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The CC} + CHs; (1) cross-radical reaction was studied by laser photolysis/photoionization mass spectroscopy.
Overall rate constants were obtained in direct real-time experiments in the temperature regi@d366

and bath gas (helium) density region{B2) x 10 atoms cm?®. The observed rate constant of reaction 1 is
independent of temperature and equal to (206.30) x 10" cm?® molecule® s™1. Formation of GH,Cl,

and GHsCl, was detected; however, only theHGCl, radical can be identified as a product of reaction 1 on

the basis of the experimental information since the contribution of reaction 1 to the signafgflCcould

not be separated from that of the reaction of £@th CH; (CCl, being a minor product of photolysis of all
precursors of CGlused). The experimental values of the rate constant are in reasonable agreement with the
prediction based on the “geometric mean rule”. A separate experimental attempt to determine the rate constant
of the high-temperature CECH O, (10) reaction resulted in the upper limitkab < 3.0 x 10716 cm?® molecule®

s 1 at 800 K.

I. Introduction mass product formation (including toxic byproducts) in the
combustion and pyrolysis of chlorinated hydrocarbons. Despite
the great importance and sensitivity of these reactions, almost
no experimental information on them is available in the
literature. The only experimental study of one reaction of this
class is that of Garland and Bay®&¥, who used the laser
photolysis/photoionization mass spectrometry technique to
investigate several radicatadical reactions at room temperature
and low pressures (4 Torr). Their attempt to determine the rate
constant of the reaction

Radicat-radical cross-combination reactions constitute an
integral part of the overall mechanisms of oxidation and
pyrolysis of hydrocarbons? Radicat-radical reactions involv-
ing chlorinated methyl radicals are of particular importance in
the mechanisms of combustion of chlorinated hydrocarbons.
When compared to nonchlorinated radicals, chlorinated methyl
radicals are characterized by increased kinetic stability in the
combustion environment due to weaker-O bonds in the
peroxy adducts which are formed by the addition of the radical
to the @ molecule (ref 3 and references therein). These weaker CCl, + CH, — products (1)
C—0 bonds favor decomposition to,Gnd the chlorinated
methyl radical as opposed to further transformations of the in argon bath gas resulted in an upper limitkpf< 6 x 10712
adduct. Since high-temperature reactions between chloromethylcm? molecule? s72.
radicals and @are thus relatively slow, these radicals tend to In general, reliable rate and branching data on rasicaical
accumulate in higher concentrations in flames, resulting in a reactions are sparse as these reactions are difficult to study
greater importance of their reactions with other open-shell experimentally due to the high reactivity of the chemical species
species, such as O, OH, hydrocarbon radicals, and H gtoms. involved. Due to the lack of directly obtained experimental

In processes of oxidation and pyrolysis of pure chlorinated values, rate constants of cross-combination reactions are often
methanes, the reactions between chlorinated methyl radicals arestimated using the “geometric mean rulé%:1?
the only pathways to higher molecular mass products s,
etc.). In more complex systems involving oxidation of mixtures Kag = 2(KapKeg) ™ 0]
of methane/chlorinated methane (for example ,Cl{CH4/O,/

Ar mixtures), reactions between chlorinated methyl radicals (Here, kag is the rate constant of the A B reaction antkaa

and CH become important and play the same role in molecular andkgs are the rate constants of the-AA and B + B self-
mass growtt=7 It was proposed by Granada et®ahat the reactions, respectively.) Validation of the geometric mean rule,
rapid rates of these reactions can be used to purposefullyhowever, is also problematic for the same reason, i.e., a deficit
promote formation of valuable products such as ethylene, Of directly obtained experimental rate constant values.
acetylene, and vinyl chloride in the chlorine-catalyzed oxidative ~ The upper limit ofk, reported by Garland and Bayes seems

pyrolysis of methane. to violate the geometric mean rule. Combination of the room-
Reliable knowledge of the rate constants of the chloromethyl temperature high-pressure-limit rates of the reactions
+ CHjs reactions is needed to accurately predict high-molecular- CCl, + CCl,— C,Clg )
cu;;gu\{mom correspondence should be addressed. E-mail: knyazev@ CHS + CHS—’ C2H6 (3)
T Current address: Biodynamics Institute, Louisiana State University,
711 Choppin Hall, Baton Rouge, LA 70803. (k2°(298 K) = 3.3 x 1071213 andkz”(298 K) = 5.8 x 1071

10.1021/jp027335i CCC: $25.00 © 2003 American Chemical Society
Published on Web 07/31/2003



Kinetics of the CG + CH3; Radical-Radical Reaction J. Phys. Chem. A, Vol. 107, No. 34, 200859

cm® molecule’® s71 14) results in the prediction df; ~ 2.8 x conditions similar to those used in the current work. Photolysis
10 cm® molecule’? s71, a much larger value than the upper channels 4b and 4c
limit of 6 x 10712 cm® molecule® s of refs 9 and 10.

In the current study, we report the results of an experi- CHSC(O)CHstCI—g+ Cco (4a)
mental investigation of reaction 1, that of the trichloromethyl
(CCly) radical with CH. Reaction 1 was studied by means of — H+ CH,C(O)CH, (4b)
laser photolysis/photoionization mass spectrometry at low bath
PhOTolysISP P y — CH, + CH,CO (4c)

gas densities ([He (3—12) x 10% atoms cm?®) in the
306-800 K temperature range. Overall rate constants were
obtained in direct experiments by monitoring the real-time
kinetics of both CGE and the CH radical. In a separate
experimental investigation of the high-temperature reaction
between CGland Q, an upper limit of the rate constant was
obtained at 800 K.

This paper is organized as follows. Section | is an introduc-
tion. Section Il presents the experimental method and the results
A discussion is given in section Ill.

are knowid! to occur to a minor degrees3% and <2%,
respectively. The initial concentration of Gkadicals produced
by the photolysis can thus be determined by measuring the
photolytic depletion of CHC(O)CH, i.e., the fraction of acetone
decomposed due to photolysis (see below).

Photolysis of three different precursors (perchloroacetone,
carbon tetrachloride, and chloropicrin) was used to produce CCI
radicals:

193 nm

(CCly),CO——2CCLL + CO (5a)
Il. Experimental Section
— CCl, + other products (5b)
In this section, the experimental apparatus used is described .
and the photolysis routes of the free radical precursors are other products (5¢)
characterized. The method of determination of rate constants 193 nm
and the associated kinetic mechanism is explained next, fol- ccl, CCl; +Cl (6a)
lowed by a descri_ption of the exper?mental procedure used and — CCl, + 2Cl (6b)
that of the experimental results. Finally, a short study of the
high-temperature reaction between €@hd Q, which re- — other products (6¢)
sulted in an upper limit of the rate constant at 800 K, is 163
presented. CCLNO, —> CCl, + NO, (7a)
Il.1. Apparatus. Details of the experimental apparattiand
method®18 have been described previously. Only a brief — CCl, + other products (7b)
description is presented here. Pulsed 193 nm unfocused col- — other products (70)

limated radiation from a Lambda Physik 201 MSC ArF excimer
laser was directed along the axis of a 50 cm |0ng 1.05cmi.d. All three precursors of CGlalso produced CGlas a side

heatable tubular quartz reactor coated with boron o¥dene photolytic product.

laser was operated at 4 Hz; the energy flux of the laser radiation  Radical precursors were obtained from Aldrich (acetone
inside the reactor was in the range of11 mJ pulse! cm2 (>99.9%), perchloroacetone>09%), carbon tetrachloride
depending on the degree of laser beam attenuation. (>99.9%), and chloropicrin X98%)) and were purified by

Gas flowing through the tube at4 m s! (to replace the  vacuum distillation prior to use. Heliun»©9.999%,<1.5 ppm
photolyzed gas with a fresh reactant gas mixture between theO,, MG Industries) was used without further purification.
laser pulses) contained free radical precursors in low concentra- |1.3. Method of Determination of Rate Constants.CHsz and
tions and the bath gas, helium. The gas was continuously CCl; radicals were produced simultaneously by the 193 nm
sampled through a 0.04 cm diameter tapered hole in the wall photolysis of a mixture of corresponding precursors highly
of the reactor (gas-sampling orifice) and formed into a beam diluted in the helium carrier gas>09.7%). Rate constant
by a conical skimmer before it entered the vacuum chamber measurements were performed using a technique analogous to
containing the photoionization mass spectrometer. As the gasthat applied by Niiranen and Gutman to the studies of the; SiH
beam traversed the ion source, a portion was photoionized using+ CHs and Si(CH)s + CHjs kinetics22 and used by us recently
an atomic resonance lamp, mass selected in an EXTRELto study the kinetics of the reactions of vinyl, allyl, propargyl,
quadrupole mass filter, and detected by a Daly deté€tor. ethyl, n-C3H;, andn-C,Hg radicals with CH.16-18 Experimental
Temporal ion signal profiles were recorded from 10 to 30 ms conditions (in particular, the two precursor concentrations) were
before each laser pulse to 435 ms following the pulse  selected to create a large excess of initial concentrations of
by using a multichannel scaler. Typically, data from 500  methyl radicals over the total combined concentration of all the
10000 repetitions of the experiment were accumulated before remaining radicals formed in the system. The initial concentra-
the data were analyzed. The sources of ionizing radiation weretion of methyl radicals was 117 times higher than that of
chlorine (8.9-9.1 eV, Cak window, used to detect C&€and CCl. The concentration of Cglwas always less than 1.8
C2HsClp), hydrogen (10.2 eV, MgFwindow, used to detect  10'* molecules cm®. Under these conditions, the self-
CHs, CH:Clz, (CH3)2CO, and CGJ), and argon (11.611.9 eV, recombination of methyl radicals was essentially unperturbed
LiF window, used in an attempt to detect gECl;) resonance by the presence of other radicals. At the same time, the kinetics
lamps. of CCl; decay was completely determined by the reaction with

11.2. Photolysis of Radical Precursors. Radicals were CHs and unaffected either by self-reaction or by reactions with
produced by the 193 nm photolysis of corresponding precursors.other active species formed in the system, such as the side
The photolysis of acetone at 193 nm, which was used in this products of precursor photolysis.
study as the source of methyl radicals, was shown by Lightfoot Heterogeneous loss was the only additional sink of methyl
et al?! to proceed predominantly-@5%) via channel 4a under  and CCj} radicals that had to be taken into account. Thus, the
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kinetic mechanism of the important loss processes of &l
CClz in these experiments is as follows:

CCl,; + CH; — products (1)
CH, + CH; — C,H, (3)
CCl; — heterogeneous loss (8)
CH; — heterogeneous loss 9)

For this mechanism with the initial conditions described above,
the system of first-order differential equations can be solved
analytically:

[CHy, _ k exp(—Kqt) n
[CHaly  2K[CHAIo(1 — exp(kgt)) + kg
[CCly,
[CCly
kg ka[CH3] o/2ks[CH3] o
exp(—kgt)

2k[CHA (L — exp(kyD) + kg
(1)

Experimental signal profiles of CGHand CC} radicals (see
the Procedure subsection below) were fitted with eqs Il and
I, respectively, to obtain the values of theg[CH3]p and the
ki[CH3]o products. The; rate constants were then obtained by
dividing the experimentad[CHj3]o values by [CH]o determined

by measuring the photolytic depletion of acetone (see below).

An important feature of this method is that exact knowledge of
the initial concentration of C@lis not required for the

determination of the rate constants. In this respect, the approac

is similar to the pseudo-first-order method frequently applied
to studies of kinetics of second-order reactions.
I1.4. Procedure. In experiments with only one of the radical

precursors present in the reactor under conditions where

radical-radical reactions are negligible (low precursor concen-
tration and/or low laser intensity), the radical kinetics @i
CCl3) was that of purely exponential decay. The rate of the
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C,H.Cl,

Signal intensity /arbitrary units

10
t/ms

Figure 1. Example of a temporal ion signal profile of GGibtained
in the experiments to measWg Insets: profiles of Chl CH;C(O)CH;,
C;H,Cl,, and GH3Cl, obtained in the same experimeifit= 800 K,
[He] = 1.20 x 10* atoms cm?, and [CCC(O)CCh] = 4.6 x 10,
[CH3C(O)CHs] = 3.35 x 103, [CCl3]o < 8.8 x 10 and [CHy]o =
5.82 x 10 molecules cmd.

accurately measured; therefore, [glghalues were estimated
from the magnitudes of the C&lion signals.

The procedure of determination of the GC+ CHs rate
constants for each set of experimental conditions consisted of
the following sequence of measurements.

(1) Kinetics of heterogeneous loss of GQletermination of
ks). Only the CC} radical precursor is present in the reactor
(along with the helium carrier gas, which is always present).

(2) Decomposition ratio of (C@J,CO (determination of an

fpper limit of [CCE]o). This step was not present in experiments

where CCJ or CCENO, was used as a precursor of GClI

(3) Kinetics of heterogeneous loss of €fdetermination of
ko). Only acetone is in the reactor. The photolyzing laser beam
is significantly attenuated to provide low Gldoncentrations.

(4) Decomposition ratio of acetone (determination of f{gH
Both radical precursors are in the reactor from here to step 6.
Low or no attenuation of the laser beam is used (highs CH

decay did not depend on the concentration of the precursor orconcentrations) from here to step 6.

the laser intensity but was affected by the wall conditions of

(5) Kinetics of methyl radical decay (determination of the

the reactor (such as coating and history of exposure to reactiveks[CHzlo product). . .
mixtures). This decay was attributed to heterogeneous loss (6) Kinetics of CCk radical decay in the presence of methyl
processes. The rate constants of heterogeneous loss of methyRrdicals (determination of thie[CHs]o product ancky).

(ko) and CC} (kg) radicals were determined in separate sets of

Measurements 4 and 5 were repeated in reverse order after

measurements. The radical wall loss rates were in the rangethe kinetics of CQ radicals in the presence of methyl radicals
0—15 s and were minor compared to the rates of radical decay was monitored to ensure the stability of initial concentrations

due to reactions 1 and 3.
In the experiments to measure the €€l CHjz reaction rate

of CHs. The stability of the heterogeneous loss rate constants
during the set of measurements was also checked experimen-

constants, the initial (high) concentration of methyl radicals was tally.

determined by measuring the photolytic depletion of acetone

Typical temporal profiles of [CEC(O)CHs] (photolytic

(the fraction of acetone decomposed due to photolysis). The precursor of CH radicals), [CH], and [CCE] are shown in
value of the decomposition ratio (the relative decrease in the Figure 1. The lines through the experimental ELEind [CCE]

precursor concentration upon photolysis) was obtained from thevs time profiles are obtained from fits of these dependences
acetone ion signal profile (typical profiles are shown in Figure with expressions Il and lll, respectively. In each experiment
1). In experiments where perchloroacetone was used as thgconsisting of the set of measurements described above), the
photolytic precursor of CG]Jinitial concentrations of CGlwere value of theks[CHg3)o product was obtained from the fit of the
evaluated by monitoring its photolytic depletion. Since products [CHg] vs time dependence (measured in step 5) using the value
other than CGlwere also produced in the photolysis (reaction of kg (wall loss of CH) determined in step 3. Then the value

5), only upper limit values to the concentration of @Cbuld
be obtained. In experiments with the GG@Ind the CGINO,

of thek;[CH3]o product was obtained from the fit of the [GTI
vs time dependence using thg, kg, and ks[CH3]o values

precursors, the extent of photolytic depletion was too low to be obtained in steps 1, 3, and 5, respectively. Finally, the value of
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TABLE 1: Conditions and Results of Experiments To Determine the Rate Constantg; of the CCl; + CH3 Reaction

TIK [He]a [prec}’ [CgHeO]b [CCI3] ob [CHs]ob I¢ ks/Sfl kg/371 |Qd kld

306 12.0 4.5 117 0.7 10.6 10 5.8 10.0 2:568.06 1.96+ 1.06
306 12.0 4.5 288 0.8 27.6 11 7.8 10.0 24#a.21 2.19+1.04
400 3.0 13.5 631 0.6 25.5 5 0.5 7.5 1:985).88 1.93+ 0.69
400 3.0 13.5 318 0.5 10.4 4 0.5 7.5 282.76 2.07+£0.77
400 3.0 25.4 254 0.3 21.1 9 2.1 1.6 2.3& 0.58 2.23+0.89
500 3.0 44.8 309 1.0 36.0 6 4.5 7.8 1.7% 0.49 1.804+ 0.67
600 3.0 24.2 695 1.8 43.9 5 0.2 9.1 148.40 1.78+ 0.44
600 3.0 24.2 725 0.4 10.4 1 0.2 9.1 0£88.51 2.05+ 1.05
600 12.0 4.6 111 0.5 17.0 11 0.4 3.0 2:6®.80 1.93+ 0.58
800 3.0 9.7 737 1.1 79.6 6 0.2 8.7 043.19 1.98+ 0.54
800 3.0 9.7 213 0.8 16.2 4 0.1 8.3 053.29 2.13+ 0.57
800 3.0 4.5 351 1.0 66.3 11 -0.4 9.2 05£3.19 2.49+ 0.66
800 12.0 4.6 335 0.9 58.2 10 0.7 6.8 0#0.18 2.06+ 0.37
800 3.0 4.3 605 0.7 86.4 8 0.7 14.5 043.23 2.00+ 0.82

a Concentration of the bath gas (helium) in units of®l@toms cm®. ® Concentrations of the Cgtadical photolytic precursor ((CgCO unless
specified otherwise), acetone, GCand CH in units of 13* molecules cm?®. The concentration of Cgls an upper limit (see the textjLaser
intensity in mJ pulse' cm2. 9 In units of 10°** cm® molecule® s71. € CCl, was used as the photolytic precursor of €CQhe initial concentration
of CCl; was estimated from the signal intensitfC CkNO, was used as the photolytic precursor of €Qlhe initial concentration of Cglwas
estimated from the signal intensity.

ki was obtained by dividing th&[CHzs]o product by [CH]o T " T T T
determined in step 4.

The sources of error in the measured experimental parameters
such as temperature, pressure, flow rate, signal count, etc. were
subdivided into statistical and systematic and propagated to the
final values of the rate constants using different mathematical
procedures for propagating systematic and statistical uncertain-
ties2® In particular, the effects of uncertainties in the hetero-
geneous radical decay rates and ink§[€Hzs]o product on the
derivedk; values were evaluated for all experiments. The error
limits of the experimentally obtained rate constant values
reported in this work represent a sum of &atistical uncertainty
and estimated systematic uncertainty. 0 . . : : : :

I.5. Experimental Results. The rate constants of reaction 300 400 500 600
1 (k1) were determined at temperatures between 306 and 800 T/K
K and bath gas densities [He] (3—12) x 10 atoms cm?. Figure 2. Temperature d_ependences of the rate constant of the CCI
The upper limit of the experimental temperature was determined - CHs reaction.ki. Experimental values are shown by symbols. The
by the appearance of a strona backaround sianal at the mass o orizontal solid Ilne_ls the average temperature-mcjepc_endent value (eq

Yy Pp ; 9 g . g . . V). Three dashed lines show the central and the limiting valuds of
CClz (me = 117), which can be attributed to either ion cajculated using the geometric mean rule, eq |.
fragmentation or thermal decomposition of the precursor.
Conditions and results of all experiments are listed in Table 1. and the 10% average systematic component of the uncertainty
It was verified experimentally that these rate constants did not of rate determination. This averaging, certainly, is meaningful
depend on the photolyzing laser intensity, initial concentrations only under the assumption of the true temperature independence
of CCl; and CH;, or nature or concentration of the photolytic  of ky, i.e., if it is assumed tha is intrinsically independent of
precursor of CG The rate constant of reaction 1 did not temperature, as opposed to a case of a weak temperature
demonstrate any pressure dependence within the experimentatiependence masked by the experimental uncertainties and data

/

A 4 -
ky 710" cm® molecule s
N

-
T
1

uncertainties.

Although the measurement & (CHs recombination) was
not the goal of the current work, the experiments provided rate experiments on reaction 1, at both the low and the high ends of
constant values for the GH- CHs reaction. Uncertainty in the
ks values (Table 1) is rather high, up to 55% of the values, due of CoHsCl, matched the decay of the GGhdicals in reaction
to the fact that the experimental conditions were optimized for 1. Attempts to investigate the potential channel of formation of
most accurate determination lof, notks. The results obtained
are in good agreement with those previously meastfréd?*

The observed rate constants demonstrate no dependence oaf CH3;CCl; is ~11.0 eV?S In separate experiments with
temperature (Figure 2). If the values lof obtained at differ-
ent temperatures are averaged, one obtains a temperaturean argon resonance lamp (1+51.9 eV, LiF window) was used

independent value:

k,= (2.05=+ 0.30)x 10 *cm® molecule*s™*

(306-800 K) (IV)

The uncertainty of th&; value in eq IV (smaller than the error
limits of individual determinations listed in Table 1) is composed CH3CCl; among the products of reaction 1 could be obtained.
by adding the & statistical uncertainty resulting from averaging

scatter.
Formation of GHsCl, and GH.CIl, was detected in the

the experimental temperature interval. The signal growth profiles

the CHCCl; adduct were unsuccessful because of the efficient
fragmentation of the CCCl;* ion. The ionization potential

measured flows of CHCCls, it was demonstrated that, when

for photoionization, no signal at the parent masge(= 132)
could be detected. Instead, a fragmentation signalat= 97
(CHsCCl,™) was observed. This fragment ion signal could not
be used to study formation of GBCl; in reaction 1 because

of the presence of the GBCl, product at the same mass. Thus,
no experimental information on the presence or absence of

It can be ascertained that the @EClL' signal fn'e = 97)
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observed in the experiments on reaction 1 reflected formation Garland and BayesD(CCl/Ar) = 16.9 cn? s 1 at 4 Torr) and
of the CHCCI, radical (and did not originate from the the corresponding radial diffusion timé& (= 11.9 ms). This
fragmentation of CHICCl3) because it was detected using a low- diffusion time is longer than the typical time of the decay of

energy chlorine resonance lamp (8@1 eV, Cak window). CHs due to reaction 3«5 ms) in the experiments of refs 9 and
As was mentioned above, all photolytic precursors of £CI 10, which means that, by the time the uniform concentration of
used in the current study also produced the Qditadical. the CC} radicals was established, the concentration of; CH

Reaction of CCGJ with CH3; can be expected to produce the H radicals was already depleted. Thus, decay of;Qitle to
+ C,H.Cl, products via chemically activated decomposition of reaction 1 could not be quantitatively studied. On the other hand,
the excited CHCCI, adduct. Thus, it cannot be asserted with in the experiments performed in the current study, diffusion of
any degree of certainty whether the experimentally observed CCl; was sufficiently fast to allow the determination of the rate
C,H.Cl; originates from both the C&H- CH3 and the CGl + constants. An estimation of the diffusion coefficient of gl
CHs reactions or only from the latter one. Stabilization of the He using a method identical to that of Garléthylelds the room-
CH3CCl, adduct formed in the CgH CHjs reaction is highly temperature value dd(CCly/He) = 20.7 cn? s 1 at 4 Torr and
unlikely under the conditions of the current study (see the the characteristic radical diffusion timg = 0.37 ms. This
Discussion), and thus, the formation of the {O€l, radical diffusion time is much shorter that the typical decay times of
observed experimentally can only be attributed to reaction 1. CH; (>12 ms) and CGl The differences in the values of the
I1.6. The CCl3 + O, Reaction at 800 K.A separate short  characteristic diffusion time between the current study and that

study of the high-temperature reaction between;G@ild Q of refs 9 and 10 is, primarily, due to the smaller diameter of
the reactor used in the current work.
CCl, + O, — products (10) [11.2. Reaction Products. Reaction 1 can proceed via three

product channels, all involving formation of an excitedCigls*

was attempted at 800 K. The experimental conditions were intermediate:

similar to those used in the main part of this work, except for . * )
the absence of acetone and £ MNo reaction could be detected. CCl; + CH, — CH,CCl, HCI+ 11-GH,Cl,  (1a)

The upper limit value ok;g < 3.0 x 1076 cm® moleculet s* — Cl + C,H,Cl, (1b)

was obtained by adding up to 3:410' molecules cm? of O,

(the concentration of He was reduced accordingly so that the — CH,CCly (1c)

total concentration of bath gas, [He] [O;] = 1.2 x 10V

molecules cmd, remained constant). Enthalpies of these reaction channels can be evaluated as
AH°z9¢(1la)= —307.6+ 4.4, AH29¢(1b) = —47.8+ 10.5, and

. Discussion AH®9¢(1c) = —361.9 4+ 4.5 kJ mot! on the basis of the

thermochemical information existing in the literatdfe?® As

was described in the previous section, formation of bgtH,Cl,

and GHsCl, was observed, and formation of the &FCl;
adduct could not be experimentally confirmed or refuted because
of the lack of sensitivity of the LP/PIMS apparatus to this
species. All photolytic precursors of GGliso produce the C¢l
biradical, the reaction of which with GHtan proceed via two
channels

11I.1. Previous Work. This study presents the first direct
determination of the rate constant of reaction 1 as a function of
temperature. The only prior attempt at an experimental inves-
tigation of this reaction was undertaken by Garland and
Bayes?10who used the laser photolysis/photoionization mass
spectrometry (LP/PIMS) method similar to the one employed
in the current investigation. However, many parameters of the
equipment and experimental conditions were different, including
the reactor geometry (a short, wider cylinder as opposed to a CCl, + CH,— CH,CCL* —H + 1,1-CH,Cl,  (11a)
flow tube used in the current study), bath gas (Ar), and
concentrations of radicals and precursors. Experiments were — CH,CCl, (11b)
performed at room temperature only. These authors reported
that they did not observe any changes to the rate of @&tay with AHz9¢(11a)= —156.3+ 10.3 andAH®9g(11b)= —328.1

upon addition of large concentrations of gHip to 7 x 102 + 16.5 kJ mot? (calculated using data from refs 2@8). It

molecules cm3, and derived the upper limit ¢ < 6.0 x 10712 can be expected that the chemically activated decomposition

cm® molecule® s71, channel 11a will be the only one occurring under the conditions
The results of the current worky(= 2.05 x 10711 cm? of the current study, with stabilization (11b) playing no role

molecule! st at T = 306—800 K) contradict those reported because of the large difference between the entrance and the
by Garland and Bayes. This disagreement may seem surprisingexit barriers.

considering that reasonable agreement was observed previously Thus, the GH,Cl, observed in the experiments is likely to
between the room-temperature rate constants of refs 9 and 1Qoriginate, at least partially, from reaction 11a, and its formation
and our experimental results on the reactions i{and GHs in reaction 1a cannot be established on the basis of experimental
radicals with CH.1718 One can suggest an explanation of the information alone. On the other hand, observation of the
differences based on the role of molecular diffusion in the two CHsCCl, radical proves the importance of channel 1b in reaction
experimental systems. In real-time experiments such as thosel.

described here and in refs 9 and 10, it is essential that a uniform  Thermal decomposition of GJ€Cl; is known to occur via
concentration of reacting species is established on a time scaleboth HCI elimination and Cl eliminatio#, 34 although evalu-

that is much shorter than the characteristic time scale of the ations of the relative importance of these two channels differ.
reaction to be studied. For the LP/PIMS technique, this means The Cl elimination pathway can be expected to have a relatively
that the diffusion of the radicals created by the laser photolysis “loose” transition state compared to a “tighter” one for the HCI
must be significantly faster than their decay due to reaction. elimination. Thus, even if Cl elimination is a minor channel in
Garland® estimated the diffusion coefficient of the GGadical the thermal decomposition of GAClI3, it can be expected to

in argon bath gas for the conditions of the experiments of play a relatively more important role in the chemically activated
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dissociation of CHCCIls, where competition between the two  experimental work, 800 K, then the 800 K experimental values
channels occurs at higher energies than in the case of a thermabf k; will fall out of the uncertainty envelope of the calculations.
reaction. However, experimental data on reaction 12 are not available at
Experimental studies of G4 Cls pyrolysis report activation 800 K. Also, the uncertainty of the high-pressure-limit values
energies of 208227 kJ mot?! for thermal decomposition of  of k3 can be expected to be larger at 800 K than at lower
CH3CClg via HCI elimination30-3234This barrier translates into  temperatures because they are obtained via extrapolation over
a~130-165 kJ mot? gap between the entrance and the exit larger pressure rangésand the 20% uncertainty assumed here
barriers in reaction channel 1a. A gap-e50 kJ mof? can be for ks* may be an underestimation. Thus, no definite conclusions
estimated for channel 1b. These large differences between thecan be reached regarding the adequacy of the geometric mean
entrance and the exit barriers mean that any pressure dependengeile calculations at 800 K.
of the overall CG + CHjs reaction is highly unlikely since all lll.4. High-Temperature CCl 3 + O, Reaction. At low
vibrationally excited adducts will either decompose to the temperatures, the main channel of the reactions of chlorinated
products of channel 1a or 1b or stabilize by collisions with the methyl radicals with @is reversible addition to form an RO
bath gas. Absence of an observable pressure dependekgce of peroxy radical (Rt O, <= RO,). The reaction of CGlwith O,
is in agreement with this conclusion. has been extensively studied experimentally in both the low-
111.3. Geometric Mean Rule. It is instructive to use the  temperature (addition) and the intermediate-temperature (relax-
experimental temperature dependence of the rate constant oftion to equilibrium) regiong-4° However, no rate constant
reaction 1 to test the validity of the geometric mean %2 measurements have been reported at higher temperatures, where
(expression |) frequently used to estimate rate constants of crossequilibrium in the addition step is shifted to the left and the
radical reactionskig) of the type A+ B from the values of overall reaction (if any) is dominated by the rearrangement of
kaa andkgg, the rate constants of the & A and B+ B self- the excited peroxy adduct. Ho et “#! studied the high-
reactions. As mentioned above, the experimental rate constantemperature reaction of chloromethyl radical with O
values of reaction 1 correspond to the high-pressure limit of
the CCk + CHsz combination because decomposition of the CH,CI + O,= CH,CIOO— CH,O0+ CIO  (13)
vibrationally excited CGICHz adduct back to reactants will be
suppressed by competition with the much faster channels 1ausing the computational QRRK method; their estimated tem-
and 1b (HCI and Cl elimination, respectively). The rate constants Perature dependence ki results in the value okiz ~ 6 x
of the methyl radical self-reaction (reaction 3) are well-known. 1074 cm® molecule s™* at 800 K. The mechanisms of the
Two recent “global fits"435 of falloff data provide parametriza- reactions of all chlorinated methyl radicals with, @t high
tion for the rate constants that differ very little (less than 5%) temperatures can be expected to be similar. On the basis of
in the high-pressure limit. A large part of the experimental data analogy with reaction 13, the high-temperature reaction o CCl
used in these parametrizations come from the experimental studyWith Oz (reaction 10) can be expected to proceed via formation
of Slagle et al2* who used the experimental technique and the Of the CCkOO adduct with its subsequent rearrangement and
apparatus employed in the current work. These authors reportedi€composition into phosgene (GO) and CIO. The results of
a+20% uncertainty in their experimental rate constant values. the current study demonstrate that, if such a reaction takes place,
ThUS, in the Ca|cu|ations according to the geometric mean |'u|el |tS rate constant at 800 K iS at |east 2 OrderS Of magnitude |0Wer

we used the parametrization of Hessler and Olréa>(298 than the estimate of refs 4 and 41 for reaction 14. It should be
K) = 5.81x 10~ cm?® molecule? s~1) with 20% uncertainty. noted that the CGlradical is more stable than G&I by
The rate of the self-reaction of CQladicals approximately 32 kJ mot (relative to their respective ROO
adducts} which, if used in the van't Hoff factor, translates into
CCl; + CCly;— CClg (12) a factor of 100 at 800 K. This stability of C€may account

for the difference between the estimated high-temperature value
has been determined by Danis etin their flash photolysis/ of ki3 and the experimental upper limit of the rate constant of
kinetic UV spectroscopy study in the 25823 K temperature  reaction 10 at 800 K.
range. These authors reportet;a(T) = (3.3 x 10719)(T/298
K)~19 cm?® molecule’? s~1 temperature dependence. The statisti- ~ Acknowledgment. This research was supported by the
cal uncertainties of;. reported by Danis et al. are, on average, National Science Foundation, Combustion and Thermal Plasmas
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