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The potential energy surface for the3®)+ C,H,4 reaction, which plays an important role ink/O, flames

and in hydrocarbon combustion in general, was theoretically reinvestigated using various quantum chemical
methods, including G3, CBS-QB3, G2M(CC,MP2), and MRCI. The energy surfaces of both the lowest-lying
triplet and singlet electronic states were constructed. The primary product distribution for the multiwell
multichannel reaction was then determined by RRKM statistical rate theory and weak-collision master equation
analysis using the exact stochastic simulation method. Intersystem crossing of the “h@H&Htriplet

adduct to the singlet surface, shown to account for about half of the products, was estimated to proceed at a
rate of~1.5 x 10 s™1. In addition, the thermal rate coefficierk€O + C,H,) in the T = 200—-2000 K range

were computed using multistate transition state theory and fitted by a modified Arrhenius expredgion as

= 1.69 x 10716 x T1%6 x exp(—331K/T) . Our computed rates and product distributions agree well with the
available experimental results. Product yields are found to show a monotonic dependence on temperature.
The major products (with predicted yieldsTat= 300 K/2000 K) are: Chl+ CHO (48/37%), H+ CH,CHO
(40/19%), and CK(X®B;) + H.CO (5/29%), whereas H- CH;CO, H, + H,CCO, and CH + CO are all

minor (<5%).

I. Introduction therefore, compete with the direct decomposition. Finally, the
singlet biradicals produced from the triplet adducts upon ISC
may either convert to “hot” epoxides by ring closure or rearrange
by internal migration of H atoms or alkyl groups into “hot”
carbonyl compounds. These “hot” compounds may then either
undergo collisional stabilization under high-pressure reaction
conditiond”18 or dissociate rapidly to various products under

general because-H, is a key intermediate in the oxidation Iow-prlegssure conditions such as in molecular beam experi-
of methane and of larger hydrocarbdhé; ii) it is thought ments:

to be also of some importance in some cases for photo- Earlier, one of the present authors used discharge-flow
chemical air pollutior?; (iii) this reaction is of funda- techniques in combination with molecular beam mass spec-
mental importance in chemical kinetics and challenging to trometry to measure the thermal rate coefficients of the
theoretical chemists because of its complicated reaction mech-OGP) + C;H,4 reaction at different temperatures under low-

The electrophilic addition reaction of the oxygen atom
O(P) with the simplest alkene, .8y, is an attractive subject
for both experimental and theoretical studies. There are some
interesting reasons for reinvestigating this reaction: (i) the
O(P) + CzH4 reaction not only plays an important role in the
CoH4/O, flamel2 but also in combustion chemistry in

anism. pressure conditions (0-% Torr He) and to determine the
Since the early 1950s, Cvetanovic and co-workéis primary product distributions for this reaction at 65 Torr
carried out pioneering studies of the reactions of oxygen He and T = 287-607 K202123 The observed room-

atoms with olefins in the gas pha%e3 A general reaction  temperature rate constant was (&7) x 1073 cm® molecule’®
mechanism was suggested and summarized in three majof stepss~1, close to the present literature recommendafioh 7.5 x

First, oxygen atoms in their triplet ground electronic state 1013 cm® molecule® s 1. The product distribution results
undergo an electrophilic addition onto the=C bond, forming were: 484 10% for CH; + CHO, 384 10% for CHLCHO +
adducts that are vibrationally excited triplet biradicals corre- H, 10 4+ 5% for H,CO + CHx(X3B,), and 4% for HCCO +
sponding to the spin-conservation rule. Second, the triplet H,; the observed yields showed only a slight pressure depen-
biradicals either decompose to products (by H- or.Cldss) dence, and the influence of temperature within this range was
or carry out intersystem crossing (ISC) to singlet biradicals. also found to be small. The results agreed well with the product

The first direct evidence for important H production from gistribution at room temperature reported previously by Endo
C:Hs + O was provided by Ravishankara et'&lThe triplet et al24

biradicals might also isomerizeyba H migration, but this

process was found to face a large barrier héfglttand cannot, The major possible primary product channels of théRp¢

C,H,4 reaction are presented below. Where possible, experi-

* Corresponding authors. E-mail: Jozef.Peeters@chem.kuleuven.ac.berm_:‘.ntal reaction e_nthalp@’s(A,H(O K). in k(.:aI/mOD ar? given,
(J.P.); Minh.Nguyen@chem kuleuven.acbe (M.T.N.). Fax: int-32-16- While the values in parentheses are obtained by using quantum
327992. chemical calculations (see next section).
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oCP) + C2H4(xlAg) — CH,CHO(X?A") + H(®S) kcal/mol), such that the former cannot compete with the latter
(~17.0) (1) at low and fairly high temperature; (|_|) the triplet blradlcal adduct
’ formed from the addition step rapidly decomposes into,-CH
ocP) + C2H4(X1Ag) — H,CO(X'A,) + CH,(X®B,) CHO + H, facing a barrier of only 15.3 kcal/mol; and (iii) the
5.4(-6.6) @) 1,2-H migration in t_hls adduct faces a high energy barrier of
) ’ 28.1 kcal/mol, and is therefore not relevant.
o(3p) + C2H4(X1Ag) — CHs(XZAz") + Hco(sz') In the singlet electronic state, unimolecular rearrangements
—27.9¢288) (3) connecting acetaldehyde, hydroxyethylidene §€8—C0H), and
vinyl alcohol, followed by their thermal decompositions to
oCP) + C2H4(X1Ag) — HZCCO(XlAl) + HZ(XlZg) various products, were computed using G1 theory by Smith et

29
—842¢851) (4 & , , ,
As far as we are aware, previous theoretical calculations have,

O(3P) + C2H4(X1Ag) — CH3CO(X2A’) + H(ZS) however, not been used to address the product distributions and/
(—23.5) (5) or thermal rate coefficients of the &) + C;H, reaction.
Considering its important role in combustion chemistry as well
O(3P) + C2H4(X1Ag) — CH4(X1A1) + CO(X12+) as its fundamental kinetic interest, we set out to reinvestigate

—116.7 (-117.4) (6) this reaction using different higher levels of theory such as the
G320 CBS-QB3%! G2M(CC,MP2)32 and MRCI methodg3-34
OCP) + C,H,(X'A,) — oxirane(XA)) We have constructed the potential energy surfaces of the lowest-
—83.2(-83.4) (7) lying triplet and singlet electronic states. Particular attention
has been paid to the product distributions and thermal rates,
OCP) + C,H,(X'A,) — CH,CHO(X'A") which were computed on the basis of the information gained
—111.9 ¢-110.8) (8) from the potential energy surfaces (zero-point energy corrected
potential energies, harmonic vibration frequencies, and rotational
OCP)+ C,H,(X'A,) — CH,CHOH(X'A) constants). We also addressed the intriguingly fast triptet
—100.1 100.7) (9) singlet ISC crossing that bears heavily on the product makeup.

Some results of primary p_r(_)duct distributions rf_ecently obtaine_-d II. Theoretical Approaches
under low-pressure conditions are collected in Table 1. It is
believed that the products (CH]CHO(X?A"") + H(%S) and H- II.1. Quantum Chemical Calculations. Local minima and
CO(X'A;1) + CHy(X3By)) produced in channels (1) and (2) transition structures (TS) on the potential energy surface (PES)
mainly arise from the triplet electronic surface, whereas the other were initially optimized using density functional theory with
products channels result from the singlet electronic state. Tablethe hybrid B3LYP536 functional in conjunction with the
1 shows that, at room temperature, there are two major reaction6-311++G(3df,2p) basis séf. Analytical harmonic vibration
channels (1) and (3), which produce GHHO(X?A") 4+ H(3S) frequencies were computed at this level in order to verify the
and CH(X2A,") + HCO(X2A"), respectively, and contribute  character of the stationary points located (one imaginary
up to about 90% of the products. The remaining 10% is mainly frequency for a TS and all real frequencies for a minimum).
accounted for by the products®O(X*A;) + CHy(X3B1), while Zero-point energies were used unscaled to correct the relative
other channels are minor. energies. To obtain more accurate relative energies, the G2M-
At high pressuresP = 5-50 bar, substantial yields of (CC,MP2§2method was used to compute single-point electronic
acetaldehyde and oxirane from channels (7) and (8) wereenergies based on the B3LYP/6-31-+G(3df,2p) optimized
observed?® In addition, vinyl alcohol produced from channel geometries. Additionally, the CBS-QBBand G3° methods
(9) was detected in solid argéh.These results show that were also used. The values computed at the G2M(CC,MP2),
acetaldehyde, oxirane, and vinyl alcohol play a role as (key) CBS-QB3, and G3 levels are in good agreement with each other,
intermediates in the GR) + C,H, reaction. within 1—2 kcal/mol, and with available experimental data (see
The O@P) + C;H, reaction has been extensively studied using Table 2). In this paper, unless otherwise mentioned, we adopt
guantum chemical calculations. Yamaguchi et®alised the the average of the values computed at the last three theoretical
UHF/4-31G level of theory to optimize geometries for several levels for the subsequent kinetic analyses. Our averaged values
low-lying biradical states of the ring-opened oxiran€H,- also agree well with those reported in the literature using the
CH,0"). YamagucH then refined their previous calculations G1?° and CBS-Q theory®
and extensively explored the potential energy surface by using There are several stationary points of which the wave
the projected perturbation method PMP2/6-31G(d)//UHF/6-31G- functions possess a two-reference character (see Table 3). In
(d). Dupuis et ak8 characterized some stationary points for the these cases, the multiconfiguration CASSCF(8,8) methéd],
electrophilic addition of GP) to the G=C bond of ethylene in combination with the correlation consistent cc-pVDZ basis
using multiconfiguration HartreeFock calculations. Although  set®” was used to re-optimize geometries and to perform
lower levels of theory were used at that time, the results obtained analytical Hessian calculations. The relevant energies were then
from these calculations were important and useful to qualita- refined by including dynamic electronic correlations using the
tively elucidate the reaction mechanidf#éMost of the major multireference internally contracted single- and double-excitation
channels on the triplet energy surface were theoretically configuration interaction method (hereafter denoted as MR-
investigated by Melid$ using the BAC-MP4 theory and  CI)®334in combination with a larger extended cc-pVTZ basis
recently characterized in detail by Juf§iasing the high level set¥” The quadruple correction (Q) by Davidson’s schétmeas
CBS-Q method. Some important results arisen from these also included to overcome the size-consistency problem in a
calculations are: (i) the H-abstraction channel froaHgby truncated CI. For a set of constrained optimizations with fixed
O(P), leading to OH(XIT) + C,H3(X2A"), faces a barrier of C—0O bond distances or fixed CCO angles (see below), the
10.4 kcal/mol, much higher than that of the addition step (0.4 CASSCF(8,8)/cc-pVDZ method was employed, and the energies
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TABLE 1: Primary Products Distribution for the O( 3P) + C,H4(X'Ag) Reaction Observed Under Low-Pressure Conditions

authors, year, reference channel (1) channel (2) channel (3) channel (4) channel (5) 2 ratio
Endo et al. (1986), ref 24 46 10% 10+ 5% 50+ 10% 50:50
Peeters et al. (1988), ref 23 3810% 10+ 5% 48+ 10% 4% 48:52
Bley et al. (1988), ref 18 58 10% 6+ 3% 44+ 10% 56:44
Koda et al. (1991), ref 75 46 15% 54+ 15% 46:54
Matsui et al. (2004), ref 76 AF 4% 53+ 4% 47:53
Casavecchia et al. (2004), ref 65 276% 16+ 8% 434+ 11% 13+ 3% 1+ 0.5% ~43:57
YT Lee et al. (1989), ref 19 D, + O reaction (29t 25%) (71+ 25%) ~30:70

aRatio of yields from the triplet surface over those from the singlet surface as follows from our theoretical analysis (seMézeired for

C:Ds + O.

TABLE 2: Calculated Relative Energiest (kcal/mol, T = 0 K) for Various Species in the OfP) + C,H4(X'Ag) Reaction Using

Different Levels of Theory

species B3LYP G2M CBS-0QB3 G3 average expd GI CBS-Q
O(X3P) + CHa(X'Ag) 0.0 0.0 0.0 00 00 0.0 0.0
CHo(X3B1) + H,CO(X!AY) -7.9 -7.0 -6.1 -68 —6.6 —5.4
CHy(*A1) + H,CO(X'A,) 3.0 2.5 1.8 27 23 3.6
H(X?S) + H,CCHO(X?A'™) —19.7 —16.7 —17.8 -16.5 —17.0 —15.2 —-17.4
H(X2S) + CH,CO(X?A") 252  —24.0 -23.6 228 235 —221  —244
H(X2S) + CHy(X?A7") + CO(XIS*) -131  -16.2 —14.0 -146 —14.9 -13.4  —-140 -—154
CH;5(X?Az") + CHO(X?A") —33.2 —28.8 —28.4 —-29.1 —28.8 —27.9 —26.7 —29.7
H,CCO(X!A1) +Ha(X1Zy) —87.8 —83.9 —86.3 —85.2 —85.1 —84.2
HC°COH(X'A") + Hy(X13y) -50.7  —49.3 ~52.6 -51.0 —51.0
CO(XIZT) + CH4(X*A1) —114.7 —117.3 —117.8 -117.1 1174 -116.7 —117.7
OH(X2IT) + C,H3(X?A") 3.8 8.8 7.3 65 75 8.3 10.6 7.2
°O—CH,-°CH(3A), Intla -293  —236 —24.4 —24.0 —24.0(24.0) —24.4
°O—CHz-°CH(%A"), Intlb —23.2 —18.3 —17.2 —19.3 —18.3
CH3CHOGA), Int2 —38.4 —32.1 —32.8 —322 324 —32.9
CH,CHOH(A), Int3 —37.6 —32.9 —34.0 —34.0 —33.7 —33.6
°O—CHa-°CHa(1A), Int4 —34.4  —24.0 —22.7 —21.2 —22.6(25.9)
CH3CHO(XA), Int5 —110.4 —109.8 —111.8 —110.7 —110.8 —-111.9 -—-110.8
oxirane(XA,), Inté —-81.4 —-82.5 —84.7 —-82.9 —834 —83.2
CH,CHOH-a(X'A"), Int7a —99.8 —98.5 —101.2 —100.4 —100.1 —100.7
CH,CHOH-b(A"), Int7b —98.8 —97.6 —100.3 —995 —99.1 —99.6
CH3COH-a(X*A"), Int8a —59.4 —59.1 —60.4 —59.8 —59.8 —59.9
CHsCOH-b@A"), Int8b -56.9  —56.1
CH3OCHC(A), Int9 —42.9 —43.1 —44.0 —43.2 —435
CH;OCHEA) -188  -15.7
TS1aCPA") 2.8 1.0 1.9 0.4
TS1b(A") —2.3 3.8 2.2 1.9 2.6
TS2a°A" 3.8 12.8 9.6 10.5 11.0 10.4
TS2b(A") 4.5 13.6 10.1 11.1 11.6
TS3(°A) —13.8 —7.6 -9.9 —8.5 —-8.7
TS4(3A) —4.7 —-1.5 —2.4 —-1.6 -1.9
TS5(3A) -0.2 8.2 6.3 81 75 6.4
TS6(°A) 0.1 5.6 4.1 4.7 4.8 3.7
TS7(3A) —25.8 —19.0 —-19.1 —20.5 —19.6 —22.3
TS8(°A) —18.5 —14.5 —-14.1 —-16.3 —15.0 —-17.9
TS9(A) -0.5 9.3 7.2 74 80
TS10('A) (-28.4
TS11(A) -304  —223 —24.8 —175 —215(-24.3)
TS12(A) (—25.9)
TS13'A) -208 184 -19.3 —-18.3 —18.6 (-24.5)
TS14(*A) —44.6 —42.2 —44.1 —43.2 —43.2 —43.4
TS15*A") —-31.1 —30.6 —-31.9 —-315 314 —31.7
TS16(*'A) —37.5 —35.9 —37.4 —36.6 —36.6 —36.5
TS17*A)®) —41.1 —34.7 —37.8 —34.7 —354
TS18A)9) —30.7 —26.6 —25.0 —252 —25.6
TS19'A)9) -231  -189 -16.7 -185 —18.0
TS20(*A) —33.3 —28.8 —30.6 —29.1 —295 —29.8
TS21(*A) —-30.1 —26.7 —28.0 —27.6 —27.4 —27.9
TS22'A) —11.5 —12.9 —14.2 —-13.9 —13.7
TS23(A) 6.4 -7.6 -8.6 -65 7.6
TS24(*A") —18.0 —13.4 —15.6 —14.6 —14.5
TS25(A") —28.2 —25.8 —27.5 —27.1 —26.8

aValues in the parentheses obtained at the CASSCF(8,8}/®I8BD+Q(8,8) level.? B3LYP stands for the B3LYP/6-3H+G(3df,2p) level.
¢ Average= (AEgom + AEcgs oss + AEg3)/3 9 Experimental values (af = 0 K) are taken from the webpage: http:/srdata.nist.gov/ccchdb/.

€ Microvariational transition stateéref 29.9 ref 16.

were then improved by including dynamic electronic correlations

The DFT-B3LYP, G2M(CC,MP2), CBS-QB3, and G3 cal-

using the multireference perturbation theory, CASPT2(8,8)/cc- culations were performed using the Gaussian 03 pack&te;
CASSCF geometries and vibrational frequencies were computed

pVDz_41,42



7492 J. Phys. Chem. A, Vol. 109, No. 33, 2005

TABLE 3: Computed Two Most Important Cl coefficients
(C; and Cy) for Wave Functions of Various Stationary
Points Using the CASSCF(8,8)/cc-pVDZ Level of Theory

structure G C,
Int4 —0.80928624 0.56130081
TS10 0.85525651 —0.47847802
TS11 0.80533897 —0.56843161
TS12 —0.88994747 0.40236129
TS13 0.79640488 —0.57531866

using the Dalton packad¥;and the CASSCF constrained

Nguyen et al.
FEGHE — EY) — xpn (3
E
[0,(E — V)pn )y

wherepr, is the density of states of the one-dimensional hindered
internal rotor which can be either directly counteéjf (internal
energy)< 10 x V, based on the first 50 internal rotation energy
levels gained by solving the one-dimensional Sdimger
equatioi?53 or approximately computed using an analytical
formula derived by Knyazé¥ for classical one-dimensional

K(E) = %‘ x (12)

optimizations, CASPT2, and MRCI energies were carried out hindered internal rotations Ei,: > 10 x V,. Input parameters

using Molpro 20025 To simplify the presentation of data, all

required for these calculations are given in Table 4. The Beyer

optimized geometries, harmonic vibration frequencies, rotational Swinehart-Stein-Rabinovitch algorithr¥P*6was used to com-
constants, and energies are given in the Supporting Information.pute the sum and density of states in eqs 10 and 12 employing

I1.2. RRKM/Master Equation Calculations. According to
the statistical RRKM theory of unimolecular reaction refest
the microcanonical rate constaqE) for a reactant with internal
energyE can be expressed as:

GHE — EF
ChE

where a is the reaction pathway degenerady,Planck’s
constantE* the relative energy of the T&*(E — E¥) the sum

(10)

a grain size of 1 cmt.

The product distributions for the €K) + C,H,4 reaction
occurring on the (separate) triplet or singlet energy surfaces were
obtained by solving the energy-grained master equations under
various conditionsR = 5—760 Torr, T = 287—2000 K). The
Lennard-Jones collision parameters for the bath gas Hevare
= 2.55 A ande/kg = 10 K while those for [GH40] species are
taken to ber = 4.08 A ande/ks = 421 K, i.e., similar to those
of ethylene oxidé?” The collision frequencyZ ; [M] was
computed to be 1.k 10°s™! at 1 atm and room temperature.
The probability density function for collisional energy transfer

of internal states of the transition structure (TS) for energies up ywas computed, adopting the biexponential model of Phon

to E — Ef andp(E) the density of internal states for a reactant
molecule with internal energk.

The chemically activated GEHO(X!A') intermediate can
dissociate into Ckl+ CHO, H+ CH,CHO, or H+ CHsCO,
all three without exit barrier. For these channels, variational
transition state theof§y>! was used to locate the kinetic
bottleneck. For this purpose, first, the UB3LYP/6-311G-
(3df,2p) level of theory was employed to optimize geometries

average energy transferred per collisidxEj; of —130 cnt?
was chosef’

In the energy-grained master equation, the maximum energy
considered was 200 kcal/mol above the lowest conformer (e.g.,
CH3;CHO(X'A")), and a very small energy band size of 0.03
kcal/mol was chosen to ensure that the density of states does
not change significantly within one band. A stochastic simulation
is used to solve the master equation following Gillespie’s exact

and calculate vibration frequencies along the reaction coordinatestochastic algorithri®6 To obtain products distributions with

(RC) by constrained optimizations with fixed<C or C—H
bond lengths in CECHO(X'A'). The total energies along the

high precision, a large number of trials was chosen, abolt 10
The choice of a good random number generator is very

RC were then refined by single-point electronic energy calcula- important in the stochastic simulation; in this application, the

tions at the G2M level. Using the resulting PES, #{E) at
every position along the RC were computed for an internaj-CH
CHO energyE of 110.8 kcal/mol, corresponding to the decrease

Mersenne Twister (MT19937) random number generator was
choserf? A detailed explanation on the stochastic solution of
the master equation was given in our earlier p&per.

in potential energy relative to the reactants (see Figs S6, S7, Additionally, we computed the primary products distribution

and S8 in Supporting Information). The minime(E) were
found for bond distances of 2.7 A for the-© bond, 2.6 A for
C—H in the CH; group, and 2.7 A for €H in the CHO group,

under the collision-free condition® (=~ 0 Torr) in molecular
beam experiments (MBE). In particular, values at an internal
energy of 12.9 kcal/mol above the initial reactants have been

respectively. The characteristics at these points along the RCsdetermined in order to compare with the recent MBE results of

will be used in the subsequent kinetic calculations.

It should be noted that, for the GEHO(X!A') — CHs-
(X2A2") + CHO(X?A") channel, one internal degree of freedom
of the CH; group in the CHCHO molecule and in the variational

transition structures corresponds to a hindered internal rotation

around the & C axis. This mode was projected out and treated
appropriately as a one-dimensional hindered internal rotation
having an approximate potential energy function

VO
V= > (1 — cosox) (12)

whereV, is the classical barrier height of internal rotation—
3 the rotational symmetry number, ardhe internal rotation

Casavecchia et 466

Ill. Results and Discussion

Ill.1. Potential Energy Surfaces. The Triplet Electronic
State As a first reaction step, the €K) atom may either abstract
a H atom or add owta C atom of the HC=CH, molecule.
' These processes proceed on the triplet energy surface corre-
sponding to the spin-conservation rule. H-abstraction frohyC
by OCP) proceeds via the asymmetiTS2aA"") as well as
the symmetricTS2b(3A’), which both directly correlate to
products OH(XIT) + C,H; (of Figure 1). Both transition states
have a high relative energy of about-112 kcal/mol above
the initial reactants ane-10 kcal/mol higher than that of the
addition transition structures, such that abstraction cannot

angle. Therefore, the sum and density of states in eq 10 arecompete with addition at low to fairly high temperatures.

now taken as the convolution of the density of the one-

Addition of O@P) onto a C atom takes place via bdtB1aA")

dimensional hindered internal rotor with the sum and density andTS1b(®A’), which lie only 1.3 and 2.6 kcal/mol above the

of states of the vibration levef$§:51

initial reactants. These values agree well with the Arrhenius
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TABLE 4: Computed Classical Barrier Height (V,, in cm™1)
for the Internal Rotation of the CH 3 Group around the C—C
Axis in CH3;CHO, Internal Rotation Constant (B, in cm™1),
Harmonic Vibration Frequency from the Hessian (in cm™)
and Internal Rotation Frequency at the Potential Minimum
(o, in cm™1) Using the UB3LYP/6-31G(dg,P) Level for the
CH3 Group in Various Configurations, Optimized at Fixed
C—C Bond Distances, along the Reaction Coordinate of the
CH3CHO — CHj3; + CHO Channel

Re-c®  Vo(cm™) harm. freq. (cm) B (cm™)° o (cmb)°
CH,CHO 404.5) 156.5 6.33 151.8
2.0 63.7 92.4 6.09 59.1
2.1 44.0 83.4 6.06 49.0
2.2 314 75.3 6.03 41.3
2.3 21.4 68.6 6.01 34.0
2.4 15.0 61.8 5.99 28.4
25 11.0 56.6 5.97 24.3
2.6 8.9 49.9 5.93 21.8
2.7 7.8 41.7 5.90 20.4
2.8 6.3 31.8 5.89 18.3
2.9 53 18.9 5.88 16.7
3.0 4.2 13.9 5.86 14.9

a C—C bond distance (A B = h?/(872ly,), with Iy, taken adcps x
ICHO’(ICHS + ICHO)y WherelCHg andlCHo are the moments of inertia of
CH; and CHO rotating around the -€C axis, respectively:w =
o4/V,B, whereo = 3 is the rotational symmetry number of the €H
group.In good agreement witkl, = 400 cnt! observed in experiment
(ref 77).

Eg,=12.9
U1 e Tszh(A) CHOCTIHCH,(XA)
110

10.04

0.04

-10.0+

-20.0¢

-30.0¢

CHy-*CH-0° ¢y CroH
(C°A) (C12A)
Int2 Int3

-40.0+

Figure 1. Triplet potential energy surface for the¥®}+ C;H, reaction
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Intlb (3A’), lying 18.3 kcal/mol below the reactants. It is
expected thatntlb, after being formed, will undergo facile
conversion by an internal rotation intatla. Because of the
large energy differencéntla is expected to comprise the bulk
of theIntl population, and the reactions of thelb form are
not studied separately.

Starting atintla, there are four possible reaction pathways:
(i) it can dissociate into the products @EHO + H via TS3
with a barrier height of 15.3 kcal/mol; (ilntla can dissociate
into products CH(X3B;) + H,CO by breaking the €C bond
via TS4, facing a barrier of 22.1 kcal/mol; (iiijntla could
undergo a 1,2-H shiftfacing a high barrier of 31.5 kcal/mol
(TS5) and leading to triplet CECHO (Int2); and finally, (iv)
Intla could isomerize to triplet C®ECHOH by 1,2-H migration
over a high barrier of 28.8 kcal/moTl §6). Clearly, the lower-
barrier dissociation reactions will far outrun the isomerizations.
Because, moreover, the isomerization TSs lie even above the
entrance transition states, it is justified to neglect these steps in
our kinetic analysis in the next section.

Triplet CHsCHO Int2, if formed, can decompose via three
different channels, of which the channel Vig7 leading to CH
+ CHO is predominant because of its lower barrier height of
12.8 kcal/mol. Triplet CHCHOH (Int3), being 33.7 kcal/mol
below the initial reactants, will rapidly dissociate into products
H,CCHO + H without an exit barrier.

As can be seen from the discussion above and from Figure
1, the products CK{X3%B;) + H,CO and HCCHO + H are
found to be major and predominant on the triplet energy surface,
whereas Chl+ CHO are expected to be minor products with
yields <1%. However, the experimental data (Table 1) show
that the yield of the products GHt CHO is about 46-50%
depending, on the experimental conditions. One must, therefore,
conclude that the products GH CHO arise from the singlet
electronic state after ISC from the triplet surface of 16él,-
CH,Or biradical to the singlet surface, in agreement with the
views of Cvetanovic et d.Note that the ISC process at hand
is not collision-induced because the product branching ratios
are nearly insensitive to the pressure (from 30 mTorr to 760
Torr).1% In addition, the products C4H+ CHO were observed
in molecular beam experiments under collision-free conditions

previously by Lee et a° and more recently by Casavecchia et
a|.64—66

Thus, it is of interest to theoretically investigate crossing
seams, which are expected to lie close to the stationary points
of both the triplet and singlet biradical8H,CH,Or. Note that
the ratios of each of the harmonic vibration frequencies (except
the internal rotation mode of the GHroup around the €C
axis) of the triplet and singlet biradicals computed at the
CASSCEF level are all close to unity, indicating that both energy
surfaces are strongly parallel in the harmonic vibration space
regions in these 3N-7 dimensions. To illustrate crossing seams,
we chose the €0 stretching and the CCO bending coordinates
(see Figure 2). First we carried out constrained optimizations
at fixed C-O bond lengths or fixed CCO angles using the

based on the average relative energies computed at the G3, CBS'QB3CASSCF(8,8)/CC-pVDZ level; energies were then refined using

and G2M levels of theory.

the CASPT2(8,8)/cc-pVDZ method. Figure 2a shows the

activation energy of about 2 kcal/mol derived from experi- addition path of O onto a €C carbon, corresponding to the

ment20-2267 |t should be indicated here thd@Slais a very

C—0 stretching mode. After passing from the initial reactants

early, reactant-like transition state and could not be located usingthroughTSZ1aon the triplet surface, the triplet curve along the

B3LYP; we used the IRCM&% method to characterize this

C—O0 stretching coordinate approaches the singlet curve, and

transition state (see Fig S9 in Supporting Information). The they start overlapping at a-60 bond length of about 1.6 A.

addition of OfP) via TS1a forms the triplet biradicatCH,-
CH,O*(3A) (hereafter denoted datla), which lies 24.0 kcal/
mol below the initial reactants, whereas that Vialb leads to

Such crossing seams of the two energy surfaces are a space
region lying close to the harmonic vibration region of the triplet
biradical adduct. Figure 2b shows the bending path of the CCO
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Figure 2. Crossing seams on the triplet and singlet energy surfaces computed at the CASPT2/CASSCEF level: (a)far stretching coordinate
and (b) for the CCO bending coordinate.

keal/mol CH,('A)) + H,CO

0.0 ~OCP) + C,H, 23
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Figure 3. Singlet potential energy surface for the®@)(+ C,H, reaction based on the average relative energies computed at the G3, CBS-QB3,
and G2M levels of theory. The values in parentheses are obtained at the MRCI level. The triplet entrance part is shown by dashed lines.

angle. The triplet and singlet curves almost overlap in the CCO mol; and (iii) Int4 isomerization to vinyl alcohol Cl+=CHOH
angle range from 110 to 120It thus turns out that crossing  (Int7a) by a 1,2-H shift vialT S12, this latter step is characterized
seams are predicted to exist in the (3N-7)-dimensional spaceas barrierless at the MRCI level.

regions neighboring the stationary structure of*tbe,CH,O- Acetaldehyde 16t5) can isomerize tolnt6, Int7a, and

(®A) biradical, such that high probabilities are expected for 1-hydroxyethylidene CkCOH Int8a via TS13 TS14, and
crossing from the triplet to the singlet surface. It should be TS15 respectively. These steps face barriers of 86.3, 67.6, and
emphasized that the ISC process considered here is one of &9.4 kcal/mol, respectivelynt5 can also directly decompose
highly chemically activated species. into different products such as GH CHO and CHCO/CH,-

The Singlet Electronic Stat&€he singlet biradicaiCH,CH,O* CHO + H via loose, variational transition states without exit
(denoted ant4), produced by ISC fronintla, lies 25.9 kcal/ barriers or to CHCO + H; and CH, + CO through tight
mol (computed at the MRCI method) below the initial reactants transition structures with exit barriers. As a result, the product
and only 1.9 kcal/mol lower than its triplet counterpart. Starting pair CHs + CHO emerges as predominant, whereas the pair
from Int4, there are three possible reaction pathways (see FigureCH, + CO is predicted as minor even though the latter product
3), namely: (i) a 1,2-H migration leading to acetaldehyde;CH channel is thermodynamically the most favored, having indeed
CHO (Int5) via TS10 the small barrier of 0.5 kcal/mol at the the largest reaction enthalpy ef116.7 kcal/mol.

CASSCEF level disappears when using the MRCI level, indicat-  Oxirane (nt6) can either isomerize (back) tat5, to Int7,
ing thatInt4 has a very short lifetime and isomerizes spontane- and to singlet carbene GBCH via TS13 TS22 and TS23
ously to the singlet CECHO; (ii) Int4 ring-closure forming respectively, or directly dissociate into products ACA;) +
the oxirane Ipt6) via TS11 with a barrier height of 1.6 kcal/  H,CO without exit barrier. As can be seen in Figure 3, the
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TABLE 5: Computed Primary Products Distribution (%) For the singlet state, the calculated yield of collisionally
Evolving from the Triplet “CH,CH,O" Biradical on the stabilized [GH40] is similarly small and negligible. When the
Triplet Surface under Various Reaction Conditions temperature increases from 287 to 2000 K, the yield of &H
T(K) P(Torr) H+ CH,CHO CHy(X3B1) + H,CO O+ CHy CHO drops considerably from 87% to 67%, while the yields of
287 5 88.7 11.3 0.0 CH3CO + H, CH,CHO + H, H, + H,CCO, and CH + CO
760 88.8 11.2 0.0 each increase te£5—10%.
298 5 88.4 116 0.0 Tables 5 and 6 show that # CH,CHO and CH(X®By) +
760 88.5 115 0.0 . .
500 5 815 18.4 o1 H,CO are major products from the tripl&H,CH,O* adduct,
760 815 18.4 0.1 whereas the singlet adduct yields predominantlys GHCHO.
607 5 76.9 23.0 0.1 To compute the overall product distribution from tpartial,
760 76.9 23.0 01 separate data obtained above, the intersystem crossing between
1000 . 63 gg-g 3?377 8-33 the triplet and singlet energy surfaces must be taken into account,
1500 5 442 55 2 0.6 in competition with the chemically activated reactions of the
760 44.2 55.2 0.6 adducts. Thus, information is needed on the ISC rates at the
2000 5 34.7 64.6 0.7 crossing seams of the two energy surfaces. To compute these
760 34.7 64.6 0.7 rates, trajectory dynamic calculations, e.g., “on the fly” nona-

diabatic dynamic§?7° are certainly required. However, such
calculations are far beyond the scope of this study. Here, we
will proceed in a different way: making use of the rates of the
unimolecular reactions derived from RRKM theory, we will
estimate the ISC rate based on the experimentally observed
overall primary products (collected in Table 1).

Our theoretical results clearly show that the products-CH

isomerization oint6 back toInt5 faces the lowest barrier, and
accordingly, this step should predominate. Similahii®, the
Int7a andInt8a species produced from the above-mentioned
steps rapidly isomerize back tat5 via low-lying transition
structuresTS14 and TS15 Direct Hy-elimination fromInt7a
andInt8a are also possible, leading to @EO + H, via TS24

andTS25. The latter TSs, however, lie substantially higher than CHO + H and HCO + CHy(XBy) of channels (1) and (2)

TS14, TS15andTS16 . ) .

Overall, the theoretical results obtained for the singlet energy arise from the triplet electronic surface,n whereas thg other
surface indicate that isomerization processes take place viapmdu‘.:t .Chame'S can only resqlt from the smglet_electromc state.
transition structures that are lying low in energy, such that _Comblnlng this with the expenmental_ product yle_lds presented
extensive internal rearrangements of the singletjO] system n Table 1 one has to conclude a ratio for toFaI triplet and t(_)tal
should occur before final fragmentation to end products at low singlet yields of about 45% versus 55%, with an uncertainty

pressures or collisional stabilization at high pressures. margin of 5% egch. ) _ _
l1.2. Product Distribution. Temperature and Pressure  Another question that remains open is whether the crossing
DependenceThe partial product distributions from the triplet ~ rates and their ratio depend on internal energy. According to
and singlet"CH,CH,O" adducts were derived separately by Previous experiments garr|eq out byZsnd a!ways in the I|ght
solving the appropriate master equations independently. TheOf the present theoretical findings, the ratio for triplet yields
initial energy distribution of formation of the tripléEH,CH,0* and singlet yields is only weakly dependent on temperature, its
balance consideratiodé.The results obtained under various FOr a recent molecular beam study by Casaveéttfiaat a
reaction conditionsT = 287—2000 K andP = 5—-760 Torr) collision energy of 12.9 kcal/mol, this ratio amounts to 43:57.
are presented in Tables 5 and 6. They are independent oflt therefore appears that the overall effect of crossing is not
pressure over the range considered, but vary as a function ofoverly sensitive to the internal energy*afH,CH,O", although
temperature. Our predictions agree well with the experimental further experimental studies over a wider temperature range are
observations (see Table 1). We performed some sample calculanecessary to fully settle this question. In this work, we used
tions at h|gher pressures to search the onset of the falloff region’the value of 45:55 for the .ratlo In our f0||0WIng calculations of
but found only a small fraction of stabilizatiors (0%) even at ~ the rate of the ISC crossing as well as of the overall product
100 atm for combustion temperaturds;1500 K. Hence, we branching ratios. To estimate the rate of the ISC crossing of
will focus here on the aforementioned temperature and pressurethe chemically activatedCH,CH,O* radical, we use kinetic
region. For the triplet state, the yield of H CH,CHO from Scheme 1 wherkrp andkspare the overall disappearance rates
Intla markedly decreases from 89% at 287 K to 35% at 2000 Of triplet *CH,CHO" on the triplet surface and of singh&H,-
K, while the yield of CH(X3B;) + H.CO increases from 11%  CHzO" on the singlet surface, respectivelyisc andk sc are
to 65%. The yield of collisionally stabilized triplet adduct is the forward and reverse rates of ISC crossing, respectively. At
negligible even aP = 760 Torr, as the collision frequency of ~ Of near room temperature, we hake ~ 1.3 x 10'* s™* (see
10° s1 js much smaller than the combined rate of the @above)whereakspis found to be very highe2.7 x 108 s
decomposition channels-(L.3 x 10 s at room temperature), ~ (s€e Appendix in Supporting Information). Although this
and dozens of collisions are required to bring the adduct's total value may be imprecise, its large magnitude shows that all
energy below the level of the lowest-lying decomposition TS. Singlet adducts, once formed, immediately evolve into further
In fact, the triplet biradical barely loses any of its initial energy intermediates (CECHO etc.), i.e., thaksp> k; isc, and hence
during its lifetime. Note, however, that the lifetime of the triplet ~ that the rate of product formation through the singlet adduct is
adduct of about 8 ps should be long enough for quasistatistical €qual to the ratds,sc of the triplet— singlet ISC. It then also
distribution of the vibration energy over all modes. The fraction follows thatkre/kiisc ~ triplet yields/singlet yields= 0.45:0.55,
of adducts that redissociate back into the initial reactants is alsowhich leads tokiisc ~ 1.6 x 10' s7* for the chemically
small, <1%. It turns out that isomerization processes of the activated radical with internal energy content of roughly-30
triplet adductintla to Int2 andInt3 contribute less than 1% 40 kcal/mol.
even at 2000 K becaudes5andTS6 lie much higher in energy The results obtained for the overall product branching ratios
thanTS1a (see Figure 1). are tabulated in Table 7 and plotted in Figure 4. Figure 4 shows
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TABLE 6: Computed Primary Products Distribution (%) Evolving from the Singlet *CH,CH,O* Biradical on the Singlet
Surface under Various Reaction Conditions

T (K) P (Torr) CH; + CHO CHCO+H CH,CHO+H Hz + H,CCO CH + CO
287 5 86.5 4.1 0.7 4.4 4.3
760 86.9 4.0 0.6 4.3 4.2
298 5 86.5 4.1 0.7 4.4 4.3
760 86.8 4.1 0.6 4.3 4.2
500 5 85.2 4.6 0.9 4.7 4.6
760 85.4 4.6 0.8 4.7 4.5
607 5 84.3 5.0 1.0 5.0 4.7
760 84.5 4.9 1.0 4.9 4.7
1000 5 80.1 6.4 1.8 6.1 5.6
760 80.1 6.4 1.8 6.1 5.6
1500 5 73.6 8.5 3.4 7.9 6.6
760 73.6 8.5 3.4 7.9 6.6
2000 5 67.1 10.5 5.2 9.9 7.3
760 67.1 10.5 5.2 9.9 7.3

TABLE 7: Computed Overall Primary Products Distribution (%) as a Function of Temperature Using the Value of 45:55 for
the Ratio of Triplet and Singlet Yields; Where Possible, Experimental Data Are Also Given in Parentheses

T (K) H 4+ CH,CHO CHy(X3B,) + H,CO CH; + CHO CHCO+ H H, + H,CCO CH, + CO
287 40.3 51 47.8 2.2 2.4 2.3
(394 10y (10£5) (46+ 10) (5)
298 40.1 5.2 47.7 2.2 2.4 2.3
(40+ 10y (10+5) (50+ 10)
500 37.1 8.3 47.0 25 2.6 25
607 35.2 10.3 46.4 2.7 2.7 2.6
(38+ 10p (13+5) (44+ 10) (5)
1000 28.0 17.8 44.1 35 3.4 3.1
1500 217 24.8 40.5 4.7 4.3 3.6
2000 18.5 29.1 36.9 5.7 5.4 4.0
aRef 23.° Ref 24.
SCHEME 1 for various channels in the €R) + C,H, reaction computed at
K isc an internal energy of 12.9 kcal/mol above the initial reactants

OCP) + C,Hy —»[’CHzCHzO'@A)]Jr ['CH:CHzO'(‘A)]+ are tabulated in Table 8. We used the value of 45:55 for the
ratio of the triplet yields over the singlet yields as above. Our
computed values are as follows (the experimental®ditare
given in parentheses, also see Table S10 in Supporting Informa-
tion): 28% (27+ 6%) for H+ CH,CHO, 18% (16+ 8%) for
CHa(X3B1) + H,CO, 44% (43+ 11%) for CH + CHO, 3.5%

that the yield of CH(X3B;) + H,CO rapidly increases with (1 + 0.5%) for CHCO + H, 3.5% (13+ 3%) for H, + H-

increasing temperatures and should dominate at 2000 K. Atthecco, and 3% for Cli+ CO. Note that these values differ only

kr.ISC

Kqp ksp

Products (triplet) Products (singlet)

same time, the yields of CH+ CHO and H+ CH,CHO
decrease, but they are the most important products at low
temperatures. Other products, such as KCH;CO, H, + Hy-
CCO, and CH + CO, are rather minor<{5%) and slightly
dependent on temperature over the wide range considered. A
temperatures in the range 29600 K, where experimental data
are available, our computed detailed product distribution values

are in excellent agreement with the experimental results (see

Table 7) and lie within the experimental error bar. At room
temperature and at low-to-atmospheric pressures, we would
recommend the following product branching ratios: 4®%
for H + CH,CHO, 5+ 3% for CHy(X®B;) + H.CO, 48+ 5%
for CH; + CHO, 2% for CHCO + H, 2.5% for H, + H,CCO,
and 2.5% for CH+ CO. The error bar for the computed results
was evaluated by shiftingS3 down 1 kcal/mol and’'S4 up 1
kcal/mol on the triplet energy surface.

Under Collision-Free Conditiond.et us first compare our
computed primary product distribution with those recently

marginally from the yields calculated for the thermal reaction
at 1000 K. Our computed yields for the three most important
channels agree well with those observed experimefifafi§/
except for the ketene- H, product channel. According to our
heoretical results, }H H,CCO are formed from the activated
singlets CHCOH and CHCHO, in competition mainly with
dissociation of the latter to G4+ CHO, in a ratio of about
1:13. The experimental ratio however is 1:3.3. The reason for
this discrepancy is not clear. Nonstatistical effects on the relative
rates are unlikely, as the lifetime of the activatedsCBH and
CH3CHO is ~10 ps (see Table 8), which should suffice for
ergodicity. Neither can centrifugal effects of high-J initial
adducts explain this, as these should favor dissociation t§ CH
+ CHO through the loose variational TS much more than the
four-center rearrangement/fragmentation teCBO + H,
through the tighfrS20.

It is also of importance to evaluate the effect of collision

observed in a molecular beam study by Casavecchia and co-€nergy Ecol) on the products distribution. For this purpose, we
workers®4-66 This experiment was carried out at a collision have computed product branching ratiosEa = 6 kcal/mol
energy of 12.9 kcal/mol. We assume here that this collision (see Table 8), as used in a previous molecular beam $tudy.
energy is converted to additional internal vibration energy of Our computed values as a function of the ratio of triplet over
the initially formed triplet biradical adducCH,CH,O*. Note singlet yields are given in Table S11 (see Supporting Informa-
that a similar average thermal energy of the reactants is acquiredion). Again taking a triplet/singlet ratio of 45:55, the yield of
at a temperature of about 1000 K. Microcanonical rate constantsH + CH,CHO considerably drops as a function of internal
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TABLE 8: Calculated Microcanonical Rate Constants (s1) under Collision-Free Conditions (P ~ 0 atm) in the Molecular
Beam Experiment for Initial Collision Energies Ec of 6.0 and 12.9 Kcal/Mol

k(E)/st

reaction channel Eco = 6.0 Eco =129
°CH,—CH,—0°(3A) (Intla)— TS3— H,CCHO(RA") + H°(X2S) 2.35x 104 6.05x 104
°CH,—CH,—0°(%A) (Intla) — TS4— CHy(X®B;) + H,CO(X'A;) 6.29 x 10 4.13x 101t
°CH,—CH,—0°(3A) (Intla)— TS5— CHsCHOCA) (Int2) 0.0 2.37x 108
°CH,—CH,—0°(%A) (Intla)— TS6— CH,CHOHEA) (Int3) 3.46x 107 1.27x 10°
°CH,—CH,—0°(*A) (Int4) — TS10— CHsCHO(X!A") (Int5) 1.46x 103 1.38x 1018
CH3CHO(X!A") (Int5) — TS10— °CH,—CH,—0°(*A) (Int4) 4.46x 10° 1.08x 10°
°CH,—CH,—0°(*A) (Int4) — TS11— c—CH,O(X*A1) (Int6) 3.83x 10%? 3.99x 10%
c—CoHO(XAy) (Int6) — TS11— °CH,—CH,—O°(*A) (Int4) 9.23x 10° 2.15x 104
°CH,—CH,—0°(*A) (Int4) — TS12— CH,CHOH(X'A") (Int7a) 9.07x 1012 9.31x 10%
CH,CHOH(X'A") (Int6a)— TS12— °CH,—CH,—0O°(*A) (Int3) 4.39x 10° 1.10x 10°
CH;CHO(XA") (Int5) — TS13— ¢c—C;H,O(X!A;) (Int6) 1.27x 108 3.39x 1¢°
c—CH4O(X!Ay) (Int6) — TS13— CH3;CHO(X'A') (Int5) 2.01x 101 4.68 x 101
CH;CHO(X'A") (Int5) — TS14— CH,CHOH(X'A") (Int7a) 6.38x 10° 1.15x 10
CH,CHOH(X'A") (Int7a)— TS14— CH;CHO(X!A') (Int5) 1.01x 10 1.73x 10
CH;CHO(XA") (Int5) — TS15— CH3COH(X!A) (Int8a) 1.08x 1 2.50x 1¢°
CHsCOH(XA) (Int8a) — TS15— CHsCHO(X!A") (Int5) 1.88x 101 3.09x 104
CH,CHOH(X!A") (Int7a)— TS16— CH3;COH(X*A) (Int8a) 3.19x 1¢° 6.11x 1¢°
CH3;COH(X!A) (Int8a) — TS16— CH,CHOH(X'A") (Int7a) 3.51x 101 5.02x 104
c—CH4O(X!Ay) (Int6) — TS22— CH,CHOH(X'A') (Int7a) 5.52x 10° 1.99x 10°
CH,CHOH(XA") (Int7a)— TS22— c—C,H4O(XA1) (Int6) 5.53x 10° 2.18x 107
CH;CHO(X'A") (Int5) — TS17— °CH3z(X?A;") + °CHO(X?A") 2.75x 10% 5.77 x 10%
CHsCHO(X!A") (Int5) — TS18— CH3C°O(X2A") 4+ H°(X2S) 1.55x 10° 450x% 10°
CH3CHO(X!A") (Int5) — TS19— CH,CHO(X?A"") + H°(X2S) 2.93x 108 1.17x 10°
CH;CHO(X!A") (Int5) — TS20— CH,CO(X'A1) + Ha(X1Zy) 8.03x 10® 1.98x 10°
CH3CHO(X!A") (Int5) — TS21— CHy(X'A1) + CO(X!=T) 1.51x 10° 3.96x 10°
CH,CHOH(X!A") (Int7a)— TS24— CH,CO(X'A1) + Ha(X1Zg) 3.09x 10/ 1.31x 1C°
CH;COH(X!A) (Int8a) — TS25— CHaCO(X!A1) + Ha(X1Z,) 7.30x 10W° 1.40x 101

energy, from 36% aE., = 6 kcal/mol to 28% aE., = 12.9
kcal/mol, whereas the yield of GKX®B;) + H,CO increases
from 10% to 18%. The yield of CkH CHO is less dependent
on internal energy.

II1.3. Overall Thermal Rate Coefficient. The overall
temperature-dependent rate coeffici&(i)overan for the OEP)
+ C,H4 reaction can be computed according to the following
expression:

k(T)overaII: (1 - VrQ X kTST(T)

wherey/ is the fraction of redissociation of the initial adducts
back to the initial reactants, &R) + C,Hs, andkrst(T) is the
rate coefficient derived from transition state theory. The value

(13)

consideredT = 287—2000 K andP < 760 Torr), it is negligibly
small (1%, see Tables 5 and 6), such tHgT) can be
computed directly from the multistate transition state theory
expressiorté—50

T
I((T)overall = k(T)TST = % 2

QTs1a8XPE7s1dRT) + Qfgy, €Xp(—ErsJRT)
QoQch,

(14)

where Q(T) is a complete partition functiorkg Boltzmann’s
constanth Planck’s constanR the universal gas constant, and
Elci.andElg,, are the barrier heights of 1.3 and 2.6 kcal/mol

of yreis a function of pressure and temperature; at the conditions (see Figure 1) for the initial addition channels, respectively. The

554 This paper
—o—Exptl. res. : Ref. 23
504 x —x—Exptl. res. : Ref. 24
45 CH,+CHO
404
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E 254
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104 (a) CH,CO+H
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TK)

Figure 4. Primary products distribution for the &X) + C,H, reaction
obtained at temperatures in the range of 28000K andP = 760
Torr using the value of 45:55 for the ratio of triplet and singlet yields.

rotational symmetries for £, and the transition states are 4
and 1, respectively, such that the reaction path degeneracy is 4.

—— This paper

— — Cvetanovic, Ref. 74
- Baulch, Ref. 22

— - —Klemm, Ref. 72

-Perry, Ref. 73

- --- Peeters, Ref. 20-21
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Figure 5. Overall thermal rate coefficients computed (TST) at
temperatures in the range of 26R000K. Experimental data are given
for the purpose of comparison.
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