∆Hr (298 K)

exp. -0.05( 3.0d

UMP2/6-311G(2d,2p)e 3.53 -0.57
UMP2/aug-cc-pvdze 4.45 0.52
QCISD(T)/6-311+G(d,p)e 5.70 1.77
BH&HLYP/6-311G(d,p)e 5.76 1.54
BH&HLYP/aug-cc-pvtze 3.95 -0.18
MP2/cc-VDZf 4.76
MP2/cc-VTZf 2.60
PESf 4.36 -0.73

a Distances in Å, frequencies in cm-1, energies in kcal mol-1. b From ref 11.c From ref 23.d ∆Hr (298 k) from the following enthalpies of
formation: CHClF2,-115.3( 3.0 (ref 11); Cl, 28.99 (ref 11); ClH,-22.06 (ref 11); CClF2,-64.30 (ref 12), in kcal/mol.e From ref 25.f This
work.
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that is broken (C-H′) increases by 21%, and the length of the
bond that is formed (Cl-H′) is 4% larger than at the products.

II.3. Computational Details. With the new surface calibrated
as described in the previous section, the saddle point was
identified by having one negative eigenvalue of the Hessian
matrix, and therefore one imaginary frequency. Starting from
the saddle point, we followed the reaction-path in mass-weighted
Cartesian coordinates, obtaining the minimum energy path
(MEP).28 Along the MEP, we calculated vibrational frequencies
after projecting out the motion along the reaction-path using
redundant internal coordinates.29 With this information, we
calculated first the vibrationally adiabatic ground-state potential
(Va

G) that can be considered as the free energy along the
reaction-path at 0 K, and second the coupling terms,30 Bk,F(s),
measuring the coupling between the normal mode,k, and the
motion along the reaction coordinate (s), mode F. These
coupling terms control the nonadiabatic flow of energy between
these modes and the reaction coordinate,31,32 and are the
components of the reaction path curvature,κ(s), defined as

Rate constants were estimated using canonical variational
transition-state theory (CVT).33 Quantum effects on motions
transversal to the reaction-path were included using quantum-
mechanical vibrational partition functions under the harmonic
oscillator approach, while quantum effects in the motion along
the reaction-path were included using the microcanonical
optimized multidimensional tunneling (µOMT) method, in

which (at each energy) the transmission probability is taken as
the maximum of two trial calculations, namely, the small-
curvature tunneling (SCT)34 and the large-curvature tunneling
(LCT)35 methods. The analysis of theVa

G curve showed the
existence of two maxima and, therefore, the rate constants were
finally calculated using the canonical unified statistical (CUS)
model.33,36

All dynamical calculations were performed using the general
polyatomic rate constants code POLYRATE.37

III. Results and Discussion

III.1. Reaction Path and Curvature Terms. Figure 1 shows
the classical potential energy, VMEP, the ground-state vibra-
tionally adiabatic potential energy,Va

G, and the local zero-point
energy, ZPE, as a function of s over the range-2.0 to +3.0
bohr.

The ZPE curve drops in the saddle-point zone, showing a
broad well. This behavior is typical of hydrogen abstraction
reactions, and the change with s is mainly due to the drop in
the C-H stretching corresponding to the normal mode breaking
during the reaction, which evolves to the Cl-H stretching mode
forming in the product (reactive mode). As a consequence, the
Va

G curve presents a deep well, with two maxima.
Along the MEP the coupling terms,Bk,F(s), between the

reaction coordinate and the orthogonal bound modes control
the non-adiabatic flow of energy between these modes and the
reaction coordinate. Figure 2 shows the reaction path curvature
(κ) as a function ofs. There are two sharp peaks, one on the

TABLE 2: Saddle-Point Propertiesa

CHClF2-Cl

PES theor.b MP2/cc-VTZd

Geometry
d(C-H) 1.31 1.38 1.28
d(C-F1) 1.30 1.30 1.32
d(C-F2) 1.33 1.30 1.32
d(C-Cl) 1.76 1.73 1.73
d(Cl-H) 1.28 1.46 1.50
∠F-C-F 112.0
∠H-C-Cl 102.4 106.7

Frequency
1243 1320
1183 1234
824 1020
716 1015
713 910
474 672
383 453
346 386
262 178
66 113
54 91

1387i 1332i
ZPE Energy 8.95 10.57

∆E* ∆H* (0 K)

UMP2/6-311G(2d,2p)c 9.76 5.33
UMP2/aug-cc-pvdzc 9.86 5.54
QCISD/6-311+G(2d,2p)c 10.10 5.53
QCISD(T)/6-311+G(2d,2p)c 12.79 8.21
BH&HLYP/6-311 G(d,p)c 12.07 7.38
BH&HLYP/aug-cc-pvtzc 11.49 6.88
MP2/cc-VDZd 11.57
MP2/cc-VTZd 9.55
PES 10.71 4.01

a Distances in Å, frequencies in cm-1, energies in kcal mol-1. b Ref
23. c Ref 25.d This work.

κ(s) ) (Σ[Bk,F(s)]2)1/2 (8)

Figure 1. Classical potential energy curve,VMEP, zero-point energy
curve, ZPE, and vibrationally adiabatic potential energy curve,Va

G, as
functions of the reaction coordinates.

Figure 2. Reaction path curvatureκ(s) as a function of s.
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reactant side, which has a value of 8.57 au ats ) -0.25 bohr,
and one on the product side, which has a value of 7.27 au at
s ) +0.40 bohr. The first is due to strong coupling of the
reaction path to all stretching modes in the CHClF2 reactant.
Excitation of these modes might be expected to enhance the
forward reaction rates. The second is in the exit channel and is
lower than the first. It is due to the coupling of the reaction
path to the C-F, C-Cl, and Cl-H stretching modes. This might
be an indication that these modes in the products for the forward
reaction could appear vibrationally excited. However, if one
examines theVa

G curve (Figure 1), one notes that the energy
difference between the maximum of theVa

G and the products
is 5.71 kcal mol-1, and therefore there is not enough available
energy to excite by one quantum the Cl-H stretch mode
(2901 cm-1 ≈ 8.3 kcal mol-1) if the system passes through the
transition state region in the ground vibrational state, although
there is enough energy to excite by one quantum the C-F and
C-Cl stretching modes (1243 cm-1 ≈ 3.6 kcal mol-1, and
1222 cm-1 ≈ 3.5 kcal mol-1, respectively). Therefore, for the
thermal forward reaction the Cl-H stretch mode will appear
vibrationally unexcited, while the C-F and C-Cl modes can
appear vibrationally excited.

III.2. Thermal Rate Constants. In variational transition-
state theory, the location of the dividing surface is varied along
the reaction-path to minimize the rate constants, obtaining the
canonical variational transition-state. The location of the
dynamic bottleneck of the thermally averaged reaction shows
little dependence on this optimization, ranging from 0.325 bohr
at 0 K to0.302 bohr at 2500 K. The variational effects (i.e., the
ratio between variational CVT and conventional TST rate
constants) change from 0.086 at 200 K to 0.367 at 2500 K. For
this reaction, the energy contribution (high barrier height)
dominates over the entropy contribution, even at high temper-
atures.

Table 3 lists the variational rate constants and the tunneling
transmission coefficients (κ) obtained with this PES, together
with the experimental values for comparison, and Figure 3
shows the corresponding Arrhenius plots. The CUS/µOMT rate
constants agree with experiment18 and recent reviews19-22 in
the common temperature range (296-410 K). However, as was
indicated in Section II, as the experimental rate constants were
used in the calibration process of the new PES, this agreement
simply represents a check on the consistency of the parametriza-
tion. The DFT calculations of Xiao et al.23 and Li and Wang24

underestimate the experimental values, while the agreement
found by Knyazev25 using a modest TST-Eckart based model
is only a consequence of the fitting procedure used to reproduce
the experimental information.

Moreover, the new PES has a novel kinetics usefulness: the
extrapolation of rate constants to higher (T > 500 K) and lower
(T < 300 K) temperatures, which are not available experimen-
tally, and have therefore not been used in the calibration process.

These higher and lower temperature ranges are of interest in
combustion and atmospheric chemistry, respectively.

With respect to the tunneling effect (Table 3), the use of an
analytical PES permits one to use the LCT approach, which
was not possible in earlier theoretical works,23,24 which used
the SCT method. These different approaches have a great
influence on the final results, especially at low temperatures.
For instance, at 200 K, while the SCT transmission coefficient
is 1.88, the LCT approach gives 3.77; i.e., the rate constant is
increased by a factor of 2.0. This behavior was to be expected,
since the abstraction reaction involves the motion of a light
particle (a hydrogen atom) that can easily tunnel through the
reaction barrier.

Finally, the activation energy can be obtained by determining
the slope of the Arrhenius plot. In the common temperature
range (296-410 K), our activation energy, 5.8 kcal mol-1, is
close to the experimental value18 of 4.8 ( 0.2 kcal mol-1.

IV. Conclusions

In this work we have extended the knowledge of the
construction of analytical potential energy surfaces for poly-
atomic systems to asymmetrically substituted reactions of type
BWXYZ +A, where A is the abstractor atom. Here we
constructed the analytical PES for the CHClF2 + Cl f ClH +
CClF2 gas-phase hydrogen abstraction reaction based on a
suitable functional form, and using as calibration criterion the
fit to the available experimental thermal rate constants. For this
polyatomic system the functional forms were separated for each
bond and angle, introducing 30 new calibration parameters with
respect to the previous symmetrically substituted systems. This
meant that there are 64 parameters in total, which represents
the greatest challenge.

TABLE 3: Variational Rate Constants and Tunneling Transmission Coefficients (K) Obtained with This PES, Together with
the Experimental Values for Comparison

T (K) TST CVT CUS SCT LCT CUS/µ-OMT exp.a

200 1.50× 10-16 1.30× 10-17 7.26× 10-18 1.88 3.77 2.74× 10-17

300 9.27× 10-15 1.69× 10-15 9.74× 10-16 1.34 1.97 1.91× 10-15 1.40× 10-15,b 1.69× 10-15,c 2.01× 10-15,d 1.91× 10-15e

400 9.63× 10-14 2.45× 10-14 1.46× 10-14 1.18 1.50 2.18× 10-14

700 3.80× 10-12 1.33× 10-12 8.33× 10-13 1.06 1.15 9.56× 10-13

900 1.50× 10-11 5.51× 10-12 3.48× 10-12 1.03 1.09 3.78× 10-12

1000 2.55× 10-11 9.49× 10-12 5.99× 10-12 1.03 1.07 6.40× 10-12

2000 4.88× 10-10 1.81× 10-10 1.12× 10-10 1.01 1.02 1.14× 10-10

2500 1.05× 10-9 3.86× 10-10 2.37× 10-10 1.00 1.01 2.39× 10-10

a Experimental values at 298 K.b Ref 15.c Ref 17.d Ref 16.e Refs 19 and 21.

Figure 3. Arrhenius plot of lnk (cm3 molecule-1 s-1) against the
reciprocal of the temperature (K) for the forward thermal reaction
together with the experimental and other theoretical values for
comparison.
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The agreement with the experimental rate constants in the
common temperature range (296-410 K) is of course just a
consequence of the parametrization used, but first it does lend
confidence to the new PES, and second it permits us to obtain
new kinetics and dynamics information for this reaction. Thus,
the rate constants can be obtained at higher and lower temper-
atures, of interest in combustion and atmospheric chemistry,
respectively, which are not available experimentally. The
calculated rate constants show a small curvature of the Arrhenius
plot, indicating the role of the tunneling factor in this reaction.
This result seems logical given that a light particle (hydrogen
atom) can easily tunnel through the barrier. The analysis of the
reaction-path curvature, another dynamical feature, showed
qualitatively that the C-F and C-Cl stretching vibrational
excitations are expected in the products.

Finally, the agreement between our theoretical results and
the experimental measurements (geometry, energy, and kinetics)
lends confidence to the newly constructed PES, which can be
used for trajectory calculations.
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