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The mechanism of the radicatadical reaction €Hs + CHs (1) was studied by quantum chemical methods.

The pathways of reaction channels observed in previous experimental studies, as well as those of other potential
channels, were investigated. The results of the quantum chemical study and of the earlier experimental work
were used to create a model of the chemically activated routé;(€ CH; == CsHg — H + C3Hs) of reaction

1. In this model, energy- and angular momentum-dependent rate constants are calculated using the RRKM
method in combination with the microcanonical variational selection of the transition states. Pressure effects
are described by solution of the master equation. Temperature and pressure dependences of the rate constants
and product yields were investigated. The model was used to predict the rate constants and branching fractions
of reaction 1 at temperatures and pressures outside the experimental ranges. The same model was used to
analyze kinetics of two other reactions which occur on the same potential energy surface: the thermal
decomposition of propene (2) and the reaction of H atom with allyl radicat, &Hs = C3Hg — CH3 +

CHs (3). The results demonstrate the increasing importance of thetCE,H; channels in both reactions 2

and 3 at high temperatures (abovd500 K).

I. Introduction Torr) of He and 13.3-39.9 kPa (106-300 Torr) of He and Ar
Radicat-radical cross-combination reactions constitute an using laser photolysis .Of methyl vinyl ketone as the source of
integral part of the overall mechanisms of oxidation and both Chy and GHs radicals

) 5 i ; o
pyrolysis of hy_drocarboné. React|0|_ws of thls_ t_ype are d|ff|cul_t C,H, + CH, — CH,CHCH,
to study experimentally due to the high reactivity of the chemical

species involved and, consequently, reliable experimental data k=(1.24+0.3)x 10 *°cm’ molecule *s™*
are sparse. Unlike the simple reactions of recombination of alky! — CH,+ CH,

radicals that proceed via formation of stable molecules, cross- 10 3 P
radical reactions that involve unsaturated species can possess k=(0.34+0.07) x 10 " cm" molecule s

complex mechanisms including chemically activated rearrange-
ments and decomposition. Such reactions are characterized b
complex distributions of products displaying both temperature
and pressure dependences.

The reaction between vinyl and methyl radicals

The rate constants were derived by monitoring the real-time
Xinetics of CH decay and gHg formation using UV absorption
spectroscopy, gas chromatographic end-product analysis, and
detailed modeling of the kinetic mechanism.

More recently, experimental studies of reaction 1 were
reported by three grougs? In our experimental workoverall
rate constants and product yields of reaction 1 were determined
in the temperature region 36@00 K and bath gas (He) density
is the simplest of the class of reactions between alkenyl and (3—12) x 10 molecule cm?3. Kinetics of the GHz and CH;
alkyl radicals. This reaction plays an important role in mech- decay and that of product formation were monitored in real-
anisms of evolution of planetary atmosphetéBoth the methyl  time direct experiments using Laser Flash Photolysis/Time-
and the vinyl radicals are also critical intermediates in oxidation Resolved Photoionization Mass Spectrometry. Three major

C,H; + CH; — products (1)

and pyrolysis of hydrocarbons. reaction product channels were determined
The kinetics of reaction 1 has been studied experimentally
by several groups. Fahr et %f.determined the rate constants C,H;+ CH; — C;Hq (1a)
of two reaction channels at room temperature and 13.3 kPa (100
P ( —H+CH, (1b)
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cuaedu. CH,+ CH, (1c)
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Catholic University of America. The relative importance of channels -1k depended on
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ature and could be represented with the expression Although the product distribution of reaction 1 has been
determined quantitatively as a function of temperature and

k(T) =5.1x 10 T "*%xp(362/T) cm’ molecule ' s* pressuré,these experiments were conducted under conditions
(M that are still far from the actual conditions of combustion: at

No pressure dependence of the overall rate constant waleW pressures and dt =< 900 K. Major extrapolation based on

observed within the experimental pressure range. The room-the theory of unimolecular reactions is required to predict overall
temperature rate constant value reported in our Sﬂﬂi#(l 18 rate constants and product branching fractions at higher tem-
+0.16) x 10-20c? molecule' s-3) is between those reported peratures and pressures. The particular system of reaction 1

by Fahr et aP (1.5 + 0.3) x 10-10 ¢ molecule® s%) and presents a challenge from the point of view of practical

by Thorn et af ((1.02+ 0.53) x 10-10 cm? molecule™t sY) application of theory. Both addition reactions ofHz to CH;

! S - . and of H atom to @Hs (the reverse of decomposition of propene
with the uncertainty limits of all three studies overlapping. Thorn to the products of channel 1b) are barrierless and, therefore,

et al® used discharge flow/electron impact ionization mass variational selection of the transition state and explicit account-
spectrometry to study reaction 1 at room temperature and ain for the effects of angular momentum conservatﬁ)n are needed
pressure of 133 Pa (1 Torr). 9 9

i i 11-13
The product distribution reported in our experimental viork ¢ [AP 12, 0 TRIANER, B0 SRR e
is in agreement with the results reported in refs 8 and 9. Thorn y

et al® qualitatively observed formation ofsHs, CsHs, and GH; acco l.mted for by a solution of master equation u_sing the weak
as primary products of reaction 1 at 133 Pa (1 Torr). Fahr et collision model. The current study has as one of its main goals

al? studied reaction 1 at room temperature and pressures-0.28 the modeling O.f re_act_ion L includin_g the prediction of rates
27 kPa (2.£200 Torr) using laser photolysis of methyl vinyl and product distributions as functions of temperature and
ketone and final product analysis (gas chromatography and massoresss\?r;a.l litativ ts of the mechanism of reaction 1
spectrometry). These authors have reported the reduction of the everal quailtative aspects ot the mechanism of reactior
branching fraction of the {4 forming channel from 78% at are still not resolved by the results_of the expenmental studies
high pressures to~39% at the low-pressure end of the of refs_ 5-9. Although the most likely mechanlsm_for the
experimental interval. At low pressures, the formation of 1,5- formation of the products of channel 1 and CH, is the

hexadiene and other products absent at high pressures Waglirect abstraction (disproportionation), production of these

observed. This observation was interpreted by the authors aSspecies in a chemically activated rearrangement-decomposition

indicating the appearance of the reaction channel 1b at low cannot be excluo!ed on the basis Of experimental data alone.
pressures. The fraction of thesids forming channel was Also, other potential products of reaction 1 such @HzC(aIIene,.
determined from the ratios of concentrations gHgand GHg 2;0%3;::%&; C)clglr?r?;?pbeen?tlelgz’oﬁltthc%urghler;glt Olferxz(sjiblirlli "
products and the rate constant of methyl radicals recombination. P ! pietely. A p Y

Secondary reactions had a minor influence on he@ICaHg  ERTE JE R FERTE RIS SETRE O e
ratio and had to be accounted for via kinetic modeling. 9 P

The analysis of all of the experimental data on reaction 1 le\ﬁl)thbeuéfr?ggtmﬁOIrTp&gar?wteg]h;Z?s&mcz‘brizgg r?qvilgos%n;gg
compelled the authors of refs—B to conclude that the '

mechanism of reaction 1 consists of two processes: (1) additionby quantum chemical methods. In particular, the pathways C.’f
with the formation of chemically activated propene, which can reaction channels 1.a, 1b, and 1c, as well as 'ot.h.er potential
stabilize in collisions with the bath gas or decompose to H atom channels, are |nves_t|gated. The results of the ab initio study and
and allyl radical (reaction channels 1a and 1b) and (2) of the ear_ller expe_rlmental worl§ are us_ed to create a model of
disproportionation where GHadical abstracts a hydrogen atom the chemllcally activated route in reaction 1 (channels 1a and
from the vinyl resulting in product channel 1c 1b). In this model, energy and angular momentum dependent
rate constantk(E,J) are calculated using the RRKM methéd4
C,H; + CH;— CH,CHCH,* — CH,CHCH, + H (1b) in combination with the microcanonical variational selection
of the transition stat&t~13 Pressure effects are described by the

{M] solution of the master equation using the approach described
CH,CHCH, (1a) by Bedanov et al> and thevirtual componentsalgorithm of
Knyazev and Tsan$. Qualitative behavior of the calculated
CH;+ CH;— CH,+ CH, (1c) pressure dependences and the sensitivity of the modeling results

to the critical parameters of the model are investigated. The
Fahr et af and Thorn et a¥. performed modeling of the  model is used to predict the rate constants and branching
chemically activated route of reaction 1. Models used in these fractions of reaction 1 at temperatures and pressures outside of
two articles were identical. Properties of critical transition states the experimental ranges.
were selected to conform to the literature (experimental or  This same model is used to analyze the kinetics and product
calculated) temperature dependences of the high-pressure-limiidistributions of two other important reactions which occur on
rate constants. No variational effects or effects of angular the same potential energy surface: the thermal decomposition
momentum conservation were considered. Steady-state solutiorof propené’
of the master equatiéh was used to describe collisional
stabilization effects. The results of modeling indicated that the CH;CHCH, — H + CH,CHCH, (2)
experimental results of Fahr et al. on the room-temperature — CH. + C.H
pressure dependence of theslHg)/[C2He] ratio can be ap- s 23
proximately reproduced by the model using the average energy
transferred per deactivating collision with the bath g&E[down
= 400 cntl. No attempt was made to use this model for H + CH,CHCH, — CH,CHCH, (€)]
extrapolation of the experimental results beyond the experi-
mental range of conditions. — CH; + CH,

and the reaction of H atom with allyl radical
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TABLE 1: Experimental Enthalpies of Formation of experimental results that reaction 1c occurs via a direct
Reactants and Potential Products of the gHs + CHj abstraction of a hydrogen atom from the vinyl radical by methyl
Reaction radical whereas the products of channel 1b are formed as a result
species  AfH%ggkJ mol™ species  AfH%ggkJ mol™? of the decomposition of a chemically activated adduct §CH
CHsCHCH,  20.418 cyclo-GH,  277.1+ 2.5° CHCH,), which can also undergo collisional stabilization
cyclo-GHe 53.3+ 0.6 H 218.0+ 0.006° (reaction 1a).
CHa —74.9£03°  CH 145.7+ 0.8 Isomerization to cyclopropane (reaction 1d) and the elimina-
CoHy 52.318 CoHs 300.04+ 3.3 . . h
CoH, 296.74 0.8 CH, B, 38874 2.52 tion of_ H, with the formation of propyne, allene or cyglopropene
CHsCCH 184.9+ 0.0 CH,C 1A, 427.64+ 16.722 (reactions 1e, 1f, or 1g, respectively) are the alternative pathways
CH,CCH;, 190.54 1.0 CH,CHCH, 173.2+2.1% of rearrangement of the chemically activated adduct. Cyclo-

propane could not be distinguished from propene in our
experimental workbut it was detected in the product analysis
The article is organized as follows. Section | (current) is an work of Fahr et aP. at low levels (~2—5%). As follows from
introduction. The ab initio quantum chemical study of the the modeling performed by Fahr et%and Thorn et af,as
potential energy surface of reaction 1 is presented in section Il, well as from the reaction model created in the current study,
where major reaction channels are identified and conclusionsisomerization of the vibrationally excited propene to cyclopro-
regarding the mechanism of the reaction are reached. Sectiorpane and the corresponding reverse reaction are processes that
1l describes the master equation-based modeling of the chemi-occur in the system of the-813 +- CH;z reaction but have minor
cally activated route of reaction 1 (channels la and 1b), importance.

including the use of the microcanonical variational approach In our experimental studyof reaction 1, GH4 isomers (the

to the selection of the transition state and analysis of the rate products of potential reaction channels 1e, 1f, and 1g) were
constants and channel branching fractions of reactions 2 and 3searched for but could not be detectegH@was formed in the
Discussions of the methods used, results, and comparison withexperiments of Thorn et &lbut was suggested by the authors
other studies, where applicable, are, generally, inseparable fromto be a product of secondary reactions. Reaction channels le,
the descriptions of the topics discussed and thus are givenlf, and 1 g, although not observed in experiments, cannot be
throughout the text rather than in a separate section. Finally, aruled out completely. It may still be possible that these potential

a Uncertainties are not reported in the source.

summary of the results is provided in section IV. product channels have branching fractions that are small (below
the experimental detection level) under the experimental condi-

Il. Analysis of the Potential Energy Surface of Reaction tions used but larger under other conditions.

1. Reaction Mechanism and Product Channels Reaction channel 1h can be ruled out on the basis of the high

energy barrier. Boland et af* have estimated the barrier of
The reaction between vinyl and methyl radicals has a large the reverse reaction (abstraction of an H atom froghl Loy

number of thermodynamically allowed product channels 3CH,) using the EvansPolanyi correlation to be 50 kJ ndl
Thus, the estimate of the barrier for the direct reaction 1h is
C,H; + CHy; — CH,CHCH, AHC;= —425kJ mol* ~45 kJ mot?, which, considering the competition with barri-
(1a) erless addition and barrierless (or almost barrierless, see below)

disproportionation (1c), makes the contribution of channel 1h
— CH,CHCH, + H negligible. This conclusion is in good agreement with the
AH0298= —54 kJ mol'? (1b) experimental results because neHZ product was detected
within the range of experimental conditions uged.

— CH,+ CH, The quantum chemical study of the potential energy surface
AH°298= —294 kJ morl? (1c) (PES) of reaction 1 performed in the current work has dual
purpose. One of its goals is to analyze the mechanism of reaction

— C4Hg(cyclopropane) 1: confirm or refute the chemically activated routes of channels
AH0298= —392 kJ mor* (1d) la an_d 1b; examir_1¢ _the feasibilit_y of channels 1e, 1f, and 1_g;

examine the possibility of formation of channel 1c products in

— CH,;CCH+ H, the chemically activated route of reaction 1; and analyze the
o _ _ 1 PES of the disproportionation reaction channel 1c. The second

AH 565 = —261 kI mol™~ (1e) goal is to provide information on the reaction 1 PES that is
— CH,CCH, + H, needed to build the RRKM/master equation model. Because the
o 1 guantum chemical study has a relatively subservient role in the

AH 595 = —255 kI mol ™ (1f) current work, this section presents only its conclusions pertaining

— C,H,(cyclopropene} H to the mechanism of the reaction betweesHCand CH. A
3 . 2 . detailed description of the PES study is presented in the
AH"gg= —169 kI mol~ (19) Supporting Information. In addition, a study of the properties
3 of the reaction paths of propene decomposition leadinglty C
— CH,+°CH, + CHs and to H+ CzHs products is described in section 1II,
AH0298: —5kImol! (1h) along with the RRKM/master equation model, with details
presented in the Supplement.
Experimental thermochemical data on the reactants and PES and the Mechanism of theHz+CH; Reaction.Two
products of these channels are provided in Table 1. main computational approaches were employed in this study:
Reactions 1a, 1b, and 1c have been experimentally observedsaussian 2 (G2} and QCISD(T)/6-313G(2df,2p)//B3PW91/

and confirmed to be the primary product channels of thidsC 6-31G(d,p)®28 These two methods were chosen to provide

+ CHs reaction’™® It was suggested on the basis of the similar high accuracy together with reasonable computational



Mechanism and Product Yields in Reaction Systems J. Phys. Chem. A, Vol. 106, No. 30, 2008955

g);pen'memal TABLE 2: Energies of Reactants, Products, Intermediates,
. QCISDTyBIRWL and Transitions Statles of the GH3; + CH3 Reaction (relative
to propene, kJ mol?)
500 1 TS 244\;5 ”% T53.2° G2  QCISD(T)//B3PW91 expt
150 TS 2,5&A [ 1533 species AE?2 AEP AH° (0 K)°
/ \ ) \ CoHs+ CHs 4205 407.3 418
w04 ts2i——1// CH:CHCH, 0.0 0.0 0.0
\ CH,CHCH,+H  365.4 353.5 365
350 cyclo-GsHg" 36.6 39.1 35
'\{3320 <;§f3‘g, CHsCCH+ H; 156.4 152.9 160
5 300 - T CoHz + CH, 127.3 125.0 133
£ CH,C (+ CHj) 307.0 303.6 325
Ty CHiCCHs 286.1 287.5
3 TS1 291.2 327.7
g 004 TS2.1 394.0 391.0
w TS 2.2 397.6 396.4
150 TS2.3 307.4 308.4
= TS2.4 470.9 470.7
100 - CaH+CHy TS25 430.3 427.6
TS3.1 472.3 472.5
50 4 TS3.2 478.0 478.0
TS 3.3 450.4 451.4
0 ﬂ TS 3.4 (+ CHy) 308.8 310.6

) ) ) ) a Energy relative to CBCHCH,; calculated at the G2 level of theory.
Figure 1. Potential energy diagram of thelds + CH; reaction. For  zero-point vibrational energies are includédEnergy relative to

species marked with asterisk, G2, and QCISD(T)//B3PW91 energies cH,CHCH,) calculated at the QCISD(T)/6-331G(2df, 2p)//B3PW91/
coincide on the diagram. A detailed description of the PES study is 6.31G(d,p) level of theory. Zero-point vibrational energies are included.
presented in the Supporting Information. ©CAH° = AH% (species)— AiH%(CHsCHCH,) calculated using
experimental thermodynamic data (Table 4yclopropane.
speed. Each of them was used for each structure on the potential
energy surface under study in order to assess the reliability of conclusive regarding the choice between these two patterns. Both
the results. Intrinsic reaction coordinate (IRD)alculations in can explain the experimentally observed negative temperature
mass-weighted internal coordinatésere performed for each  dependence of the rate constant of formation #i.Gand CH,.”
optimized saddle point structure in order to verify the connected A similar formation of an intermediate complex in a hydrogen
reactants and products. All of the calculations were carried out abstraction reaction has been suggested earlier by Russell and
using the Gaussian 9B and Gaussian 94 packages of  co-workers in order to explain the negative temperature de-
programs. pendences of the rate constants of the reactions of HBr with
The results of the quantum chemical study of the potential CHs, C,Hs, i-C3H7, andt-C4Hg radicals33-3® Their hypothesis
energy surface of reaction 1 can be summarized in the form of was later corroborated by quantum chemical calculations and
a mechanism that differs very little from the one suggested on RRKM analysis carried out by Chen and co-workers for the
the basis of experimental result®. The PES diagram is  H-atom abstraction from the hydrogen halides by methyl and
presented in Figure 1 and the calculated values of energies aresthyl radicals’®-38 Recently, Peng et &.and Krasnoperov et
given in Table 2. The reaction mechanism consists of two al4° confirmed the same qualitative shapes (loosely bound
processes: radical addition followed by rearrangements andintermediate— energy barrier) of the potential energy profiles
decomposition of the vibrationally excited adduct, and abstrac- in the H-atom abstraction reactions of ¢&hd GHs radicals
tion of an H atom from @H3 by the methyl radical. The major  with HBr.
route of further reaction of the chemically excited addugHg, The results of this study provide mechanistic information for
propene) is its decomposition into an H atom and allyl radical. another important process, the thermal decomposition of pro-
Isomerization to cyclopropane is an important reversible process.pene. Analysis of the potential energy diagram in Figure 1
Because the microscopic energy-dependent rates of the reversindicates that the following reactions are potentially important
isomerization of cyclopropane to propene are larger than thosein the thermal decomposition reaction
of the direct reaction (due to the higher enthalpy of formation

of cyclopropane compared to propefié)isomerization back CH,CHCH, — H + CH,CHCH,
to propene is expected to be fast and the fraction of cyclopropane _
among the final reaction products can be expected to be minor. = cyclo-GHg

H elimination reactions do not play any role in the chemically
activated propene decomposition in thegHg + CHs system.
The formation of acetylene and methane does not occur via .
the decomposition of the chemically activated propene, as The most thermodynar_mcally_f_avorable channel .Of rearrange-
follows from the large values of energy barriers for such routes. ment of cyclqpropane (in add_|t_|on to the reverse isomerization
These products are formed in the abstraction (disproportionation)to propene) is the decomposition reaction
reaction which may proceed in two different ways. The first 1 o 1
possibility is a reaction through a shallow-well, loosely bound cyclo-GHg— C;H, + "CH,  AH" = 416 kJ mol
intermediate complex followed by a transition state, the energy
of which is below or slightly above the energy of the reactants.  The potential energy of the products of this reaction is 140
Alternatively, the reaction can be a simple barrierless processkJ mol! higher than the energy of the isomerization barrier
that does not involve any intermediates or saddle points. The (transition state TS1). Therefore, formation of cyclopropane can
results of the quantum chemical study of the PES are not function only as a temporary sink of thelds species.

— C,Hs + CH,
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IIl. Model of the Chemically Activated Route of the CoH3
+ CHj3 Reaction

Stoliarov et al.

k(E,J) for reaction -A). However, thes&(E,J) values are then
averaged over the Boltzmann rotational distributions to provide

temperature-specific energy dependd(E) functions (see
subsection 111.3 for details). Such treatment is equivalent to an
assumption of very fast rotational equilibration. For reactive
processes D and |, rotational effects can be expected to be minor
(see below), and thus, only the J-independent k(E) values of
the rate constants were calculated. Details of the master equation

The mechanism of reaction 1 consists of two major routes:
a direct hydrogen atom abstraction fromHz by the methyl
radical (disproportionation) and the formation of chemically
activated propene, which can stabilize, rearrange to cyclopro-
pane, or decompose to an H atom and allyl radical. Modeling
of the disproportionation route (channel 1c¢) would bear little - ; . - .
meaning because of the large uncertainties associated with théormulatlon are given in the Supporting Information.
properties of the potential energy surface (Section Il). This Microcanonical rate constarkéE,J) andk(E) were computed
reaction route rate constant, however, is not expected to depend!sing the RRKM method in combination with variational
on pressure and thus is a function of temperature only. selection of the transition state. The variational approach requires
Experimental values of the channels 1c rate constants have beefnformation on the properties of the potential energy surface

obtained in the 300-900 K range and can be represented with (PES) along the reaction paths. The next subsection (I1.2)
the expression presents the quantum chemical computational study of these

PES properties and subsection II.3 describes the calculation
of the k(E,J) functions.

I11.2. Analysis of the Reaction Paths of Propene Decom-

In contrast to those of the abstraction route, the rate constantsposition. The B3PW91/6-31G(d,p) density functional method
of the chemically activated route of the reaction and the resulting was selected for use in geometry optimization and calculation
product channels are both pressure and temperature dependentf projected frequenciés*®along the reaction paths of decom-
Computational modeling based on theories of unimolecular position of propene. The choice of the computational method
reactions must be used to provide extrapolation of the experi- was based on the higher reliability of the structures and
mental datato other temperatures and pressures. This sectionfrequencies produced by density functional methods on spin-
describes the RRKM/master equation analysis of the chemically contaminated potential energy surfaéédntrinsic reaction
activated route of reaction 1. The model was created using thecoordinaté® (IRC) calculations in mass-weighted internal
results of the quantum chemical calculations and the experi- coordinate¥® were performed in order to obtain structures
mental data. located along the reaction paths. The IRC calculations were

111.1. General Computational Method. The mechanism of  carried out in the “downhill” mode starting from the optimized
the chemically activated route of reaction 1 consists of the structure obtained with a fixed, large separation of the departing
following processes fragments. QCISD(T)/6-311G(d,p) energies were obtained for
the B3PW91-level IRC structures in order to refine the potential
energy profiles along the reaction paths. In order for the potential
energy profile to conform to the experimental reaction thermo-
chemistry, the QCISD(T) energies were scaled with the ratio
of the relative experimental energy of the products (with respect
to propene, ZPE not included) to that obtained in the QCISD-
(T) calculations. The scaled QCISD(T) energies were interpo-
lated with a polynomial function.

For each reaction channel, the projected vibrational modes
were subdivided into two categories: transitional and nontran-
the activél 14 degrees of freedom with the quantum number sitional. The transitional modes correspond to the relative
of the total angular momentu On the right-hand side of  “rocking” motion of the separating fragments and evolve into
Scheme Il are listed the rate constants of these and the reversgotational degrees of freedom at the products end of the reaction
(where applicable) processes. ThB(E',J';E,J) “rate constant” path. One transitional mode, that of the one-dimensional relative
is a product of the collision frequency with the bath gaand torsional rotation of the-C;H3 and—CHjs fragments, has very
the probability of transition from energl to energyE’ and low frequencies (590 cnt ! within the considered 2:33.8 A
from angular momentund to J° upon collision,P(E',J';E,J). range of the reaction coordinate) and, therefore, was ap-
Indices A, D, I, and ET (left side of Scheme 1) stand for proximated by a free internal rotor for the purpose of calculation
“association,” “decomposition,” “isomerization,” and “energy of the microcanonical rate constants. The nontransitional modes
transfer,” respectively. converge to the normal modes of the products as the distance

The evolution of this type of system can be described by a between the departing fragments increases. The dependences
two-dimensional (irE andJ) master equatioft13The solution of the vibrational frequencies on the reaction coordinate were
of such a two-dimensional master equation is not only compu- fitted with a polynomial function. The coefficients of the
tationally intensive and cumbersome, but also meaninglesspolynomial representation of each nontransitional mode were
unless a physically realistic model of the collisional energy scaled with the ratio of the experimental to calculated frequen-
transfer in rotational degrees of freedom is used. Given the cies of the corresponding vibrational mode of the products. The
current absence of reliable knowledge of the general propertiesscaling procedure was performed in order to reduce errors in
of rotational energy transfer in collisions of bath gas with highly the calculated frequencies and to ensure that the calculated
vibrationally excited polyatomic molecules, we prefer to reduce potential energy along the reaction paths, with ZPE included,
the two-dimensional problem to a one-dimensional one, in converges to the experimental energy of the products in the limit
energy only. of infinite separation of the fragments. The experimental

In the reduced formulation, rotational effects are still taken frequencies of the products, rather than those of the reactants,
into account in computation of the microcanonical rate constants were used in the scaling procedure because it was anticipated

ki = 1.5 x 10 " exp(385 KMcm® molecule ' s™*

(A) C,H; + CH, = CH,CHCH,(E,J)  k,(E,J), k_A(E.J)
(1

ki(EJ), k(EJ)

(D) CH,CHCH,(E,J) — H + CH,CHCH,  ko(E.J)
(I) CH,CHCH,(E,J) = cyclo-CH(E,J)
(ET) CH,CHCH,(E,J) — CH,CHCH,(E'.J) wP(E',J;EJ)

Here, CHCHCH;s(E,J) means propene excited to enefgyn
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that the transition states selected by the variational approachThe energy-specific rate constai{&) were calculated using
will be closer to products (in terms of structure). Rotational variational approach. At each energy a grid search with a
constants of the structures located along the reaction paths werestep size of 0.007 A was performed within the-2315 A range
also interpolated with a polynomial function. Details of the of the reaction coordinate to locate the position of the transition
procedures and results are given in the Supporting Information. state on the reaction path corresponding to the minimukga-of
111.3. Microcanonical Rate Constants. Variational Selection (E). The scaled QCISD(T)/6-311G(d,p)//B3PW91/6-31G(d,p)
of the Transition State and Calculation of k(E Mjcrocanonical energy profile of the reaction path (with ZPE included) together
rate constants for reactionsA and D in Scheme Il were  with the calculated dependences of frequencies and rotational
calculated by the RRKM methdd: 14 Overall rotations of these ~ constants on the reaction coordinate (subsection 11.2) was used
molecules were approximated by a symmetric top model. For for the computation of the sums of states of the transition
each species, one-dimensional overall rotation about the prin-structures.
cipal axis with the lowest moment of inertia was assumed to  The microcanonical rate constants of the propene isomeriza-
be activel’™1* and the remaining two-dimensional overall tion to cyclopropane (reaction | in Scheme 2) were calculated
rotation was considered inactive, or adiabatic. The overall using RRKM theory and the vibrator-rotor approximation. The
angular momentum is approximated by that of the adiabatic rotor position of the transition state was fixed at the top of the energy
and is conserved during the course of the reaction. barrier. Conservation of angular momentum was included via
The density-of-state and sum-of-states functions necessaryexpression lll. The B3PW91/6-31G(d,p)-level frequencies and
for the calculation of microcanonical rate constants were rotational constants of the isomerization transition state were
computed using the modified BeyeBwinehart algorithnf>46 used in these calculations. The value of the isomerization energy
The energy scale was divided into an array of bins of 500 barrier, as well as those of the four lowest vibrational frequen-
cm ! size. The densities and sums of states were computed withcies, were adjusted to be consistent with the high-pressure-limit
10x smaller energy step sizes and then averaged for each energyate constant temperature dependence recommended by Furue
bin. The density of states of the hindered internal rotor of and Pacef? and with the experimental thermochemical data
propene was included in the overall density of states of the (Table 1, also see section II).
molecule using the method of Knyaz&v. All microcanonical rate constants were multiplied by the
The microcanonical rate constants of the decomposition of corresponding reaction path degeneracy values obtained from
propene to @Hs + CHs were calculated using a variational the ratios of rotational symmetry factors and numbers of optical
approact!~13 For each energyE and angular momentum isomers following the method described by Pechékasmd
guantum numbed, the value ofk-A(E,J) was minimized by Karas et aP! (also see ref 11). Here, the existence of two optical
varying the position of the transition state along the reaction isomers in the transition states for the propene isomerization to
coordinate. The minimization was performed by a grid search cyclopropene and for its decomposition to H angfi©was taken
with a step size of 0.008 A within the 2:3.8 A range of the into account.
reaction coordinate. The scaled QCISD(T)/6-311G(d,p)//B3PW91/  High-Pressure-Limit Rate Constants and Adjustment of the
6-31G(d,p) energy profile of the reaction path together with the Model ParametersThe quantum chemical methods employed
calculated dependences of frequencies and rotational constant# this work cannot be expected to exactly describe all properties
on the reaction coordinate (subsection 111.2) was used for the of the transition states involved in the complex mechanism of
computation of the sums of states of the transition structures. reaction 1. Thus, the least reliable parameters of the transition
At each point along the reaction coordinate, zero-point vibra- structures were adjusted to reproduce experimental kinetic data
tional energy (ZPE, calculated using the scaled projected available for the high-pressure-limit rate constants of individual
frequencies) was included in the potential energy profile. reaction channels. For the barrierless decomposition channels
Thek-a(E,J) values obtained were averaged over the Boltz- (reactions—A and D in Scheme 1), the calculated dependences
mann rotational distribution of propene for each temperature of the transitional frequencies on the reaction coordinate were
of interest. As a result, the energy- ahdpecific rate constants ~ multiplied by scaling factors, the latter being used as fitting
are converted to the energy- and temperature-dependent onearameters. Fitting was performed by minimizing the sum of
This J-averaging reduces the two-dimensional problemHin  the absolute values of the differences between the experimental
andJ) of competition between the reactions and the collisional and calculated rate constants. For the proparyelopropane
energy transfer to a one-dimensional formulation (section 1ll.1) isomerization, the reaction barrier and the four lowest frequen-
which can be solved by existing methods. Details of calculations cies of the transition state were adjusted.
and relevant formulas are given in the Supporting Information.  The scaling factor for the four transitional frequencies of
In the case of decomposition of propene to-H CzHs propene decomposition tg:B3 + CHz was adjusted (final value
(reaction D in Scheme lI), the rotational constant of the 0.49) to reproduce the experimental rate constants of thig C
2-dimensional inactive overall rotation changes by less than 10%+ CHs combination reaction at 310 and 500 K obtained in our
along the reaction path within the £8.15 range of the reaction  €arlier experimental worklt was assumed and later confirmed
coordinate. Considering this insignificant dependence of the by master equation modeling that the addition step in reaction
rotational constant on the reaction coordinate, the conservationl is very close to its high-pressure limk/k® > 0.94) at these
of angular momentum for this reaction was taken into account temperatures and the experimental bath gas densities used, [He]
approximately using the method originally introduced by = (3—12) x 10'® atoms cm® The high-pressure-limit rate
Marcug® where the energy-dependent rate constants are cor-constants of reaction channelA (k-»~) were calculated by
rected by the ratio of moments of inertia (or rotational constants) nhumerical integration of the microcanonical rate constants over
of the 2-dimensional adiabatic rotations of the transition state the Boltzmann distribution of propene

and the active molecule " ©
K2A(M) = [3 Ka(E, fE, T)AE (v)

= M (D) wheref;, is the normalized Boltzmann distribution in the active
B™ hp(E) degrees of freedom of the propene molecule.

K(E)
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B ; " y y ] reproduce the experimental datn the kinetics and product
= distribution in the GH; + CHs reaction. For the purpose of
] solution of the time-dependent master equation (subsection I11.1
and Supporting Information) it is converted into a discrete form
(the energy scale is divided into an array of bins) so that
equations can be expressed in terms of finite matrixes. The
kA (CH; +CHy) general matrix form of the master equation for unimolecular
- ]':D(H+C3Hs) 3 reactions can be found, for example, in refs 11,13 and the
! specific case of reactions including isomerization and decom-
) position is described by Bedanov et al.Householder’s
150K algorithn®* (tridiagonalization) and subsequently the implicit
; QR algorithn¥* (final diagonalization) were used to solve the
equation in the matrix format. A detailed formulation of the
solution of a similar type of discrete master equation is described

12

11

10

log[k(E) /s

fressox” Activaton Dissibuton in ref 15._ An energy bin size of 50 cmh was used for all
T= 130K ] computations performed for temperatures below 1000 K; a 100
om0k cm~! energy bin size was used for temperatures above 1000 K.
) , , The sizes and the numbers of the energy bins used in the
200 400 600 800 1000 1200 calculations were chosen in such a way that aclificrease in
E/kJ mol the number of the bins or a decrease in the size of the bin by
Figure 2. Energy dependences of the microcanonical rate constants @ factor of 2 produced less than a 5% difference in the final
of the decomposition and isomerization ofHg. Upper graph:k(E) values of the computed rate constants and branching ratios. The
values. Solid lines, the £l — C;Hs +- CH; channel (J-averagédd a(E) Chemrate prograffwas employed to solve the master equation.
at three different temperatures); dashed line, tdsC~ H + CiHs The solution of the master equation yields the eigenvalues

channel ko(E)); dashed-and-dotted line, thgkz — cyclo-GHs channel : . 55
(k(B): dotted line, the cyclo-¢ds — CoHe channel (the reverse and eigenvectors of the corresponding ma#i%>5% and the

isomerizationk(E)). Lower graph: chemical activation distributions ~ '€Sultant energy- and time-dependent populations of propene

at different temperatures. All energies are relative to the zero-point (Gp(E,t)) and cyclopropanegf(E,t)). To obtain information on
vibrational energy of propene. the overall rate constants and branching channel ratios of the

C,Hs; + CHs; combination reaction, two approaches (imple-

The scaling factor for the reaction channel of propene mented in the Chemrate program) were used.
decomposition to H atom and allyl radical was adjusted to  |n the first approach, the populations of propene and
reproduce the high-pressure-limit rate constant of thie €Hs cyclopropane were divided into two parts: active and stabilized.
reaction reported by Hannird_ee and Pillin§? at 291 K and  The part of the population of each of these species located above
13-53 kPa (98-400 Torr) of He k-p* = (2.8+ 1.0) x 10°1° the lowest-energy channel barrier (isomerization) was considered
cm® molecule® s71). The rate constant value of thets + H to be active and the part of the population located below this
reaction reported in ref 52 has a substantial uncertainty. While parrier was considered to be stabilized. The concentrations of
the authors report 36% ¢ uncertainty of the final rate constant  vinyl and methyl radicals were set to be constant in the master
value, individual rate constants obtained from the sets of equation. The rates of decomposition reaction channels (
measurements performed at different pressures differ by as muchand D in Scheme Il) were calculated by numerical integration
as a factor of 2.7 (with no clear pressure dependence). In theof the corresponding microcanonical rate constants over the
current model, the scaling factors of the transitional frequencies gctive population of propene. The rate of formation of propene
of the reaction channel D (Scheme II) were allowed to vary in was taken as equal to the rate of growth of the stabilized part
such a way that the calculated high-pressure-limit rate constantof its population. The rate of propene isomerization to cyclo-
of the GHs + H reaction varied within the reported uncertainty propane was taken to be equal to the rate of growth of the total
of the experimental value. This additional degree of flexibility population of cyclopropane.
in the model properties was used in the master equation analysis From these rates, the branching ratios of channels 1a, 1b,
of the experimental data on the product distribution in tie£C ~ and 1d were calculated. The rate constant of the overhisC

+ CHjs reaction (subsection 111.4). + CHs combination reaction was obtained as
The energy dependences of the microcanonical rate constants
of all the considered unimolecular channels of thel£+ CH e
: Kepgron, = Ka(L = T_0) %

system are shown in Figure 2. As can be seen from the plot,

the shape of thek_A(E,T) energy dependence displays a

noticeable dependence on temperature, which is especiallywhereky is the high-pressure-limit rate constant of the reac-
pronounced at low energies. The values of this microcanonical tion channel A (Scheme Il) and 4 is the fraction of propene

rate constant increase with the temperature due to the centrifugaimolecules that decompose back tgHg and CH.

decrease in the effective reaction barrier. Details of the model The calculation of the branching channel ratios was performed
are given in the Supporting Information, where a discussion of at times when the active parts of the time-dependent populations
the applicability of the harmonic approximation to the transi- of propene and cyclopropane reached their corresponding steady-

tional modes is also presented. states and, as a result, the computed rates of channels l1a, 1b,
11l.4. Master Equation Modeling. Methods of the Master  and 1d did not change with time. This approach gives correct
Equation Solution.The exponential-down modéf3:53 was results under the conditions where the rate constants of thermal

employed to describe the collisional energy transfer. The valuesdecomposition and isomerization of propene and cyclopropane
of [AEown the average energy transferred per “downward” are negligibly small. Under these conditions, the stabilized

collision, (assumed here to be equal for propene and cyclopro-(thermal) and active part of the populations are well-separated
pane) are unknown and thus were used as fitting parameters tdrom each other on the energy scale and the accumulation of
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the stabilized propene and cyclopropane does not affect the Within the virtual componenformalism, the kinetics of the
active parts of their populations. At high temperatures, however, chemically activated route of the,@; + CH; reaction can be

the accumulation of the stabilized products does affect the described in terms of time-independent rate constants using the
energy distributions in the parts of the populations located above following kinetic scheme

the isomerization barrier (i.e., thermal reactions of the stabilized

species have nonnegligible rates). As a result, the steady state CHz+ CH;—~ H + CiHg (1b)

of the active parts of the populations is not reached until the

whole system reaches dynamic equilibrium, i.e., the rate of C,H; + CH; — C3Hg (thermal) (1a)
decomposition of the stabilized species is equal to the rate of (V1)

their formation. The description of the qualitative behavior of CaHg (thermal)— C,H; + CH, (2a)

chemically activated systems and the discussion of the relative
roles of the two steady states can be found, for example, in refs
56—59.

C;Hg (thermal)— H + C;Hq (2b)

Thi f behavi here th | interf ith Here, channel 1b is the pseudo-direct reaction that accounts for
IS type of behavior where thermal processes interfere With e ¢onripution of all the virtual components except for the

the chemically agtlvated kinetics was observed in the Lt thermal one. Hs (thermal) represents stabilized propene
CHs system starting from temperatures as low as 900 K. At yegcribed by the thermal virtual component. The rate constants
900 K, however, only the rates of stabilization (channel 1a) and 4 tormation of allyl radical and H-atom (channel 1b), formation
isomerization (channel 191) were aﬁected.. Thg sum of the rates ¢ propene (stabilization, channel 1a), and thermal decomposi-
of channels 1a and 1d did not change with time (after a short yjon of propene (channels 2a and 2b) are obtained via the
induction period;<10~°s), so that the approach described above formylas in ref 16. Reaction 2a appears to be the reverse of
coulc_i_stlll_ be used to determine the branching ratio of the overall reaction channel 1a. However, because an equilibrium constant,
stabilization. in general, cannot be used here to relate their respective rate
For temperatures above 900 K, thértual component constants, a different reaction numbering is used to avoid
formalism?® of Knyazev and Tsang had to be employed to potential confusion.
describe the system in terms of time-independent rate constants. The isomerization of propene to cyclopropane is not included
This formalism was developed to enable the interpretation in in the above reaction Scheme VI becauseiiteal component
terms of time-independent rate constants of the general case oformalism for chemical activation systems which include
unimolecular kinetics (including non-steady-state be- reversible isomerization has not yet been developed. Fortunately,
havior16:56.66-64 \when the rates of reactions change in time for the system of reaction 1, this isomerization channel is minor
together with the rapidly evolving energy distributions). Such under all conditions. Although the microcanonical rate constants
interpretation enables the incorporation of non-steady-stateOf the propene isomerization to cyclopropane (reaction | in
kinetics into large reaction schemes, such as those used to modePcheme Il) dominate at low energies over K) of the other
the chemistry of combustion. As a limiting, simplest specific Propene reaction channels (those of propene decomposition, see
case of the general solution, thigtual componentgormalism Figure 2), the rate constants of the reverse process, isomerization
provides the steady-state rate constants of chemically orOf cyclopropane to propene, are even larger. Calculations were
photochemically activated unimolecular reactions. The detailed Performed to demonstrate that, for the purpose of the application
formulation of this approach can be found in ref 16 and only a ©f the virtual component formalism, the isomerization channel
brief conceptual description is given below. can be excluded from the kinetic scheme of th#1£+ CHs
combination reaction without serious implications for the
accuracy of the computed results (Details are described in the
Supporting Information). The main effect of this exclusion is
that the calculated rates of stabilized propene formation account
for the formation of both propene and cyclopropene without

The population of propene is presented as a combination of
“virtual components” due to eigenvectors of the master equation
matrix. The number of the virtual components is equal to the
size of the master equation matrix (the number of the energy
bins). Under any condition, the temporal behavior of the reactive distinguishing between these two isomers.

system can be described in terms of the time-independent rate Analysis of Experimental Product Branching Data on the

constants of the formation and decomposition of these virtual Chemically Actiated Route of the &i; + CH; Reaction The

components. For all qqnditions u;ed in this work, the rate parameters of the model of theds + CHs; combination
constants of decomposition of the virtual components are orders g5 ction (the chemically activated route of reaction 1) were

of magnitude higher than the rate of the overall process with 5qi,sted to reproduce the branching ratios of this reaction
the exception of the one rate constant which corresponds to_theobtained in our recent experimental stéidy temperatures of
lowest (in absolute value) eigenvalue of the master equation 310, 500, and 900 K, and bath gas (He) densities af BO'6
matrix. The steady-state of the part of the propene population gng 12x 1016 atoms cm3. The average energy transferred per
described by these virtual components is reached instantaneouslyjeactivating collision/AE[owrn, Was used as the main fitting

on the time scale of the overall reaction. Thus, their contribution parameter. All of other parameters of the model were fixed at
does not need to be considered explicitly and can be destfibed the values derived from the experimental information (e.g.,
as a pseudo-direct reaction leading from theHC+ CHs energetics of the reaction channels, frequencies of the reactants
reactants to the 48is + H products. The virtual component  and products), quantum chemical calculations (e.g., potential
corresponding to the remaining lowest eigenvalue of the masterenergy profiles of the barrierless reactions, rotational constants)
equation matrix (referred to as “the thermal component” below) or obtained by fitting experimental data on the high-pressure-
has an energy distribution which is equivalent to the distribution limit rate constants (scaling factors of transitional frequencies,
of thermally decomposing propene under the same conditions.the height of the barrier of isomerization of propene to
Accordingly, the rate constant of decomposition of the thermal cyclopropane).

virtual component is equal to the rate constant of thermal Modeling is complicated by the unknown temperature
decomposition of propene under the same conditions. dependence ofAE[down Which had to be taken into account.



6960 J. Phys. Chem. A, Vol. 106, No. 30, 2002 Stoliarov et al.

An assignment of a functional form to the temperature depen- Modeling of the experimental channel branching datar-
dence of the properties of collisional energy transfer is necessaryformed with the “central” version of the model based on the
for extrapolation of the experimental results beyond the central value ok_p® = 2.8 x 1072°cm? molecule’? s~ resulted
experimental temperature range. Three different models of thein values off AE[, that are unrealistically largeZAE[;, = —810
temperature dependence@E[own Were tested for the fitting cm™1, which corresponds teAEown equal to 1000 cmt at

of the experimental datalAEldown = constant (no temperature 310 K and 1320 cm! at 900 K. Reduction of the calculated
dependence)AEown proportional toT, and[AE, = constant, rate constant of the H C3Hs reaction to the lower limit of the
wherel[AE[ is the average energy transferred per collision in experimental valuek{( p*(291K)= 1.8 x 1071%cm?® molecule*
both upward and downward directioHsThe values of AEL, s 1) results in the more realistic fitted value @EJ; = —500
that were used in calculations were calculated at the propenecm™2.

energy equal to that of the,B; + CHs reactants. The effects of variations iBAE, and ink_p® on the results
The dependence of collisional energy transfer parameters suchyf the master equation modeling of the reaction 1 branching
as[AE(down ON temperature is, generally, unknown and consti- fractions are not independent. Both of these variations affect
tutes a subject of ongoing research by many groups. Thehe competition between the decomposition (the efficiency of
[AEldown = constant model presents the simplest choice and, which is linked to thek p® value) and the stabilization
following the Occam’s razor approach, is frequently used in (controlled byTAED;) of the chemically activated propene. Thus,
modeling attempts. This independencel&Eldown Of temper- for any reasonably chosen valuelob® it is possible to find a
ature is also supporj[ed by theoretical resglts of Borjesson andcorresponding value dEAE[, that will reproduce the experi-
Nordholn?*®and Ming et af” The proportional dependence  mental data. We select for the purpose of further use the model
was deriveff%9from modeling of the experimental falloff data  of reaction 1 with the HCsHs “exit” channel parameters
in the (transitional frequencies scaling coefficients) resulting from the
. use of the lower-limit value dk-p*(291K)= 1.8 x 10 10¢cm?3
H+ CH, = CH, ) molecule’® s™1. This selection is based purely on the more
realistic value of AE[J; = —500 cn1? obtained from fitting of
the experimental branching data on reaction 1 with this model.

and Tsangf in their modeling of the experimental data on the As has been mentioned above, although the reported error

chemically and thermally activated decomposition of secondary limits of t.he .e'xperimentak_D"" value in .ref 5,2 are only 36%
butyl radical in the 195680 K temperature range. THAET, (20), the individual rate constants obtained in different sets of

= constant model represents an intermediate case GAEigonn measurements differ_by as much as a fa(_:tor of 27 which can
temperature dependencBAEdown increases with temperature be interpreted as a sign of larger uncertainty. This uncertainty

but more slowly than in the case of the directly proportional ProPagates into that of tHAEL, values obtained in the current
model. The use of thdAEF, = constant model for the work. A lower rate constant of the Ht C3Hs reaction would

description of collisional energy transfer phenomenon has been"®Sult in even lower f'ttedlAEF”' For examplek-p*(291K) =
advocated by several research groups. The independence of:0> 107*°cm® molecule* s™ would reduce the optimal value
AED on temperature is supported by the results of both Of [AE to ~—250 cntt.

experimental and trajectory studies of collisional energy transfer ~ The calculated values of the S/D stabilization-to-decomposi-
in large polyatomic molecule$:7! This collisional energy  tion ratios are presented in Figure 3 (lower plot) together with
transfer model has been successfully used to reproduce theghe experimental valu€sAs can be seen from the plot, the
results of experimental studies of the thermal decomposition model reproduces the experimental data with deviations com-

reaction obtained at temperatures ranging from 298 to 1100 K.
A similar proportional dependence was obtained by Knyazev

reactions of small molecul€s.”® Dashevskaya et &f. predict parable to the uncertainties of the experiments. The temperature
the [AE[, = constant dependence for He as a bath gas within dependence of the overall rate constant of thelCt CHs
the framework of the sequential direct encounter model. combination reaction (the additien chemical activation route)

Fitting of the experimental data was performed by minimizing is presented in the upper plot in Figure 3. The experimental
the sum of absolute deviations (on a logarithmic scale) betweendata are well reproduced by the calculations. Reaction 1 is very
the calculated and the experimental values of the stabilization- close to the high-pressure limit at 310 and 500 K and the
to-decomposition ratio. Experimental data obtained at 310 and experimental bath gas pressures (less than 6% of the activated
500 K were used. The experimental data at 900 K have propene decomposes back to vinyl and methyl radicals). At 900
significantly larger uncertainties and hence were not included K and the experimental bath gas concentrations, about 25% of
in the optimization. The sum of the reaction channels 1la and the activated propene decomposes backward, as can be seen
1d (propene and cyclopropane) was taken as the measure ofrom comparison of the dotted line (the high-pressure-limit rate)
stabilization in the calculations. It was found that, of the three with the solid and the dashed lines (rate constants at fHe]
models of thefAEdown Vs T dependence considered, the best (3.0-12) x 10'® atoms cm®). The importance of the adduct
agreement between the experimental and calculated data wagpropene) reverse decomposition increases with temperature, as
obtained with the AE[J; = constant model. A grid search with  can be inferred from the dependences (k(E) and chemical
a step size of 20 cni yielded the optimum values aRNEL;. activation distributions) presented in Figure 2. As can be seen

In the calculation of the microcanonidaj(E) values for the from the plots, thel-averaged microcanonical rate constants of
channel of decomposition of propene totHC3Hs, the scaling the reverse propene decomposition tgHg&+ CHj; are larger
factors of the transitional frequencies of that reaction channel than those of the “direct” decomposition to-HCsHs at higher
were allowed to vary in such a way that the calculated high- energies. As the temperature increases, the chemical activation
pressure-limit rate constant of thely + H addition reaction distribution shifts to higher energies. Also, centrifugal effects
varied within the reported uncertainty of the experimental increase with temperature resulting in larger microscopic rates
value®? k_p»(291K) = (2.8 & 1.0) x 10710 cm® molecule? for the reverse decomposition even at low energies. These two
s1 (See subsection 111.3.). This uncertainty of they* value effects combined result in an increase in the relative importance
results in an additional flexibility of the model of reaction 1. of the reverse dissociation of the propene adduct with temper-
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Figure 3. Experimental data (symbols) and calculated values (lines) dependence of the rate constant of thermal decomposition of propene

of the overall rate constants of the combination (chemically activated) (réaction 2). Upper graph: dashed line, the “preliminary” shock tube/
route in reaction 1 (channels 1a, 1b, and 1d combined) and stabilization-!ser schlieren results of Kiefer et'dlobtained by an extrapolation of
to-decomposition branching ratios. Upper graph: Arrhenius ple¢iof the density gradient to the zero of the time scale; solid line, the “final”
= kiT) + ks(T) + ke(T). Lower plot: stabilization-to-decomposition ~ 'esults of Kiefer et al. obtained via kinetic modeling of the reactive
ratios (S/D= (ki + kig/kw) as functions of the bath gas density at SyStem used in the experiments; dashed-and-dotted line, the results of
three experimental temperatures. calculations performed in the current work. Lower graph: the ratio of
the rate constants of reaction channels 1b and la obtained in the
calculations (for the conditions of the experiments of Kiefer éf)al.

ature. A similar effect, the change in the channels branching h
as a function of temperature.

fraction with temperature, is observed for the thermal decom-

position of propene (see below). line) and those derived from a detailed simulation of the gradient

Thermal Decomposition of ProperiEhe model of the gH3 behavi . 23-st i hani £ th Vsi
+ CHs; combination reaction created here incorporates, as a enhavior E?'ng,,a ~step reaction mechanism ot the pyroysis
process (“final” results, ref 17, solid line) are shown on the

specific case, another important process, that of thermal h
decomposition of propene grapn.

To model the decomposition/isomerization reaction 2, the
CH,CHCH; — C,H; + CH,4 (2a) master equation with the chemical activation term removed was
solved as described above. Kr bath gas at a concentration of
H+ CsHs (2b) 9.5 x 107 atoms cm?® (median of the experimental concentra-
= cyclo-CH, (2c) tion range of Kiefer et al.) was used in these calculations. All

parameters of the model includingEd; were set to the same

Experimental determination of the rate constants of reaction 2 Values that were obtained in the modeling of th¢i€+ CH,
is complicated due to the large number of fast secondary combination reaction. The collisional energy transfer parameter

reactions which follow the initial dissociation step in the propene for the Kr bath gas can differ from that for He. However, in
pyrolysis. Kiefer et al? studied this pyrolysis process using the absence of knowledge of this parameter for Kr, the value

the shock tube/laser-schlieren technique, which provides anOf [AEL = —500 cnt™, obtained for He bath gas in the
accurate measure of the net rate of an endothermic reactionmodeling of the GHs + CHs system, was used. The rate
within 1 us of shock heating, where the initial dissociation of constants of channels 2a and 2b were calculated by numerical
propene (at high temperatures;1500 K) should be the  averaging of the corresponding microcanonical rate constants
dominant process. The authors determined the overall rateover the distribution of propene obtained as a result of the
constant of decomposition of propene over the temperature rangesolution of the master equation. The averaging was performed
1650-2300 K and at bath gas concentrations 6f{8) x 107 at times after the energy distribution of the propene molecules
molecule cm3. Kr and propene (the reactant) were used reached a steady-state (i.e., the shape of the distribution did
(separately) as bath gases (M) in these experiments. No cleamot change with time). The results of the solution of the master
difference between the results obtained in the two bath gasesequation demonstrate that thermal equilibrium between propene
was observed. The temperature dependences of the second-ord@nd cyclopropane is reached very quickly relative to the time
overall rate constants obtained by Kiefer et al. are shown in scale of the decomposition reaction. The rate of isomerization
Figure 4 (the upper graph). Both the rate constants obtained byof propene to cyclopropane (rate of channel 2c, calculated as
a simple extrapolation of the density gradient to the zero of the the rate of accumulation of cyclopropane) is negligible for all
time scale (“preliminary” results as reported in ref 17, dashed sets of conditions considered.



6962 J. Phys. Chem. A, Vol. 106, No. 30, 2002 Stoliarov et al.

The temperature dependence of the calculated overall rateobtained in the modeling can be represented by the expression
constant of decomposition of propene is shown as a-tdsh
line in the upper graph of Figure 4. The temperature dependence kolb(T) =3.42x 10
of the ratio of the calculated rate constants of channel 2a to
channel 2b is presented in the lower graph. The model is in Between 150 and 500 K, the overall rate constant of thtd;C
good agreement with the results of Kiefer and coauthors at + CHz; combination reaction is in the high-pressure limit at
higher temperatures but deviates from the experimental resultspressures above 1 Torr and formation of propene is the dominant
at the lower end of the temperature range TAt 1650 K, the product channel above 10 Torr. For temperatures above 2400
calculated and the measured values of the overall rate constank, the overall rate constant is in the low-pressure limit and the
differ by a factor of 2. The difference in the slope between the only products of the combination reaction are allyl radical and
calculated and the experimental temperature dependences capl-atom (with the exception of the highest pressure considered,
be attributed either to the inadequacy of the collisional energy 10 000 Torr, where some stabilization still occurs at 2400 K).
transfer model (which was successfully used for He but may In the intermediate temperature range, 52800 K, the overall
not be valid for Kr) or to the shortcomings of the kinetic model rate constant and the branching fractions of the product channels
used by the authors of ref 17. In the simulation of the gradient of the GH3; + CH; combination reaction exhibit both pressure
behavior performed to obtain the final values of the experimental and temperature dependence (Figure 5).
rate constants, these authors assumed channel 2a to be the only The pressure dependences of the stabilization-to-decomposi-
channel of thermal decomposition of propene. However, ac- tion ratio are shown in the middle part of Figure 5. For those
cording to the results of the current modeling, channel 2a indeedtemperatures (1560900 K) where the calculations were per-
becomes the dominant channel of the decomposition reaction,formed with the channel of reversible isomerization of propene
but only at temperatures above 2000 K. At the lower end of to cyclopropane included in the computational scheme, the
the experimental temperature range, where the disagreement igontribution of the channel of formation of cyclopropane is
observed between the calculated rates and those derived fromncluded in the stabilization. The contribution of this channel
the experimental data, the major decomposition channel isis minor under all conditions: the rate of this channel does not
reaction 2b. exceed 10% of the rate of formation of propene (Table 3).

Prediction of the Rate Constants and Branching Fractions  The qualitative shapes of the product branching pressure
of the GH3 + CH; Combination Reaction, Thermal Decom- dependences are best understood by examining the behavior of
position of Propene, and the H C3Hs Reaction eer Wide  thek, parameter (expression VIBa, introduced by Rabinovitch
Ranges of Conditiong-he overall rate constant and branching and Dieserf! presents a convenient means of analysis of falloff
channel fractions of the £13 + CH; combination reaction (the  curves for chemically activated reactions because it removes
chemically activated route, channels 1a, 1b, and 1d) were from the pressure dependence its dominating Lindemann-type
calculated within a broad range of pressures (0.133383 kPa, component. While the scale of changesDiS is comparable
or 1-10000 Torr) and temperatures (58000 K). The with the scale of changing pressuig,is less dependent on
calculations were performed for He bath gas using the param-pressure (all pressure dependenck,afccurs due to deviation
eters of the reaction model obtained in the fitting of the from the Lindemann behavior). The qualitative shapes of the
experimental data on the;83 + CHz reaction (see above). The  k,vs pressure dependences obtained in the current work (Figure
results of these calculations are presented in Table 3. The5, |ower graph) conform to the general trends reported by
temperature dependence of the high-pressure-limit rate constanRabinovitch et af17576and reanalyzed recently in ref 59. At
and the pressure dependences of the overall reaction rate (aéach temperature, the values lgfare at a minimum in the
different temperatures) are shown in Figures3 and 5, respec-middle of the falloff pressure range and increase toward the
tively. Figure 5 also shows the pressure dependences of thelow- and the high-pressure ends. These increasés aifhigh

0170285 o molecule st (IX)

stabilization-to-decomposition rati&Q = (kia + kid)/kip) and and low pressures are due to the nonzero widths of the chemical
the “intuitive™!>° rate of decomposition of the chemically activation energy distribution functions and the multistep
activated propenek, character of collisional deactivation, respectivély.
Table 3 also presents the values of the rate constants for the
k, = w% (Vi) two channels of thermal decomposition of propene, reaction 2,

calculated using the model of the reaction created in this work
(see above). The temperature dependences—3000 K) of

the high-pressure-limit rate constants of these two channels can
E/e represented with the expressions

According to the results of the calculations, the high-pressure-
limit rate constant of the &£13 + CHs; combination reaction
experiences a weak temperature dependence, decreasing slight
with increasing temperature within the 15800 K temperature o .
range and increasing with increasing temperature within the K"2{T) =

500-3000 K temperature range (Figure 3). This dependence 2.49x 10° T2° exp(—46627 KIT) cm® molecule*s* (X)
can be represented with the expression

& _ K*o(T) =
11 = 5.03x 10°° exp(—45374 KIT) e moleculé s (XI)
3.51x 10 2 T%**"exp(161 K/T) cni molecule* s *
(V1IN The relative importance of channels 2a and 2b is a complex

function of pressure and temperature. Although one could expect
(The k™15 notation is used here since only the stabilization the H + CgHs product channel to always dominate at low
channel is present in the high-pressure limit). In the low-pressure pressures due to its lower energy barrier (Figure 1), this does
limit, the only channel of the chemically activated reaction route not happen (Table 3). As can be seen from the plots in Figure
is the formation of H atom and allyl radical, channel 1b. The 2, above 2000 K the J-averaged microcanonical rate constants
temperature dependence of the low-pressure-limit rate constanof the GH3; + CHj product channel (2a, also chanreh in
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TABLE 3: Rate Constants and Product Distribution of Reactions 1a, 1b (GH3; + CH3; Combination), 2a, 2b (Thermal
Decomposition of Propene), 3a, and 3b (H- C3Hs Combination) Calculated Using the RRKM/Master Equation Model

P/kPa P/Torr TIK kiat Kip S D2 Koa kap ksa+ Kap S D3g?
0.1333 1 150 8.2 1.00 (0.00) 0 1.621071% 6.24x 107114 1.77 1.00 (0.07) 0.00
1.333 10 150 8.2 1.00 (0.00) 0 1.%61071% 6.24x 107114 1.78 1.00 (0.03) 0.00

13.33 16-10¢ 150 8.2 1.00 (0.00) 0 1.78 10710 6.24x 107114 1.78 1.00 (0.00) 0.00
ooP 150 8.2 1.78x 107130 6.24x 107114 1.78
0.1333 1 310 6.39 0.58 (0.05) 0.42 6.67L0°% 6.22x 10748 1.87 1.00 (0.07) 0.00
1.333 10 310 6.44 0.93 (0.08) 0.07 8.5910°%5 6.23x 1048 1.87 1.00 (0.03) 0.00

13.33 100 310 6.45 0.99 (0.05) 0.01 88705 6.23x 1048 1.87 1.00 (0.00) 0.00

133.3 1x 10 310 6.46 1.00 (0.01) 0 8.90 10°%° 6.23x 1048 1.87 1.00 (0.00) 0.00
1333 1x 10* 310 6.46 1.00 (0.00) 0 8.90 10°%° 6.23x 1048 1.87 1.00 (0.00) 0.00

oo 310 6.46 8.90< 1075 6.23x 1048 1.87
0.1333 1 500 6.06 0.24 (0.02) 0.76 5.20L0°28 2.93x 107 2.06 1.00 (0.08) 0.00
1.333 10 500 6.26 0.73 (0.06) 0.27 9451028 2.99x 107 2.14 1.00 (0.06) 0.00

13.33 100 500 6.4 0.95 (0.07) 0.05 1.0810% 3.00x 1074 2.15 1.00 (0.02) 0.00

133.3 1x 10 500 6.44 0.99 (0.02) 0.01 1.1010°% 3.00x 107 2.15 1.00 (0.00) 0.00
1333 1x 10¢ 500 6.44 1.00 (0.00) 0 1.1 107% 3.00x 107 2.15 1.00 (0.00) 0.00

oob 500 6.44 1.10< 10°% 3.00x 107 2.15
0.1333 1 900 5.22 0.02 0.98 5.50107° 3.19x 1077 1.24 0.83 (0.07) 0.17
1.333 10 900 54 0.19 0.81 1.8510°8 4.93x 1077 1.95 0.92 (0.08) 0.08

13.33 100 900 5.98 0.59 0.41 3.5410°8 6.00x 1077 2.43 0.97 (0.06) 0.03

133.3 1x 103 900 6.66 0.89 0.11 458 10°8 6.37x 1077 2.60 0.99 (0.03) 0.01
1333 1x 10¢ 900 6.97 0.98 0.02 4.8Q 10°8 6.45x 1077 2.63 1.00 (0.00) 0.00

ooP 900 7.05 4.85¢ 1078 6.46x 1077 2.64
0.1333 1 1300 4.48 0 1 4.061072 0.329 1.14 0.14 0.86
1.333 10 1300 4.52 0.02 0.98 0.165 0.886 1.44 0.37 0.63

13.33 100 1300 4.78 0.18 0.82 0.492 1.78 1.96 0.64 0.36

133.3 1x 10 1300 5.66 0.53 0.47 0.980 2.68 2.54 0.85 0.15
1333 1x 10* 1300 6.96 0.85 0.15 1.36 3.22 2.90 0.96 0.04

oo 1300 7.99 1.54 3.43 3.05
0.1333 1 1800 3.82 0 1 27817 3.52x 1% 1.86 0.00 1.00
1.333 10 1800 3.83 0 1 1.1410¢° 1.69x 1C° 1.89 0.03 0.97

13.33 100 1800 3.87 0.02 0.98 4.5010° 6.11x 10 1.99 0.12 0.88

133.3 1x 10 1800 4.14 0.15 0.85 1.4 10¢ 1.66x 10* 2.26 0.33 0.67
1333 1x 10¢ 1800 5.15 0.48 0.52 3.22 10¢ 3.31x 10* 2.72 0.64 0.36

ooP 1800 8.79 6.24< 10* 5.66x 10* 3.48
0.1333 1 2400 3.59 0 1 2. %10 3.64x 10° 2.48 0.00 1.00
1.333 10 2400 3.59 0 1 1.2610° 4.10x 10¢ 2.48 0.00 1.00

13.33 100 2400 3.59 0 1 5.%810° 2.86x 1P 2.49 0.01 0.99

133.3 1x 103 2400 3.63 0.02 0.98 2.5 10° 1.44x 1P 2.52 0.04 0.96
1333 1x 10¢ 2400 3.89 0.12 0.88 9.06 10° 5.34x 10° 2.66 0.18 0.82

ooP 2400 9.66 5.3 10 3.12x 107 3.94
0.1333 1 3000 3.64 0 1 3.2710° 491x 10° 2.84 0.00 1.00
1.333 10 3000 3.64 0 1 1.60 1¢° 1.09x 10° 2.84 0.00 1.00

13.33 100 3000 3.64 0 1 7.6310° 1.36x 1C° 2.84 0.00 1.00

133.3 1x 103 3000 3.64 0 1 3.6 10’ 1.07x 10° 2.85 0.01 0.99
1333 1x 10* 3000 3.7 0.03 0.97 158 10° 5.99x 10 2.87 0.04 0.96
0o 3000 10.35 2.7% 10° 1.36x 1¢° 4.32

Rate constants units are émolecule s~ and s. 2S; and D are the branching fractions of stabilization (formation of thermalizgdsCand
decomposition (formation of H- CsHs products) in reaction 1. Similarly,sSand D are the branching fractions of stabilizationsKg) and
decomposition (gHs + CHs products) in reaction 3. Values given in parentheses are the branching fractions of formation of cyclopropane and
those presented without parentheses correspond to the sum ofHbés@mers (propene and cyclopropan&Rate parameters given fér = o
(infinite pressure) are those corresponding to the high-pressure limit. For the chemically activated reactions, stabilization is assumexhlp be the
important process under the high-pressure-limit conditions. At high temperatures, stabilization will be followed by the fast thermal demompositi
of the adduct (reaction 2), which must be taken into account to assess the final distribution of products under particular conditions. Discussion of
stabilization followed by thermal reactivation/decomposition is given in section IIl.4.

Scheme 2) are larger than those of therHCzHs channel (2b, H + CsHs created in this work was also used to calculate the
also channel D in Scheme 2) even at low energies due torate constants and product branching fractions of the reaction
centrifugal effects (also see subsection Il.3). As a result,
although channel 2b is the main channel at low temperatures, H + CH,CHCH, =~ CgH, (3a)
channel 2a becomes dominantTat 2000 K. It can be noted — C,H; + CH, (3b)
that the microcanonical variational treatment used here for the
C3sHe == CoHs + CH3 channel is essential for the correct The results are presented in Table 3. As can be seen from
description of the competition between channels 2a and 2b andthe values of the branching fractions, although stabilization
between the reverse decomposition and the further reaction of(channel 3a) is the main process at low temperatures, decom-
adduct in the chemically activated reaction 1. A simpler position (reaction channel 3b) is increasingly important at
nonvariational approach would neglect the temperature depen-temperatures above 1000 K and becomes dominant above
dence of the centrifugal effects and underestimate the contribu-~2000 K.
tion of the GHg — C,H3 + CHjz process at high temperatures. II1.5. Sensitivity of the Modeling Results to the Uncertain-

The model of the reaction systemt; + CH; = C3Hg == ties of the Model.Many of the parameters of the model created
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respectively (See Table 1.). TRéE) values of these decomposi-
"a) ' ' ' ' tion channels were recalculated for the highest and lowest
TF 310K ] energies within the uncertainty boundaries of the experimental
values. The master equation was, subsequently, solved for the
two limiting cases: the energy gap between the two channels
is reduced or increased by 6.2 kJ mblvith respect to the
central model. The calculations were performed for conditions
corresponding to those of the experimental results of ref 7 at
500 K (pressures of 0.21 and 0.83 kPa, or 1.55 and 6.21 Torr).
The S/D (stabilization to decomposition) ratios of the combina-
tion route of the GHz + CHs reaction obtained withAE, =
—500 cnt? for the two limiting cases deviate from the results
obtained with the central modeP = 0.21 kPa: increased gap
— 0.39, decreased gap 0.64, central modet 0.50; P= 0.83
] kPa: increased gap 1.43, decreased gap2.20, central model
— 1.77. Reduction in théAE[, value to—640 cnt? for the
4 increased-gap model and increas@&dE[; value to—370 cnt?t
for the decreased-gap model bring the results of the two limiting
cases into absolute agreement with the results obtained with
the central thermodynamic model abdNEL}; = —500 cnt?.
These calculations indicate that, as expected, a strong coupling
exists between the “entrance-exit” energy gap and the fitting
11+ 1800 K b parameter of the modelAEL;. The model, however, shows
very little sensitivity to these uncertainties in the thermochem-

10+ 13 b . . .
u istry, once thelAE[, parameter is adjusted to reproduce the
oroewxk ] experimental data.

500K | When considering practical use of the rate parameters derived
in the current study, one should bear in mind that the above
7k 0 L — 310K, model of reactions 1, 2, and 3 is based on significant simplifica-
0.1 1 10 100 1000 tions. In addition to the sources of uncertainties discussed above,
P/ kP different temperature dependences of the collisional parameters
Figure 5. Calculated pressure and temperature dependences of (a) thejl| result in different values of predicted rate constants and
overall rate constant of the chemically ac_tl_vatgd (comblnatlon)_ route branching ratios. Moreover, the simplifications of the model
of reaction 1K= kia * ki + kig), (b) the stabilization-to-decomposition (e.g., assumptions inherent to the formulation of the Master

ratio (S/D= (kia+ kig)/kip), and (c) the “intuitive” rate of decomposition . . ;
of chemically activated propenk, (see text). Théw(P) dependences ~ Eduation and RRKM method, the representation of the tumbling

that do not cover the whole pressure range on the plot were truncatedmotion of the GHs, CHs, and GHs fragments in transition states
in order to avoid potential errors associated with very low computed with low-frequency vibrational modes, particular shapes of the
values of stabilization or decomposition branching fractions. potential energy profiles of radicatadical addition obtained
from quantum chemical calculations) result in uncertainties
in this study have substantial uncertainties associated with them.which are not easily estimated. Therefore, due to the uncertain-
The final model is thus not unique in the sense that other valuesties of the model, caution is advised in using the results of this
of model parameters (such as properties of the transition statesmodeling and extrapolation far outside the experimental ranges
collisional energy transfer parameters, enthalpies of formation) of conditions on the basis of which the model was created.
can be chosen in such a way that the experimental data on the
rate constants and branching fractions will still be reproduced. IV. Summary
It is impractical to investigate the influence of all model
parameter uncertainties on the modeling results because of theilb
large number. However, effects of uncertainties in two of the
most important parameters were examined.

One experimental datum which has a large effect on the
model properties is the room-temperature rate constant of
reaction 3, addition of H atom to allyl radical. The effects of
the experimental uncertainty k(298 K) were described in
section I11.3. Another important parameter to which the model-
ing results are very sensitive is the energy gap between the
barriers for the “entrance” and “exit” channels of the chemically
activated reaction. Varying this energy gap in the model has
the effect of “shifting” thek(E) dependences along the energy

'S

F 1800 K 2400K _ A1

Kia+kib+kid / 10 cm3molecule-ls-L

10

S/D

0.1

log(k, /s

The mechanism of the ££3 + CHs reaction 1 was studied
y quantum chemical methods. The results of this study and
the analysis of earlier experimental restifsdemonstrate that
reaction 1 proceeds via two distinctly different routes. The first
reaction route is that of radical combination (addition) with the
formation of chemically activated propene, which can decom-
pose to H atom and allyl radical (channel 1b) or back to the
reactants, isomerize to cyclopropane (1d), or stabilize in
collisions with the bath gas (1a). The second route is that of
direct abstraction of a hydrogen atom from vinyl radical by the
methyl radical (channel 1c, disproportionation).

scale relative to the energy distribution of chemically activated CYCI(EQH& 19

adduct and thus modifying the relative efficiency of decomposi- .

tion vs stabilization. CH;+CH; @  CH;CHCHy* — CH,CHCH;+H (1b)
The parameters that contribute to the uncertainty of this M)

energy gap are the heats of formation of the reactants and CH;CHCH, (1a)

products. The experimental uncertainties for the energies of the
C,H3 + CH; and GHs + H channels are=4.1 and 2.1 kJ mot, C,Hs + CHs - CHs + C.Hy (Ic)
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It was demonstrated that the products of channel 1c cannot beThe results of the modeling of reaction 2 yield rate constant
produced in the chemically activated reaction route. Other values that are in agreement with the experimental work of
potential channels of reaction 1 formingHl isomers were Kiefer et all” The models of reactions 2 and 3 are used to predict
ruled out on the basis of the results of the quantum chemical the overall rates and product distributions as functions of
study. temperature and pressure. The temperature dependences (900
The abstraction reaction route (1c) proceeds without an energy3000 K) of the high-pressure-limit rate constants of the two
barrier or with a small barrier. The experimental data of ref 7 channels of reaction 2 can be represented with the expressions
demonstrate its negative temperature dependence, which can
be represented by the expression k*,(T) = 2.49 x 10° T?%exp(—46627 KM s+ (X)

ki.=1.5x 10 " exp(385 KM m* molecule*s ™ (XII) K*,,(T) = 5.03x 10%° exp(—45374 K st (X1)

An RRKM/master equation model of the chemically activated The results of the calculations (Table 3) demonstrate that the
(combination) route of reaction 1 was created on the basis of re|ative importance of the channels of reaction 2 changes with
the results of the quantum chemical calculations and the analysislemperature: channel 2b is the main one at low temperatures,
of experimental data. Microscopic energy- and (for the channel whereas above 2000 K, channel 2a dominates. For reaction 3,
of dissociation to ¢Hs + CHs) angular momentum-dependent  stabilization (3a) is the main process at low temperatures but
rate constants of barrierless channels of propene dissociationchemically activated decomposition (3b) is increasingly impor-
were obtained using a microcanonical variational approach. tant at temperatures abovel000 K and becomes dominant
Potential energy profiles and vibrational frequencies along the ghove~2000 K.
reaction paths were calculated for this purpose by quantum
chemical methods. Critical parameters of the model (vibrational ~ Acknowledgment. This research was supported by Division
frequencies of transitional modes aiEL, the average energy  of Chemical Sciences, Office of Basic Energy Sciences, Office
transferred per collision with the bath gas) were adjusted to of Energy Research, U.S. Department of Energy under Grant
reproduce the experimental data on the high-pressure rateNo. DE-FG02-94ER14463. The authors would like to thank Dr.
constants of the individual elementary processes involved andH. Wang for sharing his computational results prior to publica-
on the reaction 1 channel distribution as a function of temper- tion.
ature and pressure. The resultant model provides an extrapolation
of the product information obtained in our earlier experimental ~ Supporting Information Available: Supplement containing
work’ to conditions outside of the experimental ranges. a detailed description of the quantum chemical study and details
The calculated high-pressure and low-pressure limits of the of the rate constant calculations (46 pages). This material is
overall rate constant for the chemically activated route of available free of charge via the Internet at http://pubs.acs.org.
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