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Kinetics of the Reaction of GClz with Cl»
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The reaction gl; + Cl, — C,Cl, + CI has been studied using the laser photolysis/photoionization mass
spectrometry technique. Rate constants were determined in time-resolved experiments as a function of
temperature (299668 K). Rate constants of the above reaction are independent of the bath gas density within
the experimental range, [He] (3—12) x 10 atom cn13. Within the above experimental range of temperatures,

the rate constants of the above reaction can be described by the modified Arrhenius expressBon9 x

10715 7287 exp(—55 KI/T) cn® molecule® s

Introduction

Reactions of chlorinated hydrocarbon radicals are important

constituents of such complex processes as combustion and

incineration of chlorinated hydrocarbons, industrial chlorination,
and the chemistry of the Earth’s atmosphere. Kinetic modeling
of these processes is essential for understanding their mech

and control. Success of such modeling is currently limited by
the lack of fundamental information on the rates and products
of a large number of elementary reactions involving chlorinated
hydrocarbon radicalsReactions of the trichlorovinyl radical,

C.Cl3, have been demonstrated to be among the most important

and sensitive reactions in a number of systems of combustion
and pyrolysis of chlorine-rich unsaturated chlorinated hydro-
carbong Key reactions of @l; responsible for its removal
are its reaction with @ thermal decomposition, and the reaction
with molecular chlorine. The predicted concentration profiles
of both the original chlorinated hydrocarbons being oxidized
or pyrolyzed and chlorinated products of pyrolysis are very
sensitive to the rates of these reactiérsOnly the GClz +
0O reaction has been studied experimentally befoido
experimental information on either the thermal decomposition
of C.Cls or its reaction with Gl is available in the literature.
Here we report the results of our experimental investigation
of the reaction of the &l radical with molecular chlorine:

C,Cl;+ Cl,— C.Cl, + CI Q)
Reaction 1 was studied in the 29668 K temperature interval

at low densities of the helium bath gas ([He](3—12) x 106
atom cnv3). The experimental study is described in the next

248 nm

C.Cl, Cl+ C,Cl,
— other products (2)

The decay of @Cl; was subsequently monitored in time-
resolved experiments using photoionization mass spectrometry.

. . €CNanatails of the experimental appargtasd procedurésised have
nisms and for use of these mechanisms as tools of prediction

been described before and thus are only briefly reviewed here.

Pulsed unfocused 248-nm radiation (4 Hz) from a Lambda
Physik EMG 201MSC excimer laser was directed along the axis
of a heatable Pyrex reactor (1.05-cm i.d., coated with halocarbon
wax or uncoated). Gas flowing through the tubexat m s1
contained the radical precursat@.01%), molecular chlorine
in varying concentrations, and an inert carrier gas (He) in large
excess. The flowing gas was completely replaced between laser
pulses.

Gas was sampled through a hole (0.04-cm diameter) in the
side of the reactor and formed into a beam by a conical skimmer
before the gas entered the vacuum chamber containing the
photoionization mass spectrometer. As the gas beam traversed
the ion source, a portion was photoionized and mass selected.
C.Cl; and GCl4 were ionized using the light from a hydrogen
resonance lamp (10.2 eV). Temporal ion signal profiles were
recorded on a multichannel scaler from a short time before each
laser pulse up to 25 ms following the pulse. Typically, data
from 1000 to 10000 repetitions of the experiment were
accumulated before the data were analyzed.

Experiments were conducted under pseudo-first-order condi-
tions with Ch in large excess overCls ([Cl;] = 5.95 x 1012
— 9.7 x 10* molecule cn3). The observed exponential decay
of the GCls radical was attributed to reaction 1 and heteroge-
neous loss:

section. A discussion of the rate constant values obtained and

the means of their extrapolation to temperatures outside the
experimental range concludes the article.
Experimental Study and Results

Trichlorovinyl radicals were produced by the pulsed, 248-
nm laser photolysis of tetrachloroethyléne

* Corresponding author. E-mail: knyazev@cua.edu.
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711 Choppin Hall, Baton Rouge, LA 70803.

C,Cl; — heterogeneous loss 3)

The GClsion signal profiles were fit to an exponential function
([CCl3]t = [CoCl3]o exp(=k1), kK = k[Cl;] + ks) by using a
nonlinear least squares procedure. In a typical experiment to
determinek;, the kinetics of the decay of Ll; radicals was
recorded as a function of concentration of molecular chlorine.
Values ofks were determined in the absence of.Glalues of

ki were obtained from the slopes of linear plotskbf/s [Cl].
Experiments were performed to establish that the decay
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TABLE 1: Conditions and Results of Experiments to T T T T T
Determine the Rate Constantsk; of the Reaction of GCl;
with Cl,
TIK [M]2 [C.CL]®  [Cl ¢ [CClie! 18 kst % 300 - i
299 12.0 1.2 0.674.97 0.04 100 2390 4.29+0.79
300 11.5 49 0.684.79 0.10 33 88 4.61+0.45
323 11.7 5.3 0.064.03 0.11 33 9% 4.89+0.42
370 12.0 143 2.419.73 1.0 15 34.0 5.820.51
373 3.0 51 0.6#3.03 0.12 33 99 595+0.78
373 11.6 49 0.646.03 0.12 33 1890 5.30+0.75
400 12.0 18.8 0.672.61 1.7 100 559 6.3:0.87 % 200 .
423 12.2 5.1 0.683.36 0.22 34 11% 6.12+0.67 ~
425 6.0 129 1.749.14 13 93 37.0 6.580.81 =
451 12.0 6.0 0.784.32 0.78 100 283 7.080.55
501 12.0 44 0.846.24 0.69 100 30.3 7.16£0.76
525 12.0 2.6 0.643.78 044 100 13.0 7.860.62 )
550 12.0 50 1.166.03 1.0 100 31.6 8.3% 0.60 E
600 12.0 6.2 0.694.36 0.98 100 101" 8.9+ 0.90 100 g i
622 11.8 449 1.045.14 0.94 12 168/ 9.394 0.66 S
629 6.0 55 0553.10 1.2 100 1289 9.06+1.31 T
651 3.0 5.2 0.63251 1.2 100 129'810.18+0.94 2
668 3.0 111 045298 21 100 208M10.214+1.48
a Concentration of the bath gas (helium) in units of®l&om cn1s.
b In units of 13* molecule cm?. ¢ In units of 134 molecule cm?. ¢In 0/ msec
units of 16* molecule cm?®. The GCl; concentrations were obtained o L L
by measuring the photolytic depletion 0§, (in the absence of gl 0 1 2 3 4
and represent an upper limit since they were obtained assuming a 100% [CL,] / 10" molecule cm3
yield of G,Cls in the photolysis® Estimated photolyzing laser intensity  Figure 1. First-order GCls decay ratek' vs [Cl]. The intercept at
in mJ pulse® cm2. fIn units of 1013 cm® molecule* s, Error limits [Cl5] = 0 corresponds to the rate of heterogeneous decay®@kCT

represent a sum ofo2statistical uncertainty and estimated systematic = 451 K, [He] = 1.2 x 10" molecule cm3, [C,Cls]o < 7.8 x 10°
uncertainty 9 Pyrex reactor coated with halocarbon wax was used. molecule cm3, [C,Cly] = 6.0 x 10 molecule cm3. The inset shows
Uncoated Pyrex reactor was used in all other experiméitsese the recorded €Cl; decay profile for the conditions of the open circle:
values ofks include a contribution from the thermal decomposition of  [Cl,] = 1.35 x 10 molecule cm?3, k' = 123.2 s,

C.Cls.

constants did not depend on the initiapGT; concentration 15
(provided that the concentration was kept low enough to ensure
that radicat-radical reactions had negligible rates in comparison
to the reaction with G), the concentration of the radical
precursor, or the photolyzing laser intensity. Two types of
reactor wall surfaces were used: an uncoated Pyrex reactor and
a reactor coated with halocarbon wax. Heterogeneous wall losses
on the uncoated reactor increased at temperatures below
approximately 370 K; hence, a coating was used at these lower
temperatures. Experiments were performed in the-325 K
temperature range to demonstrate that the experimental rates
of reaction 1 did not depend on the type of wall coating.

Rate constants of reaction 1 were determined at 299— a4l
668 K and [He]= (3—12) x 10 atom cn13. The upper
temperature limit of the experiments was determined by the
onset of thermal decomposition of trichlorovinyl radicals. The L L L L L

pure

®» N 00 © o
T —T

k, /10" cm® molecule™ s

conditions and results of these experiments are presented in 1.5 2.0 25 3.0 3.5

Table 1. An example of & vs [Cl;] plot is shown in Figure 1. 1000K/T

The intercept at [G] = 0 corresponds to the rate of heteroge- Figure 2. Temperature dependence of the rate constant of reaction 1.
neous decay of £l radicals,ks. Symbols: experimental results. Squares represent data obtained using

Th f in th d . | the reactor coated with halocarbon wax; circles: data obtained with
e sources of error in the measured experimental parameterg,coateqd Pyrex reactor. Error limits of individual points aresttistical

were subdivided into statistical and systematic and propagateduncertainties. Line: Arrhenius fit (expression ).

to the final values of the rate constants using different

mathematical procedures for propagating systematic and statisti-The rate constants demonstrate no dependence on pressure
cal uncertaintie§ The error limits of the experimentally obtained ~ within the experimental range.

rate constant values reported in this work represent a sum of _

20 statistical uncertainty and estimated systematic uncertainty. Discussion

The values of the bimolecular rate constentietermined in The results of the current study provide the first experimental
this study are presented on an Arrhenius plot in Figure 2. The determination of the rate constant of reaction 1. Valuek;of
results yield the modified Arrhenius expression were obtained in direct real-time experiments as a function of

temperature. The absence of a pressure dependence is in
k, = 3.79x 10 T%¥ exp(—55 K/T) cm® molecule * s * agreement with the expected mechanism of this reaction being

() that of a simple abstraction.
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The values of the rate constants of reaction 1 are significantly tion is not currently available. Although properties of an
larger than previously thought: difference factors eflZ and oversimplified model with a single transition state created in
9—700 are obtained if the experimental results of the current the modeling attempt of the current work can be fitted to
study are compared with the expressions used in refs 2 and 3 approximately reproduce the () dependence, the resultant
respectively, in the temperature intervals of the current work. curvature of the Arrhenius plot does not match the experimental
In these earlier modeling studies of oxidafiand pyrolysi$ results (see Supporting Information). Such a model cannot be
of C,HCIl; and pyrolysis of GCI3, in the absence of any used for extrapolation of the experimental temperature depen-
experimental information, the rate constants of reaction 1 were dence of the rate constant. Therefore, no alternative to the use
estimated and thus the deviations with the results of the currentof the modified Arrhenius expression | can be suggested at this
experimental study are not surprising. This comparison servestime.
to demonstrate the relevance of the new experimental informa- Detailed information on the properties of the transition state
tion. and the GCl; molecule obtained in ab initio calculations, those

The larger experimental values of the rate constant and theof the transition state theory model, and the resultant temperature
corresponding lower activation energy may have implications dependence df; are provided in the Supporting Information.
for the role of the GClz + Cl, reaction in the combustion of
chlorinated hydrocarbons. In particular, this reaction may result ~ Acknowledgment. This research was supported by the
in formation of tetrachloroethylene in the relatively cool post- National Science Foundation, Combustion and Thermal Plasmas
flame zone where Glcan be present in substantial concentra- Program under Grant No. CTS-0105239.
tions?

An attempt at using transition state theory to extrapolate the ~ Supporting Information Available: Includes the results of
experimental data to temperatures outside the experimental rangéhe quantum chemical and rate constant calculations (Table 1S)
was performed. The properties (rotational constants and vibra-and plot of the calculated and the experimeigl) depend-
tional frequencies) of the Lls radical and the initial ap-  ences (2 pages). This material is available free of charge via
proximation to the properties of the transition state of reaction the Internet at http://pubs.acs.org.

1 were obtained in ab initio calculations performed at the UMP2/

6-311G(d) level. (Reference 10 can be consulted for the References and Notes

description of the method.) IRC (intrinsic reaction péth) (1) Tsang, W.Combust. Sci. Technal99q 74, 99.
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