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Absolute rate coefficients for the reactions of chlorine atom with methane and ethane between 292 and 800
K and with propane between 292 and 700 K have been determined using the laser photolysis/continuous
wave infrared long-path absorption method, LP/cwIRLPA. A novel reactor design and optical arrangement
allow long absorption paths with precise control of the temperature in the probed volume. The rate coefficient
for methane exhibits significant curvature between 292 and 800 K and can be described over this temperature
range by a modified Arrhenius expression,kCH4(T) ) [3.7( -2.5

+8.2) × 10-13 cm3 molecule-1 s-1](T/298)2.6((0.7)

exp[-385((320)/T] (all error bars are(2σ precision only). In the temperature range 292-600 K the rate
with ethane agrees well with earlier investigations, fitting a simple Arrhenius expressionkC2H6(T) ) 8.6-
((0.5)× 10-11 exp[-135((26)/T] cm3 molecule-1 s-1. However, as the temperature increases beyond 600
K the Arrhenius plot exhibits significant upward curvature. Over the range 292-800 K a three-parameter
Arrhenius fit,kC2H6(T) ) 3.4((1.4)× 10-11(T/298)0.7((0.3) exp[150((110)/T] cm3 molecule-1 s-1, models the
experimental data adequately. The rate coefficient for propane is found to be independent of temperature
and equal to 1.38((0.03)× 10-10 cm3 molecule-1 s-1.

Introduction

The role of Cl atom in stratospheric ozone depletion has led
to extensive investigation of its reactivity with atmospheric
species over the past several decades. Cl atom destruction of
the ozone layer proceeds catalytically and would continue
unchecked if it were not for competing reactions such as those
with small alkanes, of which methane is the most abundant
atmospherically. The Cl atom reaction also represents a
significant loss channel for stratospheric methane, which impacts
greenhouse gas models. As a result, there have been many
kinetic studies of the reaction of Cl with methane and ethane
over the temperature range relevant to atmospheric chemistry.1-5

Another area where Cl reactions are important is the incineration
of current chlorofluorocarbons (CFC) and chemical weapons
stockpiles. Cl atoms are also generated during the combustion
of chlorinated plastics. In addition, chlorine-containing con-
taminants in more standard combustion systems, such as
biomass, coal, black liquor, and waste incineration, are respon-
sible for the production of toxic chlorinated organic species.
Incineration of these species generates free Cl atoms that can
then react with excess fuel. Kinetic information for these
reactions at elevated temperatures is needed for modeling
combustion processes. Since the Cl+ CH4 and Cl+ C2H6

reactions are also widely used as reference reactions in relative
rate studies, highly accurate reference rate coefficients are
critical.6,7 High-quality Arrhenius parameters for these reference
reactions facilitate temperature-dependent relative rate deter-
minations. Additionally, the extent of deviation from simple
Arrhenius behavior is important for ascertaining reaction
mechanisms, as well as for increasing the reliability of
parametrized data for use in reaction system modeling. In the
present work we report measurements of Cl atom reaction
kinetics with methane and ethane between 292 and 800 K and
with propane between 292 and 700 K.

Absolute rate coefficients are obtained in a slow flow reactor
using pulsed laser photolysis with continuous wave infrared laser
detection of the HCl reaction product. A novel multipass optical
arrangement allows precise control of the pump-probe overlap
and provides several meters of usable path length while avoiding
contributions to the signal from the cooler regions of the reaction
cell. This arrangement may be expected to yield more accurate
results than a line-of-sight measurement, especially for strongly
temperature-dependent reactions.
The present study extends the previous high-temperature

limits for these three reactions and provides precise measure-
ments of the temperature dependence. In the methane system
significant curvature is seen in an Arrhenius plot, in qualitative
agreement with the predictions of simple transition-state theory
calculations. The ethane system also displays a marked
deviation from simple Arrhenius behavior above 600 K.
However, the reaction with propane is found to have no
temperature dependence over the range 292-700 K.

Experimental Section

Technique. Absolute reaction rates of the chlorine+
hydrocarbon systems are investigated using the laser photolysis/
continuous wave infrared long-path absorption, LP/cwIRLPA,
method.8-10 Chlorine atoms are generated from photolytic
precursors by a pulsed excimer laser, and the subsequent time
evolution of the HCl reaction product is monitored by absorption
of a continuous wave (CW) infrared beam. Using a CW probe
beam allows the full time profile of the reaction to be obtained
for each photolysis laser shot. Signal averaging is then
employed to improve signal-to-noise ratios.
The rise time of the detector used to monitor the IR absorption

and diffusion of the probed species out of the viewing region
limits the kinetic time constants that can be studied in the LP/
cwIRLPA reactor. The rise time of the InSb detectors used in
these experiments is around 50 ns, but the instrument response
is limited by the preamplifier rise time of 200 ns. The diffusion
time scale for HCl at the 10 Torr pressure of these experiments
is well over 10 ms. Kinetic time constants in the range of 1µs
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to 1 ms can be accurately determined in the present system; in
this study all pseudo-first-order decays are at least 10 times the
detector rise time, which results in an accurate representation
of the temporal evolution of the reaction. Losses due to
diffusion are 2-3 orders of magnitude smaller than the pseudo-
first-order rate constants in all experiments.
The effects of secondary reactions of Cl atoms with reaction

products, e.g., with ethane produced by recombination of methyl
radicals from Cl+ methane, are minimized by operating the
reactor under conditions where the reactant mixture is replen-
ished between photolysis pulses. In the present study, this
requirement constrains the photolysis laser repetition rate to
around 2 Hz for typical flow conditions. The measured rate
coefficients are constant while the photolysis laser pulse energy
and photolyte concentration are varied by factors of 5, confirm-
ing that both side reactions with radicals produced in the
photolysis and secondary reactions of alkyl radicals products
are insignificant in the present experiments.
Reactor. The flow reactor employed in the present study is

a stainless steel cylinder 1 m long and 50 mm in diameter. Both
ends are sealed using Brewster angle windows of CaF2 13 mm
thick. Figure 1 is a schematic of the experimental setup. The
chlorine photolytic precursor, hydrocarbon reactant, and buffer
gas enter the reactor through a side-arm on the upstream end
from separate calibrated mass flow controllers. Pure CF2Cl2
(99.9%) is used as the photolyte, and the buffer gas is Ar
(99.9995%). The pressure in the cell is actively controlled by
a throttle valve and a mechanical vacuum pump and monitored
by a capacitance manometer. For a given total flow, the throttle
valve is opened or closed under feedback from the capacitance
manometer to maintain the desired pressure.
Surrounding the flow reactor’s 60 cm long midsection is a

commercial ceramic-fiber heater capable of reaching tempera-
tures in excess of 1200 K. However, the temperature profile
across this heater is not uniform, with a steep temperature
gradient near the edges of the heater. To counteract the heat
loss at the ends of the cell/heater unit, separate homemade
nichrome wire heaters were installed on both ends, consisting
of several turns of wire covered with ceramic insulator beads
to evenly distribute the heat as well as for electrical insulation
from the stainless steel cell body. These heaters serve to balance
the thermal load from heat leakage to the ambient surroundings,

thus extending the flat temperature profile. Three independent
chromel/alumel, K-type thermocouples are located inside the
flow reactor body. Each thermocouple is connected to a
microprocessor-based temperature controller, and each controller
has independent control of one of the three heaters. One
thermocouple in the center of the cell is used to provide the
temperature feedback for the fiber heater. The other two
thermocouples, placed just inside the nichrome heater winding
locations, control the end heaters. The usable uniform temper-
ature region with the three heater/three controller system is∼35
cm in the flow cell midsection. The temperature variation over
this region is approximately(2 K at 800 K.
IR Generation and Multipass Cell. The tunable CW

infrared radiation for these experiments is generated by differ-
ence frequency mixing, DFM, in temperature-tuned LiNbO3

after a design pioneered by Pine.11 The pump laser is a single
frequency argon ion laser operating on the 514.5 nm line.
Tunable signal laser radiation comes from a ring dye laser
operating on rhodamine 6G around 607 nm. These lasers are
rendered collinear and sent into the 4 mm× 4 mm× 50 mm
LiNbO3 crystal inside a temperature-controlled oven. The oven
is heated to the necessary temperature to provide correct phase-
matching for maximum IR generation. Typical input powers
are 500 and 600 mW for the argon ion and dye laser,
respectively. Approximately 6µW of tunable IR power at 3.3
µm is obtained with proper focusing of the input beams.
A band-pass filter blocks the residual input laser beams while

passing the IR beam. This beam is then split into approximately
equal signal and reference beams. The reference beam is
subsequently split again with part of the beam going through
an HCl reference cell and onto a PbSe detector. The other part
of the reference beam goes through an IR polarizer and band-
pass filter and, finally, onto an InSb detector. The power on
the reference detector is controlled by the orientation of the IR
polarizer.
In the experiments described here, a Herriott-type multipass

arrangement is employed to increase the detection sensitivity.12-14

This particular arrangement is especially well-suited to the
present application. The Herriott cell uses off-axis paths in a
spherical resonator, which causes the traversing beam to trace
out a circle of spots on each mirror. However, the beam never
crosses the center of the cell. Instead the beam path maps out
a smaller circle in the center of the cell (for identical end mirrors)
whose dimensions are readily calculable. In the present
experiments the beams are coupled in and out through uncoated
sections of the spherical mirrors. The pump beam propagates
through the uncoated center of each optic and travels down the
resonator axis. The pump-probe overlap region is therefore
confined to the center of the cell in the region where the diameter
of the circle defined by the probe beam path is smaller than the
diameter of the pump beam. This is in contrast to, for example,
a White cell where the beams cross the center of the cell and
probe the entire volume between the end mirrors.
In fact, it is not desirable to probe the entire cell volume in

these kinetics experiments. There is a temperature gradient
established between the 30-35 cm of controlled temperature
region in the cell midsection and the cell ends that are exposed
to ambient conditions. Thus, a line-of-sight measurement down
the cell axis or a White-type multipass arrangement that probes
the whole cell volume will contain spurious kinetic information
from these uncharacterized temperature regions. In the Herriott
arrangement, on the other hand, the photolysis laser beam
diameter can be adjusted so that the overlap with the IR beam
is confined to the interior of the reaction cell with an adjustable
and well-quantified linear extent. For the experiments described

Figure 1. Schematic of the laser photolysis/infrared long-path absorp-
tion apparatus. The infrared beam from difference frequency mixing
of a CW ring laser and Ar ion laser is incorporated into a Herriott-
type multipass cell. This system consists of nine passes with an effective
path length of over 3 m. Adjusting the diameter of the photolysis laser
constrains the overlap to the center of the cell where the temperature
is flat and stable. A reference cell is used to tune the infrared beam to
the R(3) fundamental transition of the HCl reaction product.
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here, the multipass cell consists of nine passes with an effective
probe length of more than 3 m. Although this is not an
extremely large path length, it is confined to a well-characterized
temperature region. In addition, this system has been recently
redesigned and upgraded to 31 passes, which gives an effective
usable path length of over 12 m.14

After traversing the multipass cell, the IR signal beam goes
through a band-pass filter and is focused onto an InSb signal
detector. The signal from this detector and the signal from the
reference detector are then amplified 50× and subtracted in a
differential preamplifier. Subtraction of these matched detectors
reduces the effects of laser amplitude noise. The difference
signal is zeroed with the IR polarizer in the reference beam
path prior to taking data so that differential absorption is caused
only by the product HCl in the flow cell. To aid in tuning the
IR wavelength to the correct HCl transition, absorption of the
split and chopped signals through the reference cell is monitored
while the ring dye frequency is tuned. The R(3) line of the
H35Cl fundamental vibrational transition is used for absorption
because of the high thermal population inJ ) 3. Rotational
relaxation will be rapid compared to the reaction rates,15 even
for high rotational states,16 and the reactions are not sufficiently
exothermic to produce vibrationally excited HCl, ensuring that
the absorption signal is a faithful representation of the HCl
population. Signal from the preamplifier is fed into a digital
storage oscilloscope where it is digitized and averaged. The
resulting time trace is transferred to a microcomputer for storage
and analysis.
Specific Kinetic Conditions. Chlorine atoms are generated

from the 193 nm photolysis of CF2Cl2. The 193 nm beam is
generated by an excimer laser operating on ArF. Fluence at
the cell is kept around 5-10 mJ pulse-1 cm-2. At 193 nm the
principal dissociation process yields one chlorine atom while
about 30% of the photons absorbed yield two chlorine atoms.17

The absorption at 193 nm is kept below a few percent to provide
a uniform chlorine atom concentration across the reaction cell.
The concentration of the photolyte (3× 1014 molecules cm-3)
guarantees that the concentration of generated chlorine atoms
is much less than that of the hydrocarbon reagent, keeping the
kinetics in the pseudo-first order limit. In addition, the reaction
conditions are selected so that absorption by the HCl product
is kept below 5% and in the linear regime.
The total pressure in the reaction cell was normally held at

10 Torr with a total gas flow rate of about 900 sccm (standard
cubic centimeter per minute). At this pressure, thermal equili-
bration of the photolytically produced Cl atoms and the HCl
reaction product is rapid relative to the kinetic time scale. In a
typical run, the hydrocarbon concentration is varied over a factor
of 7 or 8 (5× 1014 to 3 × 1015 molecules cm-3). Figure 2
shows a typical time trace of the absorption profile for the HCl
product from the Cl+ propane reaction. In these systems, the
production of HCl has the same time behavior as the loss of
Cl. Since [HCl]t ) [Cl] 0 - [Cl] t from mass balance, [HCl]t is
given by

The measured HCl time traces are fitted using the functional
form of eq 1 to extractk1[CnH2n+2], where [CnH2n+2] is known
from the flow conditions and is essentially constant. This
pseudo-first-order time constant is measured as a function of
[CnH2n+2], and the second-order rate coefficient for the reaction,
k1, is extracted as the slope of a plot of pseudo-first-order rate
coefficients vs alkane concentration. A typical plot for each of
the three reactants is shown in Figure 3. Nonzero intercepts

found in all cases were less than 2% of the pseudo-first-order
rate coefficients, indicating negligible background reactions.
At the higher temperatures of this study, thermal decomposi-

tion of the photolytic precursor is a potential problem. Pho-
tolytes that are attractive because of a large absorption cross
section, such as CCl4 and other halogenated methanes, may be
undesirable because of their thermal instability.18 On the other
hand, several thermally stable photolytes such as CF3Cl have
small cross sections at 193 nm.17 In these studies, CF2Cl2 is
used almost exclusively because of its good thermal stability
and reasonable cross section.19 However, at the very highest
temperatures, 700-800 K, where thermal decomposition may
be a problem, CF3Cl is used for comparison because of its
exceptional thermal stability.20

Results

Methane. The reaction Cl+ CH4 f HCl + CH3 is slightly
endothermic with a∆H°298of +1.72 kcal mol-1.21 The second-
order rate coefficient determined in this work at 292 K for Cl
+ CH4 is 0.97((0.1)× 10-13 cm3 molecule-1 s-1, where the
error bounds are(2σ precision only. This value is in good
agreement with the accepted value of 1.0× 10-13 cm3

molecule-1 s-1 for the room temperature rate coefficient as given
by the comprehensive reviews of Atkinsonet al.22 and DeMore
et al.23 In addition, a very recent study by Finlayson-Pitts and
co-workers24 using a fast flow discharge with resonance
fluorescence detection gave a value of 0.94(( 0.04)× 10-13

cm3 molecule-1 s-1.

[HCl] t ) [Cl] 0(1- e-k1[CnH2n+2]t) (1)

Figure 2. Typical absorption trace of the HCl reaction product vs time
for the reaction Cl+ propanef HCl + (n,i-)propyl. The solid line is
a fit to a simple exponential rise (eq 1). The small spike at zero time
is due to noise from the excimer photolysis laser thyratron. This trace
is an average of 200 laser shots. Traces like this allow the pseudo-first
order rate coefficient to be followed over at least four 1/e lifetimes.

Figure 3. Typical plot of the measured pseudo-first-order rate
coefficients vs alkane concentration for methane, ethane, and propane
at room temperature (292 K). The rate coefficients for methane have
been multiplied 50×.
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An Arrhenius plot for the Cl+ methane reaction from 292
to 800 K is shown in Figure 4, and the rate data are shown in
Table 1. A standard Arrhenius form can be fitted to the data,
which is represented by the solid line in Figure 4. A simple
Arrhenius fit to the temperature dependence of the rate coef-
ficient, k ) A e-Ea/RT, gives

where the(2σ error limits represent the precision of the fit.
This description for the rate coefficient reproduces the data over
the temperature range investigated here to within 15% but falls
outside the precision of the measurements. In order to
adequately account for the temperature dependence, the data
can be fit by a modified Arrhenius expression,k ) A′(T/298)n
e-Ea/RT. This yields

where the temperature dependence of the pre-exponential factor
is taken as an independent parameter. Error bars represent(2σ,

precision only, assuming uncorrelated errors in the parameters.
This parametrization of our rate coefficients fits the data to
within experimental precision, withø2 ) 3.6, and is shown as
the dashed line in Figure 4. However, the individual parameters
are not very well characterized, and their uncertainties are
strongly correlated. The data can also be fit to within our
experimental errors (ø2 ) 6.7) by an expression withn simply
fixed at 2:

represented by the dotted line in Figure 4. The recommended
value of Atkinsonet al. is also shown for reference.22 The fit
with n ) 2 is more consistent with the thoroughly studied
behavior of this reaction below room temperature, and extrapo-
lations of both modified Arrhenius expressions, eqs 3 and 4,
agree more closely with low-temperature rate data25,26 than the
simple Arrhenius expression, eq 2.
Although the reaction endothermicity and room temperature

rate coefficient are well established, Ravishankara and Wine
noted in temperature-dependent studies of this reaction, par-
ticularly below room temperature, a discrepancy in the measured
rate coefficients depending on the kinetic method and initial
reaction mixture conditions.25 The discrepancy was postulated
to be due to incomplete quenching of the excited spin-orbit
state,2P1/2, for the Cl atom. In the present studies of the Cl+
methane reaction, the concentration of the CF2Cl2 photolyte (∼3
× 1014molecules cm-3) is sufficient to keep the quenching rate
much faster than the primary reaction rate (quenching rate
coefficient∼3.3(( 0.5)× 10-10 cm3 molecule-1 s-1).27 Thus,
a true thermal distribution of spin-orbit states for Cl is
maintained in these experiments. In addition, several measure-
ments for all the alkanes have been performed using CF3Cl as
a photolyte. Because of the extremely small absorption cross
section of CF3Cl at 193 nm, up to 30% photolyte (densities of
∼1017 cm-3) is used in the reaction mixture to obtain acceptable
signal levels. Assuming a quenching rate similar to that of CF2-
Cl2, the quenching rate at this concentration of CF3Cl is at least
103 times faster than the reaction rate. Changing photolytes
had no effect on the determined rate coefficients. Finally,
Bersohn and co-workers28 measured the branching fraction for
production of Cl2P1/2 from CF2Cl2 at 193 nm. The excited
spin-orbit state was found to contribute less than 5% of the Cl
produced. Thus, nonthermal populations of excited-state chlo-
rine atoms do not make a significant contribution to the overall
rate coefficient in the present measurements.
There have been many previous investigations of the tem-

perature dependence of this reaction. However, this study
extends the high-temperature limit for an absolute rate deter-
mination. Whytocket al. obtained absolute rate coefficients
from 299 to 500 K using the flash photolysis/resonance
fluorescence technique.29 They reported a value of 1.8((0.28)
× 10-11 cm3molecule-1 s-1 for the pre-exponential factor, well
within the error bars of the present determination. They
determined the activation energy to beEa/R ) 1545((46) K,
which is within the error bounds of the mean activation energy
in the present study. In fact, most of the previous investigations
that covered a temperature range similar to the one covered here
obtain Arrhenius parameters similar to those of eq 2. Of these
investigations, the highest temperature for which an absolute
rate was measured is 686 K in the 1973 study of Clyneet al.30

Although their pre-exponential was about a factor of 2 larger
than in eq 2, the activation energy ofEa/R ) 1791((36) K is
only slightly outside our error bounds. Fits obtained in the lower
temperature studies are reasonably accurate when extrapolated

Figure 4. Semilogarithmic Arrhenius plot for the reaction Cl+ CH4.
A fit using a simple Arrhenius expression,kCH4 ) 1.8× 10-11 exp(-
1580/T) cm3 molecule-1 s-1, is given by the solid line. A modified
Arrhenius fit, kCH4(T) ) [3.7( -2.5

+8.2) × 10-13 cm3 molecule-1 s-1](T/
298)2.6((0.7) e-385((320)/T, is given by the dashed line, and a fit with the
temperature exponent held at 2,kCH4(T) ) 8.9((0.9)× 10-13(T/298)2

e-660((40)/T, is given by the dotted line. The recommended value of
Atkinsonet al. is also shown as the dot-dash line for reference.22 Error
bars represent(2σ precision only.

TABLE 1: Rate Coefficients for the Reactions Cl+ Alkane
f HCl + Alkyl d

temp (K) kCH4
a kC2H6

b kC3H8
c

292 0.93(9) 5.5(2) 1.38(2)
350 1.8(2) 1.38(5)
400 3.0(2) 6.0(3) 1.37(3)
450 6.4(1)
500 6.5(4) 6.4(2) 1.37(1)
550 6.7(1)
600 12.6(9) 7.0(3) 1.38(2)
650 7.1(1)
700 18.6(9) 7.6(2) 1.38(3)
800 30(2) 8.1(7)

aUnits of 10-13 cm3 molecule-1 s-1. bUnits of 10-11 cm3 molecule-1

s-1. cUnits of 10-10 cm3 molecule-1 s-1. d The numbers in the
parentheses indicate experimental uncertainties (( 2σ precision only)
in the last digit.

kCH4 ) [1.8((0.6)×
10-11 cm3 molecule-1 s-1] e-1580((150)/T (2)

kCH4(T) ) [3.7( -2.5
+8.2) ×

10-13 cm3 molecule-1 s-1](T/298)2.6((0.7) e-385((320)/T (3)

kCH4(T) ) 8.9((0.9)× 10-13(T/298)2 e-660((40)/T (4)
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to the higher temperatures of this investigation, with an
extrapolation of the Arrhenius expression of Whytocket al.
deviating by less than 20% from the measured value at 800 K.
Nonetheless, the precision of our data clearly distinguishes the
curvature in the Arrhenius plot over the temperature range 292-
800 K.
The curvature in the Arrhenius plot for the Cl+ CH4 reaction

is well-known and has been previously studied in some detail.
The temperature dependence of this reaction has been studied
between 200 and 500 K by Zahnizeret al.26 who report the
expressionkCH4(T) ) 1.43× 10-12(T/298)2.11exp(-795/T) cm3

molecule-1 s-1, which is in good agreement with the present
measurements at higher temperatures. Whytocket al. reported
a three-parameter fit to the rate coefficient over the temperature
range 200-500 K, yielding 8.3× 10-13(T/298)2.5 exp(-608/
T),29 also in reasonable agreement with the present measure-
ments. The temperature dependence of Cl+ CH4 was
calculated by Heneghanet al. using thermodynamic transition-
state theory (TST) methods.31 Their estimate of the temperature-
dependent rates is in qualitative agreement with the present
results, although it significantly overpredicts the curvature (and
hence the rate coefficient) above∼500 K. The current study
offers experimental measurements that can be used to validate
calculations of the rate coefficient at higher temperatures.
Ethane. The Cl atom reaction with ethane can be expected

to be faster than with methane because of the greater number
of hydrogens and lower C-H bond strength in ethane (D0 )
99.5 kcal mol-1 vs 103.3 kcal mol-1 for methane).32 The Cl+
ethane reaction is exothermic by∼2.7 kcal mol-1 compared to
the endothermic Cl+ methane reaction.21 The present deter-
mination gives 5.51((0.22)× 10-11 cm3 molecule-1 s-1 for
the room temperature rate coefficient. Since many relative rate
studies have used this reaction as a reference, it becomes
extremely important to measure this value as accurately as
possible. As a result, there are many previous studies of this
system. The reviews by Atkinsonet al.22 and DeMoreet al.23

approach a reasonable consensus from these studies for the room
temperature rate coefficient. The rate recommended in the
DeMoreet al. review is 5.69((0.60)× 10-11 cm3 molecule-1

s-1. The value determined in the previous review of Atkinson
et al. has been revised from this same value to 5.9((0.9) ×
10-11 cm3 molecule-1 s-1. Both these values for the rate are
somewhat higher than the present value. However, the error
bars in the reviews easily encompass the present determination.
More recently, Finlayson-Pitts and co-workers24 report a value
of 5.53((0.21)× 10-11 cm3molecule-1 s-1, in good agreement
with the present value. In addition, Lewiset al.33 found the
rate to be 5.48((0.60)× 10-11 cm3 molecule-1 s-1, which is
again in agreement with the current value. Both these other
determinations used the discharge flow/resonance fluorescence
technique, while the present studies use the LP/IRLPA method.
Previous investigations observed the loss of reactants, while we
measure the appearance of products. It is encouraging that these
different experimental approaches yield the same results. From
the most recent studies and the present work, it seems clear
that the room temperature rate is now well established and
suggests a downward revision of the recommended value of
Atkinsonet al.22

The Arrhenius plot for Cl+ ethane over the temperature range
292-800 K is shown in Figure 5 with the rate data given in
Table 1. The data show marked deviation from linearity in the
figure. Although the data are apparently linear with temperature
at the lower region investigated, there is significant departure
as the temperature increases. This departure appears more
dramatic in this temperature range than in the methane data,

although the actual magnitude of the deviation is much smaller,
and is most evident as the temperature increases above 600 K.
Representation of our data by a modified Arrhenius expression,

gives the best fit to the experimental data. Error bars represent
(2σ precision only. This expression is given by the dotted
line in Figure 5. At elevated temperatures the temperature
dependence is dominated by that of the pre-exponential factor.
The temperature dependence of the Cl+ ethane pre-exponential
factor is smaller than that for methane, based on the modified
Arrhenius fits, but in the latter case the temperature dependence
of the rate constant is dominated by the activation energy
throughout the temperature region of this study.
The lower temperature (<600 K) data show little evidence

of the curvature that is prominent in the higher temperature
measurements. A simple Arrhenius expression can be fitted to
the low-temperature data to facilitate comparison to previous
investigations. This fit yields an Arrhenius expression of

where the error bars are(2σ. The fit is represented by the
solid line in Figure 5. In the investigation of Lewiset al.33 a
pre-exponential factor of 9.01((0.48)× 10-11 cm3 molecule-1

s-1 was obtained with an activation energy ofEa/R) 133((15)
K. Their investigation employed the discharge flow/resonance
fluorescence technique and spanned the temperature range 220-
604 K. Clearly, our activation energy agrees well with theirs
in this temperature range. Error bars on the respective pre-
exponential factor determinations also bring both numbers into
agreement. Another determination of this reaction rate coef-
ficient is given in the study by Manning and Kurylo.34 They
employed the flash photolysis/resonance fluorescence technique
from 222 to 322 K. Their pre-exponential factor was reasonably
close to ours with a value of 7.3((1.2)× 10-11 cm3 molecule-1

s-1. Although agreement is poorer than with the Lewis study,

Figure 5. Semilogarithmic Arrhenius plot for the reaction Cl+ ethane.
There is marked deviation from linearity in the Cl+ C2H6 reaction at
temperatures above 600 K. The lower temperature data are fit to a
simple Arrhenius expression (solid line). This fit yields an activation
energy ofEa/R ) 135 K and pre-exponential of 8.6× 10-11 cm3

molecule-1 s-1. A modified Arrhenius fit kC2H6(T) ) 3.4× 10-11 (T/
298)0.7 exp[150 /T] cm3 molecule-1 s-1 is given by the dashed line.
The recommended value of Atkinsonet al. is also shown as the dot-
dashed line for reference.22 Error bars represent(2σ precision only.

kC2H6
(T) ) [3.4((1.4)×
10-11 cm3 molecule-1 s-1](T/298)0.7((0.3) e150((110)/T (5)

kC2H6
(T) ) [8.6(( 0.5)×

10-11 cm3 molecule-1 s-1]e-135((26)/T (6)
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our combined error bars still overlap. However, their activation
energy is onlyEa/R ) 60((44) K, which is much lower than
those of each of these other studies. It is possible that their
limited temperature range was insufficient for an accurate
determination. The Lewis study is the one most often cited for
the absolute determination of these reaction parameters.
The two major review articles on this system by Atkinsonet

al. and DeMoreet al. arrive at identical expressions for the
temperature dependence. Their pre-exponential factor is 7.7
× 10-11 cm3 molecule-1 s-1 with an activation energy ofEa/R
) 90 K. This expression is valid over the temperature region
220-350 K. Both the pre-exponential and activation energy
are slightly lower than those obtained in the present study. In
fact the values lie slightly outside our error estimates. However,
the respective temperature ranges barely overlap. In the
Atkinson review the Arrhenius parameters are modified to 8.2-
((1.2)× 10-11 cm3 molecule-1 s-1 for the pre-exponential and
Ea/R) 100((100) K for the activation energy in the temperature
range 220-600 K. This temperature range is comparable to
that studied here, and the parameters are much closer to those
obtained in the linear region of our Arrhenius plot. The
modified Arrhenius expression, eq 5, which fits the present data,
does not match the previously reported temperature dependence
between 220 and 300 K. A reinvestigation of the temperature
dependence in this region may be warranted.
The curvature in the Cl+ ethane Arrhenius plot only becomes

apparent when data above 600 K are included. We have
undertaken a systematic analysis to determine whether this
curvature could indicate the presence of experimental artifacts
or could arise from contributions of new kinetic channels at
high temperature. One obvious possible complication is thermal
decomposition of the photolyte, which would generate Cl atoms
independently of the photolysis laser and would also become
increasingly important at higher temperature. However, this
phenomenon would not have any direct relationship to the ethane
concentration in the cell and, therefore, would not show up in
the plot of pseudo-first-order rate coefficients vs [C2H6]. The
reaction of this thermal source of Cl with ethane would result
in a steady-state distribution of HCl across the cell and simply
attenuate the IR beam. Thus, the rate should be independent
of this complication. The reaction was also investigated using
the more thermally stable photolyte, CF3Cl, and the less stable
CCl4 precursor, and identical behavior was observed.
Another possibility is radical-radical recombination of the

primary reaction products, whether formed by thermal or
photolytic means. For example, the ethyl radicals produced in
the reaction could combine to formn-butane, although the
principal recombination products are ethane and ethylene. The
n-butane would then react with the Cl atoms. Since the rate
for Cl with n-butane is faster than that with ethane by about a
factor of 4, this would lead to an increase in the apparent rate
for the reaction. The rates obtained at room temperature and
up to 600 K show no indication that this might be occurring. In
fact, the recombination should beless important at higher
temperature, since it is in essence an association reaction
requiring collisional stabilization. However, production of ethyl
radicals by reaction of thermolytically produced Cl atoms will
increase at higher temperatures. But if this were a problem in
the ethane system, it should be overwhelming in the methane
system. The recombination of methyl radicals would result in
the production of ethane, a molecule whose reaction with Cl
atom is500 times faster than that of the primary reactant. The
same level of recombination products that would be necessary
to produce the observed∼12% deviation from linearity in the
ethane system would increase the CH4 measurement by almost

a factor of 15. The rate coefficient for methyl radical
recombination is faster than that for ethyl radical recombination,
further increasing its relative importance. The absence of such
an effect in the methane system is strong evidence that reaction
with secondary or thermally produced products is unimportant
in these measurements.
The increased rate coefficient cannot be attributed to reaction

with the photolyte, leftover reaction products, or impurities in
the either the reagent or buffer gases. Reaction with the
photolyte or products formed in the previous reaction pulse
would only result in a nonzero intercept in the plots of pseudo-
first-order rate coefficients vs [RH], since they do not depend
on the concentration of the primary reactant. In any case, the
photolyte concentration was varied over a factor of 5 without
measurable difference in the rate coefficient. Alternatively, an
unknown impurity in the primary reactant gas could explain a
higher reaction coefficient. However, the impurity must be
extremely reactive to chlorine but also have a steep temperature
dependence for reaction; otherwise, the effect would be evident
at all temperatures, not just above 600 K. The hydrocarbon
impurities in the 99.97% ethane (100 ppm propylene, 200 ppm
propane) are not consistent with such behavior.
Since the possible sources of error are not capable of

explaining the nonlinear Arrhenius behavior in the Cl+ ethane
reaction, we consider whether new kinetic phenomena could
be responsible for the deviation. One possible explanation is
that a new reaction channel opens up between the Cl atom and
ethane at the increased temperatures. The only other available
channel in this reaction is the breaking of the carbon-carbon
bond in ethane. The two possible product pathways for this
bond fission are to CH3Cl + CH3, with ∆H°298 of +6.4 kcal
mol-1 and to CH2Cl + CH4, with ∆H°298of +2.4 kcal mol-1.21
In order to account for the observed behavior in the Arrhenius
plot, the high-temperature process must have an activation
energy of∼5.2 kcal mol-1 and a pre-exponential factor of∼3.5
× 10-10 cm3 molecule-1 s-1. Such an activation energy could
be accommodated by an endothermic reaction channel, such as
that to CH2Cl + CH4. However, it seems implausible that the
pre-exponential factor for the bond fission process is the near-
gas kinetic value needed to explain the Cl+ C2H6 temperature
dependence.35 End product analysis, especially at higher
temperatures, could rule out or confirm carbon-carbon bond
fission. Although the contribution of a competing bond fission
channel cannot be definitely excluded, it seems highly unlikely.
The spin-orbit splitting,∆E, between the2P3/2 ground state

(Cl) and the2P1/2 excited state (Cl*) is 882 cm-1 or ∆E/k )
1269 K. Consequently, there will be an appreciable thermal
population in the excited state at the higher temperatures of this
study. For example, at 800 K approximately 10% of the Cl
atoms are in the excited spin-orbit state. The excited spin-
orbit state does not correlate adiabatically with ground-state
products, so curve crossing to the ground-state surface is
required for reaction. A higher rate coefficient for Cl* than
for Cl with CH4 has been postulated based on the low-
temperature studies of Ravishankara and Wine.25 This hypoth-
esis was rationalized by assuming that the electronic energy in
the Cl* becomes available for overcoming the activation energy
in the Cl+ CH4 reaction. For ethane, the activation barrier is
minimal, so the energetic effect on the reaction may be different.
Fitting the observed ethane temperature dependence by

reaction of thermal Cl* requires values of∼8 × 10-10 cm3

molecule-1 s-1 and∼1200 K for the pre-exponential andEa/R,
respectively. If the electronic energy transfer limits the reaction,
the activation energy for Cl* reaction may simply reflect the
barrier to curve crossing. An activation energy ofEa/R) 1200
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K is reasonable in such a situation. The pre-exponential factor,
however, is unusually large, a factor of 3 or 4 greater than a
normal gas kinetic collision rate. Cross sections for electronic
quenching can be rather large, but it is doubtful that a
pre-exponential of such a size can be accommodated by Cl*
electronic energy transfer. For comparison, the rate coefficient
for Cl [2P1/2] removal by an efficient quencher such as CF2Cl2
is only ∼3.3(( 0.5) × 10-10 cm3 molecule-1 s-1.27 The
contribution of the reaction with Cl* must be considered at
higher temperatures but is unlikely to be responsible for the
curvature in the Cl+ ethane Arrhenius plot.
The temperature dependence of the pre-exponential factor in

the Cl+ C2H6 reaction is smaller than that for Cl+ CH4. The
temperature dependence in the methane reaction is qualitatively
described by transition-state theory calculations. Detailed
calculations of the Cl+ ethane reaction as a function of
temperature would be extremely valuable for determining
whether the observed temperature dependence can be described
by a temperature-dependent transition state for primary hydrogen
abstraction.36 Hydrogen abstraction reactions from ethane by
other radicals, e.g., by CN37 or OH,38 show aTn behavior for
primary hydrogen abstraction withn typically between 1 and
2. However, the more exothermic abstraction of secondary
hydrogens by CN, which shows aT0.5 dependence,37 appears
more similar to the Cl+ ethane reaction. The present
measurements extend to the range where shock-tube techniques
can be applied. Higher temperature data for Cl+ ethane, in
addition to a reinvestigation of the rate coefficients below 300
K, would be valuable for further characterizing this reaction.
Propane. For the reaction of Cl with propane there are two

distinct pathways for reaction, one resulting in formation of the
n-propyl radical and the other in formation of the isopropyl
radical. The present experiment does not discriminate between
these two pathways, and the rate coefficients obtained are the
sum of the two. Primary hydrogen abstraction to yieldn-propyl
and HCl is 2 kcal mol-1 exothermic at 298 K, and secondary
hydrogen abstraction to yield isopropyl and HCl is 4.8 kcal
mol-1 exothermic at 298 K.21 The enhanced exothermicity for
the secondary hydrogen abstraction simply reflects the greater
stability of a secondary carbon radical relative to a primary.
The measured rate coefficient for Cl+ C3H8 is 1.38((0.02)×
10-10 cm3 molecule-1 s-1 at 292 K. The rate coefficient was
not found to change with temperature over the range 292-700
K as shown by the rate data in Table 1 and in Figure 6. The
rate coefficient over the entire temperature range is given by
1.38(( 0.03)× 10-10 cm3 molecule-1 s-1.

There have been relatively few studies of the Cl+ propane
reaction. Of these few, three obtained values for the room
temperature rate coefficient only.24,39,40 These values range from
1.3 × 10-10 to 1.6× 10-10 cm3 molecule-1 s-1. Our room
temperature rate coefficient falls within this range. The most
recent study is that of Finlayson-Pitts and co-workers24 using
the fast flow discharge technique. They obtained a reaction
rate of 1.23((0.10)× 10-10 cm3 molecule-1 s-1 at 298 K. The
review of Atkinsonet al.22 recommends a value of 1.4((0.4)
× 10-10 cm3 molecule-1 s-1, while the recommendation of
DeMoreet al.23 is 1.6((0.6)× 10-10 cm3 molecule-1 s-1. Our
value is lower than the recommended value of DeMoreet al.
but in reasonable agreement with the rate given in the fast flow
discharge determination. Additionally, the value determined in
our LP/IRLPA method is in excellent agreement with that in
the review of Atkinsonet al. These more recent determinations
support the lower value recommended by Atkinsonet al.
There have been only two studies of the temperature

dependence in this system. The first was a relative rate study
in 1955 by Pritchardet al.1 They report a negative activation
energy ofEa/R) -337((100) K between 298 and 484 K. The
only other study was in 1980 by Lewiset al.33 using a discharge
flow/resonance fluorescence technique. Absolute rate coef-
ficients were obtained in the Lewis study at three temperatures
over the 220-607 K temperature range. In their study, they
reported a negative activation energy ofEa/R) -44((50) K.
However, recognizing the limited data set, they gave an
alternative description of the rate as just the mean of the
determined rates. Currently accepted values for this reaction
rate coefficient as given by the reviews of DeMoreet al. and
Atkinsonet al.have reported the negative activation energy of
Lewis et al. In the present study, a larger temperature range
spanning 400 K was covered and no indication of a negative
temperature dependence was found. The present study estab-
lishes the Cl+ propane reaction to be independent of temper-
ature between 292 and 700 K.

Conclusions

Rate coefficients for the reaction of Cl atom with methane
and ethane have been measured between 292 and 800 K and
with propane between 292 and 700 K. The reaction with
methane shows significant curvature on an Arrhenius plot,
confirming earlier transition-state theory calculations. The
reaction with ethane displays a marked deviation from simple
Arrhenius behavior above 600 K, which can be modeled using
aT0.7(0.3 dependence of the pre-exponential. The reaction with
propane is independent of temperature over the range of these
experiments. Further work, especially shock-tube studies, would
be valuable for improving the understanding of the Cl+ C2H6

reaction at high temperatures.
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