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The reactions of Cl atoms with methane and three chlorinated methanes (CH3Cl, CH2Cl2, and CHCl3) have
been studied experimentally using the discharge flow/resonance fluorescence technique over wide ranges of
temperature and at pressures between 1.4 and 8.8 Torr. The rate constants were obtained in direct experiments
as functions of temperature:k1(Cl + CH4) ) 1.30 × 10-19T2.69 exp(-497 K/T) (295-1104 K),
k2(Cl + CH3Cl) ) 4.00× 10-14T0.92 exp(-795 K/T) (300-843 K), k3(Cl + CH2Cl2) ) 1.48× 10-16T1.58

exp(-360 K/T) (296-790 K), andk4(Cl + CHCl3) ) 1.19× 10-16T1.51 exp(-571 K/T) (297-854 K) cm3

molecule-1 s-1. Results of earlier experimental and theoretical studies of the reactions of Cl atoms with
methane and chloromethanes are analyzed and compared with the results of the current investigation. It is
demonstrated that the existing theoretical models of reactions 2-4 are in disagreement with the experiments
and thus are not suitable for use in extrapolating the experimental results to conditions outside the experimental
ranges. Thus, no better alternative to the use of experimental modified Arrhenius fits can be proposed at this
time. A transition-state theory model of reaction 1 (Cl+ CH4) was created on the basis of ab initio calculations
and analysis of the experimental data and was used to extrapolate the latter to temperatures outside the
experimental ranges. The model results in the expressionk1(Cl + CH4) ) 5.26× 10-19 T2.49 exp(-589 K/T)
cm3 molecule-1 s-1 (200-3000 K) for the temperature dependence of the rate constant. Temperature
dependences of the rate constants of the reverse R+ HCl f Cl + RH reactions were derived on the basis
of the experimental data, modeling, and thermochemical information.

I. Introduction

Chlorinated hydrocarbons (CHCs) are recognized as toxic,
persistent, and biocumulative chemicals. As such, incineration
has become the disposal method of choice for these environ-
mentally hazardous wastes. However, the products of incomplete
combustion of organochlorine compounds (e.g., phosgene) may
be more harmful than the initial waste. Key to the understanding
of CHC combustion and its products is fundamental knowledge
of the mechanisms, specific pathways, and rate constants of the
important elementary reactions involved. Among the most
important and sensitive reactions involved in the currently used
mechanisms of the combustion of chlorinated hydrocarbons are
the reactions of Cl and H atoms with the main compounds that
are being burned.1-9 In CHC/O2 and CHC/hydrocarbon/O2
flames, reactions of Cl and H atoms with CHCs together with
unimolecular decomposition are the major channels of con-
sumption of CHCs.1-5,7-14 The results of numerical simulations
demonstrate that the rates of CHC destruction and the concen-
trations of active species are highly sensitive to the rates of
Cl + CHC and H+ CHC reactions.

As part of a project directed at the elucidation of the kinetics
of these important reactions, we recently reported15,16the results
of our experimental and computational studies of the reactions
of H atoms with methane, four chlorinated methanes, ethane,
and three chlorinated ethanes. In the current work, we extend
such kinetic studies to the reactions of Cl atoms with methane

and three chlorinated methanes conducted over wide ranges of
temperature.

Numbers in parentheses indicate the experimental temperature
ranges of the current work.

Reaction 1 has received ample attention from researchers (refs
17-30 and references therein), with generally good agreement
between low-temperature results obtained by direct and indirect
methods. Reviews of these data can be found, for example, in
refs 18, 31-34. However, the only two direct studies of reaction
1 conducted above 500 K (Clyne and Walker,17 300-686 K;
Pilgrim et al.,30 292-800 K) reported rate constants that differ
from each other by approximately a factor of 2 over the 500-
686 K temperature interval. The current study extends the
temperature range of direct experimental study of reaction 1 to
1104 K.

Although reactions 2-4 have been studied before, most of
the studies either involved indirect determinations of rate
constants and/or were confined to low temperatures, where
research was stimulated by the importance of these reactions
to atmospheric chemistry. Despite the substantial number of
experimental studies (see refs 17, 22, 31, 34-46 and references* Corresponding author. E-mail: knyazev@cua.edu.

Cl + CH4 f HCl + CH3 (295-1104 K) (1)

Cl + CH3Cl f HCl + CH2Cl (300-843 K) (2)

Cl + CH2Cl2 f HCl + CHCl2 (296-790 K) (3)

Cl + CHCl3 f HCl + CCl3 (297-854 K) (4)
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therein), there is no accord between the results of these
investigations. The differences in the room-temperature rate
constants are as large as nearly an order of magnitude (reaction
4, refs 17 and 43). There is no agreement between the direct
rate constant determinations of reactions 2 (refs 17 and 22, a
factor of 6 difference in the preexponential factor and 4 kJ mol-1

in the activation energy) and 4 (refs 17 and 45, a factor of 4
difference).

In the current study, the kinetics of reactions 1-4 was
investigated by the discharge flow technique with resonance
fluorescence detection of Cl atoms. The excellent sensitivity of
the method (detection limit of<108 atoms cm-3) permits us to
conduct experiments with very low initial Cl concentrations
(e1011 atoms cm-3), thus ensuring the absence of any compli-
cations due to potential fast secondary reactions. Rate constants
of reactions 1-4 were obtained as functions of temperature in
direct experiments.

The article is organized as follows. Section I (current) is an
introduction. The experimental method, procedures, and results
are reported in section II. The results are discussed in section
III, where a transition-state theory model of reaction 1 is also
presented and rate constants of the reverse reactions are
calculated. Brief conclusions are given in section IV.

II. Experimental Section

Rate constant measurements were conducted in a heatable
tubular flow reactor under pseudo-first-order conditions with a
large excess of molecular substrate. Cl atoms were detected by
resonance fluorescence, and their decay was measured as a
function of contact time over a wide range of experimental
conditions.

II.1. Experimental Apparatus. Details of the experimental
apparatus have been described previously in connection with
our investigations of the reactions of H atoms.15,16In the current
work, the apparatus was modified to enable us to study Cl atom
reactions. A brief description of the apparatus and recent
modifications is given below. Cl atoms were generated in the
sidearm of a heated tubular quartz reactor by a 2.45-GHz
microwave discharge in a Cl2/He mixture. Chlorine atoms
formed in the discharge area were carried through the reactor
by a flow of helium, and their concentration was monitored by
resonance fluorescence in the detection zone located down-
stream. The molecular substrate (CHxCly) was introduced
through a quartz movable injector.

Various aspects of the discharge flow technique of measuring
rate constants of gas phase chemical reactions have been
extensively discussed in the literature.47-50 These discussions
are not repeated here. Care was taken to ensure that, under all
experimental conditions used in the current work, the plug-flow
approximation was valid. The only exception to the plug-flow
approximation was the minor contribution of axial and radial
diffusion of Cl atoms. Corrections for axial and radial diffusion
had to be introduced into the experimentally obtained atom
decay rates (vide infra). The range of typical values of the
viscous pressure drop in the working part of the heated zone
was 0.03-0.15 Torr. The uniformity of the temperature profiles
in this region (15-30 cm in length) was at least 6 K (maximum
temperature differences were 6 K at1104 K and not more than
0.5% ofT at lower temperatures).

Two quartz reactors with different internal diameters (1.93-
and 3.19-cm i.d.) were used in these experiments. The reactor
surface, the surface of the movable injector, and the inside of
the discharge tube were treated to reduce the heterogeneous loss
of Cl atoms by first soaking in a 5% aqueous solution of

ammonium bifluoride for 30 min with subsequent rinsing with
distilled water and then by the method of Sepehrad et al.51 The
resultant values of the first-order wall loss rate constant,kw,
were always below 20 s-1. Typical values ofkw were∼2-7
s-1. Reactors of different diameters were used to rule out
potential contributions of heterogeneous reactions to the rate
constant values obtained in the experiments (vide infra). It was
reported in a number of publications that the rates of Cl atom
loss on the surface of uncoated glass or quartz can reach rather
large values (e.g., ref 52). Our findings proved to the contrary:
the surface treatment described above, which is essentially a
very thorough cleaning of the quartz surface, resulted in low
Cl atom wall losses.

Cl atom resonance fluorescence was induced by light from a
discharge flow resonance lamp53,54and was detected by a solar
blind photomultiplier (EMR model 542-G-09, peak of sensitivity
in the 115-170-nm spectral interval). CaF2 windows (cutoff
123 nm) and a gas optical filter (1 Torr of N2O, optical path
length 3 cm)54,55 are used to block potential radiation from H
and O atoms (121.6 and 130.2-130.6 nm, respectively) while
transmitting the Cl resonance lines at 135-139 nm. The
sensitivity of the atom detection system to Cl atoms was
determined by titration with Br2 (the rate constant of the Cl+
Br2 reaction isg10-10 cm3 molecule-1 s-1).56,57The sensitivity
limit (defined by the unity signal-to-noise ratio) was<108 atom
cm-3.

Molecular substrates (CHxCly) were stored undiluted in Pyrex
reservoirs. Flows of these reagents into the reactor were
determined by measuring the pressure drop over time in a
calibrated volume. That the measured flows were independent
of the surface-to-volume ratio of the calibrated volume was
verified to ensure the absence of interference from heteroge-
neous absorption and desorption processes on the walls of the
vacuum manifold. Flows of molecular chlorine to the atom-
producing discharge were measured in a similar way. The
dissociation efficiency of the discharge was in the 20-50%
range, which resulted in the concentrations of undissociated Cl2

in the reactor being no more than a factor of 2 higher than the
initial Cl atom concentrations.

A flow of CF4 with concentrations in the (2.5-33.4)× 1014

molecule cm-3 range was added to the carrier gas through an
inlet located upstream from the reaction zone in order to ensure
fast equilibration27 of the ground and the excited spin-orbit
states of the Cl atom. Literature values of the room-temperature
quenching rate coefficient range from (0.23-1.5)× 10-10 cm3

molecule-1 s-1.58-60 Therefore, the large concentrations of CF4

used in the current work ensure that the rate of spin-orbit
equilibration is much faster than the rates of the reactions under
study.

II.2. Reaction Rate Measurements.All experiments to
measure the rate constants of reactions 1-4 were conducted
under conditions of a large excess of molecular substrate (39
e [CHxCly]/[Cl] 0 e 1.2 × 105). Initial concentrations of Cl
atoms in the detection zone were in the range of (1-9) × 1010

atoms cm-3. Exact knowledge of the Cl atom concentrations is
not needed for the determination of rate constants because all
experiments were conducted under pseudo-first-order conditions.
The rate of heterogeneous loss of Cl atoms on the walls of the
reactor and the movable injector (2-17 s-1) was regularly
measured (in the absence of molecular substrate). In these
measurements, the time of contact between the Cl atoms
generated in the discharge and the walls was varied by changing
the flow velocity (by switching the flow of helium carrier gas
between a fixed inlet located near the Cl atom source and the

Kinetics of Reactions of Cl with Methanes J. Phys. Chem. A, Vol. 106, No. 44, 200210533



movable injector at various positions of the latter) with no
alterations of the conditions in the discharge and monitoring
the resultant changes in the signal of Cl atoms in the detection
zone.

The time of contact between the molecular substrate and Cl
atoms was varied by changing the position of the movable
injector. Under the experimental conditions used, plug-flow
conditions are satisfied (except for a required minor correction
for axial and radial diffusion, vide infra), and increments of
contact time can be obtained by dividing the corresponding
changes in the length of the contact zone by the bulk flow
velocity, V. The tip of the movable injector was always kept
within the heated working zone of the reactor.

The total signal (counts s-1) detected by the photomultiplier
consisted of three components: fluorescence of Cl atoms (SCl),
the photomultiplier dark current (less than 1 count s-1), and
the scattered light originating from the resonance lamp and
reflected by the walls of the detection system (typically∼1000
counts s-1). The contributions from the dark current and the
scattered light were measured directly in the absence of Cl atoms
but with the molecular substrate present (to account for possible
absorption of the scattered light) and were later subtracted from
the total signal to obtainSCl.

The effective first-order rate constant values,k′′obs, were
obtained from least-squares fits of the Cl atom fluorescence
signalSCl to the equation

wherex is the distance between the tip of the movable injector
and the detection zone andV is the bulk flow velocity in the
reactor. Examples of experimentally obtained ln(SCl) versusx
dependences are presented in Figure 1. The observed values of

k′obs were corrected for axial and radial diffusion of Cl atoms
via the equation47,49,61

whereD is the diffusion coefficient of Cl atoms in He andR is
the reactor radius. The values ofD were calculated using the

equation.62 This correction for atom diffusion never exceeded
8% of the final value ofk′.

The bimolecular rate constants of reactions 1-4 were
obtained from the slopes of the linear dependences ofk′ on the
concentration of substrate, [CHxCly]:

Here,ki is the bimolecular rate constant of the reaction under
study (i ) 1-4), andk0 is the zero-abscissa intercept of thek′
versus [CHxCly] dependence. Thek0 intercept appears because
of the nonnegligible losses of Cl atoms on the surfaces of the
reactor and the movable injector and can acquire both positive
and negative values.15 The values ofk0 obtained in the current
study were minor compared with the first term in eq IV (see
Table 1), and uncertainties ink0 were generally comparable with
the k0 values. Examples of experimentally obtainedk′ versus
[CHxCly] dependences are presented in Figures 2 and 3. The
upper limits of the experimental temperature ranges for reactions
2-4 were determined by the onset of thermal decomposition
of the CHxCly substrates.

Gases used in the experiments were obtained from MG
Industries (He,>99.9999%, CF4, >99.9%), Aldrich (CH3Cl,

Figure 1. Examples of experimentally obtained ln(SCl) vs x depend-
ences. Data from experiment 13 on Cl+ CH4 and experiment 1 on Cl
+ CHCl3 (see Table 1). Numbers in parentheses are the flow velocities
and concentrations of the CHxCly substrate (1013 molecules cm-3).

ln(SCl) ) constant- k′obsxV-1 (I)

Figure 2. Examples of experimentally obtainedk′ vs [CH4] (a) andk′
vs [CH3Cl] (b) dependences. Experimental temperatures are indicated
on the plots.

k′ ) k′obs(1 +
k′obsD

V2
+

k′obsR
2

48D ) (II)

D ) 0.0237T1.75 Torr cm2 s-1 (III)

k′ ) ki [CHxCly] + k0 (IV)
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g99.5%; CH2Cl2, g99.9%; CHCl3, g99.99%), Fluka (CH2Cl2,
g99.9%), and Matheson (CH4, g99.99%; CH3Cl, g99.5%). The
indicated purity values are nominal, as specified by the
manufacturer. All gases except helium were purified by vacuum
distillation prior to use. Helium was purified by passing through
liquid-nitrogen-cooled traps. To verify that no potential impuri-
ties in the methane or chlorinated methanes could affect the
measured rate constants, these gases were analyzed for potential
contaminants by gas chromatography. After purification by
vacuum distillation, the purity of all chloromethanes significantly
exceeded the specifications provided by the manufacturers. A

discussion of impurities and their potential influence on the
experimental results is given in the next subsection (II.3).

II.3. Results. The conditions and results of experiments to
determine the values of the rate constants of reactions 1-4 are
presented in Table 1. The rate constants demonstrate no
dependence on pressure, the initial concentration of Cl atoms,
bulk flow velocity, or the concentration of the CF4 spin-orbit
quencher within the experimental ranges. The fact that the rate
constants are independent of the initial Cl atom concentration
indicates the absence of any influence of potential secondary
reactions on the kinetics of Cl atoms, as can be expected from

TABLE 1: Conditions and Results of Experiments to Measure the Rate Constants of the Reactions of Cl Atoms with Methane
and Chlorinated Methanes

no.a T/K P/Torrb
[CHxCly]c

range/1012 [CF4]c/1014 k0/s-1 d V/cm s-1 e [Cl] 0
c/1010

((k′ - k′obs)/
(k′obs))max

f ki
g/10-13

Cl + CH4 f HCl + CH3 (1)
1* 295 1.36-1.38 239-1170h 21 2.4( 7.5 842-853 3.0 0.069 1.04( 0.11
2 298 4.70-4.74 661-2380 23 -4.6( 7.1 2560-2614 5.9 0.047 1.084( 0.055
3 300 6.06-6.09 175-1180 19 -5.2( 4.6 2073-2104 2.1 0.033 1.190( 0.067
4 351 5.54-5.58 199-998 15 6.4( 6.6 2682-2704 2.6 0.037 2.18( 0.11
5 399 6.09-6.16 77.3-696 10 -8.6( 5.6 2587-2607 3.1 0.038 3.85( 0.13
6 498 6.07-6.11 46.5-281 10 -5.3( 9.7 2588-2631 2.4 0.028 8.06( 0.51
7 606 8.70-8.73 27.4-197 18 -9.8( 4.7 2831-2895 4.5 0.038 17.48( 0.36
8* 704 3.86-3.87 11.0-83.6h 5.2 -0.9( 5.6 2703-2734 3.7 0.044 31.2( 1.1
9 777 8.76-8.79 9.6-103 18 -14 ( 12 2917-2964 5.4 0.037 40.2( 1.8
10 843 8.79-8.80 10.2-77.6 20 -17 ( 11 3150-3175 2.9 0.036 55.7( 2.4
11 909 8.78-8.80 12.7-64.7 22 -8.0( 9.0 2874-3060 5.8 0.033 60.0( 2.4
12* 1012 5.16-5.19 4.54-24.4h 2.5 -3 ( 10 2661-2684 3.5 0.043 105.6( 6.9
13* 1104 3.93-3.95 3.21-23.1 8.5 -7.7( 5.4 3378-3428 8.2 0.039 122.8( 3.9

Cl + CH3Cl f HCl + CH2Cl (2)
1* 300 2.49-2.49 15.4-253 13 4.6( 4.1 1075-1085 8.8 0.053 5.01( 0.30
2 300 6.04-6.08 64-471 18 -1.0( 5.5 1982-2022 3.4 0.061 5.47( 0.20
3* 324 2.96-2.97 19.7-273i 6.9 8.0( 8.3 1207-1219 4.0 0.077 7.39( 0.54
4 351 5.49-5.51 62.3-278 20 -5.9( 6.7 2616-2644 8.9 0.044 9.66( 0.35
5 400 6.08-6.12 27.2-228 10 -1.6( 12 2616-2652 5.2 0.045 13.13( 0.94
6 498 6.07-6.08 16.1-123 14 1( 12 2679-2704 9.0 0.035 23.6( 1.8
7 606 8.73-8.75 10.7-83.1 15 -11.2(3.4 2886-2956 2.0 0.037 39.80( 0.78
8 701 6.16-6.17 12.2-51.84 13 -18 ( 10 2747-2769 2.2 0.026 54.5( 3.1
9* 790 4.06-4.09 8.93-37.1 9.7 2.3( 9.6 3059-3101 4.4 0.036 68.5( 3.7
10 843 8.74-8.78 6.44-36.1 14 -5.9( 9.0 3098-3138 7.7 0.023 75.6( 3.5

Cl + CH2Cl2 f HCl + CHCl2 (3)
1 296 6.11-6.15 97.0-350 31 0.3( 5.4 2439-2482 1.0 0.030 3.40( 0.22
2 297 3.70-3.73 44.6-544 8.9 5.0( 7.9 2817-2863 1.5 0.030 3.52( 0.24
3* 297 1.91-1.94 13.9-463 8.1 6.6( 3.8 978-989 4.8 0.077 3.68( 0.17
4 344 5.22-5.25 46.6-323 20 -0.4( 9.3 2928-2994 4.0 0.015 5.27( 0.48
5 397 5.21-5.24 70.1-258 14 4.7( 9.2 2992-3039 4.8 0.019 8.10( 0.56
6 507 7.20-7.28 26.1-133 28 5.1( 7.2 2592-2633 3.0 0.023 13.36( 0.90
7 566 6.62-6.69 25.5-198 6.7 -3.0( 14.0 4003-4097 1.9 0.029 16.3( 1.2
8* 605 4.03-4.04 18.4-105 5.7 8.0( 7.6 2361-2404 6.0 0.042 21.2( 1.4
9* 705 4.02-4.03 12.2-102 j 6.8 11.0(12.0 2765-2786 2.3 0.046 28.8( 2.2
10* 790 4.07-4.08 7.8-71.7 18 -12.8( 5.6 3001-3057 7.2 0.036 35.3( 1.4

Cl + CHCl3 f HCl + CCl3 (4)
1 297 7.85-8.17 400-1590 33 2.3( 9.7 1629-1693 1.3 0.043 0.891( 0.092
2 344 5.21-5.41 242-1330 9.1 9( 11 2866-2973 4.4 0.037 1.69( 0.13
3 397 6.21-6.37 142-835 24 2.0( 6.3 2747-2834 1.8 0.032 2.40( 0.13
4 510 6.76-6.92 119-616 18 -1.1( 7.9 3489-3545 1.6 0.031 4.30( 0.22
5 557 4.31-4.44 84.9-418 6.4 4.9( 5.4 3026-3118 6.5 0.023 5.88( 0.25
6* 605 4.00-4.03 42.1-282 6.3 2.6( 3.2 2342-2401 8.0 0.041 7.58( 0.20
7* 705 4.02-4.04 40.7-218 11 -1.9( 5.3 2716-2764 3.5 0.038 11.12( 0.42
8* 790 4.05-4.08 8.5-197 3.0 3.3( 4.2 3048-3103 8.0 0.037 13.21( 0.44
9* 854 4.07-4.10 14.6-148 11 6.8( 5.8 3274-3318 3.3 0.036 16.58( 0.69

a Experiment number. A reactor with an internal diameter (i.d.) of 3.19 cm was used in experiments marked with *, and a reactor with i.d.) 1.93
cm was used in unmarked experiments.b Minor variations in pressure are due to changes in flow conditions upon the addition of large flows of
molecular substrate (CHxCly). c Units of concentration are molecule cm-3. d Zero-abscissa intercept on thek′ versus [CHxCly] dependence (see
discussion of eq IV in the text).e Bulk flow velocity range. Minor variations in flow velocity are due to changes in flow conditions upon the
addition of large flows of molecular substrate (CHxCly). f Maximum relative value of the diffusion correction via eq II.g Units of rate constants are
cm3 molecule-1 s-1. Error limits represent statistical uncertainties and are reported as 2σ. Maximum estimated systematic uncertainties are 8% of
the rate constant value (see text).h A sample of CH4 with purity >99.999% obtained from Matheson was used. The CH4 sample obtained from
Aldrich (>99.99%) was used in all other experiments on reaction 1.i A sample of CH3Cl obtained from Aldrich (purityg99.9% according to
certificate of analysis) was used. The CH3Cl sample obtained from Matheson (purity after vacuum distillationg99.98% as verified by GC analysis)
was used in all other experiments on reaction 2.j A sample of CH2Cl2 obtained from Aldrich (stabilized with 50-150 ppm cyclohexene) was used.
The CH2Cl2 sample obtained from Fluka (20 ppm impurity oftrans-2-pentene) was used in all other experiments on reaction 3.
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the low values of [Cl]0 used ([Cl]0 ) (1-9) × 1010 atoms cm-3).
Potential regeneration of Cl atoms through the secondary R+
Cl2 f RCl + Cl processes (rate constants 2× 10-12 cm3

molecule-1 s-1 or less63-65) is negligible because of the low
Cl2 concentrations (<2 × 1011 molecule cm-3).

To ensure that the measured rates of Cl atom decay in the
presence of CHxCly represent the homogeneous reactions 1-4,
experiments were conducted with reactors of different internal
diameters (1.93-3.19 cm) possessing different surface-to-
volume ratios. The experimentally obtained values of the rate
constants were independent of the reactor used (Table 1). This
independence, as well as the linearity of the observedk′ versus
[CHxCly] dependences, indicates the absence of any significant
effects of heterogeneous reactions on the values of the rate
constants.

The rate constants of reactions 1-4 exhibit positive temper-
ature dependences (Figures 4-7) that can be represented with
modified Arrhenius expressions within their corresponding
experimental temperature ranges:

The maximum deviations of the experimental rate constant
values from the above parametrized expressions are 12%

(expression V), 7% (expressions VI and VII), and 10%
(expression VIII). Error limits of the parameters in expressions
V-VIII are not presented here, as these parameters bear no
physical meaning. It can be noted here that there exists a
theoretical formalism for treating atom transfer reactions, which
results in a modified Arrhenius expression with physically
meaningful parameters.66 This modified Arrhenius expression
has a functional form that is different from that of expressions
V-VIII and is based on the explicit factoring out of the
contributions of tunneling, thermal vibrational excitation of the
bending modes of the transitional Cl-H-R structure, and
several other properties of the transition state. An analysis of
the experimentalk(T) dependences via the formalism of ref 66
can be expected to yield fitted parameters with meaningful
uncertainties. However, such an analysis (already performed in
ref 66 for reaction 1 and a series of other reactions of H transfer)
is beyond the scope of the current experimental study.

The error limits of the experimentally obtained values reported
in this work (Table 1) represent 2σ statistical (random)
uncertainty. The maximum estimated systematic uncertainty is
8% of the rate constant value.

To verify that no potential impurities in the chlorinated
methanes could affect the measured rate constants, these gases
were analyzed for potential contaminants by gas chromatogra-
phy. A Shimadzu GC-9A gas chromatograph and a Hewlett-
Packard 5890 II Plus/5989B GC/MS were used in these
analyses. It was found that, after purification by vacuum
distillation, the purity of all chloromethanes (CH3Cl, >99.98%;
CH2Cl2, >99.98%; CHCl3, >99.999%) significantly exceeded
the specifications provided by the manufacturers. For reactions
1-3, rate constant determinations were performed with methane
and chloromethanes obtained from different commercial sources
(see Table 1). One potential concern about purity of the samples
of chlorinated methanes is related to the presence of small
amounts of stabilizers (cyclohexene ortrans-2-pentene in CH2-
Cl2 and CHCl3). By considering the analogy with saturated
hydrocarbons of this size,67-69 reactions of Cl atoms with these
molecules can be expected to have rate constants of∼(2-3) ×
10-10 cm3 molecule-1 s-1. The sample of dichloromethane used
in most of the experiments had a 20 ppm impurity oftrans-2-
pentene, which could result in a maximum contribution of 1.7%
to the measured rate constant of reaction 3 at the lowest
experimental temperature. The sample of trichloromethane
contained an impurity of 3 ppm oftrans-2-pentene, as was
demonstrated by GC/MS analysis. This impurity could result
in a maximum contribution of 1% to the measured rate constant
of reaction 4 at the lowest experimental temperature. The
potential effects of impurities are expected to decrease with
temperature since the fast Cl+ impurity reactions are expected
to show little or no increase with temperature. Therefore,
impurity effects on the values of the rate constants obtained in
the current study are negligible compared to the experimental
uncertainties.

III. Discussion

III.1. Experimental Rate Constant Values. Reaction
Cl + CH4 f HCl + CH3 (1). Reaction 1 has been studied
previously at low temperatures with the results of several direct
and indirect studies being in general agreement with each other
(see, for example, refs 17-30). Reviews of these data (T e
500 K) can be found in refs 18 and 31-34 and are not repeated
here. The rate constants obtained in the current study agree with
these earlier low-temperature measurements (Figure 4, low-
temperature data are exemplified by refs 23 and 27). The only
two direct studies of reaction 1 conducted above 500 K are those

Figure 3. Examples of experimentally obtainedk′ vs [CH2Cl2] (a) and
k′ vs [CHCl3] (b) dependences. Experimental temperatures are indicated
on the plots.

k1 ) 1.30× 10-19T2.69exp(-497 K/T) cm3 molecule-1 s-1

(295-1104 K) (V)

k2 ) 4.00× 10-14T0.92exp(-795 K/T) cm3 molecule-1 s-1

(300-843 K) (VI)

k3 ) 1.48× 10-16 T1.58exp(-360 K/T) cm3 molecule-1 s-1

(296-790 K) (VII)

k4 ) 1.19× 10-16 T1.51exp(-571 K/T) cm3 molecule-1 s-1

(297-854 K) (VIII)
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of Clyne and Walker17 (300-686 K) and Pilgrim et al.30 (292-
800 K). In the experiments of Clyne and Walker, rate constants
of reactions 1-4 were determined by the discharge flow
technique with mass spectroscopic detection of the involved
species. These experiments were conducted in large excess of
Cl atoms over the CHxCly molecular substrate. At temperatures
above ambient, the results of ref 17 are larger that those of the
current study and other studies included in Figure 4. Moreover,
even stronger differences between the results of Clyne and
Walker and those of other experimental investigations are
observed in the cases of reactions 2-4 (vide infra), which
arouses suspicion of potential systematic factors that could have
affected the experiments in ref 17.

The experiments of Pilgrim et al. were performed using the
193-nm laser photolysis of CF2Cl2 to produce Cl atoms and
long-path infrared absorption to detect the HCl formed in
reaction 1. The results of ref 30 are somewhat lower than those
obtained in the current study, with the difference reaching∼30%
at T g 500 K. When compared with the results of Whytock et
al. (which covered the 200-500 K temperature interval), the
k1 values of Pilgrim et al. are also lower by 28% at 500 K and
20% at 400 K. The initial concentrations of Cl atoms used in
ref 30 were approximately 1012 atom cm-3,70 an order of
magnitude or more larger than those used in the current study.
If any secondary reactions producing HCl occurred in the
reactive system, then additional HCl would appear at longer
reaction times (compared to the production of HCl in reaction
1). Such additional HCl production would have had the effect
of extending the experimental characteristic rise time of the HCl
signal and thus would have reduced the derived rate constants.
One can suggest the reaction CF2Cl + CH3 f HCl + CH2CF2

71

(CF2Cl radical coming from the photolysis of the Cl atom
precursor, CF2Cl2) as potentially having such an effect. How-
ever, no deviations70 from the exponential shapes of the well-
resolved rising HCl profiles were observed in ref 30, which
seems to contradict the secondary reaction hypothesis. It should
be noted that this hypothesis is purely speculative, as neither
the rate of the CF2Cl + CH3 reaction nor the exact values of Cl
atom concentrations used in ref 30 are known.

The results of the current study are in agreement with those
of the earlier low-temperature investigations (Figure 4). Of these
earlier studies, those of Whytock et al.23 and Zahniser et al.26

covered the largest temperature interval, 200-500 K. If the
temperature dependence ofk1 obtained in the current work is
combined with the values of ref 23, then the resultant combined
set of data can be represented with the following modified
Arrhenius expression:

The maximum deviation of the experimental rate constant values
from expression IX is 11.4%.

The Cl atom has a low-lying excited spin-orbit state (2P1/2,
10.5 kJ mol-1 relative to the ground2P3/2 state). A difference
in reactivity in these two electronic states toward CH4 was
suggested by Ravishankara and Wine as a potential factor
affecting the values ofk1 obtained by different experimental
techniques. The issue of spin-orbit quenching was extensively
discussed by Wang and Keyser,18 who used large concentrations
of an efficient quencher (CF4) in their discharge flow/resonance
fluorescence experiments and demonstrated that nonequilibration
of spin-orbit states had no effect on the rate constant of reaction
1. In the current work, even larger concentrations of CF4 were
used (Table 1), and thus, considering the efficiency of CF4 as
a spin-orbit quencher (quenching rate constant in the (0.23-
1.5) × 10-10 cm3 molecule-1 s-1 range58-60), the values ofk1

obtained should represent the reaction of completely spin-orbit
equilibrated Cl atoms. It is also worth noting that a recent
experimental study by Kim et al.72 demonstrated very low
reactivity of the excited Cl(2P1/2) state toward CH4.

Reaction Cl+ CH3Cl f HCl + CH2Cl (2). Figure 5 presents
the results of direct studies of reaction 2 and those of indirect
studies where temperature dependences were reported. Clyne
and Walker17 obtained thek1(T) dependence in the 300-604 K
temperature interval by the discharge flow/mass spectrometry
method. Manning and Kurylo22 studied reaction 2 at low
temperatures (233-322 K) by the flash photolysis/resonance
fluorescence technique. Tshuikow-Roux et al.38 and Orlando46

obtained temperature dependences ofk2 using the relative-rates
technique. The Cl+ C2H5Cl reaction was used as a reference
reaction in ref 38, and in ref 46, the Cl+ CH4 (1) and the Cl
+ CH3Br reactions were used as references. Figure 5 presents
the data of Orlando obtained relative to the well-studied reaction
1; the k1(T) dependence of Whytock et al. was used (in the
current work) to convert thek2/k1 values46 to those ofk2.

The results of the current study are in agreement with the
low-temperaturek2(T) dependences of refs 22, 38, and 46 and
with the room-temperature values ofk2 obtained in the relative-
rate studies of refs 39, 40, and 42 (listed in the caption to Figure
5). Above ambient temperature, thek2 values of Clyne and
Walker are significantly larger than the results of the current
work. Similar differences between the results of ref 17 and other
studies were observed for reactions 1, 3, and 4 (see also the
discussion of ref 17 above in relation to the Cl+ CH4 reaction).
At low temperatures, the minor differences between the values

Figure 4. Temperature dependence of the rate constant of reaction 1.
Results of only a few representative direct studies are displayed to avoid
plot congestion: Clyne and Walker,17 Whytock et al.,23 Ravishankara
and Wine,27 Pilgrim et al.,30 and the current study. Other directly
obtained low-temperature data18-20,22,26,29are in general agreement with
the results of refs 23 and 27. The solid line represents the transition-
state theory fit. The dotted line (broken in the 800-1000 K region)
shows thek1(T) dependence obtained in the theoretical study of
Corchado et al.73 (see text).

k1 ) 5.69× 10-19T2.49exp(-609 K/T) cm3 molecule-1 s-1

(200-1104 K) (IX)
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of k2 derived from thek2/k1 values of Orlando and thek2(T)
dependence of Manning and Kurylo disappear if the data of
Orlando are used with thek1(T) ) 1.1× 10-11 exp(-1400 K/T)
cm3 molecule-1 s-1 dependence recommended in ref 31 (as was
done in ref 46) instead of thek1(T) dependence of Whytock et
al.23

Reaction Cl+ CH2Cl2 f HCl + CHCl2 (3). Figure 6 presents
the results of the direct studies of reaction 3 and those of the
indirect studies where temperature dependences were reported.
Displayed are the results of Davis et al.36 (flash photolysis/
resonance fluorescence), Clyne and Walker17 (discharge flow/
mass spectrometry), Tschuikow-Roux et al.37 (relative rates,
reaction 1 used as a reference reaction), and Orlando46 (relative
rates, reactions 1 and Cl+ CH3Br used as reference reactions).
Figure 6 presents the data of Orlando obtained relative to the
well-studied reaction 1; thek1(T) dependence of Whytock et
al. was used (in the current work) to convert thek3/k1 values46

to those ofk3.
The results of the current study are in agreement with the

lower-temperaturek3(T) dependence derived from the relative-
rate measurements of Orlando. Thek3(T) dependence derived
from the relative-rates study of Tschuikow-Roux et al. shows a
larger activation energy although the room-temperature value
coincides with that of the current work. The room-temperature
relative-rate determinations of refs 40-42 providek3 values
(listed in the caption to Figure 6 but not displayed to avoid
plot congestion) that are approximately 10% larger than those
obtained in the current work. The value of Davis et al.36 is 55%
larger than the current results; the room-temperature rate

constant of reaction 1 reported in the same work (1.5× 10-13

cm3 molecule-1 s-1) is also larger than those reported in other
direct studies by∼40-50%, indicating potential systematic
factors affecting these experiments. Thek3 values of Clyne and
Walker17 are, on average, a factor of 3 larger than those of the
current work, also in disagreement with the low-temperature
data.40-42,46

Reaction Cl+ CHCl3 f HCl + CCl3 (4). Figure 7 presents
the results of the direct studies of reaction 4 and those of the
indirect studies where temperature dependences were reported:
Clyne and Walker17 (discharge flow/mass spectrometry), Tal-
haoui et al.45 (discharge flow/mass spectrometry), Orlando46

(relative rates, reactions 1 and Cl+ CH3Br used as reference
reactions), and the current study. Figure 7 presents the data of
Orlando obtained relative to the well-studied reaction 1; thek1-
(T) dependence of Whytock et al. was used (in the current work)
to convert thek4/k1 values46 to those ofk4. Also displayed is
the room-temperature determination of Jeoung et al.,43 who used
the very-low-pressure reactor technique with mass spectrometry
and chemiluminescence as detection methods to study the N+
CHCl3 reaction. As a part of that investigation, they obtained a
value ofk4 ) (3.7 ( 1.0) × 10-14 cm3 molecule-1 s-1 that is
at least a factor of 2 lower than the rest of the literature data
included in Figure 7 and its caption.

References 17 and 45 used very similar direct experimental
techniques with Cl atoms in large excess over CHCl3 and with
mass spectrometric detection of the reactants. Nevertheless, the
values ofk4 reported by Clyne and Walker17 are significantly
larger than those of Talhaoui et al.,45 which are in agreement
with the results of the current study. This situation is similar to

Figure 5. Temperature dependence of the rate constant of reaction 2.
Results of direct studies and indirect studies where temperature
dependences were reported are displayed: Clyne and Walker,17

Manning and Kurylo,22 Tschuikow-Roux et al.,38 Orlando,46 and the
current study. Here, the relative-rate data of ref 46 (k2/k1, 222-298 K)
were converted to the values ofk2 using the experimentalk1(T)
dependence of Whytock et al.23 Results of three room-temperature
relative-rate studies (4.6× 10-13,40 5.3 × 10-13,39 and 5.1× 10-13 42

if the results of the current study are used for the rate constants of the
reference reactions) are in general agreement with the results of the
current work and are not displayed to avoid plot congestion. The thin
solid line represents the modified Arrhenius fit of eq VI. The dotted
line shows thek2(T) dependence obtained in the theoretical study of
Xiao et al.87

Figure 6. Temperature dependence of the rate constant of reaction 3.
Results of direct studies and indirect studies where temperature
dependences were reported are displayed: Davis et al.,36 Clyne and
Walker,17 Tschuikow-Roux et al.,37 Orlando,46 and the current study.
Rate constant values reported in three room-temperature relative-rate
studies (4.0× 10-13,40 3.9 × 10-13,41 and 3.8× 10-13 42 if the results
of the current study are used for the rate constants of the reference
reactions) are approximately 10% larger than the results of the current
work and are not displayed to avoid plot congestion. The thin solid
line represents the modified Arrhenius fit of eq VII. The dotted line
shows thek3(T) dependence obtained in the theoretical study of Xiao
et al.86
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what is observed for other reactions investigated in this work
and in ref 17: the values of rate constants determined in ref 17
are larger than those obtained later by similar or different
techniques (see the discussion of reaction 1).

The results of the relative-rate studies (room-temperature
investigations of refs 41, 42, and 44ssee the caption to Figure
7sand the temperature-dependent study of ref 46) are in
agreement with each other. However, the rate constant values
resulting from these relative-rate studies (k4(298 K) ) (1.2-
1.4)× 10-13 cm3 molecule-1 s-1) are systematically larger than
those of the direct investigations (k4(298 K) ) (7.6 ( 1.3) ×
10-14 cm3 molecule-1 s-1 reported by Talhaoui et al.45 and
k4(297 K) ) (8.9 ( 1.6)× 10-14 cm3 molecule-1 s-1 obtained
in the current work, systematic contributions are included in
the value of the uncertainty). The differences, however, are
comparable to the uncertainties reported in the individual studies.
Part of the uncertainty associated with the relative-rate studies
is due to the uncertainties in the rate constants of the reference
reactions. For example, if thek1(T) ) 1.1 × 10-11 exp(-1400
K/T) cm3 molecule-1 s-1 dependence recommended in ref 31
is used together with thek4/k1 values of ref 46 instead of the
k1(T) dependence of Whytock et al.,23 then the room-temperature
value ofk4 is reduced from 1.25× 10-13 to 1.15× 10-13 cm3

molecule-1 s-1. The latter value, considering the reported46

(10% uncertainty in thek4/k1 ratio, agrees with the results of
the current study within the combined uncertainties of both
works.

III.2. Theoretical Studies of Reactions 1-4. The reaction
of Cl atoms with CH4 has been the subject of numerous

theoretical studies. Reviews of relevant literature can be found,
for example, in refs 32, 33, 73, and 74. A number of studies
concentrated on applying different versions of transition-state
theory to either fit the experimentalk1(T) dependence (e.g., refs
73 and 75) or predict it from basic principles (e.g., ref 74 and
references therein). A different approach was undertaken by
Michelsen and Simpson.32,33,76These authors analyzed a large
variety of information on reaction 1, including experimental and
theoretical studies of its rates, kinetic isotope effects, and mode-
specific dynamics, and created a reaction model based on both
thermal kinetic data and data on the enhancement of the reaction
rate by vibrational excitation of certain modes of CH4. This
model was used to reproduce thek1(T) dependence including
non-Arrhenius curvature and to extrapolate the experimental data
to extreme conditions.

Another distinctly different approach to the theoretical
analysis of the kinetics of reaction 1 was presented recently by
Donahue,66 who analyzed reactivity trends in a series of atom
transfer reactions on the basis of the interaction of ground and
ionic states along the reaction coordinate. This work offered a
formalism of the theoretical interpretation of the experimental
data that enables a factoring out of contributions of individual
phenomena such as tunneling and thermal vibrational excitation
of certain, most critical, transitional modes.

In one of the latest computational studies, Corchado et al.73

applied variational transition-state theory with multidimensional
semiclassical tunneling transmission coefficients to calculate the
k1(T) temperature dependence. These authors used an analytical
potential energy surface based on quantum chemical calculations
and calibrated against the experimental room-temperature value
of k1. The resultant calculated values ofk1 (dotted line in Figure
4, the “CUS/µOMT” model of ref 73) coincide with the
experimental data at temperatures up to 800 K, where the
calculatedk1(T) dependence displays a discontinuity in its
derivative, as reflected by the broken dotted line in Figure 4.
The calculatedk1 values atT > 800 K are, as a result, lower
than the experimental results. This nonphysical phenomenon
that can be attributed only to an artifact of the computational
method unfortunately prevents the potential use of the model
of Corchado et al. for extrapolation of the experimentalk1(T)
dependence to higher temperatures, despite the excellent agree-
ment of the computed and experimentalk1 values atT < 800 K.

To provide for such an extrapolation, a transition-state theory
model of reaction 1 was created in the current work. An initial
approximation to the properties of the reaction transition state
(geometry and vibrational frequencies) was obtained in ab initio
calculations using the UMP2/6-311G(2d,2p) method. Rate
constant values were calculated using the classical transition-
state theory formula (see, for example, ref 77). Ab initio
calculations at the level used here cannot be expected to yield
an exact value of the energy barrier. Similarly, properties of
the transition state that determine the preexponential factor
generally are not accurately predicted by such medium-level
quantum chemical calculations. In particular, frequencies of the
bending modes of the Cl-H-CH3 transitional structure are
especially susceptible to error because of their coupling to the
energy barrier.66 Thus, to reproduce the experimental temper-
ature dependence of the rate constant, an adjustment of the
lowest double-degenerate vibrational frequency of the bending
mode of the transition state and of the reaction barrier height
was performed. A combined set of data formed by the results
of the current study and by those of Whytock et al.23 (included
to represent the low-temperaturek1(T) dependence) was used
in the fitting. A quantum tunneling correction was computed

Figure 7. Temperature dependence of the rate constant of reaction 4.
Results of direct studies and indirect studies where temperature
dependences were reported are displayed: Clyne and Walker,17 Talhaoui
et al.,45 Orlando,46 and the current study. Rate constant values reported
in three room-temperature relative-rate studies (not displayed to avoid
plot congestion: 1.25× 10-13,42 1.20× 10-13,41 and 1.39× 10-13 44

if the results of the current study are used for the rate constants of the
reference reactions) are 30-50% larger than the results of the current
work and are in agreement with the relative-rate values of Orlando.
Also displayed is the value of Jeoung et al.43 obtained by the very-
low-pressure reactor technique. The thin solid line represents the
modified Arrhenius fit of eq VIII. The dotted line shows thek4(T)
dependence obtained in the theoretical study of Xiao et al.86
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using the “barrier width” method.15,78,79The shape of the reaction
potential energy barrier was determined using the method of
the reaction path following (intrinsic reaction coordinate,
IRC)80,81 in mass-weighted internal coordinates. The resultant
barrier potential energy profiles were fitted with the unsym-
metrical Eckart function82 to determine the width parameterl
that was used in the calculation of the tunneling correction.
Details of the computational approach can be found in refs 15
and 16. Parameters of the model are given in Table 2.

The resultant model reproduces the experimentalk1(T)
dependence very well (Figure 4). The rate constant values
extrapolated via modeling can be represented by the modified
Arrhenius expression

with deviations from the calculated values of less than 6%
between 200 and 2000 K and the largest deviation of 19% at
3000 K. It should be noted that expression IX also provides an
adequate representation of the modeledk1(T) dependence below
2000 K with deviations of less than 9% (although a larger
deviation of 28% is observed at 3000 K). Temperature-specific
values of the deviations of eqs IX and X from thek1(T)
dependence of the model are given in Supporting Information
(Table 2S).

In 1994, Rayez et al.83 studied reactions 2-4 by performing
the quantum chemical calculations (HF/6-31G(d,p) geometry
optimization and frequencies with BAC-MP484,85 energy cal-
culations) and computing the rate constants using Eckart
tunneling corrections. These authors did not publish the complete
temperature dependences of the rate constants, reporting only
the room-temperature values. These calculated room-temperature
values ofk2 and k3 were factors of 8.3 and 2.7, respectively,
less than the experimental ones; the calculatedk4 value was
larger than the experimental one by a factor of 2.7.

Recently, Xiao et al.86,87performed computational modeling
of reactions 2-4 using variational transitional-state theory with
a “small-curvature” semiclassical tunneling correction. For each
reaction, the minimum-energy path was optimized at the
BH&HLYP/6-311G(d,p) level, and vibrational frequencies were
obtained at the same level of theory. The energy along the
reaction path was refined at the QCISD(T)/6-311+G(d,p) level.
References 88-91 can be consulted for the details of the these
computational methods. The resultant values of the rate constants
are shown in Figures 5-7 by the dotted lines. As can be seen
from the plots, the calculated values are in disagreement with
experiment, with both preexponential factors and activation
energies exceeding the experimental values. The differences
between the calculated and the experimental data are not

surprising since generally one cannot expect preexponential
factors and reaction barriers to be reproduced with chemical
accuracy at the computational levels used. Despite the failure
of these calculations to reproduce the experiment quantitatively,
qualitative findings are useful for the further modeling of
reactions 2-4. It was demonstrated in refs 86 and 87 that in
reactions 2-4 the contribution of the zero-point vibrational
energy (ZPE) to the potential energy profile along the reaction
path is quite substantial (i.e., the dependence of the ZPE on the
reaction coordinate significantly affects how the total (vibra-
tionally adiabatic) potential energy given by the sum of the
electronic energy and ZPE changes along the reaction path). In
particular, as can be seen from the plots presented in refs 86
and 87, the widths of the potential energy barriers of reactions
2-4 are significantly different (larger) if the ZPE is included
compared to the widths obtained if only the electronic energy
is taken into account. One consequence of this effect is that
models of reactions 2-4 created in a manner similar to that
used in the current study for reaction 1 would overestimate the
contribution of tunneling if the barrier-width values are obtained
on the basis of IRC following without the contribution of ZPE
taken into account. Moreover, the modeling of reaction 4
performed in refs 86 and 87 demonstrates noticeable variational
effects: calculations where the position of the transition state
was chosen by minimizing the reactive flux at each temperature
(canonical variational approach) resulted in rate constant values
that are different from those obtained using the simpler
nonvariational version of the transition-state theory by ap-
proximately a factor of 5 at room temperature.

The level of calculations used by the authors of refs 86 and
87 to evaluate vibrational frequencies results in entropic
(preexponential) factors that are significantly larger than the
experimental results. This casts doubts on the reliability of the
ZPE versus reaction coordinate dependences and the resultant
shapes of the vibrationally adiabatic potential energy profiles.
Reliable evaluation of the shapes (and widths) of the reaction
barriers would require careful studies using a variety of different
computational methods to ensure that the results are not artifacts.
Considering the above effects of the ZPE on the barrier widths
of reactions 2-4 and the variational effects observed in reaction
4, we chose not to perform transition-state theory-based model-
ing of these reactions in the current work. Although such
modeling is desirable for the extrapolation of the experimental
data, the complications of accounting for ZPE variations along
the reaction path put such a task beyond the scope of this
experimental study.

It should be noted that, on the basis of the computational
results of refs 73 and 74, a similar effect of the ZPE versus
reaction coordinate dependence on the shape and width of the

TABLE 2: Properties of the Transition State Theory Model of Reaction 1

transition state

vibrational frequencies (cm-1) and degeneracies 510a [385] (2), 516, 958 (2), 1208, 1460 (2), 3136, 3304 (2)
rotational constant, symmetry number, and dimension 0.5641, 3, 3
CH4, HCl, and CH3 Molecular properties were taken from ref 93.
Cl Properties were taken from ref 93. The existence of the excited spin-orbit

level (882.5 cm-1, degeneracy 2) is taken into account when computing
the electronic partition function.

direct reaction barrier 14.27 kJ mol-1

reverse reaction barrier 9.76 kJ mol-1

barrier widthb l ) 0.829 amu1/2 Å

a This value was adjusted in the data-fitting process. The original value obtained in ab initio calculations is given in square brackets. All other
frequencies were obtained in UMP2/6-311G(2d,2p) level ab initio calculations.b Obtained from UMP2/6-311G(2d,2p) level IRC80,81 calculations.
This value of the barrier width results in the 973i cm-1 value of the imaginary frequency. References 15, 16, 78, and 79 can be consulted for details
of the methodology.

k1 ) 5.26× 10-19 T2.49exp(-589 K/T) cm3 molecule-1 s-1

(200-3000 K) (X)
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vibrationally adiabatic energy profile along the reaction path
can potentially be expected for reaction 1. Nevertheless, the
transition-state theory model of reaction 1 created in the current
work using the barrier width evaluated on the basis of only the
electronic energy profile (without ZPE) reproduces the experi-
mental data, including the curvature of the Arrhenius plot, very
well (Figure 4). A similar approach applied to reaction 2 fails:
a transition-state theory model with parameters fitted to
reproduce the experiment results in the curvature of the ln(k2)
versusT-1 dependence that is much larger than the experimental
one. In this modeling attempt performed in the current work,
the UMP2/6-311G(2d,2p)-based barrier width ofl ) 1.02 amu1/2

Å was used for reaction 2 (see refs 15, 78, and 79 for the
meaning of the barrier width parameter). The good results of
modeling obtained for reaction 1 may be due to a fortuitous
cancellation of errors where the overestimation of tunneling due
to the underestimated barrier width is compensated, to some
extent, by the lack of accounting for reaction path curvature
and resultant “corner-cutting” tunneling. Comparison of the
tunneling correction factors obtained with the model of reaction
1 created in the current study with those calculated using
semiclassical multidimensional tunneling on the ZPE-corrected
vibrationally adiabatic potential energy surface73,74 reveals
similar values: 6.2/12.8/4.3 at 200 K, 2.5/3.3/2.0 at 300 K, 1.7/
2.0/1.6 at 400 K, and 1.3/1.4/1.2 at 600 K. Here, the values of
the tunneling correction factors are presented as (current study)/
(ref 73)/(ref 74). As can be seen, the differences between the
results of multidimensional tunneling calculations performed
using similar methods but different details of the potential energy
surface are larger than those between each of these models and
the one-dimensional model of the current study.

III.3. Rate Constants of the Reverse R+ HCl f Cl +
RH Reactions. Information on reactions 1-4 obtained in the
current work can be used in combination with the known
thermochemistry of these reactions to derive the temperature
dependences of the rate constants of the reverse processes, those
of the reactions of methyl and chlorinated methyl radicals with
HCl:

The transition-state theory model of reaction 1 (see preceding
subsection) created in the current study results in thek-1(T)
dependence, which can be represented with the expression

The experimental rate constant values of reactions 2-4
converted into those of the reverse reactions result in the
following Arrhenius expressions within the corresponding
experimental temperature intervals (shown in parentheses):

Here, thermochemical properties from refs 92-101 were used.
Reference 15 can be consulted for the details of the thermo-
chemical models of the individual species involved. The
uncertainties in expressions XI-XIV originate primarily from
those in the enthalpies of reactions 1-4. These uncertainty
factors can be calculated for any temperature using the van’t
Hoff factor with the following cumulative reaction enthalpy
uncertainties: 1.9, 3.9, 3.5, and 3.8 kJ mol-1 for reactions 1, 2,
3, and 4, respectively.

The temperature dependence of the rate constant of reaction
-1 given by expression XI is in general agreement with the
experimental values of Russell et al.102 and gives a room-
temperature value ofk-1 that is 25% lower than that of Dobis
and Benson.28 The approximate agreement is not surprising since
the value of ∆Hf298

o (CH3) used in the calculations is in
agreement with those derived from refs 28 and 102. No
experimental information is available on reactions-2, -3, and
-4.

IV. Conclusions

Reactions of Cl atoms with methane and three chlorinated
methanes have been studied experimentally with the discharge
flow/resonance fluorescence technique over wide ranges of
temperatures and at pressures between 1.4 and 8.8 Torr. The
resultant rate constants can be represented with the modified
Arrhenius expressions V-VIII. The rate constantsk1 of the
reaction of Cl atoms with methane obtained in the current study
agree with the results of earlier low-temperature measurements.
Combination of the temperature dependence ofk1 obtained in
the current work at temperatures ranging from ambient to 1104
K with the low-temperature literature data (represented by ref
23) results in thek1(T) dependence described by eq IX.
Extrapolation of the experimental data of reaction 1 to higher
temperatures via a transition-state model results in ak1(T)
dependence that can also be well represented by eq IX or, with
slightly better accuracy, by eq X.

It is demonstrated that the existing theoretical models of
reactions 2-4 are in disagreement with the experiments and
thus are not suitable for use in extrapolating the experimental
results to conditions outside the experimental ranges. Thus, no
better alternative to the use of the experimental fits of eqs VI-
VIII can be proposed at this time. The temperature dependences
of the rate constants of reactions 1-4 combined with the known
thermochemistry of these reactions result in the temperature
dependences of the reverse R+ HCl f Cl + RH reactions
given by eqs XI-XIV.
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(296-790 K) (XIII)

k-4 ) 1.56× 10-13 exp(-6019 K/T) cm3 molecule-1 s-1

(297-854 K) (XIV)
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