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By means of ab initio direct dynamics method, the reactions H+ CCl4 f CCl3 + HCl (1) and H+ CHCl3
f products (2) have been investigated theoretically to reveal their dynamical properties. The minimum energy
paths (MEPs) of both reactions are calculated at the BH&H-LYP/6-311G(d,p) level, and the energies along
the MEPs are further refined at the PMP4/6-311+G(3df,2p) (single-point) level. For reaction 2, both reaction
channels, H-abstraction and Cl-abstraction, have been identified. Thus, the rate constants for each reaction
channel as well as reaction 1 are calculated by the canonical variational transition state theory incorporating
the small-curvature tunneling correction in the temperature range 200-5000 K. For reaction 1, the theoretical
rate constants are in good agreement with the experimental values over the measured temperature range. For
reaction 2, the total rate constants, which are calculated from the sum of the individual rate constants, are in
excellent agreement with the experimental ones, and the temperature dependence of the branching
ratios indicate that, at low-temperature range (T < 667 K), H-abstraction is the major reaction channels,
whereas Cl-abstraction channels will significantly contribute to the whole reaction rate as the temperature
increases.

Introduction

The importance of chlorinated hydrocarbons (CHCs) in
atmospheric chemistry is well established.1,2 Chloromethanes
are known to be important atmospheric species and should be
responsible for the depletion of the ozone layer in the strato-
sphere and for the greenhouse effects. To incinerate the industrial
wastes CHCs in a more efficient and less hazardous way, it is
necessary to further investigate all aspects of this kind of
combustion process. It is especially important to understand the
incineration mechanism, specific pathways, and rate constants
for important elementary reactions. The current studied reactions
play an important role in the incineration of chlorinated
hydrocarbons. For example, in CHC/O2 and CHC/hydrocarbon/
O2 flames, reactions of H and Cl with CHCs together with
unimolecular decomposition are the major channels of con-
sumption of CHCs.3-15 In fuel-rich flames, the reactions of H
atom with CHCs compete directly with the main chain-
branching reaction, H+ O2 f OH + O.3,16-18

Although the importance of the H+ CHCs reactions has been
shown, little is known about the rate of even the chlorinated
methanes, the simplest CHC reactions. In the most recent
work,19 the direct measurement of the overall rates for following
reactions

was reported by Bryukov and co-workers. (Numbers in paren-
theses denote the experimental studied temperature ranges.) For
reaction 2, it can proceed through the abstraction of both chlorine

and hydrogen atoms, i.e.

while up to now, no experimental information is available on
the branching ratiok2a/(k2a + k2b); therefore, theoretical
investigations are very desirable to give an understanding of
the multiple channel reaction mechanisms of the reaction H+
CHCl3. Bryukov et al. have studied the branching ratio of
reaction 2 within the framework of conventional transition state
theory (TST) with an application of the Marcus equation, and
their calculated results have indicated that reaction 2b is a minor
reaction channel, where the contribution to the whole reaction
is 5∼10% in the experimental temperature range. However,
under their investigation, one-dimensional Eckart tunneling
correction associated with the TST framework may not be
sufficient, because the tunneling contributions to the rate of
hydrogen abstraction reactions are significant.20,21In this paper,
the main aim is to perform a direct ab initio dynamics study at
relatively higher level on the total rate constants of the title
reactions and the branching ratio of reaction 2 over the
temperature range 200-5000 K in order to obtain more reliable
results.

Calculation Methods

It has been previously shown22-25 that the combination of
Becke’s half-and-half (BH&H)26 with Lee-Yang-Parr (LYP)27

nonlocal correlation functionals can be used cost-effectively to
calculate the geometries and frequencies particularly for open-
shell systems. In the present work, the equilibrium geometries
and frequencies of the stationary points (reactants, products, and* To whom correspondence should be addressed.

H + CCl4 f HCl + CCl3 (297-904 K) (1)

H + CHCl3 f products (455-854 K) (2)

H + CHCl3 f HCl + CHCl2 (2a)

H + CHCl3 f H2 + CCl3 (2b)
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transition states) are calculated by using the BH&H-LYP method
with the 6-311G(d,p) basis set by using Gaussian 98 program
package.28 At the same level, the minimum energy path (MEP)
is obtained by intrinsic reaction coordinate theory (IRC) with a
gradient step size of 0.05 (amu)1/2 bohr. Furthermore, with
selected points along the MEP, the force constant matrixes as
well as the harmonic vibrational frequencies are obtained. To
obtain more accurate energy along the MEP, the spin-projected
fourth-order Møller-Plesset perturbation theory (PMP4) cal-
culations are performed using 6-311+G(3df,2p) basis set at the
BH&H-LYP MEP geometries, for simplicity, hereinafter it is
denoted by PMP4//BH&H-LYP.

Canonical variational transition state theory (CVT) is based
on the idea of varying the dividing surface along a reference
path to minimize the rate constants; thus, this method is more
accurate than the TST one. In this paper, the POLYRATE
version 8.4.1 program29 is performed to obtain the theoretical
rate constants in the temperature range 200-5000 K using the
CVT plus a small-curvature tunneling (SCT) correction method
proposed by Truhlar and co-workers.30,31The Euler single-step
integrator with a step size of 0.0001 (amu)1/2bohr is used to
follow the MEP, and the generalized normal-mode analysis is
performed in every 0.01 (amu)1/2bohr.

Results and Discussions

1. Stationary Points.The optimized geometric parameters
of the reactants (CHCl3 and CCl4) and products (CHCl2, CCl3,
and HCl) at the BH&H-LYP/6-311G(d,p) level of theory are
presented in Figure 1a along with the available experimental
data.32-35 From Figure 1a, we can see that the largest deviation
between the theoretical bond lengths and the experimental values
is 0.028 Å (r(C-Cl) for CCl3) and the largest deviation of the
bond angles is 2.8° for ∠ClCCl in CCl3. It is obvious that the
theoretical geometric parameters are in good agreement with
the experimental data.32-35

Geometric parameters of the transition state structures for the
three reactions are depicted in Figure 1b. From Figure 1b, we
can see that the transition states TS1 for reaction 1 and TS2b
for reaction 2b have the same symmetry, i.e.,C3V symmetry.
For reaction 2a, the transition state (TS2a) hasCs symmetry. In
the transition state structures, the distance of the bonds C-Cl′
and C-H′, which will be broken, increase by 7.2%, 8.2%, and
20% with respect to the equilibrium bond distances of CCl4

and CHCl3 in the reactions 1, 2a, and 2b, respectively. The
distances of H-Cl′ and H-H′, which will form molecules, are
1.37, 1.42, and 1.3 times, respectively, as large as the equilib-
rium bond distances in HCl and H2 molecules. Therefore, the
three transition states are all reactant-like, and the reactions will
proceed via early transition states. It is obvious that the TS2a
is a more reactant-like TS, so the chlorine abstraction reaction
2a will proceed via an “earlier” transition state compared with
hydrogen abstraction reaction 2b.

Table 1 gives the harmonic vibrational frequencies of the
reactants, products, and transition states at the BH&H-LYP/
6-311G(d,p) level as well as the corresponding experimental
results.36-39 For the species of reactants and products, the
calculated frequencies are in good agreement with the experi-
mental values with the largest deviation of 8%. For each
transition state, the character of the stationary point is confirmed
by normal-mode analysis, which yields one and only one
imaginary frequency whose eigenvector corresponds to the
direction of the reaction.

The reaction enthalpies (∆H°298) and classical barrier heights
(∆Ef) calculated at the PMP4//BH&H-LYP level of theory with
ZPE correction are listed in Table 2. For the reactions 2a and
2b, the calculated reaction enthalpies at temperature 298 K are
-27.4 and-10.4 kcal/mol, respectively, which are in good
agreement with the corresponding experimental values of-28.4
and -10.6 kcal/mol derived from the experimental standard
heats of formation (CHCl3, -25.6 kcal/mol;40 H, 52.1 kcal/

TABLE 1: Calculated and Experimental Frequencies (cm-1) of Stationary Points for the Three Reactions

species BH&H-LYP/6-311G(d,p) expt

CHCl3 277, 277, 384, 695, 802, 802, 1309, 1309, 3288 261, 261, 363, 680, 774, 774, 1220, 1220, 3034a

CHCl2 317, 484, 779, 920, 1304, 3325 902, 1226b

CCl2H‚‚‚Cl′‚‚‚H(TS) 1021i, 202, 224, 262, 268, 364 654, 765, 834, 1192, 1311, 3293
CCl3‚‚‚H′‚‚‚H (TS) 1734i, 276, 276, 354, 354, 394, 622, 842, 842, 1283, 1283, 1497
CCl3 289, 289, 331, 509, 933, 933 266, 266,-, 487, 898, 898b

CCl4 233, 332, 477, 814, 814 217, 314, 459, 776, 776c

CCl3‚‚‚Cl′‚‚‚H (TS) 965i, 189, 189, 230, 230, 319, 319, 320, 469, 747 838, 838
HCl 3046 2991a

H2 4518 4403d

a Experimental values from ref 36.b Experimental values from ref 37.c Experimental values from ref 38.d Experimental values from ref 39.

Figure 1. a. Optimized geometries of reactants and products at the
BH&H-LYP/6-311G(d,p) level of theory. The numbers in parentheses
are the experimental values32-35 [ref 32 for CHCl3 (A) and HCl (E),
ref 33 for CCl4 (B), ref 34 for CCl3 (D), ref 35 for H2 (F)]. Bond lengths
are in angstroms, and angles are in degrees. b. Optimized geometries
of the three transition states at the BH&H-LYP/6-311G(d,p) level of
theory. Bond lengths are in angstroms, and angles are in degrees.
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mol;41 CHCl2, 21.3 kcal/mol;42 HCl, -22.1 kcal/mol;41 CCl3,
17.0 kcal/mol;43 H2, 0.0 kcal/mol). The barrier height for reaction
2a is 8.0 kcal/mol and for reaction 2b is 6.8 kcal/mol obtained
at the PMP4//BH&H-LYP level of theory; that is, the H-
abstraction reaction 2b has a lower barrier height compared to
Cl-abstraction reaction 2a, and as a result, H-abstraction reaction
2b will be preferred at lower temperatures. This view is further
testified in the following study of the rate constants. For the H
+ CCl4 reaction, the calculated reaction enthalpy value of-28.9
kcal/mol is in reasonable agreement with the estimated value
of -34.3 kcal/mol (CCl4, -22.9 kcal/mol;40), and the barrier
height is 6.5 kcal/mol at PMP4//BH&H-LYP level of theory.

2. Minimum Energy Path. The changes of bond lengths
along the IRC for H reacted with CCl4 are plotted in Figure 2a.
It is easily seen that with the proceeding of this reaction, the
active C-Cl′ (breaking) bond length changes very smoothly
up to abouts ) -1.0 (amu)1/2 bohr, after that, the C-Cl′ bond
length increases slightly. Although the H-Cl′ (forming) bond
length decreases linearly along the reaction coordinate froms
) -2.0 to 1.0 (amu)1/2bohr, and afters ) 1.0 (amu)1/2bohr, the
change of the H-Cl′ both bond length becomes slow. However,
the lengths of the other bond show nearly no change during the
entire reaction processes. For the remaining tow reactions, i.e.,
H + CHCl3 f HCl + CHCl2 and H+ CHCl3 f H2 + CCl3,
the bond length changes along the IRC are similar to reaction
H + CCl4.

Figure 3a-c depicts the classical potential energy,VMEP, the
ground-state vibrational adiabatic potential energy,Va

G, and the
zero-point energy ZPE for the three reactions as functions of
the reaction coordinates ((amu)1/2 bohr) at the PMP4//BH&H-
LYP level of theory. For the three reactions, the maximum
positions of theVMEP(s) andVa

G(s) energy curve are the same,
and the zero-point energy curves are practically constants ass
varies with only a gentle fall near the saddle point (s ) 0). To
analyze this behavior in more detail, we show the variations of
generalized normal mode vibrational frequencies along the MEP
in Figure 4a-c. In the negative limit ofs, the frequencies are
associated with the reactants H+ CCl4 and H + CHCl3,
respectively. In the positive limit ofs, the frequencies are
associated with the products HCl+ CCl3, HCl + CHCl2, and
H2 + CCl3, respectively. Now let us turn our attention to the
frequencies in the vicinity of the transition state. The harmonic
vibrational frequencies of the C-Cl′ and C-H′ stretches shown
by the mode 11 in Figure 4a-c, corresponding to the generalized
normal mode that breaks during the reactions, rapidly drop near
the saddle point. These drops should cause considerable falls
in the ZPE near the saddle point. On the other hand, the two
lowest harmonic frequencies corresponding to free rotations and
translations of the reactants evolve to vibrations at abouts )
-0.3 (amu)1/2 bohr, and they present a maximum near the saddle
point. The behaviors of these two lowest frequencies counteract
the decreases in the ZPE caused by the C-Cl′ and C-H′
stretches, respectively. As a result, the ZPE has a little change

with s. For the classical potential energyVMEP and the ground-
state vibrational adiabatic potential energyVa

G curves, the
shapes are similar. This analysis indicates that, for the three
reactions, the variational effect on the calculation of rate constant
will be small.

3. Rate Constants.The canonical variational transition state
theory (CVT) rate constants with a small-curvature tunneling
correction (SCT) for the three reactions are calculated in a wide

TABLE 2: Reaction Enthalpies (∆H298
0 ) and Forward

Potential Barriers (∆Ef) (kcal/mol) with ZPE Correction for
the Three Reactions at PMP4//BH&H-LYP Level of Theory

CCl4 + H f
CCl3 + HCl

CHCl3 + H f
CHCl2 + HCl

CHCl3 + H f
CCl3 + H2

∆Ef 6.5 8.0 6.8
∆H°298 -28.9 -27.4 -10.4
expta -34.3 -28.4 -10.6

a Experimental values derived from heats of formation (in kcal/mol):
CHCl3, -25.6;40 H, 52.1;41 CHCl2, 21.3;42 HCl, -22.1;41 CCl3, 17.0;43

H2, 0.0; CCl4, -22.9.40

Figure 2. a. Changes of the bond lengths along the BH&H-LYP/6-
311G(d,p) minimum energy path for the H+ CCl4 f HCl + CCl3
reaction plotted vs the reaction coordinates in the mass weighted
coordinates. b. Same types of curves as those in a for the H+ CHCl3
f HCl + CHCl2 reaction. c. Same types of curves as those in a for
the H + CHCl3 f H2 + CCl3 reaction.
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temperature range from 200 to 5000 K at the PMP4//BH&H-
LYP level of theory. Figure 5 displays the calculated rate
constants and the available experimental values19 for the H +
CCl4 reaction. It can be seen that the TST and CVT rate
constants are nearly the same over the whole temperature range,
whereas the CVT/SCT rate constants are significantly larger
than the CVT rate constants in the lower temperature range and
they are asymptotic to the CVT one at the higher temperatures.
This means that for this reaction the variational effect is small

over the whole temperature range and the small-curvature
tunneling correction (SCT) plays an important part in the lower
temperature range. In comparison of our theoretical results with
the experimental ones, the CVT/SCT rate constants are in good
agreement with the available experimental values in the
experimental temperature range. The theoretical rate constants
are factors of 2.8, 2.7, 2.5, 2.3, 1.9, 1.8, and 1.7 lower than the
experimental values at 297, 325, 381, 456, 690, 854, and 904
K, respectively. Our calculated value of activation energy is
6.3 kcal mol-1 and much close to the experimental value of

Figure 3. a. Classical potential energy (VMEP), zero-point energies
(ZPE), and vibrational adiabatic potential energy (Va

G) as a function of
the reaction coordinate,s, at the PMP4//BH&H-LYP level for the H
+ CCl4 f HCl + CCl3 reaction. b. Same types of curves as those in
a for the H+ CHCl3 f HCl + CHCl2 reaction. c. Same types of curves
as those in a for the H+ CHCl3 f H2 + CCl3 reaction.

Figure 4. a. Change of the generalized normal-mode vibrational
frequencies for the H+ CCl4 f HCl + CCl3 reaction as functions of
the reaction coordinate,s, at the BH&H-LYP/6-311G(d,p) level. b.
Same types of plots as those in a for the H+ CHCl3 f HCl + CHCl2
reaction. c. Same types of plots as those in a for the H+ CHCl3 f H2

+ CCl3 reaction.
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5.8 kcal mol-1. Because the temperatures used in the experi-
ments19 to determine the rates of the reaction are still far from
covering the whole temperature range of practical interest, which
extends to the temperatures of combustion, i.e., up to 2000-
2500 K, and our calculated results agree well with experimental
ones both in rate constants and activation energy. Our results
may provide useful information for future experimental mea-
surements. The three-parameter fits for the CVT/SCT rate
constants for the reaction from 200 to 5000 K give the
expression as follows:k ) 2.31× 10-15 T1.43 exp(-2374.5/T)
cm3 molecules-1 s-1.

For reactions 2a and 2b, the CVT/SCT rate constants ofk2a,
k2b, and total rate constants,k2 with k2 ) k2a + k2b, as well as
the experimental ones19 are plotted against 1000/T in Figure
6a, and the temperature dependence of thek2a/k2 and k2b/k2

branching ratios is exhibited in Figure 6b. From Figure 6a, we
can see that, at temperature lower than 400 K,k2b is about 1
order of magnitude larger thank2a, and the total rate constant is
nearly equal to the rate constant of reaction 2b. Thus, the H
abstraction is likely to dominate the reaction at lower temper-
atures. However, as shown in Figure 6b, the contribution ofk2b

to the total rate constant decreases with the increase of the
temperature, for example, thek2b/k2 ratios are 99% at 200 K,
94% at 297 K, 86% at 363 K, 65% at 503 K, 50% at 667 K,
40% at 904 K, and 35% at 1500 K. It is also shown that, at a
temperature higher than 667 K, the rate constants of Cl
abstraction,k2a, become faster thank2b. Consequently, both
reaction channels will contribute to the whole reaction rate as
the temperature increases. This result is significantly different
from that obtained by Bryukov19 and co-workers based on TST
calculation with one-dimensional tunneling correction for the
H-abstraction reactions. Under their investigation, the H-
abstraction reaction contribution to the whole reaction is 5∼10%
in the experimental temperature range 455-854 K. The possible
reason may be that Bryukov et al. just performed TST
calculations followed by a crude estimate of a one-dimensional
(1D) approach of the tunneling factor in the reaction instead of
calculating the analytical potential energy surface (PES), and
the shape of PES is very important for determination of the
reaction rate constants. Our investigation shows that the
tunneling contributions in hydrogen abstraction reactions are
also significant as pointed by Truong and co-workers20,21 and
it can be seen from Figure 7a,b, where the TST, CVT, and CVT/
SCT rate constants for reaction 2a and 2b are plotted. For the
H + CHCl3 f H2 + CCl3 reaction, thek(CVT/SCT)/k(SCT)

ratios are 405, 48, 34, 11, 4.1, and 2.0 at 200, 283, 298, 363,
483, and 690 K, respectively, whereas for the H+ CHCl3 f
HCl + CHCl2 reaction, the ratios are 28, 4.0, 3.4, 2.1, 1.4, and
1.1 at the corresponding temperature points. Thus, the small-
curvature tunneling (SCT) correction plays an important role
in the lower temperature region for both reactions. In comparison
with Cl-abstraction reaction, the tunneling correction is more
important for the rate constant calculations of H-abstraction
reaction. This may imply that the hydrogen abstraction reaction
is the major destruction pathways in the H+ CHCl3 reaction
at a temperature lower than 667 K. In addition, from Figure
7a,b, we can see the TST and CVT rate constants are nearly
the same in the whole temperature range, which enables us to
conclude that the variational effect for the two reactions is very
small.

From Figure 6a, we can see that the total rate constants (k2)
of the reaction H+ CHCl3 are in excellent agreement with the
experimental values19 in the measured temperature range 455-
854 K. Thek(expt)/k(CVT/SCT) ratios are 1.0, 1.1, 1.2, 1.3,
and 1.3 at the 455, 503, 629, 807, and 854 K, respectively.
Therefore, it is reasonable to think that the theoretical results
obtained at the PMP4//BH&H-LYP level of theory are reliable
over the entire temperature region. Finally, for convenience of
future experimental measurements, we give three-parameter rate
constant expressions by fitting the theoretical results for the H
+ CHCl3 reaction over the whole temperature range 200-5000
K, and the expressions are (in units of cm3 molecules-1 s-1) as

Figure 5. Computed TST, CVT, and CVT/SCT rate constants as a
function of 103/T and available experimental values for H+ CCl4 f
HCl + CCl3 reaction.

Figure 6. a. Calculated individual rate constants,k2a for the H+ CHCl3
f HCl + CHCl2 reaction,k2b for the H+ CHCl3 f H2 + CCl3 reaction,
and total rate constantsk2 along with experimental values as a function
of 103/T. b. Calculated branching ratio for the H+ CHCl3 reaction as
a function of 103/T.

12296 J. Phys. Chem. A, Vol. 106, No. 51, 2002 Sheng et al.



follows: k2a ) 5.1 × 10-16 T1.59 exp(-2948.6/T), k2b ) 7.15
× 10-20 T2.85 exp(-912.9/T), and k2 ) 3.87 × 10-20 T2.77

exp(-1242.1/T).

Conclusions

In this paper, the reactions H+ CCl4 f HCl + CCl3 (1), H
+ CHCl3 f HCl + CHCl2 (2a), and H+ CHCl3 f H2 + CCl3
(2b) have been studied by ab initio direct dynamics method.
For the three reactions, the calculated potential barriers at the
PMP4//BH&H-LYP level are 6.5, 8.0, and 6.8 kcal mol-1,
respectively, and the corresponding reaction enthalpy are-34.3,
-28.4, and-10.6 kcal mol-1. The theoretical rate constants in
the temperature range 200-5000 K are calculated by the
canonical variational transition state theory (CVT) with the
small-curvature tunneling correction (SCT). The calculated total
rate constants of these reactions are in good agreement with
the corresponding experimental values over the measured
temperature range. For the H+ CHCl3 reaction, the H-
abstraction reaction will be preferred in the lower temperature
range (T < 667 K), whereas as the temperature increases, the
contribution of the Cl-abstraction reaction channels should be
taken into account, and the reaction will proceed in favor of Cl
abstraction at higher temperature range. Moreover, the calculated
results show that, for the three reactions, the variational effect
on the calculation of rate constants is small over the whole
temperature range, and the tunneling correction plays an
important role in the lower temperature range.
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