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Kinetics of Cl Atom Reactions with Methane, Ethane, and Propane from 292 to 800 K
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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 expressite,(T) = [3.7(732 x 10722 cm® molecule’? s7Y(T/298-6¢:0.)
exp[—385&320)/T] (all error bars aret2¢ precision only). In the temperature range 2820 K the rate
with ethane agrees well with earlier investigations, fitting a simple Arrhenius expreksi(l) = 8.6-
(£0.5) x 1071 exp[~135&26)/T] cm® molecule* s™*. However, as the temperature increases beyond 600
K the Arrhenius plot exhibits significant upward curvature. Over the range-802 K a three-parameter
Arrhenius fit, ke (T) = 3.4E1.4) x 107Y(T/298f 703 exp[1506-110)/T] cm® molecule* s71, models the

experimental data adequately. The rate coefficient for propane is found to be independent of temperature

and equal to 1.38£0.03) x 107° cm?® molecule* s,

Introduction Absolute rate coefficients are obtained in a slow flow reactor

The role of Cl atom in stratospheric ozone depletion has led using pulsed laser photolysis with continuous Wave.infrared Igser
to extensive investigation of its reactivity with atmospheric detection of the HCI react!on product. A novel multipass optical
species over the past several decades. Cl atom destruction offf@ngement allows precise control of the purppobe overlap
the ozone layer proceeds catalytically and would continue and prov_ldes several_meters of usable path Ie_ngth while av0|c_i|ng
unchecked if it were not for competing reactions such as those contrlbu'glons to the signal from the cooler regions of the reaction
with small alkanes, of which methane is the most abundant C€ll- This arrangement may be expected to yield more accurate
atmospherically. The Cl atom reaction also represents a results than a line-of-sight measurement, especially for strongly
significant loss channel for stratospheric methane, which impactstémperature-dependent reactions.
greenhouse gas models. As a result, there have been many The present study extends the previous high-temperature
kinetic studies of the reaction of Cl with methane and ethane limits for these three reactions and provides precise measure-
over the temperature range relevant to atmospheric cherhidtry. ments of the temperature dependence. In the methane system
Another area where Cl reactions are important is the incineration significant curvature is seen in an Arrhenius plot, in qualitative
of current chlorofluorocarbons (CFC) and chemical weapons agreement with the predictions of simple transition-state theory
stockpiles. Cl atoms are also generated during the combustioncalculations.  The ethane system also displays a marked
of chlorinated plastics. In addition, chlorine-containing con- deviation from simple Arrhenius behavior above 600 K.
taminants in more standard combustion systems, such asHowever, the reaction with propane is found to have no
biomass, coal, black liquor, and waste incineration, are respon-temperature dependence over the range-Z9 K.
sible for the production of toxic chlorinated organic species.

Incineration of these species generates free Cl atoms that carExperimental Section
then react with excess fuel. Kinetic information for these

reactions at elevated temperatures is needed for mOdellnghydrocarbon systems are investigated using the laser photolysis/

combustion processes. Since the€ICH; and Cl+ C;Hg . : .
reactions are also widely used as reference reactions in relativeContlnuous wave infrared long-path absorption, LP/CWIRLPA,

8—10 i i
rate studies, highly accurate reference rate coefficients aremrgzhuc;g;)rs bC2|OIZIr|1See dat:XTﬁfn z:elag:rne;ﬁ;e?hgrg?bs%hcﬁgm“t?me
critical &7 High-quality Arrhenius parameters for these reference P yap ’ d

. . . evolution of the HClI reaction product is monitored by absorption
reactions facilitate temperature-dependent relative rate deter-Of a continuous wave (CW) infrared beam. Using a CW probe
minations. Additionally, the extent of deviation from simple . X - Using P!
Arrhenius behavior is important for ascertaining reaction beam allows the fu!l time profile of th? reaction to be optalned
. . . A for each photolysis laser shot. Signal averaging is then
mechanisms, as well as for increasing the reliability of - . . .
. . . . employed to improve signal-to-noise ratios.
parametrized data for use in reaction system modeling. In the N . .
present work we report measurements of Cl atom reaction The_ rise time of the detector use_d to monitor the_IR_absorp_tlon
kinetics with methane and ethane between 292 and 800 K ang2nd diffusion of the probed species out of the viewing region

Technique. Absolute reaction rates of the chloring

with propane between 292 and 700 K. limits the kinetic time constants that can be studied in the LP/
cWIRLPA reactor. The rise time of the InSb detectors used in
" Sandia National Laboratories Postdoctoral Research Associate. these experiments is around 50 ns, but the instrument response
. ! F;'eselm addAeSS: M5Z5‘;' The Aerospace Corporation, PO Box 92457, |imjted by the preamplifier rise time of 200 ns. The diffusion
3 ASt%f,re f(’, svho?g%%?resgohdence should be addressed. time scale for HCl at the 10 Torr pressure of these experiments
® Abstract published ilAdvance ACS Abstract&ebruary 15, 1997. is well over 10 ms. Kinetic time constants in the range a1
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ﬁ Ring Dye Laser

= N N g thus extending the flat temperature profile. Three independent
Smvj V]

e e— \
Torm b“d chromel/alumel, K-type thermocouples are located inside the
Oven 2o 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 systenBs

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

Argon
lon

U infrared radiation for these experiments is generated by differ-
= ArF Excimer ence frequency mixing, DFM, in temperature-tuned LiNbDO
PbSe after a design pioneered by Pite The pump laser is a single

Figure 1. Schematic of the laser photolysis/infrared long-path absorp- frequency argon ion laser operating on the 514.5 nm line.

tion apparatus. The infrared beam from difference frequency mixing Tunable signal laser radiation comes from a ring dye laser

of a CW ring laser and Ar ion laser is incorporated into a Herriott- operating on rhodamine 6G around 607 nm. These lasers are
type multipass cell. This system consists of nine passes with an effectiverendered collinear and sent into the 4 A mm x 50 mm

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 iINDO3 crystal inside a temperature-controlled oven. The oven

is flat and stable. A reference cell is used to tune the infrared beam to iS heated to the necessary temperature to provide correct phase-
the R(3) fundamental transition of the HCI reaction product. matching for maximum IR generation. Typical input powers
are 500 and 600 mW for the argon ion and dye laser,

to'l ms can be accurgtely determined in the present system; inrespectively. Approximately BW of tunable IR power at 3.3
this study all pseudo-first-order decays are at least 10 times the , .. "is obtained with proper focusing of the input beams.

detector rise time, which results in an accurate representation . . . .
P A band-pass filter blocks the residual input laser beams while

of the temporal evolution of the reaction. Losses due to ; ) ; o ;

diffusion are 2-3 orders of magnitude smaller than the pseudo- passmg_the IR beam. This beam is then split into approxmately

first-order rate constants in all experiments equal signal and reference beams. The reference beam is
' subsequently split again with part of the beam going through

The effects of secondary reactions of Cl atoms with reaction HCl ref Il and onto a PbSe detector. The oth i
products, e.g., with ethane produced by recombination of methyl an reterence cell and onto a € detector. The other par
of the reference beam goes through an IR polarizer and band-

radicals from Cl+ methane, are minimized by operating the pass filter and, finally, onto an InSb detector. The power on

reactor under conditions where the reactant mixture is replen-th ¢ detector | trolled by the orientati fthe IR
ished between photolysis pulses. In the present study, thispoelgﬁzee:ence etector s controfled by the orientation ot the

requirement constrains the photolysis laser repetition rate to ) ) ) )
around 2 Hz for typical flow conditions. The measured rate  In the experiments described here, a Herriott-type multipass
coefficients are constant while the photolysis laser pulse energy@Tangement is employed to increase the detection sensftivity.
and photolyte concentration are varied by factors of 5, confirm- This particular arrangement is especially well-suited to the
ing that both side reactions with radicals produced in the Présent application. The Herriott cell uses off-axis paths in a
photolysis and secondary reactions of alkyl radicals products SPherical resonator, which causes the traversing beam to trace
are insignificant in the present experiments. out a circle of spots on each mirror. However, the beam never
Reactor. The flow reactor employed in the present study is Crosses the center of the cell. Instead the beam path maps out
a stainless steel cylindé m long and 50 mm in diameter. Both @ smaller circle in the center of the cell (for identical end mirrors)
ends are sealed using Brewster angle windows ob@aFmm whosg dimensions are readily ca]culable. In the present
thick. Figure 1 is a schematic of the experimental setup. The €xperiments the beams are coupled in and out through uncoated
chlorine photolytic precursor, hydrocarbon reactant, and buffer Sections of the spherical mirrors. The pump beam propagates
gas enter the reactor through a side-arm on the upstream endhrough the uncoated center of each 0pt|C and travels down the
from separate calibrated mass flow controllers. PureGLF  resonator axis. The pumiprobe overlap region is therefore
(99.9%) is used as the photolyte, and the buffer gas is Ar confined to the center of the cell in the region where the diameter
(99.9995%). The pressure in the cell is actively controlled by Of the circle defined by the probe beam path is smaller than the
a throttle valve and a mechanical vacuum pump and monitored diameter of the pump beam. This is in contrast to, for example,
by a capacitance manometer. For a given total flow, the throttle & White cell where the beams cross the center of the cell and
valve is opened or closed under feedback from the capacitanceProbe the entire volume between the end mirrors.
manometer to maintain the desired pressure. In fact, it is not desirable to probe the entire cell volume in
Surrounding the flow reactor's 60 cm long midsection is a these kinetics experiments. There is a temperature gradient
commercial ceramic-fiber heater capable of reaching tempera-established between the 385 cm of controlled temperature
tures in excess of 1200 K. However, the temperature profile region in the cell midsection and the cell ends that are exposed
across this heater is not uniform, with a steep temperature to ambient conditions. Thus, a line-of-sight measurement down
gradient near the edges of the heater. To counteract the heathe cell axis or a White-type multipass arrangement that probes
loss at the ends of the cell/lheater unit, separate homemadehe whole cell volume will contain spurious kinetic information
nichrome wire heaters were installed on both ends, consistingfrom these uncharacterized temperature regions. In the Herriott
of several turns of wire covered with ceramic insulator beads arrangement, on the other hand, the photolysis laser beam
to evenly distribute the heat as well as for electrical insulation diameter can be adjusted so that the overlap with the IR beam
from the stainless steel cell body. These heaters serve to balancés confined to the interior of the reaction cell with an adjustable
the thermal load from heat leakage to the ambient surroundings,and well-quantified linear extent. For the experiments described
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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 .

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 amplifiedx5@nd subtracted in a
differential preamplifier. Subtraction of these matched detectors
reduces the effects of laser amplitude noise. The difference oo | : : : : : |
signal is zeroed with the IR polarizer in the reference beam 400 0 100 200 300 400 500 600
path prior to taking data so that differential absorption is caused Time (us)
only by the product HCI in the flow cell. To aid in tuning the Figure 2. Typical absorption trace of the HCI reaction product vs time
IR wavelength to the correct HCI transition, absorption of the for the reaction Ch propane— HCI + (n,i-)propyl. The solid line is
split and chopped signals through the reference cell is monitored? fit to @ simple exponential rise (eq 1). The small spike at zero time
while the ring dye frequency is tuned. The R(3) line of the is due to noise from the excimer photolysis laser thyratron. This trace
H35CI fundamental vibrational transition is used for absorption 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.
because of the high thermal populationdr= 3. Rotational
relaxation will be rapid compared to the reaction rdfesyen
for high rotational state¥ and the reactions are not sufficiently
exothermic to produce vibrationally excited HCI, ensuring that
the absorption signal is a faithful representation of the HCI 150 —|
population. Signal from the preamplifier is fed into a digital
storage oscilloscope where it is digitized and averaged. The 1ooJ
resulting time trace is transferred to a microcomputer for storage
and analysis.

Specific Kinetic Conditions. Chlorine atoms are generated 50 +
from the 193 nm photolysis of GEl,. The 193 nm beam is
generated by an excimer laser operating on ArF. Fluence at
the cell is kept around-510 mJ pulse! cm™2. At 193 nm the (‘) ; .'; (‘s ,'3 170 1'2 1‘4 1‘6
principal dissociation process yields one chlorine atom while " 5
about 30% of the photons absorbed yield two chlorine attms. [RH] x 10" molecules cm
The absorption at 193 nm is kept below a few percent to provide Figure 3. Typical plot of the measured pseudo-first-order rate
a uniform chlorine atom concentration across the reaction cell. coefficients vs alkane concentration for methane, ethane, and propane

The concentration of the photolyte ¢3 10 molecules cmd) E‘te;?,omuﬁg}%%ragge (292 K). The rate coefficients for methane have

guarantees that the concentration of generated chlorine atomt? din all | than 2% of th do-first-ord
is much less than that of the hydrocarbon reagent, keeping the ound In all cases were [ess than 27 of the pseudo-first-order
rate coefficients, indicating negligible background reactions.

kinetics in the pseudo-first order limit. In addition, the reaction At the hiah  thi dv. th ld .
conditions are selected so that absorption by the HCI product .. t the higher temperatures of this study, thermal decomposi-
is kept below 5% and in the linear regime. tion of the photolytic precursor is a potential problem_. Pho-
The total pressure in the reaction cell was normally held at tolytgs that are attractive because of a large absorption cross
10 Torr with a total gas flow rate of about 900 sccm (standard section, such as Ckand other halogepated methanes, may be
undesirable because of their thermal instabilftyOn the other

cubic centimeter per minute). At this pressure, thermal equili- h
- - and, several thermally stable photolytes such asCCRave
bration of the photolytically produced Cl atoms and the HCI small cross sections at 193 rif.In these studies, GEl, is

e e . 2 used almost oxstely because of 5 good thermal by
typ ’ Y and reasonable cross sectiSnHowever, at the very highest

4 5 3 .
of 7 or 8 (S.X 1(.)1 fo 3 x 1¢f molecule_s cm )'. Figure 2 temperatures, 766800 K, where thermal decomposition may
shows a typical time trace of the absorption profile for the HCI be a problem, CIEl is used for comparison because of its

product from the CH- propane reaction. In these systems, the ; o
production of HCI has the same time behavior as the loss of exceptional thermal stabilig.
Cl. Since [HCI] = [Cl]o — [CI]; from mass balance, [HGlis Results

given by Methane. The reaction CH- CH; — HCI + CHjsiis slightly
_ Gt endothermic wit_h _aAH"zgg of —I—_1.72 _kcal _moTl.Zl The second-
[HCI = [Cl](1 —e ) 1) order rate coefficient determined in this work at 292 K for Cl
+ CHy is 0.97&:0.1) x 10713 cm?® molecule’® s1, where the
The measured HCI time traces are fitted using the functional error bounds aret-2¢ precision only. This value is in good
form of eq 1 to extracky[CnHan+2], where [GHant2] is known agreement with the accepted value of 10 10713 cm?
from the flow conditions and is essentially constant. This molecule’ s~ for the room temperature rate coefficient as given
pseudo-first-order time constant is measured as a function ofby the comprehensive reviews of Atkinsenal 22 and DeMore
[CnH2n+2], and the second-order rate coefficient for the reaction, et al23® In addition, a very recent study by Finlayson-Pitts and
ky, is extracted as the slope of a plot of pseudo-first-order rate co-workerd* using a fast flow discharge with resonance
coefficients vs alkane concentration. A typical plot for each of fluorescence detection gave a value of 0294.04) x 10713
the three reactants is shown in Figure 3. Nonzero interceptscm® molecule’® s71,

Cl+CyH,

Relative [HCI]

L]
200 — C,Hg 292 K

C3Hg

CH, (x50)

K[RH] x 10° s
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precision only, assuming uncorrelated errors in the parameters.
4 Cl+CH, This parametrization of our rate coefficients fits the data to
within experimental precision, witp? = 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 errorgy? = 6.7) by an expression with simply
fixed at 2:

ken,(T) = 8.9(£0.9) x 10 *(T/298Y e *40T  (a)

Rate Coefficient (cm® molecule™ s)

represented by the dotted line in Figure 4. The recommended
value of Atkinsonet al. is also shown for referenéé. The fit
' ' ' ' ' ' ' with n = 2 is more consistent with the thoroughly studied
15 20 25 30 35 40 45 : ! .
10007 (K') 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 ef#%than the

simple Arrhenius expression, eq 2.

Figure 4. Semilogarithmic Arrhenius plot for the reaction €ICH,.
A fit using a simple Arrhenius expressioksn, = 1.8 x 107! exp(—
1580m) cm® molecule® s7%, is given by the solid line. A modified

Arthenius fit, ke (T) = [3.7(*83) x 10712 cn® molecule® s74(T/ Although the reaction endothermicity and room temperature
298y-66:07) g-385¢:3200T s given by the dashed line, and a fit with the ~ rate coefficient are well established, Ravishankara and Wine
temperature exponent held atk;,(T) = 8.9@0.9) x 10-13(T/298% noted in temperature-dependent studies of this reaction, par-
e 50040, is given by the dotted line. The recommended value of ticularly below room temperature, a discrepancy in the measured
Atkinsonet al. is also shpyvn as the detlash line for referenc®& Error rate coefficients depending on the kinetic method and initial
bars represent-2o precision only. reaction mixture condition® The discrepancy was postulated
TABLE 1: Rate Coefficients for the Reactions Cl+ Alkane to be due to incomplete quenching of the excited sjirbit
— HCI + Alkyld state,?Py,, for the Cl atom. In the present studies of the+Cl
temp (K) Ken® Ko Kogs® methane reaction, the concentration of the@fphotolyte 3

x 10 molecules cm?) is sufficient to keep the quenching rate

ggg 2:2?2(?) 55(@) 11_';’88((52)) much _faster than the primary reaction rate (quenching rate
400 3.0(2) 6.03) 1.37(3) coefficient~3.3( 0.5) x 1071°cm?® molecule* s71).27 Thus,

450 6.4(1) a true thermal distribution of spirorbit states for Cl is

500 6.5(4) 6.4(2) 1.37(1) maintained in these experiments. In addition, several measure-
550 6.7(1) ments for all the alkanes have been performed usingCC#s

ggg 12.6(9) 77_'10((1?3) 1.38(2) a ph_otolyte. Because of the extremely small absorpti.o.n Cross
700 18.6(9) 7.6(2) 1.38(3) section of CECI at 1.93 nm, up to 30% photolyte (densmes of
800 30(2) 8.1(7) ~10Y cm3) is used in the reaction mixture to obtain acceptable

2 Units of 10 cn® molecule s, ® Units of 101 cm® molecule? g?nfﬂ levels. f]‘.ssummg a %I.JenChmg rate Slmlliglt__io thalt aF CF
sL cUnits of 102 cm® molecule! s 9The numbers in the 20 € quenching rate at this Cc_)ncemrat'on of . s at least
parentheses indicate experimental uncertainte&d precision only) 10° times faster than the reaction rate. Changing photolytes
in the last digit. had no effect on the determined rate coefficients. Finally,

Bersohn and co-worket®measured the branching fraction for

An Arrhenius plot for the CH- methane reaction from 292 production of CI2Py, from CF.Cl, at 193 nm. The excited
to 800 K is shown in Figure 4, and the rate data are shown in spin—orbit state was found to contribute less than 5% of the ClI
Table 1. A standard Arrhenius form can be fitted to the data, produced. Thus, nonthermal populations of excited-state chlo-
which is represented by the solid line in Figure 4. A simple rine atoms do not make a significant contribution to the overall
Arrhenius fit to the temperature dependence of the rate coef-rate coefficient in the present measurements.

ficient, k = A e &R, gives There have been many previous investigations of the tem-

perature dependence of this reaction. However, this study

Ken, = [1.8(£0.6) x extends the high-temperature limit for an absolute rate deter-
107 e moleculé™® s o 1580(E150)T @) mination. Whytocket al. obtained absolute rate coefficients

from 299 to 500 K using the flash photolysis/resonance
fluorescence techniqufé. They reported a value of 180.28)

x 10711 cm® molecule® s~ for the pre-exponential factor, well
within the error bars of the present determination. They
determined the activation energy to B§R = 1545(46) K,
hich is within the error bounds of the mean activation energy

where the+20 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 dat¥

can be fit by a modified Arrhenius expressidn= A (T/298Y in the present study. In fact, most qf the previous investigations
e ERT. This yields that covered a temperature range similar to the one covered here
obtain Arrhenius parameters similar to those of eq 2. Of these
ke (T) = [3 7(+8.§) % investigations, the highest temperature for which an absolute
H T2 rate was measured is 686 K in the 1973 study of Clghal 30
10 B em® molecule? 5*1](T/298)2-6(i0-7) g 385(320)T (3) Although their pre-exponential was about a factor of 2 larger

than in eq 2, the activation energy BfR = 1791¢36) K is
where the temperature dependence of the pre-exponential factoonly slightly outside our error bounds. Fits obtained in the lower
is taken as an independent parameter. Error bars repee2ent temperature studies are reasonably accurate when extrapolated
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to the higher temperatures of this investigation, with an
extrapolation of the Arrhenius expression of Whytaekal.
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 €ICH,4 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 Zahnizet al.?® who report the
expressiorkcp,(T) = 1.43 x 107 14T/298Y11 exp(—795/T) cm?
molecule! s, which is in good agreement with the present
measurements at higher temperatures. Why&tek. reported
a three-parameter fit to the rate coefficient over the temperature

Cl + C,H,

8

5x107"

Rate Coefficient (cm® molecule™ s™)

T f T I I I T

range 206-500 K, yielding 8.3x 10713(T/298)> exp(—608/ 15 20 25 30 35 40 45
T),2% also in reasonable agreement with the present measure- 1000/T (K™)
ments. The temperature dependence of £ICH; was Figure 5. Semilogarithmic Arrhenius plot for the reaction €lethane.

calculated by Heneghaet al. using thermodynamic transition-  There is marked deviation from linearity in the €IC,He reaction at
state theory (TST) method. Their estimate of the temperature- temperatures above 600 K. The lower temperature data are fit to a
dependent rates is in qualitative agreement with the presentSimPle Arfrgjglu_s elxspsre;smr:j(sohd line). Trtl_lslfltfyggsl?pl?ct:\r/suon
results, although it sigqificantly overpredicts the curvature (and ﬁqnoelg%lgl ut) ; modifiedag\rrhperﬁiﬁ;( ?i(t) Té:i% °: 3.4 x 1(TllC(T/
hence the rate coefficient) above500 K. The current study  298p7 exp[150 ] cm?® molecule® s is given by the dashed line.
offers experimental measurements that can be used to validaterhe recommended value of Atkinset al. is also shown as the det
calculations of the rate coefficient at higher temperatures. dashed line for referenéé.Error bars represent2o precision only.

Ethane. The CI atom reaction with ethane can be expected . o
. although the actual magnitude of the deviation is much smaller,
to be faster than with methane because of the greater number_ "~ ™. ; .
. o and is most evident as the temperature increases above 600 K.
of hydrogens and lower €H bond strength in ethan®§ =

99.5 kcal mot vs 103.3 kcal mol* for methane}? The Cl+ Representation of our data by a modified Arrhenius expression,

ethane reaction is exothermic by2.7 kcal mof! compared to —
the endothermic Ck methane reactioft. The present deter- kCZHG(T) [3-4(£1.4) x

mination gives 5.510.22) x 10~ cm® molecule® st for 10 ** cm® molecule® s ](T/298f 7409 01O (5

the room temperature rate coefficient. Since many relative rate

studies have used this reaction as a reference, it becomegives the best fit to the experimental data. Error bars represent
extremely important to measure this value as accurately as+2¢ precision only. This expression is given by the dotted
possible. As a result, there are many previous studies of thisline in Figure 5. At elevated temperatures the temperature
system. The reviews by Atkinsaet al22 and DeMoreet al 23 dependence is dominated by that of the pre-exponential factor.
approach a reasonable consensus from these studies for the rooffihe temperature dependence of thetGthane pre-exponential
temperature rate coefficient. The rate recommended in thefactor is smaller than that for methane, based on the modified

DeMoreet al. review is 5.6940.60) x 10~ cm® molecule™ Arrhenius fits, but in the latter case the temperature dependence
s 1. The value determined in the previous review of Atkinson of the rate constant is dominated by the activation energy
et al. has been revised from this same value to 5®0) x throughout the temperature region of this study.

10711 cm® molecule! s71. Both these values for the rate are The lower temperature<600 K) data show little evidence
somewhat higher than the present value. However, the errorof the curvature that is prominent in the higher temperature
bars in the reviews easily encompass the present determinationmeasurements. A simple Arrhenius expression can be fitted to
More recently, Finlayson-Pitts and co-work&neport a value the low-temperature data to facilitate comparison to previous
of 5.53@0.21) x 10~ cm® molecule’l s71, in good agreement  investigations. This fit yields an Arrhenius expression of
with the present value. In addition, Lewét al33 found the
rate to be 5.48£0.60) x 10~ cm® molecule’ s7%, which is  Ke,n (T) =[8.6(% 0.5) x
again in agreement with t_he current value. Both these other 10 e molecule S—l]e—lssetze)/r (6)
determinations used the discharge flow/resonance fluorescence
technique, while the present studies use the LP/IRLPA method. yhere the error bars ar¢20. The fit is represented by the
Previous investigations observed the loss of reactants, while wegg|id line in Figure 5. In the investigation of Lewi al33 a
measure the appearance of products. Itis encouraging that thesgre-exponential factor of 9.040.48) x 10~ cm? molecule'?
different experimental approaches yield the same results. Froms-1as obtained with an activation energy®fR = 133(:15)
the most recent studies and the present work, it seems cleak, Their investigation employed the discharge flow/resonance
that the room temperature rate is now well established and fiyorescence technique and spanned the temperature range 220
suggests a downward revision of the recommended value ofgo4 K. Clearly, our activation energy agrees well with theirs
Atkinson et al?? in this temperature range. Error bars on the respective pre-
The Arrhenius plot for Ch ethane over the temperature range exponential factor determinations also bring both numbers into
292-800 K is shown in Figure 5 with the rate data given in agreement. Another determination of this reaction rate coef-
Table 1. The data show marked deviation from linearity in the ficient is given in the study by Manning and Kuryt. They
figure. Although the data are apparently linear with temperature employed the flash photolysis/resonance fluorescence technique
at the lower region investigated, there is significant departure from 222 to 322 K. Their pre-exponential factor was reasonably
as the temperature increases. This departure appears morelose to ours with a value of 78(.2) x 10~ cm?® molecule™!
dramatic in this temperature range than in the methane data,s™1. Although agreement is poorer than with the Lewis study,
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our combined error bars still overlap. However, their activation a factor of 15. The rate coefficient for methyl radical
energy is onlyEy/R = 60(+44) K, which is much lower than  recombination is faster than that for ethyl radical recombination,
those of each of these other studies. It is possible that theirfurther increasing its relative importance. The absence of such
limited temperature range was insufficient for an accurate an effect in the methane system is strong evidence that reaction
determination. The Lewis study is the one most often cited for with secondary or thermally produced products is unimportant
the absolute determination of these reaction parameters. in these measurements.

The two major review articles on this system by Atkingin The increased rate coefficient cannot be attributed to reaction
al. and DeMoreet al. arrive at identical expressions for the with the photolyte, leftover reaction products, or impurities in
temperature dependence. Their pre-exponential factor is 7.7the either the reagent or buffer gases. Reaction with the
x 1071 cm?® molecule® s~ with an activation energy dE/R photolyte or products formed in the previous reaction pulse
= 90 K. This expression is valid over the temperature region would only result in a nonzero intercept in the plots of pseudo-
220-350 K. Both the pre-exponential and activation energy first-order rate coefficients vs [RH], since they do not depend
are slightly lower than those obtained in the present study. In on the concentration of the primary reactant. In any case, the
fact the values lie slightly outside our error estimates. However, photolyte concentration was varied over a factor of 5 without
the respective temperature ranges barely overlap. In themeasurable difference in the rate coefficient. Alternatively, an
Atkinson review the Arrhenius parameters are modified to 8.2- unknown impurity in the primary reactant gas could explain a
(£1.2) x 10" cm® molecule! s~1 for the pre-exponential and  higher reaction coefficient. However, the impurity must be
E/R= 100(100) K for the activation energy in the temperature extremely reactive to chlorine but also have a steep temperature
range 226-600 K. This temperature range is comparable to dependence for reaction; otherwise, the effect would be evident
that studied here, and the parameters are much closer to thosat all temperatures, not just above 600 K. The hydrocarbon
obtained in the linear region of our Arrhenius plot. The impurities in the 99.97% ethane (100 ppm propylene, 200 ppm
modified Arrhenius expression, eq 5, which fits the present data, propane) are not consistent with such behavior.
does not match the previously reported temperature dependence Since the possible sources of error are not capable of
between 220 and 300 K. A reinvestigation of the temperature explaining the nonlinear Arrhenius behavior in the4Céthane
dependence in this region may be warranted. reaction, we consider whether new kinetic phenomena could

The curvature in the Gt ethane Arrhenius plot only becomes be responsible for the deviation. One possible explanation is
apparent when data above 600 K are included. We havethat a new reaction channel opens up between the Cl atom and
undertaken a systematic analysis to determine whether thisethane at the increased temperatures. The only other available
curvature could indicate the presence of experimental artifacts channel in this reaction is the breaking of the carboarbon
or could arise from contributions of new kinetic channels at bond in ethane. The two possible product pathways for this
high temperature. One obvious possible complication is thermal bond fission are to CkCl + CHs, with AH®xgg of +6.4 kcal
decomposition of the photolyte, which would generate Cl atoms mol~* and to CHCI + CHj, with AH®,gg of +2.4 kcal mot 1.2
independently of the photolysis laser and would also become In order to account for the observed behavior in the Arrhenius
increasingly important at higher temperature. However, this plot, the high-temperature process must have an activation
phenomenon would not have any direct relationship to the ethaneenergy of~5.2 kcal mot?! and a pre-exponential factor 613.5
concentration in the cell and, therefore, would not show up in x 1072 cm?® molecule* s™1. Such an activation energy could
the plot of pseudo-first-order rate coefficients vsiftg]. The be accommodated by an endothermic reaction channel, such as
reaction of this thermal source of Cl with ethane would result that to CHCI + CH.. However, it seems implausible that the
in a steady-state distribution of HCI across the cell and simply pre-exponential factor for the bond fission process is the near-
attenuate the IR beam. Thus, the rate should be independengas kinetic value needed to explain the-€C,Hs temperature
of this complication. The reaction was also investigated using dependencé& End product analysis, especially at higher
the more thermally stable photolyte, §(F, and the less stable  temperatures, could rule out or confirm carbaarbon bond
CCl, precursor, and identical behavior was observed. fission. Although the contribution of a competing bond fission

Another possibility is radicatradical recombination of the channel cannot be definitely excluded, it seems highly unlikely.
primary reaction products, whether formed by thermal or  The spin-orbit splitting, AE, between théPs/, ground state
photolytic means. For example, the ethyl radicals produced in (Cl) and the?Py, excited state (CI*) is 882 cnt or AE/k =
the reaction could combine to formbutane, although the 1269 K. Consequently, there will be an appreciable thermal
principal recombination products are ethane and ethylene. Thepopulation in the excited state at the higher temperatures of this
n-butane would then react with the Cl atoms. Since the rate study. For example, at 800 K approximately 10% of the Cl
for Cl with n-butane is faster than that with ethane by about a atoms are in the excited spiwrbit state. The excited spin
factor of 4, this would lead to an increase in the apparent rate orbit state does not correlate adiabatically with ground-state
for the reaction. The rates obtained at room temperature andproducts, so curve crossing to the ground-state surface is
up to 600 K show no indication that this might be occurring. In required for reaction. A higher rate coefficient for CI* than
fact, the recombination should Hess important at higher ~ for Cl with CH, has been postulated based on the low-
temperature, since it is in essence an association reactiontemperature studies of Ravishankara and V#n&his hypoth-
requiring collisional stabilization. However, production of ethyl €sis was rationalized by assuming that the electronic energy in
radicals by reaction of thermolytically produced Cl atoms will the CI* becomes available for overcoming the activation energy
increase at higher temperatures. But if this were a problem in in the Cl+ CHa reaction. For ethane, the activation barrier is
the ethane system, it should be overwhelming in the methaneminimal, so the energetic effect on the reaction may be different.
system. The recombination of methyl radicals would resultin  Fitting the observed ethane temperature dependence by
the production of ethane, a molecule whose reaction with Cl reaction of thermal ClI* requires values of8 x 10710 cm?
atom is500times faster than that of the primary reactant. The molecule? s~ and~1200 K for the pre-exponential arey/R,
same level of recombination products that would be necessaryrespectively. If the electronic energy transfer limits the reaction,
to produce the observed12% deviation from linearity in the  the activation energy for CI* reaction may simply reflect the
ethane system would increase the {hkasurement by almost  barrier to curve crossing. An activation energyefR = 1200
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Figure 6. Temperature dependence of thedCpropane reaction. The
rate coefficient is 1.38¢ 0.3) x 1071° cm?® molecule s™* between
292 and 700 K.

J. Phys. Chem. A, Vol. 101, No. 10, 1991879

There have been relatively few studies of thetCpropane
reaction. Of these few, three obtained values for the room
temperature rate coefficient o390 These values range from
1.3 x 1070to0 1.6 x 10710 cm® molecule? s71. Our room
temperature rate coefficient falls within this range. The most
recent study is that of Finlayson-Pitts and co-worketsing
the fast flow discharge technique. They obtained a reaction
rate of 1.234-0.10) x 10719 cm® molecule’l s™t at 298 K. The
review of Atkinsonet al22 recommends a value of 1:40.4)

x 10710 cm?® molecule® s, while the recommendation of
DeMoreet al?3is 1.6(0.6) x 10719 cm? molecule* s™%. Our
value is lower than the recommended value of DeMetral.

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 Atkinsoret al. These more recent determinations
support the lower value recommended by Atkinsdral.

There have been only two studies of the temperature
dependence in this system. The first was a relative rate study
in 1955 by Pritcharcet al! They report a negative activation

K is reasonable in such a situation. The pre-exponential factor, energy ofE/R = —337(100) K between 298 and 484 K. The
however, is unusually large, a factor of 3 or 4 greater than a only other study was in 1980 by Lewés al33 using a discharge
normal gas kinetic collision rate. Cross sections for electronic flow/resonance fluorescence technique. Absolute rate coef-
quenching can be rather large, but it is doubtful that a ficients were obtained in the Lewis study at three temperatures
pre-exponential of such a size can be accommodated by CI*gver the 226-607 K temperature range. In their study, they
electronic energy transfer. For comparison, the rate coefficient reported a negative activation energyEfR = —44(+50) K.

for Cl [2Py5] removal by an efficient quencher such as,Ck
is only ~3.3& 0.5) x 1071 cm® molecule! s71.27 The
contribution of the reaction with CI* must be considered at

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

higher temperatures but is unlikely to be reSponSible for the rate coefficient as given by the reviews of DeMateal. and

curvature in the CH- ethane Arrhenius plot.

Atkinsonet al. have reported the negative activation energy of

The temperature dependence of the pre-exponential factor in_ewis et al. In the present study, a larger temperature range

the Cl+ C,Hg reaction is smaller than that for @ CHs. The

spanning 400 K was covered and no indication of a negative

temperature dependence in the methane reaction is qU&”tatiVElMemperature dependence was found. The present Study estab-
described by transition-state theory calculations. Detailed |ishes the CH propane reaction to be independent of temper-

calculations of the CH ethane reaction as a function of
temperature would be extremely valuable for determining

ature between 292 and 700 K.

whether the observed temperature dependence can be describedonclusions
by a temperature-dependent transition state for primary hydrogen

abstractior?® Hydrogen abstraction reactions from ethane by
other radicals, e.g., by Clor OH28 show aT" behavior for
primary hydrogen abstraction with typically between 1 and

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

2. However, the more exothermic abstraction of secondary methane shows significant curvature on an Arrhenius plot,

hydrogens by CN, which shows®-5 dependenc®’, appears
more similar to the CI+ ethane reaction. The present

confirming earlier transition-state theory calculations. The
reaction with ethane displays a marked deviation from simple

measurements extend to the range where shock-tube techniquedThenius behavior above 600 K, which can be modeled using

can be applied. Higher temperature data for4Cethane, 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

aTo- ™03 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 thetCC;Hg
reaction at high temperatures.

radical. The present experiment does not discriminate between Acknowledgment. The authors thank Richard Jennings for
these two pathways, and the rate coefficients obtained are thehis expert technical assistance in the development of the

sum of the two. Primary hydrogen abstraction to yieldropyl
and HCl is 2 kcal moi! exothermic at 298 K, and secondary
hydrogen abstraction to yield isopropyl and HCI is 4.8 kcal
mol~! exothermic at 298 K! The enhanced exothermicity for
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K as shown by the rate data in Table 1 and in Figure 6. The
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