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ABSTRACT
This paper presents an analysis of the reaction of Cl with CH4 by
combining measurements of thermal rate constants and state-
dependent reaction cross sections. State-dependent measurements
have shown that the reaction probability is enhanced by vibrational
excitation of CH4. Measured thermal rate constants were fit with a
model incorporating this information. The results provide estimates
of rate constants at extreme temperatures and information about
the temperature and collision energy dependence of the vibrational
enhancement.

Introduction
The reaction of atomic chlorine with methane,

is one of the few gas-phase reactions that control the
partitioning of inorganic chlorine throughout the strato-
sphere.1 This reaction plays a critical role in limiting
stratospheric ozone loss via catalytic cycles involving
chlorine radicals2-5 and may similarly restrict ozone
destruction while providing a significant sink for CH4 in
the marine boundary layer.6,7 Differences between the rate
constants of Cl + 12CH4 and those of its isotopic analogues

Cl + 13CH4 (the carbon kinetic isotope effect) and Cl +
12CH3D (the hydrogen kinetic isotope effect) have caused
this reaction to have a significant influence on the isotopic
fractionation of tropospheric and stratospheric CO and
CH4.8-14 This reaction has also been identified as the
mechanism that initiates the production of higher mo-
lecular weight hydrocarbons and soot during the combus-
tion of CH4 in the presence of chlorinated species.15-20

Recent work has shown that the deprotonation of CH4 by
Cl can be used to accelerate growth of diamond films by
chemical vapor deposition.21 The wide-ranging impor-
tance of Cl + CH4 has prompted numerous kinetics
studies,22-36 largely for the purpose of providing rate
constants for use in atmospheric and combustion models.
Moreover, the relative simplicity of this six-atom system
has inspired a number of experimental investigations37-43

of the molecular dynamics and theoretical studies24,26,31,44-56

of the dynamics and kinetics of this reaction.
The first part of this paper presents a brief review of

what is known about Cl + CH4 by qualitatively integrating
information gained through molecular dynamics mea-
surements with information derived from chemical kinet-
ics measurements. An approach for more quantitatively
combining internal-state-dependent measurements with
thermal rate constant data is then presented. This ap-
proach demonstrates how the state-specific studies comple-
ment the thermal rate constant measurements and pro-
vides a means for integrating all available data into a more
complete description of this reaction. The goal is to
combine disparate data sets for practical applications
without relying on the development of accurate potential
energy surfaces or theoretical methodologies.

What Is Known about Cl + CH4
The ground-state reaction of Cl with CH4 is endothermic
by ∼600 cm-1 and activated by 840-1130 cm-1.23-31

Kinetics experiments22-31 have yielded a pre-exponential
factor of ∼1 × 10-11 cm3 molecule-1 s-1, which is ∼30
times smaller than the hard-sphere collision rate at room
temperature. Such a disparity between the pre-exponen-
tial factor and the hard-sphere collision rate is often
indicative of tight steric restrictions on the reaction
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geometry that must be accommodated in order for the
reaction to proceed. Theoretical studies have shown that
such restrictions apply to the ground-state reaction of Cl
with CH4 for which the transition state is tightly con-
strained to a collinear geometry.45-47,49,51 A collinear transi-
tion state is supported by measurements demonstrating
that the angular distribution of the HCl product is
predominantly backscattered (with respect to the direction
of approach of Cl),38-40 the angular distribution for the
CH3 product is forward-scattered,37 and the internal state
distributions of the products are rotationally cold.37-40

Kinetics measurements yield an activation energy of
∼900 cm-1 at temperatures below 300 K23-31 and ∼1100
cm-1 at higher temperatures,22-26 demonstrating that this
reaction cannot be represented by a simple Arrhenius
expression (a single exponential dependence on inverse
temperature). Non-Arrhenius behavior is commonly ob-
served and can be attributed to a variety of factors.
Heneghan et al.24 showed that the curvature observed for
the Cl + CH4 reaction at high temperatures could be
reproduced using the estimated temperature dependence
of the transition-state heat capacity. A number of studies
have indicated that tunneling contributes to the curva-
ture in the Arrhenius plot (the semi-log plot of the
rate constant vs inverse temperature) at low tempera-
tures.23,26,35,49,50,55,56 Ravishankara and Wine32 alternatively
hypothesized that differential reactivity of thermally ac-
cessible electronic states of Cl may be responsible for the
non-Arrhenius behavior and the large variability in the
low-temperature measurements. The electronic quench-
ing rates on which their analysis was based have since
been demonstrated to be inaccurate, however, and recent
studies have indicated that the reaction of CH4 with
electronically excited Cl is not significantly faster than that
with the ground state of Cl.34,37,43 Kandel and Zare37

suggested that the observed non-Arrhenius behavior could
result from differential reactivity of low-frequency vibra-
tional states of CH4.

Simpson et al.38,39 recently measured the relative state-
dependent reaction cross sections and product angular
and internal state distributions for the Cl + CH4 reaction.
By directly pumping the asymmetric CH stretch (ν3) of CH4

with an IR laser, they demonstrated that exciting one
quantum of the stretch enhances the reaction probability
by a factor of ∼30 and leads to more forward- and side-
scattered HCl product with more rotational energy than
observed for the ground-state reaction. Simpson et al.38,39,41

suggested that vibrational excitation of the CH stretch
opens the cone of acceptance for reaction by relaxing the
tight steric restrictions of the collinear transition state.

Kandel and Zare37 extended the studies of the ground-
state reaction to a wider range of collision energies.
Instead of probing HCl, they probed the CH3 produced
by the reaction and observed products with more trans-
lational energy than could be accounted for by the
energetics of the reaction. They noted that these energy
discrepancies could be explained by reactions involving
thermally populated excited states of the low-frequency
bending modes of CH4 if excitation of the umbrella (ν4)

and/or torsional (ν2) modes of CH4 also enhances reactiv-
ity of CH4 with Cl. More side-scattered CH3 product was
observed from the reaction that they associated with CH4

in one of these bending modes than for reaction with
ground-state CH4, and they speculated that the bending
mode also relaxes the collinear requirement for the
transition state.37

Earlier work by Hsu and Manuccia57-59 indicated that
pumping the CH2 rocking mode (ν7) of CH2D2 enhances
the reaction rate with Cl. In contrast, Vijin et al.60 noted
no enhancement in reactivity when directly pumping the
umbrella bending mode of CD4 in a mixture of CH4 and
CD4 and measuring the isotopic fractionation of products.
Chesnokov et al.61 pumped the asymmetric stretch of CH4,
which rapidly transfers energy to the bending modes at
higher pressures, and similarly observed no enhancement
in reactivity. Given their experimental uncertainties, they
estimated that exciting the bending modes does not
increase the reaction probability by more than a factor of
30-70 at 148 K, and exciting the stretching modes could
increase the reaction probability by no more than a factor
of 3000 at 173 K and 1200-1300 at 298 K.61

Theoretical investigations49,52-54 employing variational
transition state theory and multidimensional quantum
scattering calculations support observations of vibrational
enhancement. Theory49,52 suggests, however, that exciting
the symmetric stretch (ν1) mode should be more effective
at promoting the reaction than exciting the umbrella bend
mode and that the asymmetric stretch and torsional bend
modes do not couple strongly to the reaction coordinate
and therefore should not be particularly effective. Using
a model that combines information from dynamics and
kinetics measurements, Michelsen and Simpson35 showed
that the non-Arrhenius behavior observed for this reaction
at high temperatures could be explained exclusively by
excitation of the stretching modes of CH4. At low tem-
peratures, the apparent curvature in the Arrhenius plot
could be accounted for by tunneling and modest reaction
rate enhancement by a low-frequency bending mode. The
vibrational enhancement factors derived using this model
are consistent with values reported by Simpson et al.39 for
the asymmetric stretch and with theoretical predictions
for the symmetric stretch and umbrella bend. As shown
below, however, this model cannot reconcile the thermal
rate constant data with the hypothesis put forward by
Kandel and Zare37 that the bending modes enhance the
reaction rate as much as, or more than, the stretching
modes.

A Direct Connection between Kinetics and
Dynamics
Total reaction cross sections and temperature-dependent
thermal rate constants can be derived from state-depend-
ent data for a reaction if the reaction probability has been
measured in sufficient detail as a function of translational,
vibrational, and rotational energy. This concept is straight-
forward and intuitive and has been discussed many times
and in great detail over the past several decades.62-70
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Derivations of the rate constant are based on “counting”
the number of collisions that occur between molecules
with sufficient energy to overcome the barrier. The prob-
ability of reaction per collision is determined by the
overlap of the Maxwell speed distribution with the func-
tion defining the probability that the reaction will proceed
at a particular collision energy Prxn(Ecoll). Ideally Prxn(Ecoll),
often referred to as the “excitation function”, has been
measured at all collision energies, from well below to well
above the reaction barrier. If all internal states react with
the same probability, the rate constant is given by the
overlap of Prxn(Ecoll) with the normalized Maxwell speed
distribution PMax(Ecoll,T) expressed in terms of the collision
energy Ecoll. This integral over collision energy is then
weighted by the collision frequency Z(T) at temperature
T, i.e.,

As shown graphically in Figure 1 for a hypothetical
reaction with an effective activation barrier of 1150 cm-1,
the overlap increases as the temperature increases, and
more molecules have sufficient energy to react. For a real
system, the maximum probability of reaction is not likely
to be unity. At energies above the barrier height, the
probability will be limited by factors such as steric effects
and quantum mechanical reflection from the barrier.

The reaction probability for the Cl + CH4 reaction has
been shown to be sensitive to the vibrational state of CH4.
In this case, the rate constant for each vibrational state
of CH4 is calculated by replacing Prxn(Ecoll) with a vibrational-
state-dependent function Prxn(Ecoll,νi) in eq 1 and proceed-
ing with the integration, as shown graphically in Figure
2. Each state makes a distinct contribution to the rate
constant. The total rate constant is thus given by the sum
of these contributions, each weighted by the population
in that state, i.e.,

where Si(T) is the Boltzmann factor for the population of
reactant molecules in vibrational state νi. One can also
imagine a reaction that depends on the rotational or
electronic state of the reactant, in which case the sum-
mation in eq 2 would include terms corresponding to
reactions involving these states. Because the rotational
state dependence of the Cl + CH4 reaction is not known,
and the reaction appears to be insensitive to the electronic
state of Cl,34,37,43 only the vibrational state dependence of
the reaction probability is considered here.

Despite such simplifying assumptions, a further com-
plication prevents the calculation of thermal rate con-
stants for Cl + CH4 (or most other activated gas-phase
reactions) directly from state-dependent measurements:
state-dependent measurements are unavailable at enough
collision energies to determine Prxn(Ecoll,νi). The barrier
estimated for the Cl + CH4 reaction is low (1200-1700
cm-1),45-55 and state-dependent cross-section measure-
ments are available only at selected collision energies
(1050-2280 cm-1) close to the barrier height and above,37-39

whereas the Maxwell speed distribution is centered at
collision energies well below the reaction barrier. State-
dependent measurements at collision energies that are
low enough to allow such an analysis are rare. Molecular
beam experiments and measurements of Prxn(Ecoll) initi-
ated by photolytic production of a reactant are often
restricted to collision energies close to or above the barrier
height. Nevertheless, such an analysis has been performed
for several gas-phase activated64,65 and barrierless66-69

reactions based on molecular beam measurements of
Prxn(Ecoll,νi). Thermal rate constants have also been derived

FIGURE 1. Energy dependence of the reaction probability. The
reaction probability (green) is shown as a function of collision energy
for a hypothetical reaction with an activation barrier of ∼1150 cm-1.
The Maxwell speed distribution is shown for 200 K (blue) and 800 K
(orange), and the shaded regions represent the overlap of the speed
distribution with the reaction probability function for 200 K (blue
shaded region) and 800 K (blue and orange shaded regions).

k(T) ) Z(T) ∫0

∞
Prxn(Ecoll)PMax(Ecoll,T) dEcoll (1)

FIGURE 2. Energy dependence of the reaction probability for
separate vibrational states. The reaction probability for the ground
state (green) is shown as a function of collision energy for a
hypothetical reaction with an activation barrier of ∼1150 cm-1. If
the reaction probability of the excited vibrational state (magenta) is
higher at lower collision energies, the reaction rate will be enhanced
by vibration. The Maxwell speed distribution is shown for 200 K (blue),
and the shaded regions represent the overlap of the speed
distribution with the reaction probability functions for each vibrational
state. For ν ) 0 the overlap is represented by the green shaded
region, and for ν ) 1 the overlap is represented by the green and
magenta shaded regions.

k(T) ) Z(T) ∑
i

Si(T) ∫0

∞
Prxn(Ecoll,vi)PMax(Ecoll,T) dEcoll

(2)
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for one activated gas-surface reaction for which the
reaction probability function depends on vibrational and
rotational state.70,71

Although all of the necessary information may not be
available to derive thermal rate constants directly from
state-dependent measurements for Cl + CH4, the ap-
proach described above can be used as a tool for the
analysis of disparate data sets. By assuming a realistic
functional form for Prxn(Ecoll,νi), eq 2 can be fit to available
thermal rate constant data. The results of such a fit can
provide additional information about the energetics of the
reaction. Moreover, this approach allows even limited
information from state-dependent reaction cross-section
measurements to be applied to the analysis of kinetics
experiments. Similar fits to thermal rate data for this and
other reactions have been successfully performed using
functions derived from transition state theory to test
kinetic and thermodynamic data and theoretical assump-
tions.56,72,73

Dynamics f Kinetics: Vibrational
Enhancement and Non-Arrhenius Behavior
Assuming that both the stretching and bending modes of
CH4 enhance the reaction probability for Cl + CH4,37-39,57-59

the description of the rate constant by eq 2 must contain
at least three terms, each of which is characterized by a
distinct Prxn(Ecoll,νi). Figure 3 shows a fit of eq 2 to the
absolute rate constants measured for Cl + CH4, with one
term representing the nearly isoenergetic symmetric and
asymmetric stretching modes, one term representing the
umbrella bend mode, and one term representing the
ground-state and torsional mode, which was assumed not
to couple strongly to the reaction coordinate.35 The
functional form used to represent Prxn(Ecoll,νi) for each state
was given by the transmission coefficient estimated for
tunneling through an unsymmetrical Eckart barrier, i.e.,
the function shown in Figure 1.35 The contribution from

each of these terms is also shown. The results suggest that,
at temperatures above ∼600 K, the rate constant is
dominated by reactions involving the excited stretching
mode, whereas the low-temperature rate constant is
predominantly determined by ground-state reactions.
Thus, the curvature in the Arrhenius plot at high temper-
atures is attributable to the enhancement in the reaction
probability by the excited stretching modes and the
increase in the population of these excited modes with
increasing temperature. The model results indicate that
an increase in the tunneling probability for the ground-
state reaction with decreasing temperature is responsible
for curvature in the Arrhenius plot at low temperature.
This low-temperature curvature may also be partially
attributable to enhancement of the reaction probability
by the umbrella bending mode, which has a significantly
lower vibrational frequency than the stretching modes and
thus higher populations at lower temperatures. Such
curvature reduces the activation energy and pre-expo-
nential factor inferred from fits to rate constant data for
these temperatures.

Michelsen and Simpson35 used these results to extrapo-
late the thermal rate constant data to temperatures above

FIGURE 3. Arrhenius (semilogarithmic) plot of measured and
calculated rate constants for Cl + CH4 f CH3 + HCl. A weighted
average of rate constants is shown as a function of inverse
temperature (black circles) with 2σ error bars.35 The purple line
represents the result of a fit to the data using the model described
in the text.35 The other lines demonstrate the contribution to the rate
constant from the stretching mode (cyan), the bending mode
(magenta), and the vibrational ground state (green).

FIGURE 4. Temperature dependence of vibrational enhancement
factors and rate constant predictions. (A) Vibrational enhancement
(relative to thermal rate constants) is shown as a function of
temperature for the bending (magenta) and stretching (cyan) modes.
The results of the model described in the text35 (solid) are compared
with results of variational transition state calculations from Duncan
and Truong49 (dashed) and Corchado et al.52 (dotted). (B) The average
rate constants shown in Figure 3 are plotted with 2σ error bars as
a function of temperature. Lines represent results from the model
described in the text35 (solid), Duncan and Truong49 (dashed), and
Corchado et al.52 (dotted).
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800 K for which measurements are not available. They also
used these results to reduce uncertainty in the thermal
rate constant at temperatures below 260 K for which
available measurements are inconsistent.74,75 Because the
model is based on a physical description of the reaction,
Michelsen and Simpson35 argued that these results are
more reliable than simple fits to the data using an
Arrhenius expression.

Kinetics f Dynamics: Relative Vibrational
Enhancement by Bend and Stretch
Using the results of the fit to the thermal rate constant
data, one can determine how much the bending and
stretching modes enhance the reaction probability. Figure
4a shows the enhancement of the reactivity by these
modes relative to thermal rate constants, i.e., the rate
constant for each state (not weighted by the Boltzmann
factor) divided by the total rate constant. As temperature
decreases, the enhancement factors increase, although the
overall rate constant decreases. Results are shown both
for the model described here and for variational transition
state theory calculations by Duncan and Truong49 and
Corchado et al.52 Predictions from all three studies suggest
that the stretching modes should enhance the reactivity
by more than the bending mode, although the results of
Corchado et al.52 indicate that the difference between the
stretch and bend is not as large as implied by the other
two studies. Figure 4b shows the corresponding predic-
tions of the thermal rate constants compared with ex-
perimental values. The potential energy surface (PES) used
by Corchado et al.52 was adjusted to give good agreement
with room-temperature rate constant measurements and
thus yields good agreement with experimental data and
with the model described above, which was fit to the data.
At higher temperatures the predictions deviate from one
another. Confidence in the accuracy of the PES developed
by Corchado et al.52 is diminished, however, by the lack
of agreement between predictions based on this PES and
experimental measurements of the carbon and hydrogen
kinetic isotope effects.36

Recent experimental results suggest that the bending
mode should be at least as effective as, if not more
effective than, the stretch at promoting the reaction.
Figure 5 shows the measured41-43 and modeled vibrational
enhancement by these modes relative to the ground-state
reaction probability. Calculated values were determined
as a function of collision energy for an estimated experi-
mental energy distribution.76 The model is in good agree-
ment with the work of Simpson et al.38,39 but in poor
agreement with the measurements of Kandel and Zare.37

Whereas the results of Simpson et al.38,39 were obtained
by directly pumping the asymmetric stretching mode and
comparing the results with the ground-state reaction, the
experimental results of Kandel and Zare37 were based on
conjecture that excess translational energy observed in the
products could be attributable to reagent vibrational
energy from thermally populated bending modes of CH4.
Although an alternative explanation for excessively fast

products is not obvious, the present interpretation is
inconsistent with the thermal rate constant measurements
within the context of this model.

Conclusions
The present analysis demonstrates that results from
kinetics and dynamics experiments can, under some
conditions, be combined to provide a more completede-
scription of a reaction. The additional information derived
from such an analysis may be useful for resolving out-
standing uncertainties or discrepancies in the interpreta-
tion of experimental results. For the Cl + CH4 reaction,
the results of dynamics experiments have been included
in a model, which was fit to thermal rate constant data.

Of course, there are a great number of significant
uncertainties associated with this approach. In the work
reviewed here, potentially important factors, such as the
possible influence of CH4 rotational states on the reactiv-
ity, were neglected. In addition, a functional form for the
collision energy dependence of the reaction probability
was based on a simplified mechanism for tunneling, which
does not account for multidimensional tunneling contri-
butions. Previous work has suggested, however, that
neglecting multidimensional tunneling effects is not a
serious oversight for this reaction.72 This method also
requires thermal rate data recorded with good precision
over a reasonably large temperature range. Despite these
limitations, this technique can be used to consolidate
information from kinetics and dynamics experiments for
selected reactions.

As shown here, such an approach can be used to
extrapolate rate constant measurements to temperatures
where data are currently unavailable and to reduce
uncertainties where current measurements are inconsis-
tent. The fit of this model to thermal rate constant

FIGURE 5. Energy dependence of vibrational enhancement factors.
Enhancement of the reaction probability for the bending (magenta)
and stretching (cyan) modes relative to the reaction probability of
the ground state is shown as a function of the collision energy. The
results of the present study (lines) is compared with results of state-
dependent cross-section measurements from Simpson et al.38,39 for
the asymmetric stretch (circle) and Kandel and Zare37 for the bend
(squares). The error bars represent (2σ uncertainty for the stretch
and are approximate estimates for the bend (S. A. Kandel, private
communication, 2000).
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measurements has, in turn, provided information about
the relative importance of stretching and bending modes
in the vibrational enhancement of the reaction rate. As
with many experimental and theoretical studies, this
analysis has provided new questions that can be resolved
only with additional experimental and theoretical work.
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