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The potential energy surfaces of the two lowest-lying triplet electronic surfa¢eand®A’ for the OEP) +

C.H, reaction were theoretically reinvestigated, using various quantum chemical methods including CCSD-
(T), QCISD, CBS-QCI/APNO, CBS-QB3, G2M(CC,MP2), DFT-B3LYP and CASSCF. An efficient reaction
pathway on the electronically excitéd’ surface resulting in HE) + HCCO(A’A') was newly identified

and is predicted to play an important role at higher temperatures. The primary product distribution for the
multistate multiwell reaction was then determined by RRKM statistical rate theory and weak-collision master
equation analysis using the exact stochastic simulation method. Allowing for nonstatistical behavior of the
internal rotation mode of the initi@A" adducts, our computed primary-product distributions agree well with
the available experimental results, i.e., ca. 80%S)t- HCCO(XA" + A?A") and 20% CH(X®B,) + CO-

(X=*) independent of temperature and pressure over the wide- B0 K and 6-10 atm ranges. The
thermal rate coefficient(O + C,H,) at 200-2000 K was computed using multistate transition state theory:
k(T) = 6.14 x 10°15T 128 exp(—1244 KIT) cn?® molecule® s™%; this expression, obtained after reducing the
CBS-QCI/APNO ab initio entrance barriers by 0.5 kcal/mol, quasi-perfectly matches the experikiéntal
data over the entire 262000 K range, spanning 3 orders of magnitude.

I. Introduction (T)/6-311++G(d,p)] level of theory (vide infra).

3 2 21T

Chemical processes occurring in combustion and flames goo( P)+ CH, = H(*S) + HCCO(X'A")
through complex reaction networks normally consisting of —19.7 19.6) (1a)
several hundreds and even thousands of coupled elementary 5 5
reactions occurring consecutively and/or in parallel. Character- O(P)+ C,H,— CH,(X"B;) + CO  —47.5(-49.1)
izing the dominant elementary reactions is very important to (1b)
understand the overall reaction mechanisms as well as to
optimize the combustion process. Acetylene is known to be a It should be mentioned that the hydrogen abstraction channel
major intermediate in almost all hydrocarbon-fueled flafhes. (OCP) + CoH, — OH(X?) + HCC(X2Y)) is so highly
Also, it is well established that the major consumption pathway endothermic AH(0 K) ~ 31 kcal/mol; see Table 1) that it
of acetylene is reaction with an oxygen atom in its electronic cannot compete with the addition/elimination routes, even at
triplet ground stat@.This reaction plays an important role in = 3500 K. As a result, the abstraction is unimportant under all
hydrocarbon combustion chemistry because it leads to severalcombustion conditions.
highly reactive small radicals such as HCCO, triplet and singlet ~ The product branching ratio for the @) + C,H, reaction
CH,, H, CH and GH. Some of those can successfully attack was a subject of controversy for a long time, as detailed in some
closed-shell molecules such asHz and even N, or react more recent work.”.11 Suffice it to mention here that in some
further with other atoms or radicals in highly exothermic early work the minor channel (1b) was thought to be the
reactions, thus causing major flame phenomena such as chemidominant one. However, all recent experimental determinations,
ionization and chemiluminescence, prompt-NO formation and by Michael et al. and by u&® agree that the products ) +
production of PAH- and soot precursars. HCCO are predominant over GEX3B,) + CO, with the yield

Experimentat 12 and theoreticab !4 studies agree that the ©f the former being 80+ 10% and nearly independent of
primary products of the @P) + C,H, reaction are produced ~teémperature foll = 290-1200 K. These results were recon-
through two channels, as presented below. Experimental reactiorfi’med very recently in molecular beam experiments by
enthalpie® (AH(0 K), in kcal/mol) are given, whereas the Casavecchia et.é}.for collision energies of 9.5 kcal/mol. The
values in parentheses are obtained by us using quantum chemicdtroduct distribution for this reaction was theoretically computed

calculations at the CCSD(T)/6-3%4G(3df,2p)+ ZPE[CCSD- earlier by Harding and Wagnét,with the yield for products
H(2S) + HCCO(X?A") predicted to be 78,%%, closely fore-

. . . casting the more recent experimental results mentioned. These
T Part of the special issue “David M. Golden Festschrift”. . . . .
* Corresponding author. E-mail: Jozef.Peeters@chem.kuleuven.ac.be. theoretical calculations were bas?d on an approximate potential
Fax: int-32-16-327992. energy surface constructed mainly at the CiSD level of
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TABLE 1. Computed Relative Energy (kcal/mol) at T = 0 K for Species

APNO and CCSD(T)/6-311+G(3df,2p) Levels of Theory

J. Phys. Chem. A, Vol. 110, No. 21, 2008697

in the OfP) + C,H, Reaction Using the CBS-QCI/

species CBS-QCI/APNO CCSD(TR1  exptF CISDH+Q BAC-MP4 estimatiod CCSD(Ty
OCP)+ C,H, 0.0 0.0 0.0 0.0 0.0 0.0 0.0
H(S)+ HCCO(XA") —20.7 —19.6 —19.7 —8.6 —18.7 19.1+ 2.5
H(?S) + HCCO(A?A") -16.5
CH,(X%B,) + CO —47.7 —49.1 —47.5 —47.4 —50.6 —46.9+ 0.5
CHy(alA;) + CO —39.0 ~39.4 -385
OH(X?) + HCC(X?y ) 31.9 31.9 30.4
HC(X?) + HCO(X?A") 36.9 35.9 38.4
H, + CCO(RY ) —24.6 —24.7 —22.4
ketene, HCCO(Cy,,X*A1) —125.6 —122.4 —124.2 —121.7
Int1(Cs2A"), transOCH, —51.7 —50.6 —45.9 —50.1 —59.5+5 —52.0
Int2 (Cs,2A""), cisOCH, —-50.4 —49.1 —58.7+5 —50.8
Int3(Cs,2A""), H,.CCO —71.4 —69.2 —63.1 —69.2 —75.9+ 4 —72.4
TS1(C43A") 35 5.3 11.7 8.4 3.3
TS2(Cs3A") 31.7
TS3(Cy,%A) —46.0 —44.7 —45.2 —45.1
TS4(Ce3A™) -95 -7.1
TS5(Cy,%A) —10.4 —-7.8 2.0 —5.6 —15.6+5 —-7.0
TS6(Cs,°A"") —16.6 —-14.8 —-0.2 —-11.4 —16.1+5
TS7(C1,3A) -25 0.3
TS8(Cs3A") —44.2 —43.9 -39.3 —42.0+2
Int1-ex(Cs°A") —22.5 —-21.0 —18.5 —32.1+5
Int2-ex(Cs,°A") —23.2
TS1-eXCs°A") 6.1 15.9 6.3+ 1.3
TS3-eXCs A" —21.2 -20.3
TS6-eXCs?A") -5.0 4.2

aThe available experimental data and values in the literature are given for the purpose of comp&@8Db(T)/6-313-+G(3df,2p)//CCSD(T)/
6-3114++G(d,p) + ZPE[CCSD(T)/6-311++G(d,p)]. © Mainly taken from the web-page http://srdata.nist.gov/cccbdb/. All values were obtained at
0 K: AH%(0) = 58.98 kcal/mol;,AH%(C;H,) = 54.48 kcal/mol;,AH%(H) = 51.63 kcal/mol,AH%(HCCO) = 42.0 kcal/mol” AH%(CHx(X3B,)) =
93.2 kcal/molAH%(CH,(a'A1)) = 102.2 kcal/molAH%(CO) = —27.2 kcal/mol,AH%(OH) = 8.84 kcal/mol, AH%(HCC) = 135.0 kcal/molAH%(HC)
= 141.98 kcal/molAH%(HCO) = 9.95 kcal/molAH%CCO(Xy ) = 91.1 kcal/mok® AH%(H,CCO)= —10.66 kcal/mol ¢ Reference 14¢ Reference
23. Derived from the G2M(CC,MP2) approach, CBS-QCI[TS1-exCBS-QCI[TS1]+ {G2M[TS1-ex]— G2M[TS1} = 3.5+ {7.2— 4.6} =
6.1.9This value= (G2M + CBS-QB3+ G3 + G3B3)/4 (see Table S7 in the Supporting Information).

theory but modified to match some experimental enthalffies.

surfaces clearly need to be refined further to gain energies with

Considering the accuracies obtainable with current quantum sufficient accuracy for accurate kinetic calculations, in particular

chemical methods such as the coupled-cluster tRéanyd the
combination methods (Gaussian-3 theory (B3)pmplete basis
set (CBSY® model chemistry), a thorough reinvestigation of the
potential energy surface for the 3] + C,H; reaction from
first principles appears to be in order.

to investigate higher-energy pathways that might clear up the
underestimation of the predicted rate coefficient at higher
temperatures. Considering the paramount importance of the
reaction of acetylene with atomic oxygen in hydrocarbon

combustion and flames, we set out to reinvestigate this reaction

Thermal rate coefficients for the reaction of ground-state using coupled-cluster theory and the CBS-QCI/APNO combina-
atomic oxygen with acetylene were measured over a wide rangetion method to construct the two lowest-lying triplet surfaces,

of temperaturé? e.g., at lowT = 200-284 K by Bohn and
Stuhl!® at moderatel by Sheaffer and Zittel (295873 K)2°
among many others, and at high&ér= 290-1510 K by
Mahmud and Fontifhas well as al = 850-1950 K by Michael
and Wagnef.From these reports, the experimental Arrhenius
activation energy is derived to be about35 kcal/mol. At
room temperature, the thermal rate coefficient is well-known
to be~1.4 x 10713 cm® molecule! s71.21 Overall thermal rate

and to use these in high-level theoretical kinetic analyses. The
computed results will then be compared with the available
experimental data.

II. Methodology

II. 1. Quantum Chemical Calculations. Geometries and
Hessians of stationary points were obtained first at the DFT-

coefficients were theoretically computed using conventional B3LYP/6-311G(d,p) level of theo??>and then used as initial

transition state theory (TST) adopting the experimental activa- guesses for optimizing at the coupled-cluster level of theory
tion energy of 3.3 kcal/mal4 In these studies, theory and [CCSD(T)F® in combination with the 6-3t+G(d,p) basis
experiment were in good agreement at temperatures below 100cet?” Numerical Hessian calculations were carried out at the
K, though the predicted rates were about 2 times lower than Same level to verify the stationary points located (one imaginary
observed in high-temperature shock tube experiments. Thefrequency for a transition structure and all positive frequencies
reason for this discrepancy was not clé#f. for a minimum) and to obtain zero-point vibrational energies
Theoretical ab initio quantum chemical investigations of the (ZPE) and harmonic vibrational frequencies. To obtain more
potential energy surface of the ) + C,H, reaction are few. accurate relative energies, the CCSD(T) method in combination
As mentioned above, Harding et &4 investigated the two ~ With the much larger extended 6-3t+G(3df,2p) basis sét
lowest-lying triplet surfaces as part of his theoretical kinetic was employed to compute single-point energies. Note that the
work, qualitatively elucidating the reaction mechanism as well ZPE[CCSD(T)] are used unscaled to correct the relative
as showing the predominance of channel 1a over channel 1b.€nergies.
Some stationary points on the triplet PES were characterized For some stationary points that influence the reaction kinetics
using the BAC-MP4 methadd and the CCSD(T)/cc-pVTZ//  strongly, the effect of basis set size on the optimized geometries
B3LYP/6-31G(d,p) level of theor§® However, the triplet and energies was also investigated by reoptimizing at larger
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TABLE 2: Computed Relative Energy (kcal/mol) for Some Stationary Points That Kinetically Control the OGP) + C,H,
Reaction Using Various Levels of Theory

species G2M(CC,MP2) CBS-QCI/APNO CCSD(T)-E CCSD(T)-2 CCSD(T)-3

OCP)+ CH, 0.0 0.0 0.0 0.0 0.0
Int1(Cs A" -51.3 —51.7 ~50.6 —51.1 —50.2
TS1(C.2A") 46 3.5 5.3 5.2 5.9
TS1-eXCsA’) 7.2

TS4(Cs°A") -8.4 -9.5 7.1 -7.1 -6.9
TS5(Cy1,%A) -9.3 -10.4 -7.8 -8.4 -8.0
TS6(Cs°A") ~16.2 -16.6 -14.8 -14.7 -14.2
TS7(C1,%A) ~1.2 -25 0.3 0.4 0.3

a2 G2M(CC,MP2)= CCSD(T)/6-31#+G(d,p)+ [MP2/6-31H-+G(3df,2p)— MP2/6-311+G(d,p)]+ ZPE[B3LYP/6-311+G(3df,2p)], based
on the B3LYP/6-31%+G(3df,2p) optimized geometry.Replacing the corrected ZPE[HF] in the original CBS-APNO approach by the ZPE obtained
at the QCISD/6-311G(d,p) level and scaled down by 0.9776 CCSD(T)-1 = CCSD(T)/6-313%+G(3df,2p)//CCSD(T)/6-31++G(d,p) +
ZPE[CCSD(T)/6-313+G(d,p)]. ¢ CCSD(T)-2= CCSD(T)/6-31%+G(3df,3pd)//CCSD(T)/6-311+G(2df,2pd)+ ZPE[CCSD(T)/6-313++G(d,p)].
¢ Extrapolating the CCSD(T) approach to an infinite basis set using energies at the CCSD(T)/cc-pCVQZ and CCSD(T)/cc-pCVTZ levels based on
the CCSD(T)/cc-pVTZ optimized geometry. CCSD(T)=3HF/cc-pCVQZ+ Ecor + ZPE[CCSD(T)/6-31%+G(d,p)], whereEcor = {4%Ecor(CC-
pPCVQZ) — 3*Econ(cc-pCVTZ}/{ 4% — 3%, and CCSD(T)/cc-pCVQZ CCSD(T)/cc-pCVTZ+ [MP2/cc-pCVQZ— MP2/cc-pCVTZ].

basis sets such as 6-3t1+G(2df,2pd) or cc-pVTZ followed systems Table 1 shows that the CBS-QCI/APNO results are
by single-point CCSD(T) energy calculations using the in good agreement with the CCSD(T) values and also with the
6-311++G(3df,3pd) basis set or an extrapolation to a basis set available experimental data. However, a discrepaneylokcal/

limit, respectively. For the extrapolations, cc-pCVTZ and cc- mol as compared to experiment still remains for fragment

pCVQZ? basis sets were employéd: radicals, for which heats of formation have an uncertainty of
ccspm ccspm e o +1 kcal/mol, or even highéf
Eimt = Eccopevr)z = Eccpovoz T Eccpevirgz (2) To check the effects of multiconfiguration or near-degenera-
cies of the wave functions for stationary points and particularly
where for the transition structures, we reoptimized all stationary points
corr 3 corr 3 in Figure 1 using the CASSCF(8,8)/6-3t1+G(d,p) level of
eort _ Ece-povoz X 4" — Ecepovrz X 3 theory?>36 and performing analytical Hessian calculations as
ce-peV(TQ)z 43— 3P well. The CASSCF calculations confirmed that for each of the
species considered in this paper (see the Supporting Information)
with the HF-wave function is dominant (i.e., the Cl-coefficient of
the most important configuration i50.9), indicating that a
EﬁgprVQZ= Efcc_i'é%z— ECHCF_,)C\,QZ single-reference method should give fair results in all cases.
Finally, intrinsic reaction coordinate (IR&}8calculations were
and done at the B3LYP/6-311G(d,p) level to establish the correct
corr _ —ccsp(m) HE connections between the reaction intermediates; all IRC calcula-
Ecc-peviz = Eccipeviz — Eccpovrz tions are given in Figures S$16 in the Supporting Informa-

tion.
Because of the limitations of our current computational 4 CCSD(T), QCISD, CBS-QCI/APNO, DFT-B3LYP
resources, we could not do single-point energy calculations atGZM(CC MP2) C’:BS-QB3’ G3B3. and G3 c:';llculations We,re
the CCSD(T)/cc-pCVQZ level. We therefore approximated performed using the Gaussian 03 pack¥gevhereas the

energies at this level t.)y a linear gxtrapolation using the MP2/ CASSCF geometries and vibrational frequencies were computed
cc-pCVQZ levet* 0 with an additive scheme presented as using the Daltof? and Molprd? packages. All optimized

follows: geometries, harmonic vibrational frequencies, rotational con-
CCSD(T)/cc-pCVQZ= CCSD(T)/cc-pCVTZ+ stants, and energies are given in the Supporting Information.
; _ ~ II.2. RRKM/Master Equation Calculations. Product dis-
MP2fec-pCVQZ— MP2fec-pCVTZ] tributions as a function of temperature and pressire ( atm,
The relative energies, tabulated in Table 2, computed at the T = 298-2000 K) for the OfP) + CH, reaction proceeding
CCSD(T) level using three different basis sets for the important on the adiabatic triplet surface were obtained by solution of
stationary points, are in excellent agreement with each other,the weak-collision master equation using Gillespie’s exact
i.e., a discrepancy of only-0.5 kcal/mol and little sensitivity ~ stochastic simulation methdé,** explained in detail in our
to the basis set used, indicating that the computed relative earlier papef and discussed briefly here. In the energy-grained
energies in this work are nearly converged. master equation, the ceiling energy considered was 200 kcal/
Additionally, various combination methods such as CBS-QCI/ mol above the initial :CHCHO addutttl and a small energy
APNO/8 CBS-QB33 G3B332G37 and G2M(CC,MPZ2} were band size of 0.03 kcal/mol was chosen to ensure that the density
applied for the purpose of comparison with the direct coupled- of states does not change significantly within the band. To obtain
cluster calculations. All relative energies computed using these the product distribution with high statistical precision, a large
methods, presented in Table S7 (see the Supporting Informa-number of stochastic trials 610" was used. In this application,
tion), agree well each other. We chose the CBS-QCI/APNO the Mersenne Twister (MT1993)random number generator
approach to compare with the CCSD(T) results and for kinetic was used.
calculations, as this level is thought to be the best in this series The Lennard-Jones collision parameters for the bath gas He
of CBS family. Note that we modified the original CBS-QCI/ are o = 2.55 A ande/kg = 10 K47 Because no collision
APNO approach by replacing the HF-ZPE with the QCISD- parameters for [@H,0] are available in the literature, the values
ZPE correction, as suggested earlier by Radom et al. for radicalo = 4.08 A ande/ks = 421 K are estimated on the basis of
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A
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40+ 31.9
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Figure 1. Two lowest-lying triplet surfaces for the &X) + C,H, reaction constructed using the CBS-QCI/APNO (and CCSD(T)/6+31G-
(3df,2p)) levels of theory. ThéA" surface is shown by solid lines, whereas #é surface is presented by dashed lines.

those of ethylene oxide£,0.4” Thus, the collision frequency
Z.; [M] was estimated atv1.1 x 10 st at 1 atm and room
temperature. The probability density function for collision

(=49.1+ 5.3) or 53.9 £50.4+ 3.5) kcal/mol (see Figure 1)
and plotted in Figures S17 and S18 (see the Supporting
Information), respectively. The minim&(E) was found for a

energy transfer was computed using the biexponential model C—H bond distance of 1.8 A, and the characteristics at this point

of Troe?® An average energy transferred per collisiadxEj;
of —130 cnT! was adopted. The initial energy distribution of
formation of the triplet :CHCHO addudhtl from OGP) +
CyH; via TS1 was derived from detailed balance consider-
ations?®

The statistical RRKM theofy~54 of unimolecular reaction
rates is used to compute the energy-specific rate const)ts
for a reactant with an internal ener@y

o GE-E)

B @

3)
where a is the reaction pathway degeneradyjs Planck’s
constantE* is the barrier height for the reaction TSf(E—E¥)

is the sum of vibrational states of the transition structure for
energies from 0 up t& — E¥, andp(E) is the density of states

for a reactant molecule with internal energy The Beyet
Swinehart-Stein—Rabinovitch algorithr¥P-56 was used to cal-

along the RC will be used in the subsequent kinetic calculations.

IIl. Results and Discussion

Ill.1. Potential Energy Surfaces. Unless stated otherwise,
the CCSD(T) results will be used for discussion in this section.
The title reaction is initiated either by H-atom abstraction from
acetylene by the oxygen atom or by electrophilic O-addition
onto a C-atom in acetylene, following the spin conservation rule
(see Figure 1). The H-abstraction channel proceeds thro8gh
which is a very late, product-like transition structure with a long
C—H bond distance of 1.567 A and a short-@& bond of 1.031
A (see Figure 3). Consequentl§S2 lies very close to the
products OH+ HCC, 31.7 kcal/mol above the initial reactants
as computed at the CBS-QB3 level. We were successful to
locateTS2 at the B3LYP and MP2 levels, but unsuccessful at
the higher levels CCSD(T) and QCISD. Thus, the abstraction
step appears to be barrierless. In any case, because of its high

culate the sum and density of states in eq 3 emp|oying a grain endothermicity of+31.9 kcaI/mOI, the H-abstraction channel

size of 1 cnTl,
As TS6 in the Int2(:CHCHO) — TS6 — H(2S) + HCCO-

(X2A") step is a loose transition structure (see next section),

we used variational transition state thedry* to locate the
kinetic bottleneck. The CCSD(T)/6-3+1G(d,p) and QCISD/
6-311G(d,p) levels of theory were employed to optimize
geometries and numerically calculate harmonic vibrational

cannot compete with the addition/elimination, below, under any
combustion conditions.

Addition of the oxygen atom onto a C-atom in acetylene can
take place on two different electronic state surfadas, and
SA’, viaTS1andTS1-exleading tolntl ((A") andint1l-ex(3A"),
respectively. IRCMax(G2M:B3LYPY calculations confirmed
these connections (see Figure S7 in the Supporting Information),

frequencies along the reaction coordinate (RC) using constrainedin which TS1 (A" state) lies 2.6 kcal/mol lower in energy than

optimizations for various fixed €H bond lengths; energies
along the RC were refined at the CCSD(T)/6-3HG-
(3df,2p) and CBS-QCI/APNO levels of theory. Using this PES,
k(E) rate coefficients at every position along the RC were
computed for internal chemical activation energiesf 54.4

TS1l-ex (A’ state). The €O bond distances in these two
transition structures are about 1.95 A. We will now discuss the
SA" and3A’ surfaces individually.

SA" Electronic State Surfacd.S1 is a key kinetic reaction
bottleneck and its barrier height and harmonic vibrational
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Figure 2. Optimized geometries obtained at the CCSD(T)/6-8+5G-

(d,p) level of theory, unless indicated otherwise, for some important
minima in the OfP) + C,H, reaction.
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Figure 3. Optimized geometries obtained at the CCSD(T)/6-81+5G-

(d,p) level of theory, unless indicated otherwise, for transition structures
in the OEP) + C;H, reaction.

frequencies will be used for subsequ&() TST calculations.

To refine its computed characteristics, we carried out IRCMax-
(CCSD(T)/6-313-+G(3df,2p):CCSD(T)/6-31++G(d,p)f’ and
IRCMax(CBS-QCI/APNO:QCISD/6-311G(d,Y)calculations
(see Figure S8 in the Supporting Information) on this TS,
yielding computed barrier heights of 5.3 and 3.5 kcal/mol at
the CCSD(T) and CBS-QCI/APNO levels, respectively. The
latter value is in good agreement with the experimental
Arrhenius activation energy of-33.5 kcal/molt#.19.20

Nguyen et al.

Intl is situated at 50.6 kcal/mol below the initial reactants.
Both unpaired electrons are located on the C-atom with one
orbital lying in-plane of the molecule and another out-of-plane
(see two HOMOs ofintl in Figure S19 in the Supporting
Information). As a result, the=<€0 distance of 1.233 Aintl
is a double bond and the-@C of 1.442 A is closer to a single
bond. However, the two unpaired electrons on the radical carbon
slightly delocalize along the €C—0O skeleton, resulting in
additional stabilization ofntl. There are four possible reaction
pathways fromintl, namely, (i) internal rotation over 180
about the G-C axis to formInt2 via TS3 with a low barrier
height of 5.9 kcal/mol; (i) 1,2-H migration tmt3 through the
a tight transition structur&S5 with a barrier of 42.8 kcal/mol;

(iii) H-elimination to form final products HS) + HCCO(RA™)

via TS4 overcoming a barrier of 43.5 kcal/mdlS4 is somewhat
looser thanTS5 and lies only 0.7 kcal/mol higher, such that
the pathway vial S4 appears more favorable thaig5; (iv)
redissociation back to the initial reactants throdgbil with a

high barrier energy of 55.9 kcal/mol, which makes this step
unimportant at any relevant temperature. It should be mentioned
thatIntl could do a 1,2-H shift from the central C-atom to the
O-atom viaTS9 (not shown in Figure 1, see Figure S21 in the
Supporting Information) leading to triplet HCCOH. However,
this step faces a huge barrier of 64.6 kcal/mol computed at the
CBS-QB3 level, so it is not relevant and will not be discussed
further.

Int2 has an internal energy of 49.1 kcal/mol relative to the
initial reactants. Its electronic structure is similar to thalnof .
AlthoughIntl can be considered as a trans-configuration with
the two H-atoms lying on opposite sides of the C bond,Int2
has a cis-configuration. The trans cis isomerization is
expected to occur rapidly in the chemically activated adducts
because the internal rotation barrier is small, abou6 %cal/
mol. A microcanonicalIntl < Int2 preequilibrium may
therefore be established. Note that2 can only be produced
from Int1, but not formed directly by addition of O to acetylene.
Attempts to search a direct addition TS similar®81 were
unsuccessful; optimization always either converged badiStb
or failed to complete. As this issue is of importance (see below),
to check the potential existence of this TS, we investigated the
potential energy curve as a function of dihedral angle HCCO.
Starting at the optimized geometry dfS1 obtained at the
CCSD(T)/cc-pVTZ level with HCCG= 0°, we increased the
HCCO angle up to 180in steps of 10. At every new position,

a single-point calculation was done at the same CCSD(T) level.
The computed results, plotted in Figure 4, show that the cis-
configuration TS is a second-order saddle point, smoothly
connected toTS1 on either side. Therefore, a first-order
minimum energy pathway connecting the initial reactants
directly to Int2 is not expected to exist.

Int2 can eliminate the H-atom at the center carbon atom
forming the products HE) + HCCO(X?A"). This channel
proceeds vidal' S6 and faces a barrier height of 34.3 kcal/mol.
TS6 is a very loose saddle point structure with-8 bond
distance (C—H) = 1.95 A. We used variational transition state
theory to locate the rate-limiting bottleneck. This kinetic
bottleneck structure is somewhat tighter wif€—H) = 1.8 A,

i.e., 0.15 A shorter than in the saddle pOiig6. Int2 isomerizes
by a 1,2-H migration vial S7, a tight TS, leading to triplet
ketene [nt3) after clearing a barrier of 49.4 kcal/mol.

Triplet ketene Int3) as formed fronmintl andInt2 possesses
a high internal energy of 69.2 kcal/mol. Hence, it is predicted
to decompose rapidly into fragments g&M°3B;) + CO via the
low-lying TS8. This channel faces a barrier of 25.3 kcal/mol,
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Figure 4. Potential energy curve as a function of the dihedral angle
HCCO inTS1 computed at the CCSD(T)/cc-pVTZ level of theory.

about 36 kcal/mol lower than for isomerization bacKritl or
Int2. Therefore, reisomerization is very unlikely.

In summary, calculations for tHé"" state presented in Figure
1 show that initial O-addition to acetylene leads entirely to
vibrationally excited addudnt1, which could quickly set up a
microcanonical preequilibrium with its rotamieit2 . This near-
equilibrium system either can lose a H-atom forming final
products H{S) + HCCO(X?A") or can proceed further by a
1,2-H shift leading to triplet ketene, followed by fast dissociation
into final products CH(X3B;) + CO. Becaus&'S5 and TS7
for H-migration are tighter and lie higher in energy the84
and TS6 for H-elimination, the steps via the latter transition
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of the unpaired electron of the O-atom along the @-O
skeleton should provide some additional stabilization. There is
another conformer ditl-ex, that isInt2-ex, which has a cis-
form and lies 0.7 kcal/mol lower. Fast preequilibration of the
Intl-ex andInt2-ex isomers is expected as this step, Via3-

ex, faces a barrier of only~1—2 kcal/mol. Note that the
configuration change from trans- to cis-form in this case
proceeds by bending the HCC angle in the molecular plane,
unlike the3A" Intl < Int2 isomerization that occurs by internal
rotation. The HCC angle iTS3-exis exactly equal to 180
(see Figure 3). Note that no TS could be found that directly
connects the reactantsltit2-ex; moreover, the energy afS1-
ex-like 3A’ structures as a function of the HCC angle was found
to show only a single minimum, at170C, i.e., theTS1-ex
geometry (see Figure 2). This is not inconsistent with the
“excited” entrance transition state actually being@f sym-
metry.

Int2-ex can lose a H-atom at the center C-atom leading to
electronically excited products Pg) + HCCO(A?A"), about
~3 kcal/mol above the ground-state productd3jd HCCO-
(X2A"). This step proceeds throudis6-exand faces a barrier
height of 18.2 kcal/molTS6-exis a first-order saddle point at
the CASSCF and B3LYP levels (see IRC analysis, the Sup-
porting Information), but a second-order saddle at the QCISD
and CCSD(T) levels. Again, this indicates that the ff&65-ex
saddle point may have @ symmetry, such that the barrier of
this step is even lower and more favorable for decomposition
of Int2-ex.

Intl-ex could also redissociate back to the initial reactants
via TS1l-exwith a barrier height of 28.6 kcal/mol. However,
TS1l-exis tighter and is~11 kcal/mol higher thanrS6-ex
indicating that redissociation is disfavored. Finally, internal
conversion ofintl-ex to the lowest-lying tripletIntl is very
unlikely because the lifetime dftl-ex is estimated to be only
~1 ps. Hencel|nt-ex is expected to almost entirely fragment
into the electronically excited products33) + HCCO(A?A),

structures are more favorable than the former. Consequently,thus increasing the H and HCCO products yield. This product-

the HES) + HCCO(X2A") products yield is theoretically
expected to dominate the GgXx3B;) + CO yield, in accord
with experimenf.—®

forming pathway through th&A’ state-newly identified as far
as we are awareshould be especially important at high
temperatures. Note that in their investigation, Harding and

It should be mentioned that in their theoretical studies, Gigard Wagnet4 found no correlation of the excited initidA’ adduct
and Chaquif? reported the ring structures that could result from with an accessible products state and so concluded that it should
CoH + OCP) to lie very high in energy on the triplet surface, preferentially redissociate back into the initial reactants, at least
such that they are not expected to play any role in the reaction. at temperatures 1000 K. The (two-step) connection identified

3A' Electronic State Surfac&lectrophilic addition of oxygen
atom onto a C-atom in acetylene can also proceed ofiAhe
state surface vidS1-exleading tolntl-ex. This step needs to
overcome a barrier of 6.1 kcal/mdlS1-exwas found to be a

presently: Intl-ex — TS3-ex— Int2-ex — TS6-ex— H(2S)
+ HCCO(A2A") is fully supported by IRC-analyses (see the
Supporting Information).

It is of interest to evaluate the relative importance of the routes

first-order saddle point at the B3LYP, MP2, and CASSCEF levels on the3A’ and3A" surfaces. The ratio of the two rate coefficients
of theory, but a second-order saddle point with two imaginary is given by the relative thermal population of the two entrance-
wavenumbers at the CCSD(T) and QCISD levels. Hence, the channel transition statdsS1 andTS1-ex and therefore by their

true TS1l-ex saddle point may in reality belong to the;
symmetry point group rather tha®, thus resulting in a slight

reduction in its energy which should increase the predicted

overall thermal rate coefficient. This is important at high

temperatures, where theoretical calculations remain under-

estimates compared to experimetit(see also below).
Intl-ex has an internal energy of 21.0 kcal/mol relative to
the initial reactantdntl-ex is a biradical featuring two unpaired

partition function ratio. Thus, the fractional contribution of the
TS1-exroute can be expressed as

ex

Qrsi—ex EXP(Ersi-e/RT)
Qrsi—ex ©XP(Ers1e/RT) + Qrgy eXp(—Ers/RT)
The results plotted in Figure 5 show thag depends strongly

(4)

electrons, both of which move in the molecular plane. One is on temperature$e rises from a low~1% at 300 K to~30%
located on the O-atom, the other on the C-atom (see its two at T = 2000 K, indicating that the reaction on tB&' surface

HOMOs in Figure S19 in the Supporting Information). Con-
sequently, the &C distance of 1.325 A is close to a double
bond, whereas thgC—0) of 1.345 A is between a single and

yielding HES) + HCCO(A2A") contributes substantially in
flames.

I11.2. Overall Primary Product Distribution. Temperature

double bond (see Figure 2). The apparent slight delocalization and Pressure Dependendgased on the tripletA’’ electronic
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100 - TABLE 3: Computed Products Distribution (%) at 1 Atm
ﬂj‘\\ as a Function of Temperature for the OfP) + C,H,
90 4 Reaction Occurring on the3A" State Surface Using Kinetic
T P Scheme 1
“Dﬁt TS1
801 e H(S) + CHAX®B1) +  O(P)+
70 A" state "Dﬂfuﬂfc%ﬂ T (K) HCCO(XA") CcO CoH: OCH>
] : 298 93.1 6.9 0.0 0.0
~ 60 (92.1p (7.9) (0.0) (0.0)
E p— T 500 92.4 75 0.1 0.0
5 50- o via TS1- (91.4) (8.5) (0.1) (0.0)
g via TS'-ex 800 91.1 8.6 0.3 0.0
2 40 (90.3) (9.5) 0.2) (0.0)
&g 1000 90.2 9.3 0.5 0.0
304 P e (89.5) (10.1) (0.4) (0.0)
o aUsing the CCSD(T)/6-31t+G(3df,2p) PES with ZPE from
20~ 7 3A state unscaled CCSD(T)/6-311+G(d,p) harmonic vibrational frequencies.
f b Using the CBS-QCI/APNO PES with ZPE from QCISD/6-311G(d,p)
10+ ~ harmonic vibrational frequencies scaled down by 0.9%538.
0 “’Qﬂ"f ¥ T v T T T T 1
400 800 1200 1600 2000 to be unimportant. For example, d = 298 K tunneling
Temperature (K) treatments increase the absolute yield of triplet, @iyl only
Figure 5. Fractional populations of th&S1-ex and TS1 transition 0.6%, from 6.9% to 7.5%, whereast= 1000 K the increase
states for the initial addition steps as a function of temperature. of the triplet CH vyield is only 0.4%. This small impact of
SCHEME 1 tunneling is expected, as the adducts have chemical-activation
internal energies that are much higher than the barriers of the
OCP)+CyH, decomposition channels.
Thus, our computed CKiX3B,) + CO yield, of 7-10%, is
TS1 about twice smaller than the experimental data (%%

H ~20%); it will be reduced even further when tR4’ reaction

0]
Intl SmM\\C_p{ [Imlﬂ' path is taken into account faF > 1000 K.

. H To find other possible source(s) of the discrepancy, we
[Imz l! Ts3 TS5 T investigated the sensitivity of the quantum chemical results to
0 / . [ Int3 ] the basis set size, which could influence the PES and hence the
g Stebilization \\C_-C- . C=o product branching ratios. As can be seen in Figure 1, the
\ Ts7 H—C — I3 products CH(X3B,) + CO formed from activated triplet ketene
H H \H are kinetically controlled by S5andTS7, whereas the products
TS6 TS4 TS8 H(?S) + HCCO(X?A'") are formed throughlTS4 and TS6.
Further CCSD(T) calculations with larger basis sets for opti-
H(S)+HCCO(X?A") CH,(X®B,)+CO mization and energy, tabulated in Table 2, show that relative

energies for these transition states are not sensitive to the basis

state surface in Figure 1, a reduced reaction scheme for kineticS€ts used, withim-0.5 kcal/mol, such that the basis sets are
calculations is presented in Scheme 1. unllkely_to m_fluence the prec_hcted product _d|str|but|on beyond
First, we carried out product distribution calculations for the ~~2%. Likewise, the calculations at other high levels of theory
3A" pathways by solving the master equation under reaction (Vide infra) agree very well with our CCSD(T) data.
conditionsT = 298-1000 K andP < 1 atm, where the available Note that the estimated worst-case CCSD(T) relative-energy
experimental data shows a HCGOH yield ~80% and CH- error is about 2 kcal/mol. Shifting up the position &6 by
(X3B1) + CO vyield ~20%, independent of temperature. Our 2.0 kcal/mol results in a 3% increase of the absolute(&FB,)
results based on the CCSD(T) and CBS-QCI/APNO data agreet CO yield atT = 298 K, to 10%, i.e., still approximately 2
well with each other (see Table 3). The difference between the times smaller than the experimental yield of 20%. To reproduce
two approaches is negligible-(%), indicating that the com-  the latter,TS6 would have to be shifted up by 6 kcal/mol, i.e.,
puted product distribution is not sensitive to the quantum to the same position a§S4. Such large CCSD(T) relative-
chemical methodology used in this work. In the discussion energy errors on very similar structures are extremely unlikely.
below we will refer to the CCSD(T) results. Hence, even when other accurate quantum chemical levels
Table 3 shows that the computed product distribution is of theory were to be used, the change required in relative
slightly dependent on temperature. Theé$)(+ HCCO(XCA'") energies or transition state tightness to match the experimental
yield is 93% at 300 K and drops to 90% at 1000 K, whereas data is significantly larger than the margins of uncertainty on
the CH(X3B1) + CO vyield rises from 7% at 300 K to 10% at  our quantum chemical data. Rather, the systematic underestima-
1000 K. It should be noted that about 82% of the products at tion of the computed product distribution seems to imply that
300 K thus computed result directly fromt2 and only 18% the branching ratios of the &) + C;H, reaction on théA"
from Int1; this is mainly due to the-7.0 kcal/mol lower TS surfaces behave nonstatistically, i.e., that the statistical RRKM
from Int2 for forming the major products, H HCCO (see  theory fails for certain intermediate steps.
TS6 versusTS4 in Figure 1) and the very higmtl < Int2 We now attempt to explain this suspected nonstatistical
interconversion rates as given by conventional RRKM. behavior of the G) + C,H, reaction. The product distribution
We examined the possible impact of H-atom tunneling, using computed above actually implies fasttl < Int2 intercon-
the asymmetrical Eckart potentflput the effects were found  version rates>10' s! as given by the standard RRKM
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TABLE 4: Computed Products Distribution (%) 2 as a
Function of Temperature at P = 1 Atm for the O(3P) +
C,H, Reaction Occurring on the 3A" Electronic State
Surface Using Reaction Kinetic Scheme 1 and Allowing for
Nonstatistical Behavior of Internal Rotation in Int1®

H+ CHAX3By) + OCP)+
T(K)  HCCO(XA") co CH,  OCH,
298 79.0 20.9 0.1 0.0
500 77.3 224 0.3 0.0
800 75.2 24.0 0.8 0.0
1000 74.1 246 1.3 0.0
1200 733 24.9 1.8 0.0
1500 722 25.0 2.8 0.0
1800 715 24.7 3.8 0.0
2000 71.0 245 45 0.0

aUsing the CCSD(T)/6-31t+G(3df,2p) PES with ZPE from
unscaled CCSD(T)/6-3H+G(d,p) harmonic vibrational frequencies.
b Effective total internal energy ointl available for statistical
partitioning into the internal rotation mode scaled down by a factor
0.4 (see text).

formalism, and therefore a microcanonical near-equilibrium
Int1/Int2 ratio close to unity at the high total internal energies
of ~55 kcal/mol involved. As compared totl, the rotamer
Int2 faces a much lower barrier for H-atom elimination but a
higher one for isomerization to triplet ketene (see Figure 1),
such that the reaction flux throudihit2 is high and leads almost
solely to HES) + HCCO(X?A"") and almost no Ch{X3B;) +

CO. Thus, the fadntl < Int2 conversion implied by RRKM
increases the deviation of the computed product distribution
from the experiment. However, the conventional RRKM
formalism assumes that the total internal energyirdl is
statistically distributed over all internal modes, including the
torsional vibration corresponding to hindered internal rotation
about the C-C axis, which governs thintl <>Int2 isomer-
ization. If this mode were to remain underactivated, the
experimental product branching ratio could easily be explained.
Such asulstatistical energy partitioning would greatly sldmtl

— Int2 isomerization, allowing for a larger fraction of the
products being formed frormtl and hence increasing the yield
of CHy(X3®B;) + CO. Dynamic (trajectory) calculations are
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formation rates, decrease by a factor 200 over the shak0 (

ps) lifetime of the initialIntl adduct. Yet, the steady-state
population ratiolnt2/Intl decreases much less, by a factor of
6.3; the fraction of products resulting directly frohmtl
increases to 58% (instead of 18%), whereas the contribution
from Int2 decreases to 42% (instead of 82%).

It should be noted that treating the internal rotation mode in
Intl (or Int2) as a hindered rotor instead of a harmonic
oscillation should lower the statistical RRKM-calculated rates
of thelntl < Int2 isomerization. However, this decrease would
be at most a factor a4, whereas the experimental gHCCO
branching ratio requires=200 times lower rates than the
conventional RRKM harmonic oscillator approximation. Such
a limited reduction of these large rates would leave the steady-
state population rationt2/Intl almost unchangesl.e., still
close to the microcanonical preequilibricrand hence can shift
the predicted absolute product yields by at most 1%.

In a similar vein, one should also consider possible anhar-
monicity effects influencing the rates of critical reaction steps
to rationalize the discrepancy above. The potentially most
sensitive reaction in this respectlist2 — H(?S) + HCCO-
(X2A'") via TS6, which carries 80% of the reaction flux in the
conventional harmonic oscillator RRKM approximatiethe
more so asTS6 is the most loose of all transition structures
involved here and therefore appears most susceptible to vibration
anharmonicities. However, the magnitudes of the vibration
frequencies of botfiS6 andInt2 (see Supporting Information)
are not suggestive of important anharmonic effects. Moreover,
a detailed analysis shows that the rate of it — H(2S) +
HCCO(X?A") step should be a factor of 6 lower than the
statistical RRKM value to match the measured,@Ad HCCO
yields at room temperature. Clearly, such a large anharmonicity
effect appears highly unlikely.

Another possible alternative rationalization for the too low
predicted CH yield that needs to be examined, is that triplet
HCCHO (ntl or Int2) might also undergo competitive
intersystem crossing (ISC) to singlet HCCHO, which should
rapidly isomerize to the low-lying singlet ketene@+CO and
so yield singlet CH(*A;) + CO. A ca. 10% primary Ch{*A,)

required to validate this assumption but are far beyond the scopeyield by this hypothetical route would explain the discrepancy
of this study. Nonetheless, for the case at hand such a nonergodi®etween theory and experiment, above. It must be noted that
behavior cannot be dismissed off-hand. For any approach ofsmall amounts of singlet CifA) have been observed ini@,/

the oxygen, any out-of-plane excitation would involve torsional O/H “atomic flame” systems, in this laboratory, by laser-induced
effects on the hydrogens. These atoms, however, are light andluorescence and as well as molecular-beam mass spectrometry
furthermore located very close to the axis of the acetylene techniques; however, the large body of evidence gathered on
molecule even at distances where the presence of the oxygerits formation route consistently demonstrates it to be a secondary
atom already distorts the axial acetylene symmetry. Both theseproduct from the fast HCCG- H reaction, while ruling out
factors result in a very low relative moment of inertia, such any significant primary production by the,&, + O reac-

that any out-of-plane impulse imparted by the O-atom is tion88%5°The absence of significant triplet singlet ISC in
channeled toward overall molecular rather than internal rotation. this reactior-though important ISC was recently confirmed by
Hence, we propose that the rate of internal-rotation isomerization us in both the gH, + OCP) and GF, + O(P) reaction® 61—

is hampered by nonstatistical energy partitioning in the initial can be attributed to (i) the faster chemical decomposition of
adduct. To reproduce the experimental product branching ratiosthe chemically activated triplet HCCHO adduntl and (ii) a

in the frame of this assumption, the specifitl < Int2 slower ISC on account of the HCCHO triplet and singlet surface
interconversion rates, as obtained from eq 3, are reduced bycrossing seams being restricted to a narrower geometry range.
scaling down theeffectve total internal energy K) that is Indeed, as shown in Figure S22 of the Supporting Information,
available forstatistical partitioning into the torsional mode of at the CBS-QB3 level of theory, the lowest singlet HCCHO
interest. An effective-energy scaling factor of 0.4 matches the (*A state, point groupC;) was found to lie 4 kcal/mol above
experimentally observed product distribution at 300 K. An Int1(3A"), featuring a sharp minimum for a 981CCO dihedral
efficiency factor of this magnitude appears reasonable for the angle, just touching the triplet surface at fi®3 saddle point
case at hand, and we will adopt it over the entire energy range.for the internal rotation ofnt1(2A") to Int2 (®A"). Thus, the

The computed results are presented in Table 4. Note that thenegligible ISC that follows from the cited experimental evidence
energy scaling factor of 0.4 for the torsion mode entails that is fully consistent with the substatistical activation of the internal
the Intl < Int2 isomerization rates, relative to the product rotation mode inintl as put forward above.
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TABLE 5: Computed Overall Products Distribution (%) 2 TABLE 6: Calculated Microcanonical Rate Constants (s1)
for the O(®P) + C,H, Reaction at 1 Atm as a Function of for the Various Steps in the O@P) + C,H, Reaction
Temperature Occurring on the 3A" Electronic State Surface under
Collision-Free Conditions in the Molecular Beam
H(%S) + CHy(X®B1) + OCP)+ ; ; P e a
T(K) HCCOQRA"+AA') co CoHy OCH, Experiment with én Initial Collision Energy of 9.5 k(iallmol
298 79.2 (78.4 1.1) 207 01 00 reaction step KE) (s7)
500 78.7 (72.6+ 6.1) 211 0.2 0.0 Intl— TS3— Int2 k; = 2.13x 10%02
800 78.9 (64.3+ 14.6) 20.5 0.6 0.0 Int2 — TS3— Intl k-;=5.10x 1002
1000 79.1 (60.6+ 19.1) 19.9 1.0 0.0 Intl — TS5~ Int3 ko= 1.68x 10%
1200  79.3 (56.7 22.6) 19.3 1.4 0.0 Int3— TS5— Intl k,=4.84x 10°
1500 79.6 (53.06+ 26.6) 18.3 2.1 0.0 Int2 — TS7— Int3 ks =2.68x 10°
1800 79.9 (50.4+ 29.5) 17.4 2.7 0.0 Int3— TS7— Int2 k3=3.24x 1C°
2000 80.0 (49.6+ 31.0) 16.9 3.1 0.0 Intl — TS4— H + HCCO(X?A") ks = 3.52x 10%
_ _ Int2— TS6— H + HCCO(RA™) ks = 4.21x 10
aUsing the CCSD(T)/6-31t+G(3df,2p) PES with ZPE from Int3— TS8— CHz(X3Bl) +CO ks = 7.04x 10'3
unscaled CCSD(T)/6-311+G(d,p) harmonic vibrational frequencies.
b Effective total internal energy ofntl available for statistical @ Effective total internal energy ofntl available for statistical

partitioning into the internal rotation mode scaled down by a factor partitioning into the internal rotation mode scaled down by a factor
0.4 (see text)® The first and second values in parentheses give the H 0.4 (see text).

+ HCCO contributions from the reactions on fi#¢' and3A’ surfaces, o o )
respectively. expected as the statistical energy partitioning assumption breaks

down. However, in this case the very large valuekpsimply
implies that all the activated triplet ketene, once formed,
immediately decomposes to products £kfB,) + CO. Similar

to calculations for the thermal reaction above, we also scaled
down the effective total internal energy that is available for
statistical partitioning into the torsional mode by a factor of
0.4. Solving the master equation for the reaction onS3heé
surface yields 76% HG) + HCCO(X?A") and 24% CH(X3B,)

+ CO.

To compute the overall primary product distribution, the
relative contributions of the initial addition steps need to be
known at a collision energy of 9.5 kcal/mol. This ratio can be
evaluated if the reaction cross section for the reaction of the
O-atom with acetylene is available. According to Maré4&
Morokuma®4 and Lin%® an average reaction cross section at an
internal energyE for a bimolecular reaction is expressed as

Therefore, it appears that the nonergodic behavior argued
above offers the only viable explanation for the observed product
distribution. The product distribution so obtained above for the
3A" surface, is then combined with the branching ratio for the
initial addition of the O-atom with acetylene via tRA" and
3A" states, to derive the overall primary product distribution as
a function of temperature, whereby it should be noted again
that the reaction on the excited\' triplet surface becomes
important only at higher temperatures. The resulting product
distribution data, presented in Table 5, shows that the tof@)H(

+ HCCO vyield is~80%, nearly independent of temperature
over the wide range 298000 K, whereas the yield of GH
(X%By) + CO weakly decreases from21% at 298 K to~17%
at 2000 K, in good agreement with the experimental yields for
T = 290-1200 K. However, it should be emphasized that the

constancy of the computed yields with increasing temperature follows:

is largely owed to the strongly increasing contribution of the 2 G*(E _ E*)

reaction on the®A’ surface, which produces only ) + BEF ————" (5)
HCCO(A?A") (see Table 5). The fraction of redissociation of 8mu  €(E)

initial adducts back to the reactants is miner §%), whereas
there is no stabilization of triplet intermediates at atmospheric
pressures and below. This last result is easily understood given
that the transition states for decomposition of the triplet adduct
lie much lower in energy than the addition transition structures
of the first reaction step. The lifetime of triplet adduct HCCHO 1 pyrie Qui(B)
Intl is estimated to be-15 ps atT =1000 K and reduces to €(E) = —.fﬁ.m —ZeﬁEd,B (6)
~4 ps atT = 2000 K. Moreover, it requires dozens of collisions 2y B

to stabilize this V|bra_t|onally excne_d_ adduct below the energy with 8 = 1/kT, andQu the internal partition function for the
level of the lowest-lying decomposition TS. It can therefore be reactants

predicted that the product distribution does not depend signifi- Using €q 6, a branching ratio (BR) at an internal enegy

cantly_o_n pressure for_ _practl_cal cor _bust_|on systems. for the A’ and3A” reaction channels can be computed as the
Collision-Free ConditionsFinally, it is of interest to compare .
ratio of the sum of states farS1-exand the sum of states for

our computed primary product distribution with that recently TS1
observed in the collision-free, energy-specific molecular beam ’

wherex is the transmission coefficient, is the reduced mass,
G¥ is the sum of states for the addition transition structure, and
€ is the energy density function for the initial reactants, which
is given as

study by Casavecchia and co-work&r§his experiment was *(E _E )
carried out at a collision energy of 9.5 kcal/mol. We assume BR(E) = - TTSied 7)
here that this is converted entirely to additional internal vibration G'(E- Eisj)

energy of the initially formed triplet adduct : CHCHO. Note

that a similar average thermal energy of the reactants is acquiredAt a collision energy . = E) of 9.5 kcal/mol, BR is computed
at a temperature of about 750 K. Microcanonical rate constantsto be~0.19, thus resulting in a population of 16% for the
for various channels in the €K) 4+ C,H; reaction computed at  state and of 84% for théA"” state. Finally, combining these
an internal energy of 9.5 kcal/mol above the initial reactants values with the product branching ratios on f#¢’ and 3A’
are displayed in Table 6. As can be seen, the vallg & ~7 state, the overall primary product distribution predictedEgr
x 1013 s71 which is much faster than the rate of internal energy = 9.5 kcal/mol is derived as 80% (79%5%) for H+ HCCO
redistribution (18°—10'3 s™1). Hence, non-RRKM behavior is and 20% (21%4+ 5%) for CH(X®B;) + CO, with the



Kinetics Study of the GP) + C,H, Reaction

experimental data given in parentheses for the purpose of
comparison. Again, our computed yields agree well with those
observed experimentally.

I11.3. Overall Thermal Rate Coefficient. The overall
temperature-dependent rate coeffici&(i)overan for the OEP)
+ C;H; reaction can be computed according to the following
expression:

I((T)overall =(1- VrP)kTST(T) (8)

whereyc is the fraction of redissociation of the initial adducts
back to the initial reactants, éX) + C,H,. The value ofy e is

a function of pressure and temperature (see Tabler&)XT) is

the rate coefficient derived from multistate transition state
theory:

K(Thsr=
kb_T Q$51 exp(— E:'31/ RT) + Qf’Slfex exp(— E#sreJ RT)
h QoQch,

©)

whereQ(T) is a complete partition functiork, is Boltzmann’s
constanth is Planck’s constanR is the universal gas constant,
and Ef, and Eig, , are the barrier heights, of 3.0 and 5.6
kcal/mol used (see explanation below) for the initial addition
steps on théA"" and3A’ surfaces, respectively. The rotational
symmetries for @H, and the transition states are 2 and 1,
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Figure 6. Overall thermal rate coefficients computed at temperatures
in the range of 2062000 K. Experimental data are given for the
purpose of comparison.

CCSD(T) and CBS-QCI/APNO. RRKM-master equation cal-
culations to evaluate primary product distribution were carried

respectively, such that the reaction path degeneracy is 2. Theout using the exact stochastic simulation method. In addition,

electronic partition function of the O atom explicitly includes
the three lowest-lying electronic state®{ with electronic
degeneracy = 5, 3P; with g = 3, and3P, with g = 1), with
relative energies of 0.0000, 0.4525, and 0.6490 kcal/mol,
respectively?® In addition, the electronic degeneracy of 3 for
TS1andTS1-ex both having a triplet electronic state, is also
taken into account.

Although our computed CBS-QCI/APNO barrier height of
3.5 kcal/mol forTS1 is in agreement with the experimental
Arrhenius activation energy £33.5 kcal/mol)!-1920the value
of k(T) computed at room temperature using this barrier height
is 6 x 1074 cm3 molecule® s71, ~2.3 times smaller than that
observed in experiments: 14 1013 cm® molecule® s71.2
Therefore, we estimated the relative energy T&1 in an
alternative way by forcindi(T) computed using eq 8 to match
the experimentak at 300 K, but while keeping the energy
difference betweeS1 and TS1-exat 2.6 kcal/mol. In this
way, a relative energy of 3.0 kcal/mol was obtained T&1,
and hence 5.6 kcal/mol farS1-ex Using these barrier heights,
both 0.5 kcal/mol below the CBS-QCI/APNO values, we
computed overall thermal rate coefficients for the wide tem-
perature range 2662000 K; they can be summarized by the
modified-Arrhenius expressidk(T) = 6.14 x 10715T 128 exp-
(—1244 KIT) cm® molecule s,

The rate predictions are plotted in Figure 6, together with
the more recent experimental data for comparison. K§uy
results are in near-perfect agreement with the experimental
values obtained since 1990 over the entire range-2000 K,

overall thermal rate coefficients were determined using con-
ventional transition state theory. A number of important results
emerge from this study and can be summarized as follows:

(i) The O@P) + C,H, reaction is confirmed to occur near-
exclusively via an electrophilic addition mechanism as the first
reaction step.

(i) The levels of theory used in our quantum chemical
calculations yield results in better agreement with available
experimental data compared to previous theoretical results.

(iii) The newly characterized reaction path on &€ surface
results in electronically excited products?8]+ HCCO(AA")
and is predicted to be important at high temperatures. Its
contribution to overall product formation is estimated to be ca.
30% at 2000 K.

(iv) Conventional-RRKM product yields depart from the
experimental branching fractions by some 10 percentage points,
suggesting a nonstatistical energy distribution in the chemically
activated initial addudransintl that reduces its rate of internal-
rotation to formcis-Int2. When thentl < Int2 rates are scaled
down so as to match the experimental product branching at 300
K, the computed product yields agree well with those observed
over the entire experimental 290200 K region. It should be
noted, however, that the predicted near-constancy of the product
yields over the wide 2062000 K range;~80% HES)+ HCCO
and ~20% CH(X®B;) + CO, is due to a large extent to the
pathway on the excited surfac#'.

(v) Using the same scaling factor for tHatl < Int2
isomerization as above, the product distribution evaluated for

spanning over 3 orders of magnitude. This excellent agreementg|iision-free conditions is in good agreement with recent

is due to a large extent to the newly characterized reaction
pathway on the excitedA’ surface, which carries ca. 30% of
the reaction flux at 2000 K.

IV. Conclusions

In the present theoretical study, the two lowest-lying triplet
potential energy surfaces for the 3} + C,H, reaction are
constructed, uniformly using high levels of theory such as

molecular beam measurements at a collision energy of 9.5 kcal/
mol .11

(vi) Reducing the CBS-QCI/APNO computed entrance chan-
nel barriers by 0.5 kcal/mol so as to fit the experimental data at
300 K, the computed overall TST rate coefficient for the range
200-2000 K: k(T) = 6.14 x 107 15T 128 exp(—1244 KIT) cm?
molecule s71, is in excellent agreement with the experimental
data over the entire range. The newly characterized reaction
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path on the excitedA’ surface accounts quantitatively for the
too low earlier theoreticalk(T) predictions at the higher
temperature$14

(vii) Of the ab initio methods applied here, CBS-QCI/APNO
affords the best match of the experimental energies for the
radical products as well as the entrance transition states.

Acknowledgment. We are indebted to the FWO-Vlaanderen
and the KULeuven Research Council (BOF fund) for continuing
financial support. T.L.N. and L.V. thank the KULeuven

Research Council for a Ph.D. scholarship and a postdoctoral

mandate, respectively.

Supporting Information Available: Optimized geometries,
zero-point energies, total energies, relative energies, rotationa
constants, harmonic vibrational frequencies, IRC calculations,
and the most important configuration coefficients in a wave
function are listed in the Supporting Information. In addition,
numerous graphs are presented on the IRC calculations and th
orbitals of key components. This material is available free of
charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Williams, A.; Smith, D. B.Chem. Re. 197Q 70, 267.

(2) Peeters, JBull. Soc. Chim. Belgl997 106, 337 and references
therein.

(3) Peeters, J.; Schaekers, M.; Vinckier,JCPhys. Cheml1986 90,
6552.

(4) Frank, P.; Bhaskaran, K. A.; Just, T. PLth Symp. (Int.) Combust.
1986 885.

(5) Mahmud, K.; Fontijn, AJ. Phys. Chem1987, 91, 1918.

(6) Peeters, J.; Vanhaelemeersch, S.; Van Hoeymissen, J.; Borms, R.
Vermeylen, D.J. Phys. Chem1989 93, 3892.

(7) Michael, J. V.; Wagner, A. K. Phys. Chem199Q 94, 2453 and
references therein.

(8) Boullart, W.; Peeters, J. Phys. Chem1992 96, 9810.

(9) Peeters, J.; Langhans, |.; Boullart, Wit. J. Chem. Kinet1994
26, 869.

(10) Huang, X.; Xing, G.; Bersohn, R. Chem. Physl994 101, 5818.

(11) Capozza, G.; Segoloni, E.; Leonori, F.; Volpi, G. G.; Casavecchia,
P.J. Chem. Phys2004 120, 4557.

(12) Chikan, V.; Leone, S. Rl. Phys. Chem. 2005 109, 2525.

(13) Harding, L. B.J. Phys. Chem1981, 85, 10.

(14) Harding, L.; Wagner, A. FJ. Phys. Chem1986 90, 2974.

(15) From NIST web page: http://srdata.nist.gov/cccbdb/.

(16) Cicek, JJ. Chem. Phys1966 45, 4256.

(17) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.;
Pople, J. AJ. Chem. Phys1998 109 7764.

(18) Montgomery, J. A., Jr.; Ochterski, J. W.; Petersson, Gl. &hem.
Phys.1994 101, 5900.

(19) Bohn, B.; Stuhl, FJ. Phys. Chem199Q 94, 8010.

(20) Sheaffer, P. M.; Zittel, P. RI. Phys. Chem. 200Q 104, 10194.

(21) Baulch, D. L.; Cobos, C. J.; Cox, R. A,; Frank, P.; Hayman, G.;
Just, Th.; Kerr, J. A.; Murrells, T.; Pilling, M. J.; Troe, J.; Walker, R. W.;
Warnatz, JJ. Phys. Chem. Ref. Daf®94 23, 847 and references therein.

(22) Melius, C. F. Unpublished; see ref 14.

(23) Girard, Y.; Chaquin, PJ. Phys. Chem. 2003 107, 10462.

(24) Becke, A. D.J. Chem. Phys1993 98, 5648.

(25) Stevens, P. J.; Devlin, F. J.; Chablowski, C. F.; Frisch, M. J.
Phys. Chem.1994 98, 11623.

(26) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M.
Chem. Phys. Letfl989 157, 479.

(27) EMSL Basis Set Library, http://www.emsl.pnl.gov/forms/basis-
form.html.

(28) Halkier, A.; Helgaker, T.; Jorgensen, P.; Klopper, W.; Koch, H.;
Olsen, J.; Wilson, A. KChem. Phys. Lettl998 286, 243.

(29) Maller, C.; Plesset, M. SPhys. Re. 1934 46, 618.

(30) Head-Gordon, M.; Pople, J. A.; Frisch, M.Qhem. Phys. Lett.
1988 153 503.

(31) Montgomery, J. A., Jr.; Frisch, M. J.; Ochterski, J. W.; Petersson,
G. A.J. Chem. Phys1999 110, 2822.

(32) Baboul, A. G.; Curtiss, L. A.; Redfern, P. C.; Raghavachari] K.
Chem. Phys.1999 110, 7650.

Nguyen et al.

(33) Mebel, A. M.; Morokuma, K.; Lin, M. CJ. Chem. Phys1995
103 7414.

(34) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; RadomJLChem.
Phys.1998 108 604.

(35) Werner, H. J.; Knowles, P. J. Chem. Phys1985 82, 5053.

(36) Knowles, P. J.; Werner, H. Chem. Phys. Lett1985 115 259.

(37) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

(38) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(39) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
|Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Sohnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.

(40) Helgaker, T.; Jensen, H. J. Aa.; Joergensen, P.; Olsen, J.; Ruud,
K.; Aagren, H.; Auer, A. A.; et al. DALTON, a molecular electronic
structure program, Release 1.2; 2001.

(41) Werner, H.-J.; Knowles, P. J.; SthuM.; Lindh, R.; Celani, P.;
Korona, T.; Rauhut, G.; Manby, F. R.; Amos, R. D.; Bernhardsson, A,;
Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert F.; et
al. MOLPRO is a package of ab initio programs; 2002.

(42) Gillespie, D. T.J. Comput. Physl976 22, 403.

(43) Gillespie, D. T.J. Phys. Chem1977, 81, 2340.

(44) Gillespie, D. TJ. Comput. Physl978 28, 395.

(45) Vereecken, L.; Huyberechts, G.; Peeters]. Lhem. Phys1997,
106, 6564.

;. (46) Matsumoto, M.; Nishimura, TACM Trans. Model. Comput. Simul.
1998 8, 3.

(47) Hippler, H.; Troe, J.; Wendelken, H. J. Chem. Phys1983 78,
6709.

(48) Troe, JJ. Chem. Physl977, 66, 4745.

(49) Forst, W.Theory of Unimolecular Reaction&cademic Press: New
York, 1973.

(50) Robinson, P.; Holbrook, KUnimolecular ReactionsWiley-
Interscience: London, 1972.

(51) Gilbert, R. G.; Smith, C. STheory of Unimolecular and Recom-
bination ReactionsBlackwell Scientific: Oxford, U.K., 1990.

(52) Holbrook, K.; Pilling, M.; Robertson, $Jnimolecular Reactions
2nd ed.; Wiley: New York, 1996.

(53) Steinfeld, J. I.; Francisco, J. S.; Hase, W.Chemical Kinetics
and DynamicsPrentice Hall: Englewood Cliffs, NJ, 1999.

(54) Baer, T.; Hase, W. LUnimolecular Reaction Dynamics: Theory
and ExperimentOxford University Press: Oxford, U.K., 1996.

(55) Beyer, T.; Swinehart, D. Eomm. Assoc. Comput. Machirfe®73
16, 379.

(56) Stein, S. E.; Rabinovitch, B. 8. Chem. Physl973 58, 2438.

(57) Malick, D. K.; Petersson, G. A.; Montgomery, J. A., JrChem.
Phys.1998 108 5704.

(58) Miller, W. H. J. Am. Chem. Sod.979 101, 6810.

(59) Peeters, J.; Devriendt, R1th Symp. (Int.) Combust996 1001.

(60) Nguyen, T. L.; Vereecken, L.; Hou, X. J.; Nguyen, M. T.; Peeters,
J.J. Phys. Chem. R005 109, 7489.

(61) Nguyen, T. L.; Dils, B.; Carl, S. A.; Vereecken, L.; Peeters].J.
Phys. Chem. 2005 109 9786.

(62) Marcus, R. AJ. Chem. Phys1966 45, 2138.

(63) Marcus, R. AJ. Chem. Physl1967, 46, 959.

(64) Morokuma, K.; Eu, B. C.; Karplus, Ml. Chem. Phys1969 51,
5193.

(65) Lin, S. H.; Lau, K. H.; Eyring, HJ. Chem. Physl971, 55, 5657.

(66) NIST web page: http://physics.nist.gov/PhysRefData/Handbook/
periodictable.htm.

(67) Mordaunt, D. H.; Osborn, D. L.; Choi, H.; Bise, R. T.; Neumark,
D. M. J. Chem. Phys1996 105 6078.

(68) Choi, H.; Mordaunt, D. H.; Bise, R. T.; Taylor, T. R.; Neumark,
D. M. J. Chem. Phys1998 108 4070.

(69) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.



