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Kinetics of the Unimolecular Decomposition of the 2-Chloroallyl Radical

Introduction

Kinetic modeling of processes such as the combustion andp
incineration of chlorinated hydrocarbons and industrial chlorina-
tion is essential for understanding their mechanisms and for the
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The thermal decomposition of the 2-chloroallyl radical, £&ICH, — CH,CCH, + CI (1), was studied

using the laser photolysis/photoionization mass spectrometry technique. Rate constants were determined in
time-resolved experiments as a function of temperature{820 K) and bath gas density ([He] (3—12)

x 10, [Ny] = 6 x 10% molecule cm?®). CsH, was observed as a primary product of reaction 1. The rate
constants of reaction 1 are in the falloff, close to the low-pressure limit, under the conditions of the experiments.
The potential energy surface (PES) of reaction 1 was studied using a variety of quantum chemical methods.
The results of the study indicate that the minimum energy path of thgCCKCH, dissociation proceeds
through a PES plateau corresponding to a weakly bourdCgH, complex; a PES saddle point exists between

the equilibrium CHCCICH,; structure and the €IC3H, complex. The results of quantum chemical calculations,

the rate constant values obtained in the experimental study, and literature data on the reverse reaction of
addition of CI to allene were used to create a model of reactions F-dnd'he experimental dependences

of the rate constants on temperature and pressure were reproduced in RRKM/master equation calculations.
The reaction model provides expressions for the temperature dependences of the high-pressure-limit and the
low-pressure-limit rate constants and the falloff broadening factor§ @t300-1600 K): k*; = 1.45 x

10P°T 175 exp(—19609 KM s71, k*_; = 8.94 x 107197040 exp(481 KM) cm® molecule® s™1, k%(He) =

5.01 x 107327 1292 exp(—22788 KIT) cm?® molecule® s71, k%(N,) = 2.50 x 10732T 1192 exp(—22756 KIT)

cm® molecule® s71, Feen(He) = 0.46 expT/1001 K) + 0.54 expET/996 K) + exp(—4008 KIT), andFgenr

(N2) = 0.37 exptT/2017 K) + 0.63 expt-T/142 K) + exp(—4812 KIT). The experimental data are not
sufficient to specify all the parameters of the model; consequently, some of the model parameters were obtained
from quantum chemical calculations and from analogy with other reactions of radical decomposition. Thus,
the parametrization is most reliable under conditions close to those used in the experiments.

of delocalized chlorinated hydrocarbon radicals is likely to
roduce aromatic and chlorinated aromatic species characterized
by high toxicity and carcinogenicity (e.g., refs 2 and 4). The
principal issue pertaining to the ability of such radicals to
accumulate in combustion systems is their stability. In particular,

use of these mechanisms as tools of prediction and control. They,q yateg of the two most important processes of radical removal,

success of such modeling is currently limited by a lack of
fundamental information on the rates and products of a large

reactions with @and unimolecular decomposition, are the most
critical parameters that determine the stability of radicals in

number of elementary reactions involving chlorinated hydro- ¢«

carbon species:?

Virtually no information is currently available in the literature

Resonantly stabilized (due to electron delocalization) radicals 5y the kinetics of these reactions of delocalized chlorinated

are known to play an important role in the chemical mechanisms pyqrocarbon radicals at elevated temperatures. In a recent direct,
of hydrocarbon oxidation and pyrolysis. The stability and low  time_resolved experimental study, we investigated the kinetics
reactivity of these radicals result in their accumulation in large 4pg thermochemistry of the reaction of one of the simplest
concentrations during the processes of oxidation and pyrolysis ge|ocalized chlorinated hydrocarbon radicals, the 2-chloroallyl
of hydrocarbons. High concentrations of stabilized polyatomic aqical, with molecular oxygehThe kinetics of the thermal
radicals result in appreciable rates of their recombination, decomposition of CCCICH,, however, remains unknown: no

ultimately leading to molecular growth, which has been linked gyperimental information on this reaction is currently available
to the formation of polycyclic aromatics and soot. In the i, the literature.

oxidatiqn and pyrolysis of chlorinated hydrocarbons, chlgripated In this article, we report the results of our experimental and
delocalized radicals can be expected to play a role similar o compuytational investigation of the reaction of the thermal
the role of delocalized radicals in hydrocarbon combustion. nimolecular decomposition of the 2-chloroallyl radical
Molecular weight growth due to the buildup and recombination

CH,CCICH, — CH,CCH, + Cl 1)
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+0n leave from the Higher Chemical College of the Russian Academy Reaction 1 was studied in the 72840 K temperature interval

of Sciences, Miusskaya sq, 9, Moscow 125190, Russia. at varying densities of helium bath gas ([He](3—12) x 10
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atom cnt3) and at one density of nitrogen bath gasA[N 6 chamber containing the photoionization mass spectrometer. As
x 10 molecule cm?). Rate constants were obtained as the gas beam traversed the ion source, a portion was photoion-
functions of temperature and bath gas density. In the compu-ized and mass selected. &ECICH, radicals were ionized using
tational part of the work, the potential energy surface (PES) of the light from a chlorine resonance lamp 8®1 eV) with a

reaction 1 and the reverse reaction, Cak, window. Temporal ion signal profiles were recorded on a
multichannel scaler from a short time before each laser pulse
Cl + CH,CCH, — CH,CCICH, (-1 up to 25 ms following the pulse. Typically, data from 1000 to

20 000 repetitions of the experiment were accumulated before
the data were analyzed.

The 193 nm photolysis of 2,3-dichloropropene can be
c]expected to yield the following potential channels:

was studied using a variety of quantum chemical techniques.
A model of the reactions (1;-1) was created on the basis of

the results of the PES study and the experimental data obtaine
in the current work (reaction 1) and earlier studies (reaction 193 nm
—1). The experimental dependences of the rate condtaanl CH,CCICH,Cl —— CH,CCICH, + ClI (2a)

k_1) on temperature and pressure were reproduced in RRKM/ . .
master equation calculations. The model was used to obtain CH,CCHCI + Cl— CH,CCICH, + Cl

parametrized expressions for the rate constants as functions of (2b)

pressure and temperature over wide ranges of conditions. — CH,CHCHCI + ClI (2¢)
Reaction 1 has not been studied experimentally before.

However, the kinetics of the reverse reactionl] has been — other products (2d)

studied by several groups. Wallington ef alsed a relative rates S ) ] )
technique to obtain the rate constant of reactighat 295 K This distribution of channels is consistent with the observed

and 760 Torr of nitrogen bath gas, where the reaction is near kinetics of the §H4CI rad_icals formed and with Fhe results of

its high-pressure limit. Farrell and Taaflesised a laser ~ duantum chemical studies ofsK,Cl, as explained below.

photolysis/IR absorption method to study the production of HCI Channel 2a results from the ellmlr_1at|on of a chlorine atom from

in the reaction of Cl with allene. Although these authors were the chloromethyl group of 2,3-dichloropropene. Channel 2b,

primarily interested in the channel of the @l CH,CCH, elimination of a Cl atom from the middle carbon in 2,3-

reaction producing HCI and the propargyl radical, their experi- dichloropropene, is also possible. This would result in the

mental data (covering the temperature range from 292 to 850 formation of a vinylic CHCCH,CI radical. Recent experimen-

K and two pressures of the G®ath gas, 5 and 10 Torr) include tal”.® and theoreticdl® studies of the reaction of Cl atoms with

both the rate constants for the overall reaction and those for allene and the associated potential energy surfaces demonstrate

the HCI producing channel. Rate constants for the other channel,that CRCCHClis unstable and undergoes rapid isomerizations

reaction—1, can thus be extracted from these data. Finally, to 2-chloroallyl radical. Thus, the ultimate products of channel

Atkinson and Hudger§obtained the rate constants of reaction 2P are expected to be the same of those of channel 2g, CH

—1 at 298 K and low pressures{30 Torr) of He and Nbath CCICH, +' Cl. The photolyys channel 2c fqrmlng the 1.-chlo-

gases in cavity ring-down spectroscopy experiments. Compu__roal_lyl radical (sefe dlscuss!on below) requires a prior isomer-

tational quantum chemical studies of the PES and the mechanisrriZation of the excited 2,3-dichloropropene molecule.

of reaction—1 were performed by Atkinson and Hudgéasd ~Below 600 K, a slow exponential decay of thgHsCl ion

Hudgens and Gonzaléz. signal was observed with the first-order rate constants in the
This article is organized as follows. Section | is an introduc- 'ange 12-28 s%, independent of temperature. This decay was

tion. The experimental study is described in section II. Section attributed to a first-order heterogeneous wall-loss process:

Ill presents a PES quantum chemical computational study, .

RRKM/master equation modeling of the reaction, and a CH,CCICH, — heterogeneous loss ®)

parametrized representation of the calculated rate constants ove

wide ranges of temperatures and pressures. A discussion of theji—he rates of heterogeneous loss of CBICH, demonstrated

experimental and the computational results is given in section a re_Iatlver minor instability: the yalues i slowly mcrea;ed
V. during the experiments. One possible reason for such an increase

is that the Cl atoms formed in the precursor photolysis decayed

on the walls of the reactor and affected the wall conditions,

making the walls more reactive toward hydrocarbon radicals.
I.1. Experimental Apparatus and Method. 2-Chloroally! To avoid effect of the chlorine atoms on the wall conditions,

radicals were produced by the pulsed, 193-nm laser photolysisthe former were converted to HCl andHg by addition of

of 2,3-dichloropropene. The decay ofH;Cl (m/z = 75) was ethane. When substantial concentrations (((382) x 10

subsequently monitored in time-resolved experiments using molecule cm?) of ethane were added to the reactor gas flow,

photoionization mass spectrometry. Details of the experimental the values oks became stable.

apparatu® and procedurés used have been described before  Above 700 K the decay rates increased rapidly with rising

and thus are only briefly reviewed here. temperature due to the increasing importance of the thermal
Pulsed unfocused 193-nm radiation (4 Hz) from a Lambda decomposition of CHCCICH, radical, reaction 1. However, the

Physik EMG 201MSC excimer laser was directed along the axis C;H,Cl ion signal profiles displayed nonexponential profiles

of a heatable quartz reactor (1.05-cm-i.d.) coated with boron that could be represented with a double-exponential decay

oxide!? Gas flowing through the tube at4 m s contained function:

the radical precursor<0.01%) and an inert carrier gas (He or

N,) in large excess. The flowing gas was completely replaced I(t) =1, expkt) + I, exp(—kst) (1,0.13,) (1)

between laser pulses. Gas was sampled through a hole (0.04

cm diameter) in the side of the reactor and formed into a beam Thus, the ion signal atwz = 75 (GH4Cl) consisted of two

by a conical skimmer before the gas entered the vacuum components, the major one of which (first term in eq ) decayed

II. Experimental Study and Results
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with time in a manner consistent with the thermal decomposition 1000K/T

of a radical (decay rat&’ increased with temperature and 115 120 126 130 135 140
pressure); this component was attributed to the 2-chloroallyl .

radical. The minor component of the ion signal displayed a slow
decay consistent with a heterogeneous wall loss of a radical.
The rate constanks of this decay did not increase with
temperature in the 7601000 K interval and coincided with 2 100
that obtained in separate experiments for the,CHCHCI
radical produced in the 193 nm photolysis of the CHCICHCH

a) He bath gas

Si(CHg)3 precursor:
. 193 nm . 1
CHCICHCH,Si(CH,;); —— CH,CHCHCI + Si(CH;), 1000 g
(4a) o0 E N, bath gas ;
— other products (4b) ]

300 1.20 1.25 1.30

This minor component was thus attributed to 1-chloroallyl < R
radical, CHCHCHCI, which can be expected to have a ol He bath gas |
significantly larger energy barrier for dissociation and thus to b)
be thermally stable in the temperature range of the current 50 b -
experimental study. Its decay was thus attributed to a hetero- L L L L N L
geneous loss: 1.20 1.25 1.30 1.35 1.40 1.45
1000K/T
CH,CHCHCI— heterogeneous loss (5) Figure 1. Plots of the CHCCICH, decomposition rate constants (

vs 10007) for three densities of helium and one density of nitrogen:
) . ) [He] = 3 x 10 molecule cm?, triangles; [He]= 6 x 10 molecule
The GH,CI" ion signal decay profiles were analyzed by cm=3, circles; [He]= 12 x 10 molecule cm?, squares; [M = 6 x
fitting with eq I. The rate constants of the heterogeneous l0ss 10 molecule cm?3, circles and squares. (a) Rate constant valkes (
of CH,CCICH,, ks, were directly determined below 600 K. For  (I)) obtained in He bath gas using data fitting with floafed (b) Rate
each experiment to determikg the value ofks was obtained ~ constant valuesk((ll)) obtained in He bath gas using data fitting with
in a separate experiment performed under the same conditiondixed Fr = 0.127. (c) An example of the48,CI" decay profile: [He]

. =6 x 10 molecule cm?3, T=830K,k =394 s ks=7.2s1? Fgr
(temperature and pressure), where small concentrations of_ 0.188. (d) Rate constant values obtained jrbhh gas:ki(l), circles;

1-chloroallyl radicals £2 x 10" molecule cm®) were created (i), squares. Lines represent the results of master equation simulation

by the photolysis of CHCICHCESI(CHg)s, reaction 4. The  with the optimizedAELown = constant (solid lines) anBAEQown =

fitting of the GH4CI* ion signal decay profiles with eq | was  oT (dashed lines) models.

performed by optimizing the values of three variables: (1) the

maximum signal amplitudg (Ip = 11 + 1), (2) the ratioFg of rates of CHCCICH, regeneration via the H 2,3-GH,Cl, are

the initial intensities of the two components of egk(= I/ expected to be in the-217 s range under the conditions of

I1), and (3) the rate constant of the decay of the first component, the experiments. However, competition with the much faster

k'. The values ok; were obtained by subtracting the rate of reaction of H atoms with ethane regeneratingHg radicals

the heterogeneous loss of @ECICH,: k; = k' — ks. A typical (pseudo-first-order rates of 581400 s!19 ensures that

C3H4CIT signal profile is presented in Figure 1. hydrogen atoms have no effect on the observed kinetics gf CH
Experiments were performed to establish that the rate CCICH,. Ethyl radicals are expected to be inert with respect to

constants did not depend on the initial radical concentration, abstraction of Cl from chlorinated hydrocarb®r’ Similarly,

the concentration of the radical precursor (provided that theserates of reactions of radicals of allylic type (gECICH, and

concentrations were kept low enough to ensure that radical CH,CHCHCI) with ethane are expected to be negligible under

radical reactions had negligible rates), the concentration of the experimental conditions of the current stdély.

ethane, or the photolyzing laser intensity. The rate constants of The gases used were obtained from Aldrich ¢CBICH,-

the CHCCICH, decomposition depended only on temperature Cl, 98%; CHCICHCHSI(CHs)s;, 97%), Matheson (§Hs,

and bath gas density. >99.999%), and MG Industries (He>99.999% and B
Possible side reactions of GEICICH,, CH,CHCHCI, and >99.999%). CHCCICH,CI and CHCICHCHSI(CHs)s were

C,Hs (other than reactions 1, 3, and 5) were considered from purified by double vacuum distillation prior to use. Helium,

the standpoint of potential interference with the observed kinetics ethane, and nitrogen were used as provided.

of reaction 1. Ethyl radicals produced in the reaction of Cl with I1.2. Experimental Results. The results of all the experiments

ethane were observed directly, with their kinetics being that of and the conditions used to determikeare given in Table 1.

slow decay, primarily due to heterogeneous wall loss. A The unimolecular rate constants for reaction 1 obtained from

relatively minor channel of consumption oblds is thermal these sets of experiments conducted at three different densities

decomposition, with rate constants ranging from 2 to 34 s of helium ((3, 6, and 12) 10 atom cnT3) and one density

depending on the temperature and the bath gas density (valuesf nitrogen (6 x 10'® molecule cm?3) are shown in Figure 1.

calculated from the parametrization of ref 13). Reaction of H The CHCCICH, detection sensitivity was lower when nitrogen

atoms with 2,3-dichloropropene can, in principle, regenerate was used as a bath gas akgdvalues in this case could be

CH,CCICH; radicals. The rate constant of theH2,3-GHa- determined only under optimal conditions.
Cl, — HCI + CH,CCICH, reaction can be estimated asx7 Fitting of the GH4CI™ signal profiles with eq | provided the
107 exp(—2937 K by analogy with the H+ CCl, — HCI values of Fg, the ratio of the initial intensities of the two

+ CCls reaction, which has a similar reaction enthalpy and the components of the signal at mass 75 attributed to different
rate constants of which are knowhThus, pseudo-first-order  isomers of the chloroallyl radical. The range of the fittgsl
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TABLE 1: Conditions and Results of Experiments to Determine the Rate Constant&; of the Unimolecular Decomposition of

CH,CCICH,»
[M]2 TIK [RCI® [R]o® [CaHg]® |d ke/s™t ks/s™t Fr® k(1) 1571 k(1) /s71
He Bath Gas
3.0 760 29.2 1.60 1.93 111 13.9 1.7 0.1D.057 68.6+ 18.6 57.86-7.6
3.0 780 34.6 1.55 2.10 9.2 16.5 2.8 0.06M.022 88.2+ 8.8 110.4+ 6.6
3.0 790 38 1.35 1.77 7.4 18.5 1.8 0.0820.018 125.2-13.2 148.9+12.9
3.0 800 34.7 1.82 1.86 11.1 16.1 2.0 0.06®.019 130.3- 14.4 161.9+-14.8
3.0 820 38 1.30 1.77 7.4 18.5 2.6 0.18@.008 227.3-19.2 231.4+ 20.6
6.0 740 30.8 1.44 2.59 9.2 14.6 5.1 0.02®.072 49.9+12.3 65.8+ 80.4
6.0 760 30.1 1.65 2.54 111 20.9 6.4 0.660.026 95.2+-12.6 126.0-9.4
6.0 780 27 1.45 2.55 11.1 20.0 3.6 0.G¥0.010 152.4+ 12.0 176.4+ 15.8
6.0 800 28.8 1.41 2.51 10.4 135 6.1 0.040.017 184.0k 27.0 218.14£ 33.7
6.0 810 30.8 1.33 2.59 9.2 14.6 5.1 0.1840.008 263.0+ 23.1 256.4+ 29.9
6.0 820 28.8 1.38 2.51 10.4 135 4.2 0.680.009 327.4-36.6 280.3+ 43.7
6.0 830 56.3 0.95 2.38 3.7 16.3 7.2 0.18%.008 377.8+25.9 572.5+£79.5
6.0 840 27 1.36 2.55 111 20.0 5.1 0.144.013 460.0: 51.6 522.14+ 80.2
6.0 840 65.7 1.10 2.37 3.7 17.9 7.7 0.262.012 476.H 39.7 744.24- 100.7
12.0 720 14.3 1.23 2.60 16.6 12.4 4.6 0.2992.027 86.2-12.6 477 3.6
12.0 720 14.3 0.55 2.60 7.4 12.4 4.6 0.199.102 72.0+30.2 57.1+7.2
12.0 730 28.9 1.91 2.63 12.9 28.2 7.1 0.6388.036 69.04 10.7 96.4+ 6.9
12.0 740 14.3 1.20 2.60 16.6 13.6 5.4 0.1792.017 116.5-17.9 95.6+ 6.4
12.0 750 61.1 3.96 3.12 12.9 18.6 0.4 0.060.011 108. 4 7.5 140.2+-8.2
12.0 760 29.8 2.73 2.65 18.5 22.5 5.6 0.670.009 135.410.2 163.0+ 9.9
12.0 770 112 3.16 3.12 5.8 18.7 3.7 0.00D.008 227.5+-18.6 233.4+ 25.3
12.0 780 29.6 2.12 2.84 14.8 20.3 4.2 0.676.006 211.0-14.4 219.7422.8
12.0 790 14.6 0.91 2.59 12.9 16.1 4.9 0.689.007 362.2+ 30.1 319.9+ 43.6
12.0 800 29.6 2.08 2.84 14.8 21.0 2.7 0.090.006 380.8+ 20.7 323.8- 35.9
12.0 800 30.8 2.27 1.35 155 19.9 3.0 0.8810.005 332.6+ 23.3 295.0+ 33.4
12.0 810 15.5 0.94 2.61 12.9 135 10.5 0.126.022 565.0+ 99.0 563.5- 94.5
12.0 820 29.6 2.03 2.84 14.8 20.9 2.2 0.0998.009 587.1+ 50.4 472.4+ 63.2
N, Bath Gas
6.0 760 48.8 1.34 2.43 55 19.3 12.6 0.120.042 93. 74 17.8 95.8+ 8.7
6.0 780 48.8 1.31 2.43 5.5 15.8 6.4 0.HD.010 163.0+ 13.3 173.2£11.9
6.0 800 65.8 1.15 2.30 3.7 15.7 3.9 0.08M.008 199.4+ 15.9 216.8+ 20.5
6.0 820 66.4 1.14 2.29 3.7 19.9 10.1 0.199.009 403.8+ 43.0 367.1+ 61.6

aConcentration of the bath gas (helium or nitrogen) in units df h@olecule cms.  In units of 16* molecule cm?®. The CHCCICH, (R)
concentrations were obtained by measuring the photolytic depletion g€ CIEH,CI (RCI) and represent an upper limit because they were obtained
assuming a 100% vyield of GECICH, in the photolysis€ In units of 13°> molecule cm?. ¢ Estimated photolyzing laser intensity in mJ pufse
cm 2. ¢The ratioly/I> (eq 1). Tky(l) and ky(Il) were obtained using floated and fixétk values, respectively (see text). Error limits represent sums

of 10 random and estimated systematic uncertainties.

values is from 0.02 to 0.29. Although the exact mechanism of in Table 1 represent sums ofo lstatistical and estimated

formation of 1-chloroallyl radicals in the photolysis of 2,3-

systematic uncertainties. It should be noted that these uncertainty

dichloropropene is unknown, it is reasonable to expect that the values were obtained within the framework of a particular
ratio of the yields of the 2-chloroallyl (channels 2a and 2b) and approach to data treatment, i.e., varigglor Fr = constant.
the 1-chloroallyl (channel 2¢) radicals should not depend on The differences betweek () and ky(Il) at individual experi-

the conditions in the reactor within the experimental ranges. mental temperatures provide an additional component of
Although a minor temperature dependence can be expected inuncertainty.

principle, its effect should be negligible considering the narrow  The values ok; increase with pressure; the vs pressure
temperature interval of the experimental study and the large dependence at each particular temperature is somewhat weaker
amount of energy deposited in the precursor molecule by a 193than proportional. Thus, reaction 1 is in the falloff region under
nm photon. Therefore, an alternative approach to data fitting the conditions of the current study i€ was observed as a
was also implemented. In this alternative approach, a fixed value primary product of reaction 1. The 384" signal profile

of Fr = 0.127 (obtained by averaging the values obtained in consisted of two components: an immediate “jump” following
experiments where the relative uncertainty of fittedwas less  the photolyzing laser pulse, which can be attributed to the
than 10%) was used. The resultant valuekofre presented  formation of GH, in the photolysis channel 2d, and a smaller

in Table 1 and Figure 1 dg(Il); the values obtained in fitting  slower-growing component, attributed to the formation of allene
with floatedFr are presented ds(l). As can be seen from the  in reaction 1. The characteristic rise time of the secogd,C

plots (a) and (b) in Figure 1, the two alternative approaches 1o signal component matched that of the £I€ICH, decay due
data fitting result in somewhat different values of the rate to thermal decomposition.

constants. The scatter of data in tkevs 10001 plots is
comparable in the caseslafl) andk;(ll). In the absence of an
objective criterion for selecting either thg(l) or thek;(Il) data
set, both of these data sets were used in modeling the kinetics Ill.1. Potential Energy Surface. The potential energy surface
of reactions 1 and-1 (Section IlI). (PES) of the reactive system of QEICICH, decomposition and

In evaluation of the experimental uncertainties in the obtained the corresponding reverse reaction, that of addition of Cl to
values ofk;, effects of uncertainties il and ks and in the allene, was studied previously by Hudgens and GonZdlez.
extrapolation of the nonexponential signals to zero time were These authors have demonstrated, using a variety of quantum
taken into account. The error limits of tkgl) andk,(11) values chemical techniques, that the Cl atom adds to allene at the

I1l. Model of Reaction 1
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_\_\_\__\_\_\_\_\_\_\_‘_—‘——_
- CH,CCH,CI 1

Figure 2. Three-dimensional surface plot obtained in a relaxed scan
of the PES of reaction 1 using the BH&HLYP/6-311G(d,p) method.
The minimum energy path of the GEICICH, dissociation to CH-
CH,CCH, proceeds from the C}CICH, equilibrium structure through
the saddle point TS1 (indicated by a short vertical dash) and the I1
plateau. The inset on the left shows the coordinates scanned: 8¢ C
distance and the €IC—C angle.

central carbon atom, forming the 2-chloroallyl radical; initial
addition at the terminal C atom results in the formation of an
unstable CHCCH,CI radical that rapidly isomerizes to GH
CCICH,. The CHCCH,Cl — CH,CCICH, isomerization reac-

tion path proceeds through the PES region with an energy lower

than that of the separated Cl andHz and involves a 90
rotation of the—CH, group being formed from the chloromethyl
group of CHCCH,CI. Details of the isomerization reaction path
varied depending on the quantum chemical methuoakis set
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0(0)
1.7 (-21.4)

—

-17.9 (-20.3) Cl + CH,CCH,

-
——
—— - -\~

-50 4

CH,CCH,CI

-100 4

E / kJ mol”

-150 4 -160.4 (-164.6)

CH,CCICH,

Reaction Coordinate
Figure 3. Potential energy diagram of reaction 1 obtained in QCISD-
(T)/6-311++G(3df,2pd)//QCISD/6-31+G(d,p) calculations. Energies
with ZPE included are represented with solid lines and numbers outside
parantheses; electronic energies (without ZPE) are represent by dashed
lines and numbers in parentheses.

TABLE 2: Energies? of PES Stationary Points Obtained in
Quantum Chemical Calculations

method E° Eod E(11) E'

BH 133.5(130.2) 153.5 (149.3) 104.3 (101.8)
QCT2//BH 144.4 (141.0) 169.6 (165.4)

BHZ 137.2 (134.0) 155.5 (151.2) 105.4 (103.3)

QCT2//BHZ 144.4 (141.2) 169.9 (165.6)

QC 148.0 (146.2) 143.1(138.9) 140.4 (145.9) 92.4 (96.1)
QCTL/IQC  140.4 (138.6) 158.3 (154.1) 140.0 (145.5) 91.0 (94.8)
QCT2/IQC  144.3 (142.5) 164.6 (160.4) 143.2 (148.7) 91.3(95.1)

a Electronic energies in kJ mdi, relative to CHCCICH,. Values
in parentheses include added ZPRBbbreviations: BH= BH&HLYP/
6-311G(d,p); BHZ= BH&HLYP/aug-cc-pVTZ; QC = QCISD/6-
31+G(d,p); QCT1= QCISD(T)/6-311%G(2df,2p); QCT2= QCISD(T)/
6-311++G(3df,2pd).c Energy of the TS1 saddle poirttEnergy of Cl
+ CH,CCH.. A correction 0of—0.0013382 hartree is added to account

combination used; however, the main PES and reaction pathyor the spin-orbit energy. Energy of the I1 intermediate (PES plateau).

features were independent of the computational approach.

fEnergy of the CHICCH,CI isomer.

The study of the PES of reaction 1 undertaken in the current
work was based on the results of Hudgens and Gonzalez.denoted as I1 (Intermediate 1). The I1 plateau is connected with
Whereas the authors of ref 19 were principally interested in the the Cl+ CH,CCH, valley by a wide barrierless incline; a saddle
qualitative mechanism and energetics of the addition reaction, point (TS1, indicated with a short vertical dash) separates the

the current work concentrated on the PES properties mostll region and the CHCCICH, minimum.

relevant to numerical modeling of the kinetics of the £H
CCICH, decomposition, reaction 1, and the reverse reaction,
—1.

The minimum energy path for the decomposition of the
2-chloroallyl radical thus proceeds from the equilibrium structure
of CH,CCICH, through a saddle point to the |1 plateau, with

Three combinations of method and basis sets were used forsubsequent departure of Cl from allene. Another reaction path

optimization of molecular structures: BH&HLYP/6-311G(d,p),
BH&HLYP/aug-cc-pVTZ, and QCISD/6-3%G(d,p)2°25 In
addition, higher-level single-point calculations were performed
at selected critical points using the QCISD{inethod with
the large 6-311+G(3df,2pd) basis set; QCISD(T)/6-315-
(2df,2p) energies were also calculated for the QCISD-optimized
structures. The version of the BH&HLYP functio&#timple-
mented in the Gaussian ¥8suite of programs (used in all
quantum chemical calculations) was used.

A two-dimensional scan of the PES was performed at the
BH&HLYP/6-311G(d,p) level. The CtC distance (where C
is the central carbon atom) and the-@-—C angle (indicated
with arrows in the inset in Figure 2) were scanned with the rest

leading from the I1 plateau proceeds to the,CBH,CI well.

The well depth of CHCCH,CI is only 54 kJ mol relative to

I1 and thus CHCCH,CI can be expected to be unstable and
favor isomerization back to GI€CICH,. The PES along the
minimum energy path for reaction 1 is illustrated in Figure 3,
where solid lines are used to show the energies obtained at the
QCISD(T)/6-311#+G(3df,2pd)//QCISD/6-31+G(d,p) level with

the QCISD/6-3%G(d,p) zero-point energies (ZPE) included and
dashed lines are used to show the energies obtained at the same
level of calculations without the ZPE. Energies of stationary
points obtained at different levels of calculations are presented
in Table 2.

There is a significant degree of uncertainty associated with

of the coordinates optimized. The results of the scan are shownthe part of the PES corresponding to the I1 intermediate.

in Figure 2. The PES obtained has three distinct regions. A
minimum at CHC = 1.76 A and C+C—C = 117 represents
the 2-chloroallyl radical, CHCCICH,. Another minimum at
Cl-C = 2.73 A and C+C—C = 38 corresponds to the GH
CCH,CI isomer. These two minima are joined by a plateau

Although all quantum chemical method/basis set combinations
used in the calculations predict the existence of the TS1 saddle
point, they differ with respect to the 11 intermediate. Molecular
structure optimization at the QCISD/6-8G(d,p) level yields

a shallow PES minimum but calculations performed using the
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BH&HLYP density functional method do not result in a stable
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tum, k(E) values were multiplied by the ratio of the moments

structure: no barrier was obtained with both the 6-311G(d,p) of inertia of the remaining adiabatic rotational degrees of
and the aug-cc-pVTZ basis sets for the reaction path leadingfreedom.

from the I1 plateau to the GI€CH,CI minimum. The electronic

Pressure- and temperature-dependent rate constants,ef CH

energy difference between TS1 and 11 is very small (TS1 is CCICH, decomposition were calculated via solution of a steady-

1.1 kJ mot? higher) at the QCISD(T)/6-3+G(3df,2pd)/
QCISD/6-3HG(d,p) level. As a result, addition of ZPE reverses

state master equatighusing the Nesbet algorithf.It was
demonstrated that the calculated rate constant values did not

the relative positions of TS1 and I1: I1 becomes higher by 6.2 depend on the size of the energy increment (20%cosed in

kJ molt. At the QCISD/6-3%G(d,p) level used in structure
optimization, the same TSl difference in the electronic
energies is larger (7.6 kJ md) and addition of ZPE does not
reverse the relative positions of TS1 and I1. At the BH&HLYP/

the master equation solution with 2 chused ink(E) calcula-
tions) used in converting the continuous form of the master
equation into the matrix forr?? It was also demonstrated that
solution of the full time-dependent master equatigerformed

6-311G(d,p) level used in the scan presented in Figure 2, thereusing the Householder tridiagonalization algorithm (see refs 33
is no PES minimum for I1 but the electronic energies on the 11 and 34 for details) resulted in the same rate constant values as

plateau are~ 0—10 kJ moi ! lower than that of TS1. The ZPE

were obtained with the steady-state master equation. The

of 11 also has a substantial uncertainty originating in the ChemRateprograni® was used in all calculations.

vibrational modes corresponding te-Cl stretch and C+tC—C

The exponential-dow#**model of collisional energy transfer

bend. As can be seen from the PES plot in Figure 2, the 11 \y45 ysed in the calculations. The values of the collisional energy
plateau is almost flat, which means that the force constants for y;4nsfer parametefAEoun (average energy transferred per

these two types of motion are very small; however, the normal-

mode analysis yields the values of 119 and 179 tfor the

deactivating collision with the bath gas), is unknown and can
only be obtained from fitting of the experimental data. However,

corresponding vibrgtional frequgncies. The detaileql results of his parameter, generally, has an unknown temperature depen-
the quantum chemical calculations are presented in the Sup-gence. Two models of the\Eldown vs temperature dependence

porting Information.

for CH,CCICH, were used in the current study. The first model

The results of the current PES study are in agreement with employed a temperature-independ@sEo. = constant. The

those of Hudgens and GonzalézLarger basis sets and a
different DFT functional were used in the current work, which

second model used a proportioiAEldown = aT dependence,
based on analogy with the results of Knyazev and Tsang

resulted in somewhat different values for the energies of the obtained fors-C4Ho.3” These authors modeled the chemically
stationary points. The authors of ref 19 also observed the and thermally activated decompositionss€;Hg to reproduce
sensitivity of the PES details to the method/basis set combinationthe experimental literature data obtained over a wide range of
in the region of I1 and TS1: the density functional B3LYP based temperatures (195680 K). The modeling yieldedAEown

structure optimization did not yield a PES minimum for 11,

proportional to temperaturéAEldow(s-CsHg,He)= 0.52T cm 1

although the MP2 and the QCISD optimizations produced such K-1, A similar proportional dependence was obtained earlier
minima and the corresponding saddle points for isomerizations for the decomposition of ethyl radick:38

to CH,CCH,CI.
111.2. Rate Constant Calculations. A model of reactions (1,

As a starting point in the calculations, the values of the energy
of the TS1 saddle pointg) and that of the CH CH,CCH,

—1) was created on the basis of the results of quantum chemicalthreshold Eo) obtained in the QCISD(T)/6-3H1+G(3df,2pd)//
calculations and the experimental data of the current study. QCISD/6-3HG(d,p) calculations were used. Then, critical
QCISD/6-3H1-G(d,p)-level structures and frequencies were used parameters of the model were adjusted to achieve agreement
for all species. The saddle point TS1 connecting the equilibrium with the rate constants of reaction 1 obtained in the current work
CH,CCICH; structure and the 11 intermediate (PES plateau) was and those of reactior1 reported in refs 68. The results of
taken as the dynamic bottleneck (transition state) of the reaction.the calculations demonstrate different sensitivities to different
This is a reasonable assumption considering the fact that furthermodel parameters, depending on the temperature and pressure
chemical transformation of 11 can be expected to largely favor values selected for calculations. The near-high-pressure-limit

dissociation via a very “loosé® complex rather than reasso-
ciation to form CHCCICH, through a “tighter” transition state.

rate constant at room temperature (the value of ref 6) is
most sensitive to two parametersi — Eo, the energy difference

At the same time, it should be noted that trajectories originating between TS1 and the Ck CH,CCH, products, and the

from the CHCCICH, well and passing through the I1 region
on the PES can proceed to the €ICH,CCH, valley only if
their corresponding energies are above that of @H,CCH..
Trajectories with energies between those of TS1 antt CH,-
CCH;, will traverse the I1 plateau and will likely dwell for a
limited time in the shallow CLCCH,CI well but will eventually
return to the CHCCICH, well. Thus, the values of the
microcanonical energy-dependent rate constants foOCHCH,
decompositionK(E)) were given zero values at energies below
that of CI+ CH,CCH,. At energies above that of Gt CH,-
CCH,, k(E) values were calculated using the RRKM metR6d?

vibrational frequencies of the transition state. The low-pressure
(5—10 Torr) values ok_; obtained from the results of Farrell
and Taatje5and those reported by Atkinson and Huddem®
most sensitive tde; — Ep, [AEdown and the CHCCICH, well
depth,Eq. The rate constantg of the CHCCICH, decomposi-
tion at the low pressures used in the experimental part of the
current study are most sensitiveEg and[AE[own, and are not
sensitive to eitheEy — E; or the TS1 vibrational frequencies.
Because variations iBy — E; and in the vibrational frequencies

of TS1 lead to the same result, i.e., changes in the calculated
high-pressure-limit values & ;, the frequencies of the transi-

The sum-of-states and the density-of-states functions of thetion state were fixed at the values obtained in QCISD/6-G1

transition state and the GACICH, molecule, respectively, were
calculated using the modified BeyeBwinehart algorithni?

(d,p) calculations. Thus, the following parameters were opti-
mized in the modeling: (1f; — Eo, (2) Eo, (3) [AELowr(COy)

One rotational degree of freedom in both the transition state (for CO, bath gas used in ref 7), and (4MNElowr(He).

and the CHCCICH, molecule was taken as acti¥€3° To

Optimization was performed twice, using tHAE[down =

approximately account for the conservation of angular momen- constant and theAE[down, = oT models. The values GAEowr+
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TABLE 3: Results of Modeling of the Experimental k; and L] p—————
k_, Data circles:  ref. 7, CO, bath gas
squares: ref. 8, He bath gas

model parameter [AEown= const [AEQown= aT® QCISD(T¥ N, |l SRR | -7
Ev/kJ mol: 144.3 151.4 142.5 2 " T
Eo/kJ mol? 161.4 168.5 160.4 < ol L
AEQowr(COz)Yem™2 1402 1.5887K £ o
[(AEowr(He)/cnT? 174 0.434/K § e 2
[AEowr(N2)/cmt 221 0.57d/K %

aValues obtained using the\Eldown = constant model (preferred
model).? Values obtained using the\Eldown = oT model.¢ Energy
values obtained in the QCISD(T)/6-3t#G(3df,2pd)//QCISD/6-
31+G(d,p) calculations with ZPE includediThe saméAEdown values 10 15 20 25 30 35 a0
were used for ethane bath gas. 1000 KIT

. . Figure 4. Experimental (Symbols) and calculated (lines) rate constants
(N2) were then obtained from fitting both the data (current  of reaction—1. Experimental data are from refs 6 (diamond), 7 (filled
study) and the value d¢_; at 5 Torr of N> reported in ref 8. In circles, 5 Torr of CQ; open circles, 10 Torr of Cg), and 8 (filled
the experimental part of the current work, nonnegligible square, 5 Torr of He; open square, 10 Torr of He; triangle, 5 Torr of

concentrations of ethane{B% of the total pressure) were used. NZ)d Llist a“a thﬁ (rjes?]ltsd c|>_f motﬂe”rr]‘_g r‘:"ith tME@in_wn_t: ctonstantt t

: : model: long-dash dashed line, the high-pressure-limit rate constants;
In "t_h_e abzert'lce of tr?nyz otri]‘ller |n|l;0Irma(;|_on| @hggo‘t"’ﬁ for th short-dash dashed lineky(T) for the conditions of ref 7 (5 and 10
collisions between the c-chioroallyl radical and ethane, e 1o of the CQ bath gas); solid linesk(T) for the conditions of ref 8

values oflAEldowr(CO;) obtained in the fitting of thé—, data in He bath gas (5 and 10 Torr); dotted linés(T) for N, bath gas

of ref 7 were used for the ethane bath gas. under the conditions of refs 8 (5 Torr) and 6 (760 Torr). The inset
The value ofk_; at 295 K and 760 Torr of Nreported in ref enlarges th_e part of the pI_ot showing tkevalues of ref 8 and the

6 was obtained in a relative rates experimental study. For the corresponding calculated lines.

purpose of the modeling, this value was reevaluated in the temperatures 3061600 K and pressures 1 tosl 10° Torr.

current work using a newer vafffor the rate constant of the o' ified LindemannHinshelwood expression introduced
reference reaction, that of Cl with-C4H;0. The reevaluated by Gilbert et a0 was used. Values d andk_1 in the above

T
K
5

value ofk-y is (4.19+ 0.45) x 107 cm® molecule™ s™*. temperature and pressure intervals were calculated using the
The use of the QCISD(T)/6-3#1+G(3df,2pd)//QCISD/6-  master equation/RRKM approach with the optimum model of
31+G(d,p) based values &, andE results ink-, = 5.12 x the reaction presented above (Table 3). The following temper-

1071 cm® molecule™* s™* for the conditions of Wallington et atyre dependences of the high- and the low-pressure-limit rate
al.? which is outside the error limits of the experimental value gnstants were obtained:

by only 10%. Increasing the value &f by only 0.8 kJ mot?

(to achieveE; — Eg = —17.1 kJ mot?) brings the calculated K*, = 1.45x 10°°T 1% exp(-19609 KM s * (1)
value ofk_; into agreement with experiment. Fitting of other

model parameters was performed by minimizing the sums of K ,=8.94x 1071°T7°'4°exp(481 KT om’®

squares of deviations between the calculated and the experi- 4o
mental rate constant values weighted proportionally to the molecule ™ s = (Ill)
inverse squares of the experimental uncertainties. The values 21202 3

of Ex, Eo, AEQowr(CO,) = AEQowCoHe), AEQow(He), and Ky (HE)=5.01x 10 T “““exp(~22788 KI) cm
[AELdowr(N2) obtained in optimization of models Wit Eldown moleculels? (IV)
= constant andAE[down = oT temperature dependences are

given in Table 3. Use of the two different models f&E[down klO(NZ) =2.50x 10 3T 192exp(-22756 KIT) cn®
temperature dependence yields optimized energy valtiesd 1

Eo) that differ by 7.1 kJ mol™. molecule “s = (V)

Figure 4 presents the agreement between the experimentairhe matrix of calculated values of rate constants was fitted with
values ofk-; (symbols) and those obtained in calculations with  the modified LindemanaHinshelwood expression and the
the model optimized using tHAEldown = constant constraint.  resylting temperature dependences Fakn (general center
In Figure 1, the calculated,(T) dependences (lines) are proadening factdf) can be represented with the following
displayed together with the experimerkalalues, with the solid  expressions:
lines representing thAAE[Jown = constant model and the dashed
lines thelAEldown = oT model. The scatter of the experimental F_, (He) = 0.46 exp-T/1001 K)+
ki values in the Arrhenius plots in Figure 1 is too large to allow 0. 54 expT/996 K) + exp(—4008 KIT) (VI)
an accurate determination of the activation energy and the
reaction energy threshold. However, comparison ofki{&) FeenlN,) = 0.37 expt-T/2017 K)+ 0.63 exp(-T/142 K) +

dependences predicted by the two models demonstrates that the =
[AEldown = oT model noticeably overestimates the Arrhenius eXp(-4812 KIT) (Vi)
slopes, whereas the slopes resulting from fE(down = The average deviation of fit is 3% and the maximum deviation

constant model are in general agreement with experiment. Weijs 22% (observed at the lowest presstingghest temperature
select for further use théAElown = constant model. The  combination). The upper temperature limit of the rate constant
differences between the predictions of the two models are thenparametrization is determined by the significance of non-steady-
taken as a representation of the model uncertainties. state effect® 445 ghove 1600 K where the notion of a time-
111.3. Parametrization of the Rate Constants.We present independent rate constant is inapplicable and the formalism of
here a parametrization ¢ and k-, in helium and nitrogen, virtual component® must be used if an accurate description of
which provides rate constant values throughout the range of unimolecular kinetics as a part of complex combustion kinetics
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is desired. Already at 1600 K, non-steady-state effects can bethan that of the structures in the I1 plateau region because of
observed: in the case of an initial Boltzmann distribution of the flatness of the I1 potential energy surface with respect to
CH,CCICH,, the first 20% of molecules decompose with an the degrees of freedom corresponding to the Cistretch and
effective rate constant that is more than twice as large as thethe CHC—C bend (Figure 2).

steady-state rate constant. The energies of the TS1 saddle poiBt)(and the CH CHy-
The influence of model uncertainty (represented by the CCH, products Eo) relative to that of the equilibrium CH
difference between thEAE[ow, = constant and théAEdown CCICH, configuration obtained in quantum chemical calcula-

= oT models) on the rate constants of reactions 1 -atidvas tions can be compared with the values derived from modeling
evaluated. The resultant uncertainty factors for the high-pressure-of the experimental data. As can be seen from Table 3, energies
limit rate constants of reaction 1 are 17 at 300 K, 5 at 500 K, obtained at the QCISD(T)/6-3%#H-G(3df,2pd)//QCISD/6-

3 at800K, 2 at 1200 K, and 1.7 at 1600 K. The high-pressure- 31+G(d,p) level are in remarkable agreement with those of the
limit rate constants of the reverse reaction are not affected by preferred model with theAE[down = constant, with differences
the choice of the model because the valuekwf, are not of only 1.8 and 1.0 kJ mol. Calculations employing the
sensitive to the CHCCICH, well depth. The uncertainty factors  QCISD(T) method with large basis sets and BH&HLYP-based
obtained for the falloff region are tabulated in the Supporting molecular structures also give small deviations with the experi-

Information. ment-based model, 4.6 kJ mélon average, which is smaller
than the differences between the preferred model and that based
IV. Discussion on the [AE[down = aT assumption (Tables 2 and 3). The

) ] ) ) BH&HLYP energies, however, have larger deviations, 11.7 kJ
The current study provides the first experimental determina- mo|-1 on average.

tion of the rate constants of reaction 1. The valueg;ofiere
obtained as a function of temperature and bath gas density in  Acknowledgment. This research was supported by the
two bath gases, helium and nitrogen. No previous experimental National Science Foundation, Combustion and Thermal Plasmas
or computational studies of the kinetics of this reaction exist in Program under Grant No. CTS-0105239.
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