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The kinetics of the reaction of CEivith molecular chlorine has been studied using the laser photolysis/
photoionization mass spectrometry technique. Dichloromethylene biradicals were produced by the pulsed
laser photolysis of carbon tetrachloride, and the kinetics of their decay due to reactionwitr€monitored

in direct time-resolved experiments. Rate constants were determined as a function of temperaturé@300

K) and can be described by the Arrhenius expreskion (1.3 + 0.3) x 10 ! exp(—(281+ 96) K/T) cn?®
molecule! s, Rate constants of reaction 1 are independent of the bath gas density within the experimental
range [He]= (3—12) x 10'¢ atoms cm?. CCk was observed as a primary product of the reaction.

Introduction at low densities of helium bath gas ([He] (3—12) x 10
atoms cm®). The experimental study is described in the next

Gas phase reactions of chlorinated hydrocarbons play im- . ] . .
P Y id |sect|on. A discussion of the results concludes the article.

portant roles in such complex chemical processes as industrial
chlorination, the chemistry of the Earth’s atmosphere, and the
combustion and incineration of chlorinated hydrocarbons (CHCs). Experimental Study and Results

Kinetic modeling of these processes is essential for understand- L

ing their mechanisms and for the use of these mechanisms as Dichloromethylene biradicals were produced by the pulsed,
tools of prediction and control. The success of such modeling 193-nm laser photolysis of carbon tetrachlorfde:

is currently limited by a lack of fundamental information on 165
nm

the rates and products of a large number of elementary reactions CCl,—— CCl, + 2Cl (or Cl) (2a)
involving chlorinated hydrocarbon radicdls.

The singlet biradical CGlis known to be among the — CCl, + Cl (2b)
intermediates of CHC pyrolysis and combustion. It is, for — other products (2¢)

example, the major product of the thermal decomposition of
CHCI5.2 Another source of formation of C&in the combustion

of CHCs is the thermal decomposition of dichloroketémgich The decay of CGlwas subsequently monitored in time-resolved

has been shown to be an important intermediate in the experiment§ using photoionization mass spectrometry. Details
combustion of trichloroetherfeHowever, very little is known  ©f the experimental apparatfisnd proceduré$used have been
about the kinetics and reactivity of GCIThe only two described before and thus are only briefly reviewed here.
experimental studies of chemical reactions involving £tk Pulsed unfocused 193-nm radiation (4 Hz) from a Lambda
those of Tiee et a@.and Kumaran et @.Tiee et al. used laser  Physik EMG 201MSC excimer laser was directed along the axis
induced fluorescence in combination with the photolytic produc- of a heatable Pyrex reactor (1.05 cmi.d., coated with halocarbon
tion of CCk to study the kinetics of its reactions with, GCO, wax or poly(dimethylsiloxané). Gas flowing through the tube
NO, R, C:H4, and GHg at room temperature; only upper limits  at ~4 m s! contained CCJ (<0.3%), molecular chlorine in
of the rate constants were obtained for the reactions wjth O varying concentrations, and an inert carrier gas (He) in large
and GH4. Kumaran et al. studied the thermal decomposition excess. The flowing gas was completely replaced between laser
of chloroform in shock tube experiments. These authors pulses.
observed the formation of C&as the only channel of CHEI
decomposition and determined the rates of Zfeécomposition
and self-reaction at high temperatures. No other reactions of
CCl, have been studied; clearly, more experimental and
theoretical investigations of the reactivity of GGlre needed
to understand its role in CHC combustion.

Here we report the results of our experimental investigation
of the reaction of the CGlbiradical with molecular chlorine

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.
A hydrogen resonance lamp (10.2 eV, Mg#ndow) was used
to ionize all species detected in the current study. Temporal
ion signal profiles were recorded on a multichannel scaler from
CCl, + Cl,— CCl, + Cl a short time before each laser pulse up to 35 ms following the

AH® 05 = —36.9+ 4.2 k] mort 68 1) pulse._ Typically, data from 5000 to 45 000 repetitions of the
experiment were accumulated before the data were analyzed.

Reaction 1 was studied over a 30050 K temperature interval Experiments were conducted under pseudo-first-order condi-
tions with Ch in large excess over CE{[Cl;] = 4.6 x 10—
* Corresponding author. E-mail: knyazev@cua.edu. 7.6 x 10 molecules cm?). The observed exponential decay
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TABLE 1: Conditions and Results of Experiments To Determine the Rate Constantg; of the Reaction of CCh with Cl,

TIK [M] 2 [CCLP [Cl,]e [R]¢ B ke/st K

300 12.4 7.20 9576.0 15 9.3 09 4,50+ 0.66
301 6.1 6.63 7.438.3 2.0 13 309 5.22+1.08
301 11.7 11.50 10:649.0 1.3 4.8 29 4.32+0.87
301 12.0 26.60 5125.0 2.3 3.7 104.4 5.12 0.69
302 3.0 6.84 8.342.2 2.4 15 124 5.524+ 1.52
353 11.9 2.29 6.237.0 2.0 22 33.2 7.4%1.34
383 12.1 1.68 5523.0 0.8 11 192 7.914+1.41
440 11.9 2.00 6.933.0 2.1 22 49.8 6.8% 1.11
550 12.2 2.02 4:626.0 2.3 19 82.1 7.93 2.83
650 12.0 2.08 11.621.0 2.3 13 99.9 7.683.21
700 12.1 0.54 6.320.0 1.6 28 122.2 8.83 3.19
750 12.2 0.79 4.930.0 1.9 22 71.0 8.99 1.76

aConcentration of the bath gas (helium) in units of®18toms cm?3. ® In units of 102 molecules cm?. ¢In units of 132 molecules cmd.
d Estimated concentration of the polyatomic radical products of, kibtolysis (see text). In units of ¥0molecules cm?®. ¢ Estimated photolyzing
laser intensity in mJ pulsé cm2. fIn units of 16°*2 cm?® molecule s™*. Error limits represent a sum obZstatistical uncertainty and estimated
systematic uncertainty.Pyrex reactor coated with halocarbon wax was used. Pyrex reactor coated with poly(dimethylsiloxane) was used in all
other experiments.

T T has been studied for a large number of inorganic and organic
collider gases (e.g., refs £38); rate constants comparable with
the gas kinetic collision rate have been obtained in all measure-
ments. In particular, rate constants larger thar 2010 cnm®
molecule! s~ have been reported for quenching by ¢€lin

i the current study, large concentrations of helium bath gas,, CClI
and Ch were used (Table 1); under these conditions, collisional
guenching of the CGlexcited states should occur on time scales
much shorter than those of the G@kcay due to reaction Xk'(

< 350 s1). Therefore, the observed kinetics of G& that of

the singlet species in the ground state.

Concentrations of the polyatomic radical products of the,CClI
a cc photolysis were kept low ([R]< 2.4 x 10 molecules cm?)
to ensure that radicakradical reactions had negligible rates in
- comparison with the rate of reaction 1. The photolytic depletion
of the CCl, precursor was small (0-13%) and could not be
measured directly due to the low sensitivity of the detection
e system to CCl Instead, the degree of photolytic depletion of
| . 0 t/msec 10 CCl, was estimated by comparing the ion signals of £CI
0 0 1 2 3 obtained in the 193-nm photolysis of GGIind (CC}),CO and
[Cl,]/ 10" molecule cm measuring the fraction of (CgkCO decomposed due to

Figure 1. Pseudo-first-order CGecay raté vs [CL]. The intercept photolysis. It was assumed that G@foduction is the dominant

at [Cl;] = 0 corresponds to the rate of heterogeneous decay of TCI ~ Process in reaction 2 and in the photolysis of perchloroacetone
= 750 K, [He] = 1.2 x 10" molecules cm?3, [CCly]o < 1.9 x 101 (ion signals of CQ produced were more intense than those of
molecules cm?, and [CC}] = 7.9 x 10> molecules cm®. The lower CCl, by approximately a factor of 5). The values of {Rjfiven

right inset shows the recorded G@lecay profile for the conditions of in Table 1 were obtained by multiplying the concentration of
the open circle: [G] = 3.04 x 10" molecules cm* k' = 349 s™. CCl, by its estimated relative photolytic depletion; the concen-
The upper left inset shows the profiles of G@1 the absence (filled trati £ CCh i fracti f IRL. It should b ted that
circles) and in the presence (open circles) of thgr€hctant for the ration o bis a. raction of [ l’ shou e np e . at,
same experimental conditions. under the pseudo-first-order conditions employed in this study,

exact knowledge of [CG]y is not necessary for the data analysis.

of the CC} radical was attributed to reaction 1 and heteroge-  Experiments were performed to establish that the decay
neous loss: constants did not depend on the initial radical concentration,
the concentration of the C@precursor, or the photolyzing laser
CCl, — heterogeneous loss (3) intensity. Two types of reactor wall coatings were used to reduce
the wall loss of CCGE halocarbon wax and poly(dimethylsi-
The CC} ion signal profiles were fit to an exponential function ~10xane)*? Experiments were performed in the 36883 K
([CCl]; = [CCl3]o exp(kt); K = kiCls] + ks) by using a temperature range to demonstrate that the experimental rates
nonlinear least squares procedure. In a typical experiment to©f reaction 1 did not depend on the type of wall coating.
determinek;, the kinetics of the decay of CLladicals was Rate constants of reaction 1 were determined & 300—
recorded as a function of concentration of molecular chlorine. 750 K and [He]= (3—12) x 10'6 atoms cm?®. The upper
Values ofks were determined in the absence of.Glalues of temperature limit of the experiments was determined by the
ki were obtained from the slopes of linear plotskbf/s [Cl,] thermal instability of the poly(dimethylsiloxane) wall coating.
(Figure 1). An example of ak' vs [Cl;] plot is shown in Figure 1. The
The 193-nm photolysis of carbon tetrachloride is known to intercept at [C]] = O corresponds to the rate of heterogeneous
produce CG, CCh, and CCI radicals among its produéts. decay of CCJ radicals,ks. The conditions and results of the
Collisional quenching of the electronically excited states ofCCl experiments are presented in Table 1.
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Figure 2. Temperature dependence of the rate constant of reaction 1.

Symbols: experimental results. Squares represent data obtained usm(%Hfggg(CClg) =71.14 2.5 kJ mof7 are used: this exother-

the reactor coated with halocarbon wax; circles represent data obtaine
with the poly(dimethylsiloxane) coating. Error limits of individual points
are 2 statistical uncertainties. Line: Arrhenius fit (expression I).
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reaction mechanism consisting of an initial formation of the
CCly adduct followed by its chemically activated decomposition
into CCk + Cl is also possible. Although the chemically
activated mechanism should result in a pressure dependence of
the rate constant, variation of the pressure by a factor of 4 as
used in the current experimental study may not be sufficient to
reveal such a dependence if the reaction is close to the low-
pressure limit. Therefore, the experimental data cannot provide
decisive support for either mechanism. The rate of reaction 1
is relatively large (4.9x 10712 cm® molecule’! s™1 at room
temperature) and exhibits only a weak positive temperature
dependence. Thus, the reaction of @@ith Cl; is significantly
faster than the reactions of chlorinated methyl radicals with
molecular chlorine (room temperature rate constants in the range
2 x 10716-3 x 10713 cm?® molecule® s7120.23 indicating a
higher reactivity of the biradical species. Reaction 1 is exo-
thermic: AH°xg1) = —36.9 & 4.2 kJ mof?! is obtained

if the values of AH{°o(CCl) = 229.34+ 1.7 kJ mot?1¢ and

micity is in agreement with the large reaction rate. The weakness
of the temperature dependence indicates that reaction 1 is likely
to be barrierless.

The sources of error in the measured experimental parameters The potential energy surface (PES) of the abstraction pathway

were subdivided into statistical and systematic and propagatedof reaction 1 was studied in the current work using quantum
to the final values of the rate constants using different chemical methods with the purpose of verifying the above
mathematical procedures for propagating systematic and statisti-suggestion of the absence of an energy barrier. Molecular

cal uncertaintie$? The error limits of the experimentally

structures were optimized using the BH&HLYP//6-31G(d)

obtained rate constant values reported in this work represent amethod??23 A version of the BH&HLYP functional imple-

sum of Zr statistical uncertainty and estimated systematic
uncertainty.
The values of the bimolecular rate constintletermined in

mented in the Gaussian 98 progfdrwas used. Single point
energy values were calculated at the stationary points of the
PES using other methods, as described below. The Gaussian

this study are presented on an Arrhenius plot in Figure 2. The 98 program was used in all calculatiosSpin-unrestricted

results yield the Arrhenius expression

k(T)=(1.3+0.3)x 10"
exp(—(281+ 96) K/T) cm® molecule * s™* (1)

Hartree-Fock wave functions were used because the use of
restricted methods resulted in unstable wave functions. A
transition state (PES saddle point) for reaction 1 was found at
the BH&HLYP/6-31H-G(d) level; however, the energy of this
transition state was below that of the reactants by 12.5 k3'mol
(8.1 kJ mot* with zero point energy (ZPE) included). Single

The rate constants demonstrate no dependence on Pressuroint energy calculations at the QCISD(T)/6-3G(d) level

within the experimental range. Error limits in expression | are
20 and represent statistical uncertainties of the fit only.
Systematic uncertainties are, on average,
rate constant values.

Formation of CG{ was observed in reaction 1 (Figure 1).
Although CC}is also formed as a product of the photolysis of
CCly, in the absence of glts kinetics is that of pure exponential
decay due to heterogeneous wall losses. In the presence, of CI
the temporal profiles of Cghad an additional component which
exhibited a rise following the laser pulse (with the characteristic
rise time in agreement with the decay time of the £€¢gnal)

and then a decay due to wall loss. This additional component

was attributed to the formation of C{h reaction 1.

Gases used in the experiments were obtained from Aldrich
(carbon tetrachloride; 99.9%), Matheson (chlorine, 99.999%),
and MG Industries (heliun® 99.999%,<1.5 ppm of Q). CCl,
and C} were purified by vacuum distillation prior to use. Helium
was used without further purification.

Discussion

The results of the current study provide the first experimental

also resulted in the transition state energy being below that of
the reactants by 19.5 kJ mél(by 15.1 kJ mot! with ZPE

8% of the experimentaln .| ded). These levels of quantum chemistry calculations,

however, resulted in incorrect values of the reaction enthalpy:
AH°o(1) values 0f-97.7 and—85.7 kJ mot! were obtained in
the BH&HLYP and the QCISD(T) calculations, respectively.
These large errors iAHy(1) are, most likely, caused by the
underestimation of the €bond strength due to the insufficient
size of the basis set useal § K ChL bond strength of 162.7 and
172.0 kJ mot! was obtained in the BH&HLYP and the
QCISD(T) calculations, respectively, as compared to the
experimental value of 238.7 kJ mot?). This significant
overestimation of the Genergy could have affected the position
of the transition state relative to the reactants (CEICI,). To
approximately compensate for the effects of the small basis set,
the QCISD(T)/6-31+G(3df) energies were estimated via the
formula QCISD(T)/6-313G(3df) ~ QCISD(T)/6-311#G(d) +
[PMP2/6-311#G(3df) — PMP2/6-31#G(d)], where PMP2 is
the spin-projected MP2 method?” The thus calculated ¢l

0 K bond strength (226.2 kJ md) is closer to the experimental
value and the resulta® K enthalpy of reaction 1(47.7 kJ

determination of the rate constant of reaction 1 as a function of mol~! with ZPE included) is significantly closer to the above
temperature. The observed absence of a pressure dependens@lue of AH%,04(1) = —36.94 4.2 kJ mof?. At this level of
is in agreement with the expected mechanism of this reaction calculations, the energy of the transition state is still below that

being that of a simple abstraction. However, a more complex

of the reactants by 23.1 kJ mad|(ZPE included).
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The results of the quantum chemical study are in agreement
with the suggestion introduced above on the basis of the
experimentally observed wedk(T) dependence that reaction
1 does not have an energy barrier.Detailed information on the
properties of the PES stationary points obtained in quantum
chemical calculations are provided in the Supporting Informa-
tion.

Acknowledgment. This research was supported by the
National Science Foundation, Combustion and Thermal Plasma
Program, under Grant CTS-0105239. A useful discussion with
Dr. D. R. Burgess, Jr., is acknowledged.

Supporting Information Available: Table 1S including the
results of the quantum chemical calculations. This material is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Tsang, W.Combust. Sci. Technadl99Q 74, 99.

(2) Kumaran, S. S.; Su, M.-C.; Lim, K. P.; Michael, J. V.; Klippenstein,
S. J.; DiFelice, J.; Mudipalli, P. S.; Kiefer, J. H.; Dixon, D. A.; Peterson,
K. A. J. Phys. Chem. A997 101, 8653.

(3) Shestov, A. A.; Kostina, S. A.; Knyazev, V. Dhird Joint Meeting
of the U. S. Sections of the Combustion Institute, Chic&§®3; Paper
Al3.

(4) Werner, J. H.; Cool, T. ACombust. Flam&00Q 120, 125.

(5) Tiee, J. J.; Wampler, F. B.; Rice, W. W., Zhem. Phys. Lett.
198Q 73, 519.

(6) Dixon, D. A.; Peterson, K. AJ. Chem. Phys2001, 115 6327.

(7) Hudgens, J. W.; Johnson, R. D. |; Timonen, R. S.; Seetula, J. A,;
Gutman, D.J. Phys. Chem1991, 95, 4400.

(8) Chase, M. W., JrJ. Phys. Chem. Ref. Datt098 Monograph 9
1.

(9) Tiee, J. J.; Wampler, F. B.; Rice, W. W. Chem. Physl98Q 72,
2925.

J. Phys. Chem. A, Vol. 107, No. 48, 200B0295

(10) Slagle, I. R.; Gutman, Q1. Am. Chem. S0d.985 107, 5342.

(11) Knyazev, V. D.; Bencsura, A.; Stoliarov, S. |.; Slagle, .JRPhys.
Chem.1996 100, 11346.

(12) Krasnoperov, L. N.; Niiranen, J. T.; Gutman, D.; Melius, C. F.;
Allendorf, M. D. J. Phys. Chem1995 99, 14347.

(13) Gao, Y. H. C.; Ran, Q.; Chen, Y.; Ma, X.; Chen, Rhys. Chem.
Chem. Phys2002 4, 1164.

(14) Gao, Y.; Chen, Y.; Ma, X.; Chen, ©Chem. Phys. Let2001, 339,
209.

(15) Gao, Y.; Chen, Y.; Ma, X.; Chen, Chem. Phys2001, 269, 389.

(16) Gao, Y.; Chen, Y.; Ran, Q.; Ma, X.; Chen, &.Phys. Chem. A

S2001 105 10651.

(17) Gao, Y.; Pei, L.; Chen, Y.; Chen, G. Chem. Phys2001, 114,
10798.

(18) Merelas, |.; Fernandez, J. A.; Puyuelo, P.; Sanchez Rayo, M. N;
Husain, D.; Castano, FZhem. Phys200Q 254, 77.

(19) Bevington, P. R.Data Reduction and Error Analysis for the
Physical SciencedvicGraw-Hill: New York, 1969.

(20) Seetula, J. A.; Gutman, D.; Lightfoot, P. D.; Rayes, M. T.; Senkan,
S. M. J. Phys. Chem1991, 95, 10688.

(21) DeMare, G. R.; Huybrechts, Grans. Faraday Sod 968 64, 1311.

(22) Becke, A. D.J. Chem. Phys1993 98, 1372.

(23) Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Revision A.7; Gaussian, Inc.: Pittsburgh, PA, 1998.

(25) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
1987, 87, 5968.

(26) Schlegel, H. BJ. Phys. Chem1988 92, 3075.

(27) Moller, C.; Plesset, M. S2hys. Re. 1934 46, 618.



