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The lowest-lying triplet and singlet potential energy surfaces for ti®)Of CH,=~C=CH, reaction were
theoretically characterized using the complete basis set model chemistry, CBS-QB3. The primary product
distributions for the multistate multiwell reactions on the individual surfaces were then determined by RRKM
statistical rate theory and weak-collision master equation analysis using the exact stochastic simulation method.
The results predict that the electrophilic O-addition pathways on the central and terminal carbon atom are
dominant up to combustion temperatures. Major predicted end-products for the addition routes inclitde CO
CyHa, 3CH, + H,CCO, and CH=C—CHO + H°, in agreement with experimental evidence. €QC,H, are

mainly generated from the lowest-lying singlet surface after an intersystem crossing process from the initial
triplet surface. Efficient H-abstraction pathways are newly identified and occur on two different electronic
state surfaceSA" and®A’, resulting in OH+ propargyl radicals; they are predicted to play an important role

at higher temperatures in hydrocarbon combustion chemistry and flames, with estimated contributions of ca.

35% at 2000 K. The overall thermal rate coefficid© + CzH,) at 200-1000 K was computed using
multistate transition state theork(T) = 1.60x 107 x T 2% x exp(90 K/T) cm?® molecule® s72, in good
agreement with experimental data available for the-38@0 K range.

. Introduction OCP) + CH,=~C=CH,
e 1 —

Chemical processes occurring in combustion and flames go CO+7CH, 1196 (-1196) (1)
through complex reaction networks normally consisting of —3CH. + H.CCO —24.4  (-23.6) )
several hundreds and even thousands of coupled elementary 2 2
reactions. Characterizing the dominant elementary reactions is — H' 4+ CH,=C'—CHO (—14.0) ()
very important to understand the overall reaction mechanisms,
with the ultimate goal of optimizing the combustion process. It — cyclopropanone <€99.9) (4)
is well-known that small unsaturated hydrocarbons suchys, C . .

C,H4, C3Ha, and GHg are crucial intermediates in hydrocarbon- aIIeneIOX|de €90.0) ©)
fueled flames:2 Major, if not dominant, consumption pathways — acrolein 120.4) (6)
of these small unsaturated hydrocarbons are their reactions with . . _ -

triplet ground-state oxygen atoms. These reactions also play an CoHs +HC'O 240 (-24.9) ™
important role in the generation of polycyclic aromatic hydro- — C,H, + H,CO ~776 (-77.5) (8)
carbons (PAH) and soot precursors. In previous papers, the

reactions of GH,,3 CoHy4,* and GF,® with O(P) were theoreti- —H,C'—C=CH+'OH -129 (-12.8) 9)

cally characterized using high-level state-of-the-art calculations.

Our predicted reaction mechanisms, product distributions, and  Tg our knowledge, the H-abstraction channel (9) has not been
thermal rate coefficients are in good agreement with the considered before; our predictions (see below) suggest it plays
available experimental data. In this paper, we address thean jmportant role in high-temperature conditions. Even though
reaction of allene with triplet oxygen atom. reaction channel (1) is a spin-forbidden process, all earlier
The O@P) + allene reaction was extensively studied experiment$12showed CO plus singlet ethene to be the most
experimentally®~15 Various reaction channels leading to dif- important products for the title reaction. This channel was
ferent primary products were observed and are summarizedbelieved='2 to occur via an addition mechanism of triplet
below; where possible, the experimental reaction enthdfpies oxygen on the central carbon in allene and to go through
at 0 K are indicated, with computed values at the CBS-QB3 vibrationally hot, long-lived, singlet cyclopropanone formed
level given in parentheses for the purpose of comparison (kcal/ after intersystem crossing (ISC) from the starting triplet to the
mol). lowest-lying singlet surfaces. Primary ketene formation (channel
2) was detected in matrix studies of the reaction between allene

* Corresponding author fax: int-32-16-327992; e-mail: Luc.Vereecken@ and triplet oxygen atoms produce_d in the photolysis of oZone.
chem.kuleuven.be. The products M+ allenyloxy radical from channel (3) and
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*C,H3 + HC*O from channel (7) are thought to arise from the the most important configuration, are0.9 for all species
O-atom addition step on the terminal card8irurthermore, in considered, indicating that the HF-configuration is dominant and
experimental matrix studi@syclopropanone, allene oxide, and hence that the single-reference method CBS-QB3 is expected
acrolein were stabilized and observed as final products. How- to yield reasonable results.

ever, only a small amount of acrolein was detected in xenon  Tg investigate the proximity or possible crossing of the triplet
matrices, in good agreement with an earlier study in the gas and singlet potential energy curves as a function of the OCC
phase’ Finally, trace amounts of formaldehyde, likely arising angle in*OCH,CCH, species, or the CCC angle i€H,C-

from channel (8), were observéd. (=O)CH,* species, we used the CASSCF(8,8)/cc-pVDZ level
Thermal rate coefficients for the &) + allene— products  of theory to optimize geometries at each fixed OCC (or CCC)
were measured at low and moderate temperatufes @00 angle, while other coordinates ¥@CH,"CCH; (or *CH,C(=0)-

K).13_15 From these data, the experimental Arrhenius activation CHy") species were allowed to relax freely. Energies were
energy was derived to be about 1.8%0.2 kcal/mol® at room subsequently refined employing the CASPT2(8,8)/cc-pVDZ

temperature, a rate of ca. 131072 cm® molecule* s! was leveP® based on the CASSCF reference wave function, thereby
recommende. . . . taking dynamic electron correlations into account.
There are two published theoretical studies of théPp{- The DFT-B3LYP and CBS-QB3 calculations were performed

allene reaction. Chiu and Abitiexplained the spin-forbidden using the Gaussian 03 pack&dewhile the CASSCF and

reaction channel (1) using self-consistent theory, while Lester cAspT2 calculations used the Dal®8and Molpré® packages:
and co-worker¥ investigated the O-atom attack on the central g, optimized geometries, harmonic vibration frequencies,

and terminal carbon atoms in allene using the CASSCF(6,6)/ (qtational constants, and energies are given in the Supporting
DZP level of theory. The latter authors computed the barrier |tormation.

heights for these two steps to be 15 and 17 kcal/mol, I1.2. RRKM/Master Equation Calculations. Product dis-

respectively. These values overestimate the experimental dat%ributions as a function of temperature and pressBre L atm
by ~14 kcal/mol, primarily because the CASSCF method does T = 300-2000 K) for the OfP) + allene reaction proceeding

not include dynamic electron correlations. . . . . ; .
From the above we see that the mechanism of tH@¢ on the triplet and smgle; surfaeesonsujlered as being adlabat!c_
were separately obtained by solution of the weak-collision

allene reaction appears to be very complicated, consisting Ofmaster equation using Gillespie’s exact stochastic simulation

paral_lel and couplt_ed reaction channels as well as ISC ProCesses,, o oggo-32 explained in detail in our earlier pagérand
In this context, high-level quantum chemical calculations in

combination with accurate statistical kinetic analysis are neces-dISCussecl briefly here. In the energy-grained master equation,

sary in order to better understand the reaction mechanisms asEhe ceiling energy considered was 200 kcal/mol above the initial

) ; ) . adduct (e.g. triplet biradicdhtla), and a small energy band
well as the formation of the major products of the title reaction. size of 0.03 kcal/mol (10 cn) was chosen to ensure that the

density of states does not change significantly within the band.
To obtain the product distribution with high statistical precision,
II.1. Quantum Chemical Calculations. Geometries of a large number of stochastic trials 6fL0” was used. In this
stationary points on the triplet and singlet surfaces were application, the Mersenne Twister (MT19937andom number
optimized at the hybrid density functional B3LYP/6-311G(d,p) generator was used.
level of theory:20followed by analytical frequency calculations The Lennard-Jones collision parameters for bath gas He are
at the same level to verify the stationary points located (one ¢ = 2.55 A ande/ks = 10 K35 Since no collision parameters
imaginary frequency for a transition structure and all positive for [C3H40] are available in the literature, the values= 4.08
frequencies for a minimum). Intrinsic reaction coordinate A ande/ks = 421 K are estimated based on those of ethylene
(IRC)*122 calculations were also performed at this level to oxide GH40.35 Thus, the collision frequency,; [M] was
establish the correct connections between the reaction intermediestimated at1.1 x 1019 s at 1 atm and room temperature.
ates, in some cases enhanced by G2M single-point calculationsThe probability density function for collisional energy transfer
on the B3LYP geometries to refine the potential energy curves; was computed using the biexponential model of T¥An
all IRC calculations are shown in Figures S1%41 in the average energy transferred per collisidxEJ; of —130 cnt?!
Supporting Information. To obtain more accurate relative was adopted. The initial energy distribution of formation of the
energies for the relevant intermediates, TS and products, thetriplet *CH,C(=0)CH. adductintla from OCP) + allene via
complete basis-set model chemistry CBS-&B@as used. Table  TS1awas derived from detailed balance consideratffns.
1 shows that the CBS-QB3 results are in good agreement with  Tha statistical RRKM theoR742 of unimolecular reaction

the a\_/ailablt_e experimental data; the discrepancy c_ompared t0,ates is used to compute the energpecific rate constant¢E)
experiment is about-12 kcal/mol. CBS-QB3 works fairly well ¢4 2 reactant with an internal energy

for equilibrium structures where wave functions commonly have
single-reference character. For transition structures, where the + +
breaking of old bonds and the formation of new bonds occur K(E) = L3 GE—E)
simultaneously, the wave functions are more likely to have h p(E)
multireference character or suffer from near degeneracy effects;

i.e., the nondynamic electronic correlations become important; where o is the reaction pathway degeneradyjs Planck’s

this is often indicated by a high-spin contamination. In this work, constantE" is the barrier height for the reactioGf(E—E¥) is

we used the CASSCF25method to analyze the wave functions the sum of vibrational states of the transition state (TS) for
for kinetically important minima and transition states showing energies from 0 up t&—E*, and p(E) is the density of states

a high-spin contamination in the single-reference treatment. Thefor a reactant molecule with internal energy The Beyer-
configuration interaction (Cl) vectors from these computations Swinehart-Stein—Rabinovitch algorithrf#44was used to cal-
are presented in Table S4 (see the Supporting Information) andculate the sum and density of states in eq 10 employing a grain
show that the highest CI coefficients, i.e., the contributions of size of 0.003 kcal/mol (1 cni).

II. Methodology

(10)
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TABLE 1: Total Energy (Hartrees) Including ZPE Corrections Calculated at the CBS-QB3 Level of Theory and
Corresponding Relative Energy (kcal/mol) for Various Species in the GP) + CH,=C=CH, Reactiorf

species total energy relative energy ekptl
O(P) + CH,;=C=CH, —191.407952 0.0 0.0
HCO + CyHs —191.447709 —24.9 —240+ 1.6
CoHz + HoCO —191.531528 =775 —77.6+£0.5
CO+ 1CoHy —191.598601 —119.6 —119.6+ 0.4
3CH, + H,CCO —191.445622 —23.6 —244+1.0
HCCO(X?A"") + CHs —191.453521 —28.6 —29.2+ 14
OH + H,CCCH(C»,,2B1) —191.428384 —12.8 —129+15
H+ CO+ CH3 —191.424757 —10.5 -9.0+1.1
1H,CC+ H,CO —191.462174 —34.0
3H,CC + H,CO —191.386907 13.2
CO+ 3CoHy —191.492672 —53.2
CO+ 3CH;CH —191.483104 —47.2
CO+ CH;CH —191.479133 —44.7
H + H,CCHCO —191.457397 —31.0
H + H,CCCHOEC,%A") —191.430238 —14.0
H + H,CCCHOC?A") —191.423338 -9.7
H + CH;CCO —191.441714 —-21.2
H + HCCCHO —191.386875 13.2
Hz + H,CCCO —191.530180 —76.7
Intla(Cz,,°B2) —191.517546 —68.8
Int1b(Cz,,°B1) —191.486270 —49.1
Int2a(Cs,%A"): cis*OCH,"C=CH, —191.446695 —24.3
Int2a(Cs,%A"): trans*OCH,"C=CH, —191.445006 -23.3
Int2b(Cs2A") —191.437097 —18.3
Int3: CH;—C(=0)—CH —191.496225 —55.4
Int4 —191.483514 —47.4
Int5: cyc-CHOC—*CH; —191.451344 —27.2
Int6: *CH,O"C=CH, —191.447832 —25.0
Int7: *CHy;*CHCHO —191.502742 —59.5
Int7: *CHy;*CHCHO —191.489004 —50.9
Int8: *CH,CHy'C=0 —191.506178 —61.6
Int9: trans-CH'CH'CO —191.522602 —-71.9
Int9: cis-CH*CHCO —191.522458 —71.9
Int10: cis-CHCCHO —191.497396 —56.1
Int10: trans-CHCCHO —191.494944 —54.6
Int11(Cz,,'A1) —67.0
Int12: cyclopropanone —191.567162 —99.9
Int13: allene oxide —191.551301 —90.0
Int15: methyl ketene —191.599289 —120.1
Int16: trans-acrolein —191.599743 —120.4
Int16: cis-acrolein —191.596458 —118.3
TS1laCs%A") —191.406607 0.8; 09
TS1bCsSA") 3.5
TS2aCs°A" —191.406043 1.2;1%4
TS2bCsA") 3.1¢
TS3aCs%A") —191.396312 7.3
TS3bCs°A") —191.392722 9.6
TS4 —191.434020 —16.4
TS5 —191.434847 —16.9
TS6 —191.425495 -11.0
TS7 —191.424484 -10.4
TS8 —191.428845 —-13.1
TS9 —191.427161 —-12.1
TS10 —191.433200 —15.8
TS13 —191.417779 -6.2
TS14 —191.417175 -5.8
TS15 —191.451302 —27.2
TS16 —191.446861 —24.4
TS17 —191.441421 —21.0
TS18 —191.444961 —23.2
TS20 —191.482837 —47.0
TS22 —191.457033 —30.8
TS23 —43.3
TS24 —191.455750 —30.0
TS31 —65.9
TS32 —191.503085 —59.7
TS33 —191.509124 —63.5
TS34 —191.482013 —46.5
TS35 —191.465968 —36.4
TS37 —191.456414 -30.4
TS38 —191.484775 —48.2

aDerived from the relative energy of68.8 kcal/mol for triplet oxyallyl and a tripletsinglet energy gap for oxyallyl of ca. 1.8 kcal/nt8l.
b Derived from a relative energy 6f67.0 kcal/mol for singlet biradical oxyallyl and a barrier height of 1.5 kcal/mol computed at the UB3LYP/
6-311G(d,p) level of theory:. Obtained from IRCMax(CBS-QB3:B3LYP) calculatioriMainly taken from the Web page: http://srdata.nist.gov/
ccchdb/. All values were obtained at 0 KAH%(O) = 58.98 kcal/mol;AH%(C,H,) = 54.48 £ 0.2 kcal/mol; AH%(H) = 51.63 kcal/mol;
AH%(CH,;=C=CH,) = 47.4 4 0.3 kcal/mol; AH%(CHx(X3B,)) = 93.24 0.5 kcal/mol;AH%(CO) = —27.2 kcal/mol;AH%(OH) = 8.84 + 0.1
kcal/mol; AH%(H,CO) = —25.14 0.1 kcal/mol;AH%(C;H,) = 14.64 0.1 kcal/mol;AH%(CHs) = 35.8+ 0.1 kcal/mol;AH%(C,H3) = 73.04 0.8
kcal/mol; AH%(HCO) = 9.95+ 0.1 kcal/mol;AH%(H,CCCH) = 85.2 + 1 kcal/mol#” AH%H,CCO)= —10.66+ 0.3 kcal/mol;AH%(HCCO) =
42.0+ 1 kcal/mol.¢ Where possible, data are also given derived from experimentiageenthalpies in the literature.
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Figure 1. Section of the triplet potential energy surfaces starting from O-addition on the central carbon atorHG-€EH,. Major pathway is
indicated in bold. Two H-abstraction channels of thetQCsH,4 reaction are also indicated. The dashed lines in the center connect to the PES
section of Figure 2.
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Figure 2. Section of the triplet potential energy surfaces starting at the O-addition on a terminal carbon atom in allene. Major pathways are
indicated in bold. The dashed lines in the center connect to the PES section of Figure 1.

lll. Results and Discussion starting from a different addition channel: O-attack on the
Il.1. Potential Energy Surfaces. As first reaction step central carbon (Figure 1) or O-addition on the terminal carbon
occurring on the triplet surface, the triplet O-atom can either (Figure 2). Transition states connecting these two regions of
attack on the central or the terminal carbon atom or abstract anthe PES are shown in both figures. The singlet PES is drawn in
H-atom from allene. We will discuss these three reaction Figure 3. Some of the pathways we characterized are too high

pathways separately. Unless mentioned otherwise the relativein energy to compete and are not shown in Figures;lwe
energies obtained at the CBS-QB3 level of theory were used inrefer to Figures S16S18 in the Supporting Information for
the following discussion. the complete surfaces. Ball-and-stick models of all minima and
Figures 1 and 2 show part of the triplet potential energy TS are depicted in Figures S8 and S9 in the Supporting
surface for the reaction of triplet oxygen atom with allene, each Information. During the discussion we will indicate the dominant
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Figure 3. Singlet potential energy surfaces for the’@)(+ CH,=C=CH, reaction. Intersystem crossing from triplet to singlet surface (ISC) is
indicated by arrows. The reaction channels on the triplet surface leading to the ISC starting intermediates are shown by dashed lines. Major pathways
are indicated in bold.

pathways; the relative importance of a reaction channel is A, ~0.1 A longer than a normat C=0 double bond. Attempts
determined not only by the barrier height of the TS but also by to locate TS from this electronically excitédtlb leading to

the rigidity of the TS, i.e., its “looser” or “tighter” entropic  (electronically excited) isomers or directly to products, including
characteristics, as well as by the available excess energy ine.g. CH + HCCO(A?A"), were unsuccessful. By analogy with
chemically activated unimolecular reactions. Information on the the Intla reactions, the relevant barriers are expected to lie
relative rigidity of TS and on the effect of chemical activation higher than the entrance TS, such that redissociation back to
was obtained in the master equation analyses discussed latethe initial reactants would be the dominant fate. Also, many of

and is used qualitatively in this section. the isomerization pathways fdntlb would merge with the
O-Atom Attack on the Central Carbon. Addition of the pathways ointla due to a lowering/changing of the symmetry
O-atom on the central carbon atom can occur on two different around the TS, such that the kinetic behavior is essentially the
electronic-state surface$A” and 3A’, via TS1a*A") and same as if internal conversion (IC) to the lower electronic
TS1b(?A") leading to adductsintla(®B,) and Intlb(3B,), surface first took place. As a resulttlb is modeled to undergo

respectively (see Figure 1). These steps face barriers of 0.9 andnternal conversion to the lower electronic surfalcgl@) even

3.5 kcal/mol height, respectively. IRC calculations imposing a at the highest temperatures, since the redissociatiol $itb

Cs symmetry indicate thaf S1a®A") and TS1b(3A’) correlate back to the initial reactants at the average internal energy

to Int1b (3B,) andintla(®B,), respectively (see Figure S10), such (k((ED) ~ 10'° s71 with [E0= 98 kcal/mol at 2000 K, i.e.,

that the two curves’A” and®A’, have to cross somewhere, 49 kcal/mol above the initial reactants) is much slower than

around a G-O bond distance of 1.7 A. In reality, the reaction the IC, with the rate estimated at @ 1.4546

proceeds on surfaces without symmetry constraints, and these Triplet biradicalIntla belongs to theC,, point group. Its

two curves avoid crossing when relaxation of symmetry from first SOMO orbital is similar to the first SOMO iimtlb, but

Cs to C; is allowed (see Figure S11). the shapes of the second SOMO orbitals are completely different
Triplet biradicals Intla(®B;) and the first electronically  (see Figure S12). Imtla it is formed by a linear combination

excited statént1b (°B,) lie 68.8 and 49.1 kcal/mol, respectively, of Py(C), B(C), and R(O) orbitals located at three different

below the initial reactants. The main differences between theseatomic centers. As a consequence, both unpaired electrons in

two states is the location of the two unpaired electrons, so it is Intla are delocalized over the molecule, and the@ bond

interesting to briefly discuss the shape of the two partly single length, 1.266 A, is closer to a double bond thatitib, while

occupied molecule orbitals (SOMO)int1b, especially asthey  the G-C bond length, 1.466 A, is closer to a single than a double

change the geometry ¢itlb compared tdntla. One SOMO C—C bond. Starting alntla, there are five different reaction

orbital of Intlb, formed by a combination of twofC) orbitals pathways, namely the following: (i) GHoss viaTS4to yield

located at two different carbon centers (see Figure S12), is triplet methylene plus ketene, needing to overcome a barrier of

perpendicular to the molecular plane of symmetry, such that 52.4 kcal/mol height; (ii) a 1,3 H-shift vi&S5 to isomerize to

the electron is delocalized along the CCC backbone. This resultsInt3, facing a barrier of 51.9 kcal/mol; (iii) rearrangement to

in the calculated €C bond distance of 1.393 A, i.e., closer to Int4 via TS6 with a barrier of 57.8 kcal/mol by a 1,3 H-shift

a double than a single-&C bond length. The second SOMO from a carbon to the oxygen atom; (iv) ring-closure leading to

orbital lies in the molecular plane of symmetry and is located Int5 via TS7, over a barrier of 58.4 kcal/mol; (v) and finally,

at the O-atom. So, the-€0 bond distance elongates to 1.333 redissociation back to the initial reactants, which however cannot
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compete with the former reactions because of its high barrier triplet adductint2a can eliminate an H-atom to give rise to

of 69.7 kcal/mol. allenyloxy radicaH- H products. This pathway goes through a
Int3, lying 55.4 kcal/mol below the initial reactants, either loose transition structur€S13 after clearing a barrier of 18.1

breaks the €C bond to yield methyl plus ketenyl radicals via kcal/mol heightint2a can either proceed through a ring-opening

TS8 or isomerizes back tintla via TS5. The barrier heights ~ process leading tht5 via TS10or concertedly undergo a 1,2

for the former and latter pathways are 42.3 and 38.5 kcal/mol, H-migration and a ring-opening tot7 via TS14 The barrier

respectively. Althoug'S8 lies 3.8 kcal/mol higher thaiS5, heights are 8.5 and 18.5 kcal/mol, respectiveiy5, —27.2

the former is much looser, such that these two pathways shouldkcal/mol relative to the initial reactants, will rearrangédrtia

be competitivelnt4, 47.4 kcal/mol below the initial reactants, Via TS7 by ring-opening. This pathway needs to overcome a

decomposes more easily to hydroxyl plus propargyl radical via barrier of 16.8 kcal/mol and leads to intermediates already

the looserTS9 than its rearrangement back hatla via the discussed earlier (see Figure 1). Still, rearrangemenhtaf
tighter TS6. The decomposition viiS9faces a barrier of 35.3  back tolnt2a via TS10is more favorable, in view of the lower
kcal/mol.Int5 will undergo the ring-opening process Vi$10 barrier of 11.4 kcal/mol.

with a small barrier of 11.4 kcal/mol, leading tot2a. This Int7, with relative energy 59.5 kcal/mol below the initial

intermediate is more closely related to addition reactions on reactants, has four different accessible reaction pathways,
the central carbon (see Figure 2), and its subsequent reactionsiamely the following: (i) H-elimination to yield +# CH,=CH—
are discussed in the next section. *CO viaTS16, needing to overcome a barrier of 35.1 kcal/mol;
In summary, the O-addition on the central carbon atom in (i) C—C bond rupture to productC,H; + HC'O via TS17
allene results initially in the formation of both the triplet biradical after clearing a barrier of 38.5 kcal/mol height; (iii) rearrange-
adducts,Intla and Intlb, of which the latter rapidly carries  ment by 1,2-H migration tdnt8 via TS15 with a barrier of
out an IC process to yielthtla. When the spin is conserved  32.3 kcal/mol; and finally, (iv) a 1,3 H-shift to give rise hat9
throughout the reaction, decomposition lotla into triplet via TS18, the barrier height of which is 36.3 kcal/mol. Next,
methylene plus ketene is expected to be dominant. OtherInt9, —71.9 kcal/mol compared to the initial reactants, can either
decomposition channels could contribute but are expected todecompose to triplet C4CH plus CO viaTS23by C—C bond
play a very minor role. It should be mentioned that the product rupture or to M+ CH,=CH—"CO via TS24 by H-loss. These

ketene was experimentally observed eafliBeactions follow- pathways face barriers of 28.6 and 41.9 kcal/mol, respectively.
ing an intersystem crossing to the singlet surface are discussednt9 could undergo a 1,2 H-shift leading tot8 throughTS22
in a later subsection. after clearing a high barrier of 41.1 kcal/mol. Becat§23is

O-Atom Attack on a Terminal Carbon. IRC calculations  the lowest and loosest TS, th&9 — TS23— *CH3CH + CO

show that the O-addition on the terminal carbon atom in allene channel is expected to be the dominant decomposition channel
proceeds through two different transition structués2a(?A’") of Int9. Int8, —61.6 kcal/mol relative to the initial reactants,
andTS2b(3A"), giving rise to triplet biradical adductst2aGA") will immediately break the single €C bond via a very low-
andInt2b (A"), respectively (see Figures S13 and 2). The barrier lying TS20to yield triplet ethylene plus CO. This step faces a
heights computed for these two steps are 1.4 and 3.1 kcal/mol.low barrier of only 14.6 kcal/mol, indicating that rearrangement

Int2b(3A") has a relative energy of18.3 kcal/mol with ~ Pack tolnt7 orInt9 is unlikely.
respect to the initial reactants and belongs @ @oint group. In summary, the O-addition on the terminal carbon atom in
Both SOMO orbitals carrying the two unpaired electrons in allene gives rise to the vibrationally excited, triplet biradical
Int2b lie in the molecular plane of symmetry. One orbital is adductsdnt2a andint2b. Under conditions of low to moderate
located on the O-atom, while the other is on the central carbon temperaturednt2b will rapidly undergo an IC process tot2a,
atom (see Figure S14). As ftmt1b, the electronically excited ~ whereas at higher temperatutet2b redissociates back to the
Int2b can either undergo an internal conversion (IC) to the initial reactants in competition with the IC processt2a, in
lower-lying electronic statdift2a), redissociate to the original  turn, will mostly decompose to allenyloxy plus hydrogen atom.
reactants, or undergo further unimolecular reactions (dissociationThe Int2a — Int5 — Intla — 3CH, + ketene pathway is also
or isomerization). As seen fdnt2a, the TS for these latter ~ expected to play an important role, indicating that the triplet
processes all break the symmetry, merging theaAd A’ surface for the O-attack on the terminal and central carbon atoms
surfaces such that these reactions are similar to reactions aftecannot be divided into independent site-specific regions. The
IC. While we cannot a priori quantify the rate of IC, it is products allenyloxy radical plus hydrogen atom were observed
expected to be dominant at low to moderate temperatlires (  in molecular beam experiments by Lee and co-work&vehile
1000 K), whereas redissociation is expected to become favorableketene was detected in an experimental matrix stutije
only at very high temperature3 & 3000 K). The calculated  Int2a — TS14— Int7 step cannot compete with the two former
energy-specific rate coefficient at the average energy for the channels; as a result, other products (including €GCHs
redissociation step dht2b sharply increases as a function of and CO+ 3CH;CH) produced fronint7 on the triplet PES in
temperature, for example from 52 10° s™* at T = 1000 K, Figure 2 can only be very minor. This result reconfirms the
passing through 3.% 10°s™1 at T = 1500 K, and to 1.2 experimental studies;** which concluded that the product CO
10 s1 at T = 2000 K. Therefore, the IC process should should be formed from a singlet intermediate after an ISC
strongly compete with the redissociation, except at the highest process from triplet to singlet surfaces.

temperatures. The H-Abstraction. The O-atom can abstract an H-atom in
Int2a, —24.3 kcal/mol relative to the initial reactants, allene yielding hydroxyl plus propargyl radical; the reaction has
possesses#\" symmetry in theCs point group. Inint2a, one a calculated exothermicity of 12.8 kcal/mol, in excellent

SOMO orbital lies in the molecular symmetry plane at the agreement with the experimentaH(0 K) value of—12.9 kcal/
central carbon atom, while the other SOMO orbital is perpen- mol.1645This pathway can proceed via two transition structures
dicular to the molecular plane and located on the O-atom (seeof different electronic state§,S3a*A’") and TS3b(®A’), cor-
Figure S14), resulting in an additional stabilization of 6 kcal/ relating directly with the hydroxyl radical with A1 symmetry

mol for Int2a compared tont2b. The chemically activated  (see Figure 1). The barrier heights for these channels are 7.3
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80 for rotation is equal to 4 for each of the three reaction channels.
This is obvious for the H-abstraction (4 equivalent hydrogens)
70" - = - O-addition, central C and still easy to see for the addition to the terminal carbons
. = = O-addition, terminal C (CH. groups): there are two of these carbons, and attack can
1 H-abstraction come from two sides, exactly equivalent for each of the lobes
604 Y. of thesr-bond. For the central C, there are 4 equivalent directions
T of attack, two for each of the twa-bonds it participates in.
S 50 4 e . As can be seen in Figure 4, the fraction of the H-abstraction
QC/ _-=-a . flux depends strongly on temperature, i:eQ% at 300 K, 4%
S 40 / Se Tl at 900 K, and rising to~35% at 2000 K, indicating that the
2 P RN H-abstraction reaction channels can contribute significantly at
*‘S= 30, =~ combustion temperatures. In contrast, the fraction of O-addition
o ! on the central carbon atom steeply decreases with increasing
| temperatures, from 75% at 300 K to 35% at 2000 K. Nonethe-
20 less, it remains the most important reaction flux in much of the
relevant temperature range. Temperature-dependence of the
104 fraction of the O-addition on the terminal carbon is more
complicated. First, it sharply rises with temperature and reaches
0 a maximum of 45% aroun@ = 800 K and then almost linearly

400 800 1200 1600 2000 decreases when temperature increases further. Still, throughout
the 300-2000 K range, this channel contributes-3t%5%. Note

] ) ) ) . that taking into account the variational character of the low-
Figure 4. Calculated fractions of the H-abstraction and the site-specific barrier transition states for addition should even increase

O-addition reaction fluxes as a function of temperature (not corrected I . .
for redissociation). somewhat the calculated contribution of H-abstraction at high
temperatures.

and 9.6 kcal/mol, respectively, about-6 kcal/mol higher in The Lowest-Lying Singlet Surface The CBS-QB3 results
energy than the O-addition transition structures. Consequently,for the triplet surface and statistical-kinetics predictions of the
the H-abstraction channel cannot compete with any of the product distribution (see next sections) show that CO production
O-addition channels at low to moderate temperatures but mayfrom the triplet surfaces has a very small yield2%) under
play a role at combustion temperatures. To the best of our all relevant conditions. Yet, all experimental studié$ find
knowledge, all experimental studies for the title reaction were CO to be the most important product. Hence, the title reaction
carried out at either low and moderate temperatufes<(  cannot take place only on the triplet surfaces but must also

900 K)*"°or at moderate collision energies in molecular beam involve the (lowest-lying) singlet surface following an 1SC
experimentd? As a consequence, the products hydroxyl and process.

propargyl radical were never observed. It is of interest to know
how important the H-abstraction flux is compared to the total
chemical reaction flux at higher temperatures. For this purpose
the fraction of H-abstraction flux as a function of temperature
is computed using eq 11 based on TST considerations and
plotted in Figure 4.

Temperature (K)

For the O-addition on the central carbon atom, a crossing
region between triplet and singlet surfaces is expected in the
'vicinity of the equilibrium structure of triplet biradical adduct
Intla, because the tripletsinglet energy gap of oxyallyl is very
small, 1-2 kcal/mol as already computed by Coolidge €etal.
at the MRCI level of theory. To investigate the proximity of
the triplet and singlet potential energy curves, we examine the
(11) energies of oxyallyl as a function of the CCC angle in the-90
Po-add-cen T Po-add-ter T Pri-abs 140 range, i.e., the degree of freedom in which the triplet
(Intla) and singlet int11) oxyallyl species differ most and
where facile cyclization to cyclopropanone might distort the PES
4 most. We carried out geometry optimizations at several fixed
Pi—abs = Krs3a X Qrszax €XP(Ersa{RT) + k7535 X CCC angles for a triplet wave function, while allowing the
Qb sap X €XP(ErsafRT) remaining 3N-7 internal coordinates in oxyallyl to relax freely;
N N we then also used the same geometries to calculate the energies
Po-add-cen= Qrsia X €XPCErs {RT) + Qrsyp X for a singlet wave function, allowing us to examine the energy
exp—E;syRT) difference for a vertical transition from triplet to singlet surface.
The obtained results plotted in Figure 5 show that the triplet
and and singlet curves are close, within a few kcal/mol, for all CCC
N N angles. Triplet oxyallyl is predicted to be the ground state, with
Po—add-ter = Qrsza X €XP(—ErgodRT) + Qrgpp X a triplet-singlet energy splitting of only 1 kcal/mol, in good
exp(—E;s,fRT) agreement with the reported MRCI restitTherefore, in
addition to reactions of triplet oxyallylntla on the triplet
whereQrs is the complete partition function of the given TS, surfacentla has a fair probability to undergo an intersystem
Ris the universal gas constaffiys is the energy of transition  crossing process to vibrationally excited singlet oxyallyl.

PH—abs

I:H—abstraction:

with

structure TS relative to the initial reactants, anesis the one- Oxyallyl geometries reoptimized for singlet wave functions at
dimensional tunneling correction for H-abstraction, which is fixed CCC bond angles were also calculated to visualize the
computed by assuming an asymmetric Eckart potef#i&lt geometric relaxation of the singlet intermediates after the vertical

should be mentioned that the reaction pathway degeneracylSC event (see Figure 5). As expected, cyclization toward
derived from the symmetry numbers in the partition function cyclopropanone is found to have only a small barrier. The
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Figure 5. Potential energy curves around the crossing seam for oxyallyl Figure 6. Potential energy curves around the crossing seam for
as relevant for O-attack on the central carbon atom. Squares: energiesxyallene as relevant for the case of O-attack on a terminal carbon
of triplet Intla optimized at fixed G-C—C angles; circles: energies  atom. Squares: energies of triplet2a optimized at fixed G-C—0

of singlet wave functions calculated on the optimized triplet geometries angles; circles: energies of singlet wave functions calculated on the
(i.e. vertical transition from triplet to singlet surface); triangles: energies optimized triplet geometries (i.e. vertical transition from triplet to singlet
of singlet Int11l optimized at fixed G-C—~C angles, showing a  surface); triangles: energies of singletl3 optimized at fixed G-C—0O
negligible barrier to cyclization. angles, showing a negligible barrier to cyclization.

relative importance of surface crossing versus reactions on theint11, the chemically activateht11 will isomerize in less than
triplet surface depends on the temperature, with the latter moreg picosecond tont12 which in turn will decompose equally
favorable at higher temperatures, and the former predominantpromptly to end products (or be collisionally stabilized at very
at low to moderate temperatures. For example, at 300 K ratehigh pressures), such that in any case the probability of

for decomposition ofntla is estimated te-2 x 10° s~%, much occurrence of a reverse I1SC of singlettL1 back to tripletintla
slower than the rate of ISC (estimated at cal'X01), while will be strongly reduced.
decomposition at the average energy at 2000 K (reex We also carried out an analogous CASPT2//CASSCF study

10" s7%) is much faster than ISC. Accurate dynamic calculations of the crossing seam around the equilibrium structure of triplet
are certainly required in order to quantify these two competing biradical adduct oxyallendnt2a (see Figure 6), where the
reaction steps, but these are outside the scope of the present—C—0O bond angle was found to be the most significant

work. difference between the singlet and triplet surfaces. The vertical
The subsequent reactions of the singlet intermediates thusenergy gap between triplet and singlet surfaces, calculated from

formed are shown in Figure 3. Singlet oxyallyitll will the energies of triplet biradicaD—CH,—*C=CH, geometries

undergo ring-closure to singlet cyclopropanoim¢]2, with an (Int2a) optimized for fixed CCO bond angles versus the energies

energy of—99.9 kcal/mol relative to the initial reactants (see of singlet wave functions on these same geometries, is only a
Figure 3). This step goes througis31 and faces a smaller  few kcal/mol for bond angles above 100The proximity of
barrier of 0.4 kcal/mol obtained at the CASSCF le¥eand singlet and triplet PES enhances the probability of an ISC event
that the reaction is even barrierless when dynamic electron allowing the formation of singlet intermediates. Energies of
correlation was taken into account using the CASPT2 method. reoptimized singletO—CH,—*C=CH; intermediatesl(t13) as
Hence, thdntll — Int12 step has a very small to nonexistent a function of the CCO bond angle (see Figure 6) show a
barrier, and in any case will be very rapid given the chemical negligible barrier to cyclization yielding allene oxide. Note that
activation ofIntl1 arising after the ISC procesmtll could the lifetime of triplet oxyallene is so short, i.ex10 ps at
also undergo ring-closure leading to singlet allene oxXia#,3. 300 K and quickly reducing te-1 ps at 1000 K, that an ISC
However, this pathway goes via a tightE®32 with a higher process is likely to occur only at low to moderate temperatures
barrier of ~7 kcal/mol and so cannot compete with the (<1000 K). As a result, decompositions bft2a with spin-

Intll — TS31— Int12 route. conservation are expected to be the principal pathways at
Under high-pressure conditions, singlet cycloproparintie combustion temperatures. Singlet allene oxide formed from the
can be thermally stabilized; it was observed in a matrix sfudy. fast cyclization reaction after ISC can either be stabilized under
At low pressuresint12 will either decompose to yield C& high-pressure conditiorsas observed in the mentioned matrix
C,H,4 via TS33 or isomerize to methylketenatl5 via TS34 study’—or isomerized on the singlet surface at lower pressures.

or to 2-propanalntl6 via TS35 The barrier heights for these Int13 can undergo ring-opening tmtl1, followed by rapid
three pathways are 36.4, 53.4, and 63.5 kcal/mol, respectively.rearrangement tdntl2 and subsequent decomposition to
As, moreover,TS33is looser than the other two, this results in  products CO+ C,H4. The Intl3 — TS32 — Intll pathway
predominance for thintl2 — TS33— CO + C,H4 channel, faces a barrier of 30.3 kcal/mol, i.e., only half the 59.6 kcal/
in good agreement with the experimental observatiot&Note mol barrier toIntl3 — TS37 — Intl6. As a result, the first
that because botiS31 and TS33 lie far below the initial pathway, yielding COt+ C;Hg4, is dominant under all relevant
reactants and only slightly above the initial singlet intermediate temperatures.
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TABLE 2: Calculated Product Distribution at P = 1 Atm as TABLE 3: Calculated Product Distribution at P = 1 Atm as

a Function of Temperature for the OCP) + CH,=C=CH, a Function of Temperature for the OCP) + CH,=~C=CH,
Reaction Occurring on the Triplet Surface after O-Addition Reaction Occurring on the Triplet Surface after O-Addition
on the Central Carbon? on a Terminal Carbon?
temperature (K) temperature (K)
products 300 500 650 800 1000 1500 2000 products 300 500 650 800 1000 1500 2000
3[OCgH4]P 264 85 35 14 05 01 00 S[OC3H.4)® 145 41 16 07 02 00 0.0
O+ C3Ha 00 00 00 00 0.0 0.0 0.0 O+ CsHa 00 01 02 04 06 1.4 2.0

CH;+H,CCO 716 87.1 906 915 914 899 885 CH~=CCHO+°'H 40.1 499 56.8 625 681 777 822
*CHz + HCCO 06 18 26 31 34 3.5 3.4 3CH; + H,CCO 378 369 318 267 213 118 7.4
*‘OH+H,.CCCH 14 26 33 40 47 6.5 8.1 CH~CHCO+*H 45 51 54 56 57 57 55

. . L . . HCO + *C,H 1.1 13 14 15 1.6 1.7 1.8
aSee Figure 1° Sum of yields of collisionally stabilized triplet CO+3CZH24 s 04 04 04 04 04 03 02

OCsH, species. “CHs + HC'CO 03 07 09 08 07 04 02
*OH + H,C*CCH 05 07 08 08 038 0.6 0.4
In summary, crossing seams were located for intermediates CO + 3CH;CH 08 08 07 06 05 04 03

formed in both the central and terminal O-additions to allene;  agge Figure 2°Sum of yields of collisionally stabilized triplet
the intersystem crossings from triplet to the lowest-lying singlet oc,H, species.

surface can lead to vibrationally hot cyclopropanone and allene

oxide intermediates. The contribution of these ISC processes isaimost equivalent. The yield of products @HC*—CHO + H*
sensitive to the reaction temperature and is predicted to besharply rises with increasing temperatures, from 40% at 300 K
important mostly at low temperatures. The hot singlet interme- y to 8294 at 2000 K, whereas the yield of produi@$, +

diates will decompose entirely into C® C,H, under low-  ,cCO drops sharply with increasing temperatures, from 38%
pressure conditions but become thermally stabilized at high 5 300 K down to 7% at 2000 K.

pressures. The predicted products singlet cyclopropanone, allene
oxide, CO, and gH,, were all observed experimentafiy?

I11.2. Quantification of the Product Distribution. The
overall product distribution of the title reaction can be obtained
from the weighted summation of the product distributions for
the different, site-specific entrance channels. These channel-
specific product distributions as well as the contributions of the
different O-addition and H-abstraction channels to the overall .
rate coefficient are functions of temperature (see e.g. Figure _speaeéf’ corresponds to_t_he more abundant SH8°—-CHO
4). In the following section, we will discuss product distributions isomer formed by 'O-add|t|.0n on the central carbon. ]
predicted for the different entrance channels as proceeding on AS already mentioned, singlet cyclopropanone and/or singlet
an adiabatic triplet surface. Note that the entire triplet PES is allene oxide formed from ISC processes should almost entirely
included in all the master equation analyses, i.e., both regionsdecompose to yield C@ CzHa, except at very high pressures.
shown in Figures 1 and 2 are included in the kinetic reaction Other products from the singlet PES are predicted to be all very
scheme at all times. minor, with yields less than 5%. Note that COC,H,4 can be

O-Atom Attack on the Central Carbon. Various product formed from both addition sites at low temperatures. At higher
branching ratios computed @& = 1 atm as a function of  temperatures COF CoHq will only be formed from triplet
temperature are tabulated in Table 2. As can be seen, tripletoxyallyl following O-attack on the central carbon. Considering
methylene plus ketene are the major products with very high that the fraction of O-addition on the central carbon has a
yields, ca. 90% aT > 500 K. All other products show minor ~ negative temperature-dependence (see Figure 4), the yield of
yields. These results are a direct consequence of the low-lyingCO + C:H, is predicted to be considerably reduced when
Intla — TS4 — 3CH, + H,CCO channel, witiTS4 a loose ~ temperature increases substantially.
transition structure. At low temperatures, the yield of stabilized A quantitative prediction of the overall product branching
triplet oxyallyl becomes important, ca. 26% at 300 K. In ratios spanning all potential energy surfaces is at this time
contrast, its yield is negligible at higher temperatures. We difficult due to the need for accurate dynamic calculation on
performed some sample calculations at higher pressures to locatéhe rate of the ISC process. For these systems such calculations
the onset of the falloff region for a “combustion” temperature, are extremely demanding and beyond our current computational
T = 1500 K, but found only a small fraction of stabilization resources. An alternative approach used successfully in earlier
for triplet oxyallyl (<8%) even atP = 100 atm. This result  work5 where the ratio of ISC crossing versus on-surface
was expected as the lifetime of triplet oxyallyl is estimated to unimolecular reactions is calibrated against experimental mea-
be so short{5 ps atT = 1500 K) and given that it requires  syrements, is not possible here due to the current lack of
many collisions to bring a vibrationally hot triplet oxyallyl below  sufficiently complete experimental product distribution data.
the lowest-lying decomposition transition structure. Thermally ), 3 - oyerall Thermal Rate Coefficient. The overall
stabilized triplet oxyallyl is predicted to then undergo an ISC temperature-dependent rate coefficiektT)overan for the

step, followed by ring-closure to lead to singlet cyclopropanone. O(P) + CH,~C—CH : :
. - ,—C=CH, reaction can be computed according to
O-Atom Attack on a Terminal Carbon. Various product the following expression

distributions obtained & = 1 atm as a function of temperature
are presented in Table 3. The products,&@*—CHO + H* TsT TsT TsT
and 3CH, + H,CCO clearly dominate. While the former K(Movera = KMo add-cen T KMo add-ter T KD ans (12)
products arise from O-addition on a terminal carbon (see Figure

2), the latter result from O-attack on the central carbon (see where k(T)™ST is the rate coefficient derived from multistate
Figure 1). AtT = 300 K, the yields of these two products are transition state theory

At 1 atm and at room temperature, a 15% vyield is calculated
for stabilized triplet oxyallyl, which after ISC and ring-closure
gives rise to singlet cyclopropanone. However, this yield
becomes very minor { 3%) at high temperaturesT (=
1500 K) even atP = 100 atm. Note that the vyield of
CH,=CH—"CO + H*is minor, ca. 5%, and almost temperature-
independent, indicating that the experimentally obser@gid;0
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Krs3a X Qrszax @XP(ErsadRT) + sz X Qrsap x eXPEErsayRT)
QOQC3H4 T T T T T
1 2 3 4 5
whereQ(T) is a complete partition functiork, is Boltzmann's 1000/T (1/K)

constanthiis Planck’s constanRis the universal gas constant,  rigure 7. Overall thermal rate coefficients for the ®) + allene

Ers is the internal energy of a transition structure relative to reaction: comparison between experimental data and the current
the initial reactantss is the one-dimensional tunneling correction theoretical predictions.

computed by assuming an asymmetric Eckart poteffland

y'® is the fraction of redissociation of the initial adducts back mol alters the computek(T) values by a factor of 2.3. Further

to the initial reactants, function of temperature and pressure (seeexperimental studies are recommended for a more precise
Tables 2 and 3). At low temperatures, redissociation is negligible determination of the rate coefficient.

and the value of®is close to 0. Above 1000 K, redissociation

becomes non-negligible, but its contribution is the result of a IV. Concluding Remarks

complicated competition among the redissociation reactions,
further isomerization, and IC/ISC processes (IClftfilb and
Int2b). Accurate quantification of'® therefore again requires
dynamic calculations, which are beyond the scope of this paper.
We therefore limited ourselves to the calculationkéT)overan

In the present theoretical study, the lowest-lying triplet and
singlet potential energy surfaces for thel®)(+ CH,=C=CH,
reaction were characterized uniformly using the high level
guantum chemical CBS-QB3 method. RRKM-master equation

atT < 1000 K: for these lower temperatures experimental data calculations, to evaluate prim_ary_ product Qistribution for ea<_:h
are available for comparison. The rotational symmetries for Of these surfaces and to qualitatively predict the overall major
allene and the transition states are 4 and 1, respectively, sucHProducts, were cgrrled out using the exact stocha;t!c simulation
that the reaction path degeneracy is 4 for each channel, agnethod. In.addmon, overall thermall rate cpefﬂuents were
already discussed earlier. The electronic partition function of d€termined in the 2661000 K range using multistate transition
the O atom explicitly includes the three lowest-lying electronic State theory. A number of important results emerge from this
states P, with electronic degeneraay = 5, 3P; with g = 3, study and can be summarized as follows:

and3P, with g = 1), with relative energies of 0.0000, 0.4525, (i) The O¢P)+ CH;=C=CH_ reaction is confirmed to occur
and 0.6490 kcal/mol, respectivélyAlso, the electronic de- domlnaqtly but not e_xcluswely via an electrophlh_c addmor_]
generacy of 3 for the transition structures, having a triplet Mechanism as the first reaction step. The predicted major

electronic state, is duly taken into account. products from these addition reactions are GO CyHa,

The rate predictions are plotted in Figure 7 and can be well- *CHz + H2CCO, and CH=C—CHO + H". CO + C;H, are.
reproduced by a modified Arrhenius equation 160017 x mainly produced from the lowest-lying singlet surface following
T205 « exp (—90/T) cm?® molecule® s°%; the most recent ~ @n ISC process and can be formed from both addition channels;
experimental data are also shown for comparison. KTy these results confirm earlier experimental observations.

results are in near-perfect agreement with the experimental *CHz + H,CCO can likewise be formed from O-attack on the

values obtained by Cvetanovic and co-workétsver the entire  ¢entral and terminal carbons, whereas,€#8*~CHO + H* are
range 308-600 K, while they are overestimations compared to nearly exclusively products of O-addition on a terminal carbon.
measurements by Atkins&hand by Aleksandro¥® At room (i) The H-abstraction reaction proceeds on two electronic
temperature, our predicted rate coefficient is ¥.40712 cm? surfaces?A” andA’, and results in OH(XI) + H,C'—~C=CH
molecule s71, in excellent agreement with the recommended Products, predicted to be important at high temperatures. The

value of 1.3x 10712 cn?® molecule’® s~1in the literature® but contributions of H-abstraction to the overall product formation
is an overestimation by ca. 30% of the 1:0 10712 cmd are estimated to be ca. 35% at 2000 K.
molecule! s~ measurement by Atkinsdd.Increasing relative (i) The entrance barrier heights and reaction enthalpies

energies for all O-addition and H-abstraction transition structures computed at the CBS-QB3 level of theory are in better
on the triplet surface by 0.1 kcal/mol will brink(T) values agreement with available experimental data compared to previ-
slightly down to between the experimentdT) data observed  ous theoretical results.

by Nip* and by AtkinsoR® (see Figure S15, Supporting (iv) The lack of accurate dynamic calculations for ISC rates
Information). Theoreticak(T) values are quite sensitive to the and/or of available experimental product branching ratios
accuracy of barrier heights, especially at low temperatures: atprohibits us from quantitatively predicting the overall primary
room temperature a difference in barrier height by 0.5 kcal/ product distribution for the title reaction. However, the present
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study elucidates the reaction mechanism and qualitatively
predicts the major products.

(v) The computed overall TST rate coefficient for the range
200-1000 K: k(T) = 1.60 x 10717 x T 2945 x exp(—90.5 K/)
cm® molecule® s71, is in excellent agreement with the
experimental data in the literature.
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