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Jonathan C. Rienstra-Kiracofe,* Wesley D. Allen, and Henry F. Schaefer III*
Center for Computational Quantum Chemistry, kbrsity of Georgia, Athens, Georgia 30602-2525

Receied: March 17, 2000; In Final Form: June 13, 2000

The GHs + O, reaction, central to ethane oxidation and thus of fundamental importance to hydrocarbon
combustion chemistry, has been examined in detail via highly sophisticated electronic structure methods.
The geometries, energies, and harmonic vibrational frequencies of the reactants, transition states, intermediates,
and products for the reaction of the ethyl radical?@X) with O, (X 32& , a'Ag) have been investigated using

the CCSD and CCSD(T) ab initio methods with basis sets ranging in quality from double-zeta plus polarization
(DZP) to triple-zeta plus double polarization with f functions (TZ2Pf). Five mechanisms-(Wg) involving

the ground-state reactants are introduced within the context of previous experimental and theoretical studies.
In this work, each mechanism is systematically explored, giving the following d\@kKahctivation energies

with respect to ground-state reactariig0 K), at our best level of theory: (M1) direct hydrogen abstraction

from the ethyl radical by @to give ethylenet+ HO,, E(0 K) = +15.1 kcal mot?; (M2) ethylperoxy
B-hydrogen transfer with ©0 bond rupture to yield oxirang- *OH, E,0 K) = +5.3 kcal mot'; (M3)
ethylperoxyo-hydrogen transfer with ©0 bond rupture to yield acetaldehyde*OH, E0 K) = +11.5

kcal mol?; (M4) ethylperoxys-hydrogen transfer with €0 bond rupture to yield ethylene HO,*, E4(0 K)

= +5.3 kcal mot?, the C-O bond rupture barrier lying 1.2 kcal maélabove the G-O bond rupture barrier

of M2; (M5) concerted elimination of H® from the ethylperoxy radical to give ethylere HO,*, E4(0 K)

= —0.9 kcal mot*. We show that M5 is energetically preferred and is also the only mechanism consistent
with experimental observations of a negative temperature coefficient. The reverse reagtpr-(BO, —
*C,H4O0H) has a zero-point-corrected barrier of 14.4 kcal thol

I. Introduction By the mid-1930s, however, hydroxylation theories had been

The mechanisms of hydrocarbon combustion processes havenore or less abandoned in favor of chain reaction mechanisms,
fascinated chemists for more than 100 yédrsparticular, the ~ @s popularized by SemenévChain reaction theories include
combustion of ethane (Blg), being one of the simplest the now familiar concepts of ‘initiation”, “propagation”,
hydrocarbons and easily accessible experimentally, has drawn’branching”, and “termination”. Yet the mechanisms operative
much attentior¥-7 Complete knowledge of the mechanism of in each of these processes, for even a species as simple as ethane,
ethane combustion has implications in a number of areas, suchwere not understood. Indeed, in 1947, Cullis and Hinshelwood
as atmospheric chemistfyl0 radical reaction chemistty, 20 remarked that “the experimental evidence on the subject of
fundamental studies of gas-phase ring intermedfdtaad the hydrocarbon oxidation is complex and the theoretical discussion
development of transition state theor?é83Proper understand-  confusing”.
ing of ethane combustion establishes a prototype for combustion In their work, Cullis and Hinshelwood proposed that, in the
of higher alkanes. Yet, even today, many aspects of ethanepresence of excess oxygen, alkane combustion proceeds through
combustion are surrounded by controversy and confusion. Inan initiation step in which radicals are produced through
this work we examine in detail some of the often nebulous apstraction of a hydrogen atom by oxygen:
mechanisms of ethane oxidation.

A. Early Mechanistic Theories of Hydrocarbon Combus-
tion. Early hypotheses of ethane combustion arose from RH+ O,— R + HO, (2)
“hydroxylation theory?425which proposed alcoholic (hydroxy-

lated) intermediates: where Ris an alkyl radical (GH2.+1*) and RH the parent alkane.

By the 1950s this initiation step and the importance of radical
species in combustion was (and still is) generally accefted.
The radical species,*Rcould then react with oxygen to form
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and specifically in the case of ethane C,H." + O,— C,H, + HO,
CHg+ O, —~ CHs" + HO, (4) The work of Knox and Welf36 in the mid-1960s supported
this bimolecular mechanism at temperatures between 598 and
C,H; + O,— CH,CH,00 5) 698 K, and bimolecular abstraction was assumed in many

subsequent studi€s;*! Over the range of 698838 K, Baldwin

The fate of alkylperoxy radicals has been the subject of much €t al*! in 1980 suggested an activation energy of 3.9 kcalthol
debate. In 1954, Knox and Norr&hobserved a “negative  for M1. Furthermore, Baldwin recognized the possibility of the
temperature coefficient” in the oxidation of ethane between 648 other two products, oxirane and acetaldehyde, both of which
and 708 K. That is, the rate of oxidation decreases with are considerably more exothermic in terms of the overall
increasing temperature over this range. This once-curious reaction. The former was present in their experiments by a ratio
phenomenon was taken to represent a transition between theof 1:100 compared to ethylene. In this case, they assumed a
mechanisms operative at low temperatures and those at highsecond mechanism, M2 (cf. eq 6)
temperatures. A number of different theories were put forth .
subsequently. (M2) ethylperoxyp-hydrogen transfer with

Although initial focus was on the isopropylperoxy and O—0 bond rupture
n-propylperoxy radicals, as well as higher alkylperoxy radicals, . L.
ethane combustion theory has its roots in these early hypothesesC2Hs + O, = CH;CH,00" — *CH,CH,O00H—

Semenot® recognized the importance of alkylperoxy radical ¢-CH,CH,O + "OH
isomerization to hydroperoxyalkyl radicals, with decomposition
of the latter: and assigned a barrier of 34432.4 kcal mol ! for -hydrogen
L. transfer relative to the ethylperoxy radical. Additionally, further
CiH2, 1,00 — "C H,,00H (6) evidence suggested that the formation of the most exothermic
product, acetaldehyde, proceeded through an even larger barrier
‘C,H,,O0H— C H,, + HO, (7) by an analogous, third mechanism, M3:

Semenov thought that in the case of the isopropylperoxy and (M3) ethylperoxya-hydrogen transfer with
n-propylperoxy radicals, the barrier to isomerization (eq 6) O—0 bond rupture

would be about 20 kcal mot. In contrast, Shtef believed .

that the isopropylperoxy and-propylperoxy radicals would  C,H;"+ O, —~ CH,CH,00" — CH,CHOOH—
decompose via initial scission of a carberarbon bond: CH.CHO+ "OH

CiH2,,00 —'R—0-0-R' = R=0+R'0" (8) Earlier (1975), Hickel? suggested that, at least in solution,

M1 was of little importance. Additionally, in examining the
Furthermore, experimental observations of ethylene as a produciegative temperature coefficient of ethane, Dechaux and Del-
of ethane combustion led Lewis and von Efo€to dismiss  fossd? concluded in 1979 that the direct hydrogen abstraction
the alkylperoxy radical at higher temperatures in favor of direct gyte “is likely to be of negligible importance”. (See also an

bimolecular hydrogen abstraction by oxygen: earlier review by FisH4) Instead Dechaux and Delfosse favored
ethylperoxy radical isomerization (cf. eqs 6 and 7) according
CHy "+ O,— CH,, + HO, 9) to a Semenov-type mechanism, M4:

According to Pollard® for any mechanism to be correct, it  (M4) ethylperoxyp-hydrogen transfer with
must fulfill three requirements: “Firstly, it must be capable of C—0 bond rupture
explaining the mode of formation of the reaction products;
secondly, it must be acceptable from thermokinetic consider- C,Hs + O, — CH,CH,00" — *CH,CH,O00H —
ations and finally, it_ must be capable of e_xplaining phen_omena C,H, + HO,
such as the negative temperature coefficien.” Accepting

the ini'tiatilon'step given jn eq 2, the primary intgrest in .this In 1984, Slagle, Feng, and Gutnfastudied the GHs' + O,
work is finding a quantitatively correct mechanism which, o ction over the temperature range of 20802 K. They found
specifically in terms of the ethyl radical {8s’), satisfies these ¢ the negative temperature coefficient extends to temperatures
requirements. as high as 1000 K. The direct abstraction mechanism, M1, is

B. Expenmental C!ues tolthe ll:laturﬁ of ﬂ.1e GHs' + Qz inconsistent with this observation because the rates of elementary
Reaction. Most experimental work on theBls” + Oz reaction  pinygiecular reactions with positive activation energies,

observes at least one of ethylenet), oxirane (c-CHCH;O), should increase with temperature. Instead, Slagle et al. argued
and acetaldehyde (GBHO) as a primary product. All of these o+ the highly exothermic equilibrium, 85 + O, =
s_pecies have_ two carbon atoms, thus eliminating the decomPOSi'CHe,CHzOO', shifts to the left with increasing temperature,
tion mechanism of Shtern (eq 8). Therefore, we focus on five |4 ering the flux through the endothermic isomerization barrier
possible mechanisms, labeled as M5 in the text, each for CHsCH,00" — *CH,CH,O0H. Assuming that this isomer-
leading to either ethyleng, oxirane, or acetaldehyde as a product;, o+ion barrier and the barrier fOEH,CH,00H — CoHy +

The first mechanism is the simplest (cf. eq 9): HO» decomposition are below reactants, M4 was taken to be
. . consistent with the observed negative temperature coefficient.
(M1) dlrgct hydrogen abstraction from the ethyl In support of this idea, Slagle et al. proposed that the ethylperoxy

radical by Q radical lies 29.5 kcal mot (later reviseff to 35.24 1.5 kcal
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mol~! at 298 K) below reactants with a barrier fétydrogen Soon afterward (also 1990), Wagner, Slagle, Sarzynski, and
isomerization of about 23 kcal mdi, which together yield an ~ Gutmaf® used Rice-RamspergerKassel-Marcus (RRKM)
E«(0 K) = —6.5 kcal mot? for the entire GHs* 4+ O, reaction. theory fit to new experimental data to determine that the overall
A small barrier for the subsequent hydroperoxyethyl radical activation energy for @¢4s° + O, — C;Hs + HO»® was—2.4
decomposition into products was also assumed (abodtksal kcal molt at 0 K. Although Wagner et al. thought this barrier
mol~1 above products, which are about 13.0 kcal thbelow was that of thes-hydrogen isomerization transition state for
initial reactants). CH,CH,OO — *CH,CH,OOH in M4 (with the key assumption

In 1986 Baldwin, Dean, and Walkérstudied the reverse that*CH,CH,OOH decomposition is also below reactants), their
reaction, GHs + HOy — °*CH,CH,OOH, and found an results coulql (_aquglly apply to that of ethylperoxy radical
activation energy of 17.% 1.2 kcal mot? (later revisetf to concerted elimination (M5).
17.94+ 1.1 kcal moth)—significantly more than the 57 kcal Thus, by 1990, deductions from experiment had more or less
mol~! suggested by Slagle et-awhich places the decomposi-  ruled out the direct hydrogen abstraction (M1), and ethylene
tion transition state above that ofids" + O, thus making M4 formation was believed to occur through isomerization of the
inconsistent with a negative temperature coefficient. Baldwin €thylperoxy radical (M4), with neither oxirane nor acetaldehyde
et al. further suggested that the barrier for £LH,00 — production playing a significant role (M2 and M3), presumably
*CH,CH,OOH is at least 31 kcal mot and also above El=* because of prohibitively high reaction barriers. Although
+ O,. Additionally, they placed the barrier for decomposition concerted elimination of HOfrom the ethylperoxy radical (M5)
of the hydroperoxyethyl radical to oxirane*OH at only 16.5 had not been ruled out, nearly all subsequent experimental
kcal mol2, or 9.6 kcal mot? below that for decomposition to  investigation&*>%-¢3 assumed M4, as favored by Wagner et al.
C:Ha + HOy. However, ethylene is the dominant product of ~Yet, in his 1992 review of the ethyt- O, reaction, Walket*
the GHs + O, reaction, despite the greater exothermicity of clearly considered the evidence to date to as “controversial”.
the other possible products, oxirane and acetaldehyde. ThusFurthermore, in.a 1995 review Whiph also considered electrqnic
neither M2 nor M3 should be important. Believing then that Structure data (discussed beIovv), Pilling, Robertson, and Séfaklps
M1—M4 were all inconsistent with experimental observations, concluded that “the mechanism of Wagner et al. [M4] is

Baldwin et al. proposed a new mechanism, M5, for ethylene incompatible with the significant lifetime of QOOH [hydro-
formation: peroxyethyl radical] and its important position in alkane

oxidation chemistry”. Pilling et al. also drew upon theoretical
(M5) concerted elimination of HOfrom the work®567to advocate a model which takes into account a second
) electronic surface involving the 85 (X ?A’) + O, (a Ay)
ethylperoxy radical reaction.

Finally, we highlight two important results from the most
recent experiments: an upper limit on the overall activation
energy for the @Hs"+ O, — C,Hy4 + HOy® reaction of+1.1
In this mechanism, “concerted” does not imply that all ethyl- kcal mol! by Kaisef3 and a new measurement of-€.6 +
peroxy radicals are automatically converted to products, rather Q.1 kcal mot! activation energy by Dilger and co-worké¥<2:68
that no other genuine intermediate exists along the reaction pathwe also note that KaisePswork concludes that the 8, yield
between the ethylperoxy radical and products. We note thatat 298 K is less than 1%, but increases dramatically at
Walker and co-workef8*also argued against the mechanism temperatures above 400 K, confirming earlier, albeit limited,
favored by Slagle, Feng, and Gutnf&M4, but, concerned by observations of Slagle and co-worké&tJherefore, observations
the observation of Plumb and RyArhat the overall reaction of a decrease in the 85" + O, reaction rate with increasing
appeared to be independent of pressure (between 5 and 10 Tortemperature do not imply a corresponding decrease in product
of helium), argued in favor of a long-lived, cyclic,8s0, yield.
intermediate. C. Ab Initio Investigations. By 1990 ab initio electronic

Subsequently, in a series of three studies (1989/1990), structure theory had matured to the point where serious
Wallington, Kaiser, and co-worké%5%® demonstrated that theoretical examinations of the ethyt O, reaction were
contrary to the results of Plumb and Ryan, the overall rate of feasible. The first study was that of Skancke and Skaftke.
C.,Hs* + O, decreases after increasing pressure with various Based on MgllerPlesset perturbation theory, their primary
buffer gases, in agreement with earlier observations of Niki, results predicted that the barrier for the reverse reactigty C
Maker, Savage, and Breitenba®he ethylene yield fell from + HOy* — *CH,CH,OOH was 11.3 kcal mol at the PMP4/
12% GHs® consumption at 1 Torr to only 0.02% at 6000 Torr 6-31G*//UMP2/6-31G* level with zero-point vibrational
of air, indicating that a Lindemann-type mechanism is operative energy (ZPVE) corrections. However, their gzH,00 —
which stabilizes the ethylperoxy intermediate, as in every *CH,CH,OOH barrier was nearly 50 kcal mal That same year,
mechanism except M1, confirming that the ethylperoxy radical Boyd, Boyd, and Barclal had placed the ethylperoxy radical
must be involved in the overall mechanism. These experimental at about 30 kcal mof below GHs* + O, with similar levels
observations, then, provided more evidence against the directof theory. Combining these results, it appeared that the overall
hydrogen abstraction process. Furthermore, in 1990, Bozzelli barrier of M4 was large, about 20 kcal mélabove reactants.
and DeaP’ used quantum RiceRamspergerKassel (QRRK) By 1994 Quelch, Gallo, Schaefer, and co-worRefs(here-
theory to model the kinetic data for the reverse reactigid,C after QGS) had thoroughly investigated the mechanism assumed
+ HOy — *CH,CH,OOH and obtained a barrier of onfy8 by Wagner et a¥® (M4) using configuration interaction and
kcal mof for this reaction, as compared to the 17.1 kcalThol  coupled cluster theories. At the CCSD(T)/DZP//CISD/DZP level
originally proposed’ This revised barrier is below reactants; of theory, QG%’ found theB-hydrogen transfer barrier to be
thus, if thef-hydrogen transfer barrier could also be found to 9.1 kcal mof! above reactants with ZPVE corrections. Fur-
be below reactants, there would be no need for ethylperoxy thermore, they located the concerted 2€imination transition
concerted elimination (M5). state of M5, finding a barrier of only4.5 kcal mot™. Yet the

C,Hg + 0, — CH,CH,00" — C,H, + HO,
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computed barriers in both mechanisms were at odds with theaugmented by a perturbative correction for connected triple

Ea(0 K) value obtained by Wagner et®lof —2.4 kcal mof ™.

excitations [CCSD(T)[/~8% All electrons were correlated, and

On the other hand, the consistent application of increasing levelsno virtual orbitals were deleted. A spin-restricted open-shell

of correlation in their studies [from CISD to CCSD(T)] indicated
that both barriers would likely drop with more sophisticated
computations (which were impractical at that time). However,

Hartree-Fock (ROHF) reference was used. Molecular geom-
etries were considered converged when the rms gradient fell
below 10°¢ hartree/bohr. Harmonic vibrational frequencies were

the presence of an excited state reaction surface stemming fromcomputed via finite differences of analytic first derivatives. All

CoHs* (X 2A") + Oz (a'Ag) appeared to complicate their results.
Among the questionable results was an ethylpefikydrogen
isomerization transition state with an obviously unrealistic imag-
inary frequency of 4788&cm! at the ROHF-CISD/DZP level.

A few months later, Gre€areported BLYP/TZVP and BP86/
TZVP density functional theory (DFT) predictions. Green found
the barrier for the reverse reaction,,HG + HO; —
*CH,CH,0OO0H, to be 9.6 and 10.8 kcal mdlwith BLYP and

computations were performed using the ACES Il ab initio
program systerf!

Three basis sets were employed, which are denoted as DZP,
TZ2P, and TZ2Pf. The DZP basis set is the standard dalible-
set of Huzinaga and Dunnif&f3augmented with a set of five
d polarization functions on the heavy atong(C) = 0.75 and
0g¢(O) = 0.85] and a set of p functions on the hydrogen atoms
[op(H) = 0.75]. This basis may be denoted as [C,O (9s5pld/

BP86, respectively. He also placed this barrier slightly above 4s2pld) and H (4s1p/2slp)] and results in 85 contracted basis

(about 1.5 kcal molt) that for hydroperoxyethyl decomposition
into oxirane+ *OH. In contrast, Shen, Moise, and Pritch&@rd
found the barrier to be slightly below that for decomposition
into oxirane+ *OH, by 3.3 kcal mot! at the UMP4//6-31G//
UMP2/6-31G level. Shen et al. also placed thrydrogen
transfer barrier of ethylperoxy at 9.1 kcal mblabove the
pB-hydrogen transfer barrier (cf. mechanisms M2, M3, and M4).
In 1997, Ignatyev, Xie, Allen, and Schaefér(hereafter
IXAS) studied the three primary mechanisms leading to olefin
formation (M1, M4, and M5) with increasing levels of density
functional theory, up to UB3LYP/TZ2Pf. They found the overall
barrier of M4 to beE,(0 K) = 8.0 kcal mot!. Further hindering

functions for the GHs* + O, system.

The TZ2P basis set consisted of the contracted tifple-
Gaussian functions of Dunniffjaugmented with two sets of
five d polarization functions on the heavy atomg(C) = 1.50
and 0.375,04(0) = 1.70 and 0.425] and two sets of p
polarization functions on the hydrogen atorag(H) = 1.5 and
0.375]. This basis set may be denoted as [C,O (10s6p2d/5s3p2d)
and H (5s2p/3s2p)] and results in 141 contracted basis functions.

To obtain the TZ2Pf basis set, one set of seven f polarization
functions was added to the TZ2P basis for each heavy atom
[04(C) = 0.80 andus(O) = 1.40] and a set of five d polarization
functions was appended to each hydrogen ategH) = 1.0].

this mechanism, they also found the corresponding hydroper- 1is pasis set may be denoted as [C,O (10s6p2d1f/5s3p2d1f)

oxyethyl decomposition barrier to be 1.5 kcal mblbove
reactants. However, IXAS did find the concerted #€limina-
tion transition state of M5 to lie at+1.9 kcal mot?, in good
agreement with th&,(0 K) = —2.4 kcal mof* determined by
Wagner et af® The barrier for direct hydrogen abstraction (M1)
was E4(0 K) = +13.5 kcal mot,

and H (5s2pld/3s2pld)] and results in 194 contracted basis
functions.

To facilitate comparison between the coupled cluster results
presented here, the CISD results of GG%Sand the density
functional results of IXAS? our DZP basis was chosen to be
identical to that of the two earlier studies with the exception

In summary, by 1997 the theoretical studies of QGS and 4 spherical harmonic d functions were used instead of

IXAS seemed to favor concerted elimination of fi@om the
ethylperoxy radical, rather than ethylpergsanydrogen transfer,

Cartesian d functions. Furthermore, our TZ2Pf basis set is
identical to that of IXAS. In a few instances, we report results

in contrast to the conclusions of most experimental work, though obtained at the UB3LYP/TZ2Pf level of theory. These results

not necessarily at variance with the observations. Furthermore

the work of Pritchard et & and Greef? indicated that the
barrier for decomposition ofCH,CH,OOH into ethylene is
small (around 10 kcal mot above products) but competitive
with that for decomposition into oxirane, thus leaving the
predominance of ethylene formation unexplained if M4 is

operative. However, in nearly every theoretical study, questions
as to the reliability of the theoretical results may be raised due

to either spin contamination in unrestricted wave functions,

multireference character in the electronic structure, or intricacies

arising from the low-lying excited-state surface.
In this Feature Article we describe high-level coupled cluster
ab initio [CCSD and CCSD(T)] theoretical results on every

important reactant, intermediate, transition state, and product

involved in each of the five mechanisms, M5, with due

concern for relevant pitfalls in electronic structure computations.
Comparison with experimental evidence is made. Our results

rovide near-definitive energetics for each mechanism and =€ ) .
P g | which could degrade the quality of the single-reference coupled

suggest that the multichanneled oxidation of the ethyl radical
is finally, after nearly 100 years, understood.

Il. Theoretical Methods

'were determined with the Gaussian94 program sy&t@man

identical manner to the UB3LYP/TZ2Pf computations of IXAS.

The geometries of all species examined in this study were
obtained at both the CCSD/DZP and CCSD(T)/DZP levels.
Additional geometries fofS1, TS1, and TS2 were obtained
at the CCSD/TZ2P and CCSD(T)/TZ2P levels. The geometries
of the reactantsl) and productsg, 7, and8) were obtained at
the aforementioned levels as well as at the CCSD(T)/TZ2Pf
level. CCSD/TZ2P and CCSD(T)/TZ2P single-point energies
were obtained for all species at the CCSD(T)/DZP geometries.
Further, for species optimized at the CCSD(T)/TZ2P level,
CCSD(T)/TZ2Pf single-point energies were computed. Har-
monic vibrational frequencies were determined at the CCSD/
DZP level for all species and at the CCSD(T)/DZP level for
TSI andTS2.

As alluded to in the Introduction, a few of the species
examined here may have appreciable multireference character,

cluster methods employed in this study. One means of assessing
multireference character in coupled cluster methods is through
an open-shellT; diagnostic. We have implemented tfie
diagnostic of Jayatilaka and L%ein our PSI 3.0 program

Geometry optimizations were performed using analytic gradi- packag® and reporfT; values for several questionable species
ent techniques with the coupled cluster method including all with the above DZP and/or TZ2P basis sets at the optimized

single and double excitations [CCSPJ® and with CCSD

geometries from the ACES Il program system.
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Figure 1. Schematic of the five mechanisms, M5, for the GHs® + O, reaction. See section Il for definitions of each intermediate and
transition state. See Figures-26 for optimized structures of each species, exdeps. All notation is consistent with ref 74.

1. Notation CHS radical CA) s
. . . 1.104
We have already discussed five mechanisms;-Mb, for Lo
the GHs® + O, reaction. We rewrite each mechanism here in H/C.C, = 1206° e 1095
more detail with notation consistent to that of the earlier work 03 e o
74 17 !
of IXAS. ;

Mi:

C;H; + O; — TSI = CyH,---HO; — CH,+HO,
1 3 5

1 — CH;CH,00° — TS2 — CHyCH,O00H — TS5 — ¢—CH,CH,O +'0H
3 e —

3 =
Ms: 0, (Zg)
1 - CH;CH,00" — TS4 — CH,CHOOH — TS6 — CH,CHO +'OH . 1.224 DZP CCSD ‘
—32»2—’ —36/—’ 3—8’—-’ \‘ 1234 DZP ccsn(r)
1.207 TZ2P CCSD
M 1.220 TZ2P CCSD(T)

1213 TZ2Pf CCSIXT)
1.208 Expt. (r,)

1 — CH;CH,00" — TS2 — CH,CH,00H — TS3 — C,H,---HO; — C,H, + HO,
S— —_— e e NS———

2 4 3 5 1
Ms: Reactants
1 — CHsCH;00" — TS1 — CoHy - -HO; — CyHy + HO; Figure 2. Optimized geometries at various levels of theory, listed in
Nl i NCUMRSE gt Ry -
3 3 3 order, of the reactantd), ethyl radical and oxygen. In all structures

in this paper, distances are given in A and bond angles in degrees. The
In Figure 1 and the cover illustration, the energetics of each experimentalr. value for oxygen is from ref 92. An experimentally
speciesl—8 and all transition statesT61—TS6) for MI—M5 vibrationally averaged €C bond distance of 1.49Z 0.002 _A has
are pictured relative to the ground state reactahtsictual been reported fo'r the ethy! rad|_cal in ref 90. The notation in this and
energetic values at all levels of theory are listed in Table 5. All all subsequent figures is identical to that of ref 74 and assumes a

: . . g h o connectivity in which (G Cp) are the (methylene, methyl) carbons in
species are pictured individually in Figures 26 with optimized the GHs' group, (Q, Or) are (linking, terminal) oxygens in the,O

geometries at various levels of theory. moiety, (H, H,, Hy) are the (in, above, below)-the-plane methyl
) hydrogens, and (51 H) are the (above, below)-the-plane methylene
IV. Quality of Coupled Cluster Results hydrogens. The reaction proceeds asénds to G, O, abstracts I

A. Geometric Structures. Experimentally determined ge- ~ @nd then §0,—0O, separates from (J(H;)Ca=Ci(Hy)(Hy). In cer-
ometries are available for each reactant and product except th(%2£c;?:gsﬁ;geht§/§/“ggc?v{/ ’igrg\r);'ﬂasl'tfﬁggﬂa??ﬁégﬂigfex carbon is
ethyl radical. With all geometric parameters, independent of
whether experimentally derived values agero, or r, param-
eters, agreement between the CCSD(T)/TZ2Pf optimized ge-underestimates by I"9Agreement is nearly as good at the
ometries (see Figures 2, 7, and 13) and experimental values areCCSD(T)/TZ2P level, and only slightly worse at the CCSD(T)/
within 0.01 A for bond lengths and .Gor bond angles. The  DZP level. Furthermore, our best geometry of ethylene (Figure
only exception is the HCH angle in acetaldehyde, which theory 7) agrees within 0.002 A and 0.18f values obtained by Martin
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and Taylors8 rg(CC) = 1.3307(3) A,re(CH) = 1.0809(3) A, TABLE 1: Experimentally Derived Heats of Formation at 0
and 6(HCH) = 117.12(3), which approximate the complete- K (ArHo, kcal mol™) for Various Species in the GHs* + O
basis, all-electron CCSD(T) limit. Additionally, earlier wgfk ~ Reaction System

has shown that the #s* geometry pictured in Figure 2 is the species AHo ref
lowest-energy minimum structure of the ethyl radical, and recent CoHs 31.5+ 0.5 129
experimental laser spectroscopy resfissiggest a vibrationally CoHa 14.58+ 0.07 130
averaged €C bond distance of 1.49 A, in excellent agreement !-lool—f. 94i§3i 8-3’9 111320 115
with our CCSD(T?/TZZPf dlstance. of 1.489 A. C.CHCH.O 950t 015 120
Although experimental geometries are not known for any of CH,CHO —375+ 0.1 131

the Int.ermedlat'es of MJ'MS’ the'CC.ZSD(T)/DZP geometrles (.)f aHigh-level ab initio results give 31.4 0.5 kcal mot? (ref 132).
each intermediate are in qualitative agreement with previous These results include GHnternal rotation effects (refs 133.35).
UB3LYP/TZ2Pf and CISD/DZP geometrfés'"*(most bond b Estimated by using the recommend&gH,os value of 3.5+ 0.5 kcal
distances and angles agree to within 0.03 A ang) 1fr crucial mol~* and applying a-0.7 kcal mof* harmonic adjustment for\iHoos
transition states, we have optimized the geometries at the CCSD/—~ AtHo]. The adjustment was determined using CCSD/DZP harmonic
TZ2P and CCSD(T)/TZ2P levels. We do not generally discuss frequer_lcies and inpludes_ tra_nslational, r_ot_ation:_al, and vibrfational
geometries of the intermediates or transition states here, but agorections. Electronic contributions are negligisiestimated by using
each mechanism is presented, we do highlight the most salient"® recommendedtzeg value of—39.7++ 0.1 keal mol and applying

’ LD L a —2.6 kcal mot! harmonic adjustment forAiHzes — AfHo] (deter-
structural features and note where significant deviations from mineq as in H@) and a+0.4 kcal mot hindered rotor correction
previous theoretical results arise. (refs 136, 137) based on the experimentally known barrier to rotation

B. Vibrational Frequencies. Determination of coupled  (refs 138, 139) of 408 cnt and our CCSD(T)/TZ2Pf geometry.

cluster harmonic vibrational frequencies is possible only via
finite differences of analytical first derivatives in the version
of the ACES Il program suite available to us at the time of this
study. Many of the intermediates in this study are structurally
asymmetric (i.e., belong to th@; point group) and require as
many as 42_displacgments for a frequency determi_nation. SUChemponed92 Thus we have not scaled our values in arriving
a computation requires a large amount of CPU time (on the at ZPVE corrections.

orde_r .Of one mon_th), even at the CCSD/ DZP_ Ie_vel. Th_us, C. Thermodynamic Considerations.Although the CCSD(T)/
obtal_nln_g frequencies at a _hl_gher level of theory is |mprac§|cal TZ2Pf-optimized geometries of reactants and products were the
at this time. Nonetheless.’ itis prudent to assess the quallty Ofmost accurate, optimizations of all intermediates and transition
our CCSD/DZ.P frequenqes. (Compgted harmonic frequencies states at this level of theory are prohibitive due to the size of
are available in Supporting Information.) the CCSD(T) computations and the number of species involved
Experimental harmonic frequency values are available only jn the five mechanisms. Fortunately, full CCSD(T)/TZ2Pf
for ethylenel 0, and *OH.%> Comparing our CCSD/DZP  gptimizations prove to be unnecessary. In Table 1 we report
harmonic frequencies to these values, we find excellent agree-AHj literature values for each reactant and product. It has only
ment, with an average absolute percent error from experimentpeen within the past few years that accurate experimentally
of only 1.7% and a maximum error of 3.8%, excluding the trans pased determinations of theAgH, values for all species have
bog CH, wag mode ¢sg) of ethylene. Previous wofk®*% has become known. We consider only reactants and products here,
shown thatwg is sensitive to diradical character in the wave gzg heats of formation (even at 298 K) for the intermediates
function as well as polarization functions, and improving either jnyolved in the five mechanisms are less well-known, if at all.
basis set or method, e.g., to the CCSD(T)/TZZPf |eVe|, should In Table 2' we compare the heats of reactio® & (ArHO) to

error of only 2.5%. However, zero-point vibrational energy

(ZPVE) corrections computed with accurate theoretical harmonic
frequencies are in principle more representative of the true
molecular ZPVE if scaling to experimental fundamentals is not

improve the quality of the computational results tog. those obtained at three levels of theory. At the CCSD(T)/TZ2Pf
Experimental fundamental frequencies are available for and CCSD(T)/TZ2Pf//CCSD(T)/TZ2P levels, computed values
oxirane?® acetaldehyd& ethyl radicaP’—°° hydroperoxy radi- for eachAHo are within 0.5 kcal moi? of the literature values

call%and the ethylperoxy radic8.Together, this set constitutes  and certainly within expected experimental error limits. Indeed,
43 frequencies. Comparing our CCSD/DZP harmonic vibrational the same is true at the CCSD(T)/TZ2P//CCSD(T)/DZP level,
frequencie¥®* to 41 of these anharmonic frequencies gives an exceptingAHo for production of oxiraner *OH.

average absolute percent error from experiment of 4.5% with a The previous ab initio computations of Q&%nd IXAS4
maximum percent error of 8.5%. The excluded frequencies areplace the GHs* + O, — C;H; + HO2* reaction enthalpy at
the asymmetric Cklrocking mode of acetaldehyde;§) and —8.5 and—11.2 kcal mof! with the CCSD(T)/DZP//CISD/
the CH, pyramidal bending mode of the ethyl radica) Our DZP and UB3LYP/TZ2Pf methods, respectively. Clearly, our
computed harmonic frequency for the former mode is 1151'cm  present energetics in Table 2 are a significant improvement over
while the experimental fundamental value is only 867 &m previous studies. It should also be noted that Wagner.t al
To further test our computed value, we also determined obtained an experimentally derived value-6£3.0 kcal mof*
frequencies for acetaldehyde at the UB3LYP/TZ2Pf level, which for this same reaction, in good agreement with our results and
gives a value of 1137 cm. Thus, it appears that the those derived from experimentaAkH, values.

experimental value in this case may be in error. Thenode Because the CCSD and CCSD(T) methods are size-extensive,
of C;Hs*, which is 540 cm? from experimen®/~*° is consis- it can be expected that the accuracy seen in the reactants and
tently underestimated by theory: 458 cthwith UMP2/6- products will be similar for the intermediate species within each

311G**,99 494 cnt! with UB3LYP/TZ2Pf74 and 464 cm? in mechanism. Transition states, however, may be somewhat less

this work (CCSD/DZP). Additionally, we investigated the effects accurate. Nonetheless, we expect from the results in Table 2
of a scaling factor on our CCSD/DZP harmonic frequencies. A that at the CCSD(T)/TZ2P//CCSD/DZP level energetics of the
scale factor of 0.95 substantially improves agreement with ethyl + O, reaction are probably accurate to withi8.0 kcal
experimental fundamentals with an average absolute percentmol™! and those at the CCSD(T)/TZ2Pf//CCSD(T)/TZ2P level
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TABLE 2: Heats of Reaction a 0 K (A;Ho, kcal mol2) for the C,Hg + O, System

CCSD(T)/TZ2P/I CCSD(T)/TZ2Pfll CCSD(T)/
products CCSD(T)/DzP CCSD(T)/TZ2R TZ2PR expt
CHs + HOY —13.0 —-12.8 -12.8 -12.7
¢-CH,CH,O + *OH —29.9 —-314 -315 -31.9
CH;CHO + *OH —60.1 —59.6 —60.1 —59.8

aTheoretical values include CCSD/DZP ZPVE correctidnSomputed from values in Table 1.

s 1 . TABLE 3: Open-Shell T, Diagnostic Values for Various
are accurate to withist1.5 kcal mott. A possible caveat to Species in the GHsr + O» System Compared to the Cyano

this surmisal would be unreliable coupled cluster wave functions Ragical
resulting from the multireference nature of a particular species.

We find only one significant instance of this, which we discuss species CCsb/bzp Ccsp(myTzze
next. In the remainder of our discussion we report only the HO,* 0.034 0.034
CCSD(T)/TZ2P/ICCSD(T)/DZP (ZPVE-corrected) values, un- $§i g'ggg 8'823
less otherwise noted, and for comparison, quote o_nIy ZPVE- TS2 0.028 0.025
corrected values from previous studies, when possible. TS2 0.018

D. Electronic Considerations.Unrestricted electronic struc- TS3 0.043 0.038
ture wave functions are not eigenfunctions of Beoperator Ts4 0.016
and hence may give¥[values in error from the true= Eﬁf’ g'gfé g'gﬂ

0.75 for doublet species. In the work of Skancke and Skaffcke, _ o
they report ari¥Cvalue of 1.02 forTS3 at the UHF/6-31G* 2T value computed at this optimized geomettyf, value computed
level. Likewise, with UMP2/TZ2P theory, GreBreports an ~ With the TZ2P basis at the CCSD(T)/DZP geometry.
[FOvalue of 1.04 forTS3, an even higher value of 1.31 for . . . . .
TS5, and value of 0.80 fof S2. In an effort to avoid such large with unrestricted methods (UHF, UMP. Studies using
contamination from higher spin states, other theoretical stud- OUPled cluster methods have shown that CCSD and CCSD(T)
ie$.71.73have used an ROHF formalism or unrestricted density OVercome problems ass_omated with spin contamination and
functional methods, which usually suffer less from spin eliably reproduce experimental properties of ER.™ Our
contamination than conventional ab initio methods. In the work 11 values for CN are 0.045 and 0.044 with CCSD/DZP and
of IXAS, TS3 has the largesiCvalue (0.78) of all species CCSD(T)/TZ2P, respectively. We will use these values as a
using unrestricted DF T “benchmark” for species in this stuehthose withT; values

In addition to spin contamination concerns, in the studies of above 0,'0,44 will be considered somewhat I.ess reliable.

Examining Table 3, we see that all species hayealues

below the 0.034 value of HO exceptTS1, TS3, and TS5.
However, theT; values of the latter two species are still below
nthose of our CN benchmark. Although tfe value of TST

QGS771the importance of an excited-state surface originating
from the GHs* (X 2A") + O, (alAy) reaction was recognized.

Alongside concerns stemming from this energetically low-lying
surface, QGS suspected that some of the species involved i .
ethyl oxidation may not be well treated with a single-reference drops from 0.058 at CCSD/DZP to 0.047 at CCSD(T)/TZ2P, it
based wave function. To test this suspicion, QGS repoFied remains above th&; values of CN. Thus, our computed results

diagnostic values obtained at the CCSD/DZP//CISD/DZP level. for TSI' may not be entirely reliable, tho'ugh surely not
The T, diagnostic gives a qualitative assessment of the unreasonable. Fortunately, the energetic3®1 are of lesser

significance of nondynamical (or static) correlation: the larger importance to this _study. Of more concern are the energetics of
the T; value, the less reliable the results of the single-reference | 55 andTSS. We find T values of 0.043 and 0.042 at CCSD/

coupled cluster wave function. However, fhganalysis of QGS DZ,P ]‘or T,S3 and TS5, respectively. Although we d“?' not
was based on the closed-shell formalism of Lee and co- OPtimize eitheTS3or TS5at the CCSD(T)/TZ2P level, single-

workerst%10%hich cannot be directly applied to open-shell Point CCSD/TZ2P wave functions givi values of 0.040TS5)
coupled cluster wave functions. and only 0.033TS3), both below the benchmark value of 0.044,

. . . ) indicating that coupled cluster theory should overcome multi-
forvmvgli;?r?%rft };yg;ﬁg?gi'r? d \/Lqé‘gi?\ST:f)llgg?,tr]l'ehig%epr:er?-hs?:all reference concerns f@rIS3andTS5. It is clear then that for all

diagnostic is consistent with that for closed-shell systems and species exce(IST our CCSD and CCSD(T) results should be

is size-extensive. However, few results employing this diagnostic quite reliable and can be expected to yield energetics of similar

have been reported in the literature, and thus it is unclear What.quality to those discussed for the reactant and product species

exactly constitutes a “largeT; value for open-shell systems. in the preceding section. We also _note’m .th's regard_ that the
Jayatilaka and Lee suggest that open-sfielyalues may be Ia}rgels7t alf’SOhlJltez ﬁmp“tUd.e o_ccurr]_s "TS; with a rlnagnltude
larger than those of closed-shell systems, wheralues greater 0f0.17. ora ot J€r Species In t S study thamplitudes are
. less (and in most instances significantly less) than the latgest

than 0.02 are typically suspett: amplitude in ethvlene. 0.11

Our T, value for HQ® (?A"") is 0.034 at both the CCSD/DZP P yiene, 9.22.
and CCSD(T)/TZ2P levels. Previous theoretical work indicates
that coupled cluster theory can very reliably treat the,HO
radicall95196 Additionally, we have already discussed that the  A. Ethylperoxy Radical. The initial step in each of M2
geometry and energetics of the kl@adical are in good M5 involves formation of the ethylperoxy radic&@(cf. eq 5).
agreement with experimental values (see above sections). Henc@®revious work of QGS and IXAS™* investigated rotamers of
we have every reason to trust our CCSD and CCSD(T) results2 about the GO bond. We likewise have examined these
for HO". In addition, we also computel values for the cyano  rotamers and present a summary of our results and previous
radical (CN) at the CCSD/DZP and CCSD(T)/TZ2P levels. The work in Table 4. We label the four rotamers of the ethylperoxy
cyano radical is notorious for having large spin contamination radical as2(gauch@, 2 (gaucheTS), 2(trans), and 2(cis-TS)

V. Discussion and Analysis of the @Hse + O, Reaction
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TABLE 4: Vibrationless Relative Energies (in kcal mol1) of
Four Ground-State ((A" or 2A) and Excited-State €A’)
Ethylperoxy Radical Rotamers As Depicted in Figures 3, 4,

and 8
CISD+Q/ B3LYP/ CCSD(T)/ CCSD(T)/ Hessian

rotamer DZP2  TZ2PP DzZP TZ2F  inded
2A gauche 0.0 0.0 0.0 0.0 0
2A gaucheTS 1.0 0.7 1.2 1.2 1
2A" trans 0.1 0.01 0.3 0.2 0
2A" cis-TS 2.6 2.1 2.4 2.5 1
2A’ trans 17.4 21.8 20.6 20.6 0
2A' cis® 23.0 27.4 26.0 26.4 0

a2 Reference 712 Reference 74¢Evaluated at the CCSD(T)/DZP
geometry.d The number of imaginary vibrational frequencié3his
species is a transition state at the CISD and B3LYP levels.

H,/C,Cy = 112.0°
12.1°

H,C,0, = 103.5°
103.4°

Hy/C,C, = 110.7°
108.6°

H,°CC,= 1123
112.3°

Hy'C,C, = 110.4°
£00.3°

Hy'CyHy = 108.7°
108.8°

W(H,G,C,0,) = -178.1°
-178.3°

HCC.0,0y) =-71.4° DZP CCSD
-71.1° DZP CCSI(T)

2 (gauche)
A (€D

Figure 3. Optimized geometries of the ethylperoxy radic2) i the
gauche conformation. See caption of Figure 2 for an explanation of
the assumed notation. See also ref 111.

based on the orientation of the<® and C-C bonds, each
being illustrated in Figures 3 and'¥- The structural parameters

Rienstra-Kiracofe et al.

Hy'CCy =110.7°
110.7°
Hy'CyC, =1109°
1109°
H,'"C,H,=108.4°
108.4°

H/C,Co=112.8° 1.
112.9° 1O
H,"C,Cy= 1117
111.8°
2(cis)-TS
ZAu (CS)

H,'C,0,= 107.0°
106.9°

1.458
1463 TOCCoHy) = 177.2°
177.1°
HO0.C,Cy) = 1244°
125.1°

2(gauche)-TS
A (C)

108.7° DZP CCSD
108.8° DZP CCSD(T)

2(trans)
2An (Cs)

Figure 4. Optimized geometries of the ethylperoxy radical in the cis,
gauche, and trans conformations. Note 2(gaucheTS) interconverts
2(gauche@ (Figure 3) with2(trans) and that2(cis-TS) interconverts
2(gauch@ with its mirror image. See caption of Figure 2 for an
explanation of the assumed notation. See also ref 111.

On the other hand, all theoretical val&e®:7*for AHo,
including our best CCSD(T)/TZ2P//CCSD(T)/DZP value of
—30.3, are greater than31.0 kcal mot?! and thus greater than
the A\Ho = —32.9 derived by Wagner et.2l However, if we
assume Wagner et.a AH29s — AHp enthalpy correction of
—1.2 kcal mot! and use ouAHy = —30.3, we obtaim\;H%29g
—31.5 kcal mot?. This is in reasonable agreement with the
recently computed B3LYP/6-3#1G(2df,2p)A/H%29s = —30.1

of each of these rotamers are in close agreement with thekcal mol! obtained by Brinck, Lee, and Jonsd&hand nearly

corresponding B3LYP/TZ2P geometries of IXASAIl four
species are within 2.5 kcal mdlof one another, revealing that
rotation about the €0 bond is easily achieved and facilitates
rearrangements of the ethylperoxy radical. Becausg(tiaichég
conformation of the ethylperoxy radical is the lowest-energy
rotamer, we refer to it simply a2

The enthalpy of reaction for eq 5, which is equivalent to the
negative of the RO,* bond energy, has long been of interest
as a reference point for understanding larger peroxy raditals.
The first experimental estimate 6fH,9s Wwas given by Slagle,
Ratajczak, and Gutméhin 1986, with a value 0f-35.24+ 1.5
kcal moit. In 1998, Knyazev and Slagfé reanalyzed the 1986
data and obtained\H%,9s = —35.5 4+ 2.0 kcal moI™. The
value in both studies is derived from sk data points for
temperatures between 609 and 654 K.MH°gs is then
extracted by applying appropriate thermodynamic corrections.
In the 1998 work, these corrections were derived from experi-
mental data combined with ab initio results from the studies of
QGS’! The 1990 study of Wagner et. @ corrected the 1986
value, A{H°95 = —35.2 + 1.5 kcal mot?, to 0 K: ArHagg —
AHo = —1.2 kcal mo1™. This AHo was then adjusted within
the experimental error a£1.5 kcal mot? in their RRKM model
to obtain a finalA;\Ho = —32.9+ 0.5 kcal mot?.

matches the best value obtained from the group additivity
method of—31.3 + 1.1 kcal mot1.112.115

Including previous work of QG&"*we have a sequence of
theoreticalAHg values (in kcal motl, see Table 6) which seems
to have converged:27.0 [CISD/DZP],—28.0 [CISD+Q/DZP],
—29.9 [CCSD/DZP];-30.5 [CCSD(T)/DZP];—30.3 [CCSD(T)/
TZ2P//ICCSD(T)/DZP]. It appears that the tragHr values at
T=0KandT = 298 K may be greater than31.0 and—33.0
kcal mol1, respectively, i.e., current empirical values for the
CH3CH,—0, binding energy are too large. Certainly, errors of
a few kcal mof! can be accounted for in the experimental data
due to the limited number of data points and the thermodynamic
corrections employed, which account for only one conformer
of the ethylperoxy radical and which use some scaled ROHF/
DZP frequencies. More ab initio data is also warranted, because
it is well-known that definitive bond- energies cannot generally
be obtained without including multiple, higher-order polarization
manifolds in the basis set.

B. Energetics of Each Mechanism.l. Direct Hydrogen
Abstraction from the Ethyl Radical by,@M1). Although the
simplest mechanism, direct bimolecular hydrogen abstraction
was only first studied by ab initio methods in the previous work
of IXAS.7 In their work aCs, 2A” transition stateTS1', was
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TABLE 5: Relative Energies (in kcal mol™) of the Intermediates, Transition States, and Products Involved in the gHs* + O,
Reaction (Species Common to One or More Mechanisms Are Listed Only Once)

CCSD/ CCSD(T)! CCSDI/TZ2P CCSD(T)/TZ2P CCSD/ CCSD(T)/ CCSD(T)/TzZ2Pf
specied DzP DzP single point single point TZ2P TZ2P single point AZPVP

reactants

CoHs+ 0, (1) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
mechanism M1

TSI 28.7 18.3 26.6 16.8 28.8 16.9 16.4 -1.2

3 —13.8 —-14.7 —-17.9 —19.0 2.1

CoHs + HOy* (5) —-9.4 -9.8 -13.3 —-13.8 —-13.1 —-13.8 —13.6 0.8
mechanism M2

2 —-35.5 —36.1 —-35.3 —35.9 5.6

TS2 9.8 7.0 9.0 5.5 9.7 5.7 3.7 1.6

4 —14.3 —14.6 —16.6 —17.1 3.4

TS5 6.4 2.3 3.0 —-2.0 2.2

¢c-CH,CH,O+°*OH (7) —30.2 —-29.1 —-33.1 —-31.6 —32.6 -315 —33.1 1.7
mechanism M3

TS4 14.9 11.3 14.9 10.3 1.2

6 —19.3 —20.1 —21.2 —22.3 3.9

CH3;CHO + *OH (8) —58.6 —57.6 —-62.1 —60.7 —61.9 —60.7 —60.2 0.6
mechanism M4

TS3 7.0 3.8 2.7 -1.1 2.5
mechanism M5

TS1 7.3 1.9 5.1 -1.2 5.5 -1.2 -2.3 1.4
other species

2(trang) —35.3 —35.8 —35.2 —35.7 5.5

2(cisTS) —-32.9 —-33.7 —-32.7 —-33.4 5.4

2(gaucheTS) —34.2 —34.9 —34.1 —34.7 5.4

2(cisES) -9.8 -10.1 -9.6 —-95 5.2

2(transES) —15.4 —155 —155 —15.3 5.2

TS2 15.1 12.2 14.7 11.3 29

4 —13.9 —-14.3 —-16.1 —-16.7 3.6

TS3 8.0 4.5 4.2 —-0.2 2.5

2See Figures 216 for structural depiction®.ZPVE corrections are computed at the CCSD/DZP level (imaginary frequencies of transition
states are ignoredj.Evaluated at the CCSD(T)/DZP geomett\Evaluated at the CCSD(T)/TZ2P geomett.wo imaginary frequencies ignored.
See text! CCSD(T)/TZ2Pf full optimizations of reactants, and products, 7, and8, place the products 13.6, 33.2, and 60.7 kcal thbelow

1, respectively.

TABLE 6: A Comparison of Relative Energies (in kcal mol~t, with ZPVE) Obtained by Different Levels of Theory for Species
in Three Pathways, MI, M4, and M5, of the GHs* + O, Reaction Leading to GH4 + HO,* Formation

CCSD(T)/IDZP/I  B3LYP/ CCSD(T))  CCSD(T)/[TZ2P//  CCSD(T)/[TZ2Pfll
species CISB-Q/DZP CISD/IDZP TZ2Pp DZP° CCSD(T)/DZP CCSD(T)/TZ2P

CoHe + 0, (1) 0.0 0.0 0.0 0.0 0.0 0.0

2 -28.0 -305 —29.0 305 -30.3

3 -8.7 ~12.2 -14.0 -126 -16.9

4 -10.6 -10.3 9.9 —-11.2 -13.7

TS1 13.3 4.5 -1.9 3.3 0.2 -0.9
TSY 10.2 17.0 15.5 15.1
TS2 14.8 9.1 8.0 8.6 7.1 5.3
TS3 1.5 6.3 1.4

CoHas + HOy (5) -55 -85 ~-11.2 -9.0 -13.0 -12.8

2 ZPVE corrections are at the ROHF level and are scaled by 0.91. All values from reZE¥.E corrections are at the B3LYP/DZP level. All
values from ref 74¢ ZPVE corrections are at the CCSD/DZP levENot adjusted for zero-point vibrational energy.

located which connected the ground-state reactants with aan & mode of only 11 cml. Like B3LYP/DZP, our methods

loosely bound @Hy4 - - - HO2® complex,3. This transition state
is shown in Figure 5. Our geometry foIS1', optimized at the
CCSD(T)/TZ2P level, is consistent with the B3LYP/DZP and
B3LYP/TZ2Pf geometries of IXAS, though the,€Hy,—Oy
transition angle is about 2Zmaller. Likewise, our geometry
for the loose comple® (see Figure 6) is consistent with the
B3LYP/TZ2Pf geometry of IXAS?* and even the long &H
distances are within 0.03 A of the DFT values. We find tBat
is 3.9 kcal mot?! below the GH4 + HO,* products, which is
somewhat more bound than the 2.0 kcal mMgbredicted by
IXAS.

At the B3LYP/DZP level, IXAS foundCs TSI to be a
second-order stationary point with ai32n~! &' mode leading
to a C; transition state. However, using B3LYP/TZ2Pf they
found theC;s structure to be a true transition state, albeit with

show theCs structure to be a saddle point with dhienaginary
frequency of 32 cm™! with CCSD/DZP and 36¢cm™! with
CCSD(T)/DZP. The ‘aimaginary frequency is quite large in
magnitude, being 3567and 2528 cm! at these levels,
respectively, indicating both a thin barrier and a small reduced
mass for hydrogen abstraction. The difference of more than 1000
cm! correlates with a decrease in barrier height of more than
10 kcal moft! between the CCSD and CCSD(T) methods (see
Table 5 and cf. discussion @152 in the next section). Although
the CCSD(T)/DZP value of 2528m1 is reasonable, it is still
large compared to the B3LYP/TZ2Pf value of 168~ and
may indicate that our computed barrier is somewhat high. As
frequency determination with a TZ2P basis set is fairly
demanding, we have not investigated frequenciesTf®t’ at
higher levels of theory. Nonetheless, the results of IXAS indicate
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1.088

TS1 (cis)

, 102.8°
2A (Co) 1.082

102.1°

° DZP CCSD
° DZP CCSI(T)

TST' (srans)
2 A" (Cs)

Figure 5. Optimized geometries of the transition stafES{) for

concerted elimination of HOfrom the ethylperoxy radicalj and of
the transition state for direct hydrogen abstractio81). See caption
of Figure 2 for an explanation of the assumed notation.

088
1.090 1.348 N 7.0
1354 @A\' 117.1°
116.8° = \‘.
169 1089 7
K/‘ L~ 1.090

73.8
2 745 ! 99.1°
/ 98.9°

{2372
;233

2.379%,
2356,

0.982 DZP CCSD
0.985 DZP CCSD(T)

B =

N

{

ZA" (Cy)

Figure 6. Optimized geometries of the loosely boungHz:--HO,
complex Q).

that theC; structure may be a true transition state. Furthermore,
at the B3LYP/DZP level, th€; transition state located by IXAS

is only slightly nonplanar and just 0.008 kcal mbbelow the

C; structure, suggesting that even if the symmetryT8fl' is

not C,, the true asymmetric structure would be nearly structurally
and energetically equivalent to that pictured in Figure 5.
Additionally, our computed structures féS1' are vibrationless
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Ethylene ('Ag

1346 DZP CCSD
1351 DZP CCS(T)
1330 TZ2P CCSD
1336 TZ2P CCSI(T)
1333 TZ2Pf CCSD(T)
1339 Expt. (rg}

HO; radical (2A")

103.8°

1349
1355
1.339
1350
1336
1331 Expt. (o)

Products

Figure 7. Optimized geometries of the product,(ethylene and the
hydroperoxy radical. Experimentgj values for ethylene are from ref
125. Theoreticaf. values which approximate the complete-basis, all-
electron CCSD(T) limit are{(CC) = 1.331 A,r(CH) = 1.081 A, and
04(HCH) = 117.T (see refs 88 and 95). Experimentalalues for the
hydroxyl radical are from refs 100 and 126.

As already noted in section IV, pgab a problem with our
coupled cluster computations @51 is the sizable multiref-
erence character of the wave function, which perhaps diminishes
the reliability of the computed energetics (and vibrational
frequencies) for this transition state. Notwithstanding the
difficulties of determining the symmetry or asymmetry and
obtaining a reliable reference forS1, we have obtained
energetics for this transition state at the CCSD(T)/TZ2Pf//
CCSD(T)/TZ2P level. We predict the transition state to be 15.1
kcal molt above the ground-state reactants. This result shows
that the barrier for the direct hydrogen abstraction mechanism
is larger than most early estimates of this barrier ofL8 kcal
mol~1.34-4144116At the B3LYP/TZ2Pf level, IXAS4find TSY
to be 10.2 kcal mol' above reactants without zero-point
correction—considerably lower than our vibrationless value of
16.4 kcal motl. We note here that this is the only instance in
which the B3LYP/TZ2Pf results of IXA8 are significantly ¢4
kcal mol1) lower (or even different) than our best coupled
cluster results. Taking the uncertainty in our CCSD(T) results
for TS1' into account, we feel the actual barrier is likely in the
13 £ 3 kcal mol! range.

In their assessment of the)lds* + O, reaction, Wagner et
al.58 argue that experimental evidence suggests an M1 barrier
significantly above the=5 kcal moit barrier observed for many
hydrogen abstraction mechanisk$Wagner et al. note that in
the GHs® + O, abstraction mechanism not only must the bonds
about the migrating hydrogen be broken and formed, butrthe
bond in @ must also be broken, which raises the activation
energy above that for most simple abstraction reactions. In
summary, we conclude with confidence that the barrier for M1
is greater thant-10 kcal motl, is thus inconsistent with the
observed negative temperature coefficient for ethyl radical
oxidation, and is not operative at temperatures below 1000 K.

structures and not the zero-point averaged structures, which may Finally, we have probed the AA' state of TS1', which

indeed be effectively o€s symmetry.

corresponds to the 8s* (X 2A") 4+ O, (a'Ag) reaction. At the
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CCSD(T)/TZ2P level using the CCSD(T)/DZP geometry of the
ground state, this “vertical” excitation energy is 26.3 kcal Thol
similar to the 22.3 kcal mof a*Aq — X °Z; excitation energy
(Te) in O2.92

2. Ethylperoxy3-Hydrogen Transfer with ©O Bond Rupture g 1095
To Yield Oxiranet *OH (M2). The initial step in mechanisms
M2 and M4 involves formation of the hydroperoxyethyl radical
via -hydrogen isomerization of the ethylperoxy radical. An
understanding of this process is best achieved when one invokes
the role of symmetry. Consider the groutil’ state of2(trans).

The origin of the & SOMO is easily explained by recalling
that in & (X 325,) there are two unpaired electrons in
degenerater orbitals which are perpendicular to one another
about the bond axis. As one of the unpaired electrons4in O
forms a bond with the'aadical electron in gHs*, the second
unpaired electron remains inactive toward bonding, and thus
becomes the “new” radical electron 2ftrans), perpendicular

to the plane of reaction.

In the 2(cis-TS) (2A"") structure, the terminal oxygen atom
is in the proximity of the terminal methyl group, 2.65 A from
Cp at the CCSD(T)/DZP level ang1.6 A from an in-plane
hydrogen atom, upon a 60otation of the methyl group. The
unpaired electron remains perpendicular to @eplane of
symmetry, which contains the migrating hydrogeny)(ih the
B-hydrogen isomerization process. Likewise, in the lowest Figure 8. Optimized geometries of the first excited stafe %) of
energy2(gauché conformation, the unpaired electron is directed the ethylperoxy radical in the cis and trans conformations.
—75° out of the QOpH;Cy, “plane”, whose framework has a
torsion angle of only 6.9 Clearly, the asymmetri2(gauche 109.4° _
SOMO retains much of the"acharacter of the2(cis-TS) : 1092 114.0°
conformer In the QOpH;Cy, “plane” the terminal oxygen atom q
is 2.67 A from the nearest methyl hydrogen atom, which
becomes the migrating hydrogen in {fidydrogen isomeriza-
tion process.

Thus, in both the(cis-TS) and2(gauchg conformations of
the ethylperoxy radical, the unpaired electron is in dnoa
pseudo-& orbital with respect to the plane containing the
migrating hydrogen. During intramolecular hydrogen transfer,
the “radical” electron must shift atomic centers, i.e., move from
Oy to Gy, a process which is most easily achieved when the
SOMO overlaps with the migrating hydrogen atom, which is
not the case in the ground state of eitB@is-TS) or 2(gauché@. TS
However, the first excited state of the ethylperoxy radical places 207 (Cy)
the electron in an'ar pseudo-aSOMO and thus in the plane Figure 9. Optimized geometries of the saddle-point structi®?,

of migration, Which fac?litatgs an intramolecular hydrogen which corresponds tg8-hydrogen transfer within thg(cis-ES) ethyl-
transfer®®118 A similar situation occurs in theCH; + O, peroxy species.

reaction®®

Locating excited states which belong to e point group  frequency of20G cm~ which led to a truéA transition state
is not possible without an equation-of-motion (EOM) formula- (TS2). Likewise, we have locatefiS2 (see Figure 9). ITS2,
tion of the coupled cluster method, which we have not used. the O-O bond lengthens by 0.060 A and the-O bond
We can, however, study the A\’ states of the2(trans) and decreases by 0.014 A ov2(cis-ES). Accompanied by decreases
2(cis-TS) rotamers. Our results for these states are included in of 4.2° and 7.8 in the Q,0.C, and QC.C, angles, respectively,
Table 4 and pictured in Figure 8. TH&' excited surface  these geometric changes facilitate the hydrogen abstraction
correlates to gHs* (X 2A") + O, (a'Ag) reactants. Note that  process.
the triplet-singlet ga@ in diatomic Q is 22.3 kcal mot?, We also find two imaginary frequencies f682 of 321i (a')
which is similar to the 20.4 and 23.9 kcal mbX—A splittings and 2394 (a) cm™2, the former corresponding to ring puckering
of the trans- and cis-ethylperoxy isomers, respectively. Both into theC; point group and the latter to intramolecular hydrogen
the trans and cis excited-state rotamers are true minima and liemigration. TS2 lies 12.2 kcal mot! above the ground-state
10.1 and 4.3 kcal mol below the ground-state reactants, reactants and 16.5 abo&cis-ES), representing a relatively
respectively. Thus, in principle, each is energetically accessible small barrier for the actual hydrogen transfer. Yet one must
during the course of the reaction. explain whyTS?2 is a saddle point.

Hence, one scenario for ethylperoyrhydrogen transfer To investigate this feature, we performed a CCSD(T)/TZ2P
would involve the2(cis-ES) structure, which would then allow  single-point energy computation of the exciféd’ state ofTS2
for hydrogen transfer via a ring-lik&\" transition state. QG at the2A’ CCSD(T)/DZP geometry. The optimizeéd'" state
first located this transition structur@$2), but reported an'a would correspond t@-hydrogen transfer fron2(cis-TS). Not

2(cis)-ES
(N

108.9° DZP CCSD
108.9° DZP CCSD(T)

24 (CY)

1.277 DZP CCSD
1.277 DZP CCSIX(T)
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surprisingly, due to unfavorable electronic alignment, TS5

2A'"" vertical excitation energy is 9.8 kcal maél A second-order
Jahn-Teller interaction of the 2A’, 2A"") states leads to
significant stabilization of asymmetri€;; TS2. Thus, ethyl-
peroxy radical isomerization to the hydroperoxyethyl radical
can proceed through an asymmetric transition sEE®2)( which

is lower in energy than either ti#&' or 2A"" states offS2 due

to optimal electronic relaxation. We findS2 to be 5.1 kcal
mol~1 lower thanTS2, as shown in Figure 1.

Note thatTS2 is actually on the ground-state hypersurface
due to the conical intersection ofA’, 2A") states inCs
configuration space. Indeed, IXASperformed an intrinsic
reaction coordinate (IRC) computation which leads backward
from TS2to the2(gauché ethylperoxy radical conformer. This
is not entirely unexpected, as thg-6C,—0O,—Oy torsion angle
in TS2 is ~46° with a G,—Hp—0,—0O4 torsion angle of 155
within reach of the corresponding angle<{jgauche)of 71.1°
and 6.9; some methyl rotation about the-C bond yields H
from the migrating hydrogen,

While QGS7 were the first to recognize the origin of the
asymmetricTS2 transition state, their results foFS2 were
somewhat dubious due to its abnormally large magnitude of
the imaginary frequency. QGS report values of 5981d 4788
cm! at the ROHF/DZP and CISD/DZP levels. However,
IXAS7 found a more reasonable value of 22&m~1 with
B3LYP/DZP. We computed frequencies fo2 at both the
CCSD/DZP and CCSD(T)/DZP levels and find values of 2537
and 2637 cm™1, respectively. QGS note that the magnitude of
imaginary frequencies often correlates with the “sharpness” of
a potential barrier. Specifically, in this case, a large energetic
barrier correlates with the large imaginary frequencies cited
above: E(TS2) — E(2) in kcal mol! being 59.7 [ROHF/DZP],
46.4 [CISD/DZP], 41.3 [CCSD/DZP], and 39.1 [CCSD(T)/
DZP]. The magnitude of the imaginary frequency appears to
level off at about 2600cm™! as the barrier height converges
on a value of~39 kcal moi'! above2.

We have optimizedl'S2 (°A) at levels as sophisticated as
CCSD(T)/TZ2P (see Figure 10). At our best level of theory,
CCSD(T)/TZ2Pf//CCSD(T)/TZ2P, we find thaiS2is 5.3 kcal
mol~! above reactants. The energetics ©82 are crucial to
deciphering the preferred mechanism of thel€£+ O, reaction,
and we examine these in our discussion of M4. At this point it
is sufficient to realize that the initial barrier in M2 &ove the
ground-state reactants.

The product of the ethylperoxy radical rearrangemeni@a
is the hydroperoxyethyl radica# (2A), shown in Figure 11.
This radical has a rotamer about the-O bond,4', which is
0.6 kcal mot! above4. In our geometries ot and 4' the
terminal methylene group, B Hj; is twisted about the €C
bond approximately 30from the B3LYP geometries of IXAS}
making the CHCH, portion of 4 appear more like ethylene.
However, the actual orientation of these two hydrogens is of
little importance to the overall reaction. We fiddto be 13.7
kcal mol~* below reactants, or 16.6 kcal mdlabove2.

It has long been recognized thatan decompose into oxirane
+ *OH through G-O bond rupture. Our optimized geometries
for the decomposition transition stafeS5 (2A), are shown in
Figure 12. We find that the §C.0.0, framework is nearly
planar and the ©H hydrogen to be rotated about 50ut of
this plane. In a recent study by Chan, Pritchard, and Hamitton,
they find a BHLYP/6-311G** geometry quite similar to ours
with the exception that the ©H hydrogen is rotated only°6
out of the GC,0.0;, plane. We obtain an imaginary frequency
of 1089 cm™! for TS5, which is larger than the 65&m™* of
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1.339 DZP CCSD
1.349 DZP CCSD(T)
1.335 TZ2P CCSD

1.345 TZ2P CCSIXT)

0,C,H, = 106.5°
106.4°
106.6°
106.4°

O,CH," = 110.7°
1108°
110.4°
1105°

H,"CeH, = 111.3° HO,0,C.C) = -45.0°
111.4° -453°

-45.9°

-46.5°

WH0L0,C, ) = 34.7°
34.7°

110.8°
11.0°
Hy/CyHy = 105.8°
105.6°

105.2°
104.9°

34.9°
34.9°

TS2
A (Cp

Figure 10. Optimized geometries of the transition stat&p) for the
conversion of the ethylperoxy radica) ¢to the hydroperoxyethyl radical
(4). See caption of Figure 2 for an explanation of the assumed notation.

Hy"CyCy = L19.7°

1o7°
Hy'CC, = 121.3°
1212

O,C,H, = 109.3°
109.3°
O,CH," = 102.1°
101.9°
H,’C,Cp= 111.0°
1L

\

1.499

4
TN (eh)

T(HyCC,0)= -108.1°  T(C,C,0,0,) = 69.7° DZP CCSD
-104.5° 69.62 DZP CCSD(T)

© (Hy'C,C,0.)= 62.9° ©(C,0,0Hy)= -105.1°
65.0° -105.1

1.087
1088 )

©(C,C,0,0,) = 66.5°
66.5°

0,C.H, = 109.3°
109.3°
0,CH,"=1022° HyGC,= 1202°
102.0°
H,"C,Cy= 111.0°
L.

T (C0.0pHy)= 114.3°
114.7°

T (HyCuG,0)= -875° T (Hy'CyC,0p= 75.5°
87.0° 75.8°

Figure 11. Optimized geometries of the hydroperoxyethyl radigl (
and its rotamer4). See caption of Figure 2 for an explanation of the
assumed notation.

Chan et al. To examin&S5 further we optimizedl' S5 at the
B3LYP/TZ2Pf level, found the hydroxyl hydrogen to be rotated
~40° out of the GC00p plane, and obtained an imaginary
frequency of 74bcm™1. Differences between our results and
those of Chan et al. are likely due to their use of the BHLYP
functional, which incorporates significant Hartreleock ex-
change. IXAS* have shown this functional to be less reliable
than the B3LYP functional for the £s° + O, reaction.



Feature Article

C,CHy = 120.1° O,CH, = 113.8°
119.9° 113.8°

C,CHy = 120.1° 0,CH," = 1136
120.0° 113.7
H,'C,Co = 115.8

T (H040,C,) = -130.0° DZP CCSD

-127.6° DZP CCSD(T)
T(O0,C,Cy = 178.0°

175.1°
T(OLCH) = -85.6°

-84.8°

©(0,C,CoHy") = 842°
829

TS5
2a (@)

Figure 12. Optimized geometries of the transition staf&p) for the
decomposition of the hydroperoxyethyl radical into oxiraheOH.
See caption of Figure 2 for an explanation of the assumed notation.

Oxirane (lAl)
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119.4°
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22.1°
22.0°
22.2°
21.6°
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1.428 Expt. ()

OH (31IT)

©—e
0980 DZP CCSD
0981 DZP CCSD(T)
0.968 TZ2P CCSD
0970 TZ2P CCSD(T)
0.970 TZ2Pf CCSD(T) .
0.970 Expt. (o) Acetaldehyde (lA') }%;

109.4°

Li1

CyCoH,y' = 115.2° G,C,0, = 124.5° CyCpHy = 110.6°
115.2° 124.5°

115.5° 1245°

124.4°

7,8
Products

Figure 13. Optimized geometries of the produc®,(oxirane and the
hydroxyl radical, and&), acetaldehyde and the hydroxyl radical. The
experimental hydroxyte, oxiranery, and acetaldehyds, values are
from refs 92, 127, and 128, respectivelfyC—CH,) is an out-of-plane
angle.

Chan and co-worket& placeTS5 15.0 kcal mot?! above4
and 30.6 kcal mai! above the products,, using UCCSD(T)/
6-311G(2d,p) single-point energies at their BHLYP geometries.
Earlier density functional studies by Gréeplace TS5 about
8—9 kcal mol! above4 and 14-15 kcal moi ! above products,
suggesting a substantially lower barrier. Our RCCSD(T)/TZ2P//
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C.CH, = 110.3°
1102°
C,CoHy = 100.9°
109.9

H,CpH,' = 108.3°
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©(C,0,0,H," = -0.7°

0.6°

©(C,C,000) = 1139°

113.9°

T (HC,CHy) = -104.4°
1

-104.6°
T(0,C.CHy) = 171.6°
1717

TS4
(o)
Figure 14. Optimized geometries of the transition sta®S4) for

a-hydrogen migration of ethylperoxy radic&l, See caption of Figure
2 for an explanation of the assumed notation.

Our best results thus plad@&5sjust 0.2 kcal mot! above GHg*
+ O,. Our results are close to the experimental estifdaié
16.5 kcal mot? for the energy ofT S5 relative to4, allaying
any concerns about tfig value of 0.040 foiT S5. Note in Figure
1 thatTS5is 5.1 kcal mot! below TS2 and hence the overall
activation energy for M2 corresponds &2, for which E40
K) = 5.3 kcal mof™. Thus it is the initial barrier to hydroper-
oxyethyl radical formation and not the subsequent decomposi-
tion barrier which blocks production of oxirane in theHg® +
O, reaction.

3. Ethylperoxyo-Hydrogen Transfer with ©0 Bond Rupture
To Yield Acetaldehydée *OH (M3). In contrast to M2 and M4,
M3 proceeds through ethylperoxy-hydrogen transfer. This
o-hydrogen transfer is an unfavorable 1,3-suprafacial hydrogen
shift. The 1,3-sigmatropic isomerization occurs via a “strained”
four-membered ring-like structurdS4 (°A), shown in Figure
14. Note that the &-0,—Op—Hj ring is nearly planar. This
“strained” species has an imaginary frequency of 21461
and lies, as might be expected, 4.4 kcal mohbove the
corresponding-hydrogen isomerization barriefS2, and 11.5
kcal mol! above reactants. M3 has only been examined
theoretically in the work of Shen, Moise, and Pritch&teyho
predictedTS4 to lie 50.4 kcal mot! above?2 at the MP4/
6-31G//IMP2/6-31G level. Our results plat&4 at 41.8 kcal
mol~! above2, over 8 kcal motf?! lower than that of Shen et al.
and consistent with an expected barrier lowering usually seen
with improved correlation treatments.

TS4 leads to formation of the C}£HOOH, 6 (?A), shown
in Figure 15. Shen et afound 6 to lie 17.2 kcal mot! above
2, whereas our results plaéeonly 11.9 kcal mot! above2, or
18.4 kcal mot?! below reactants. Shen et al. also found a
transition state for dissociation & into products,TS6 (?A),
which was predicted to lie 8.1 kcal mdl below 6. No
explanation was offered for this apparent anomaly, and we were
unable to reproduce their results. It seems likely that the MP2/
6-31G method is not capable of correctly describing the bonding

RCCSD(T)/DZP values for the same energies are 13.9 and 30.1in 6 or TS6. We have not examinefiS6 but note that the barrier

kcal mol, in good agreement with the values of Chan et#l.,
as one would anticipate given the similarity in levels of theory.

for decomposition into acetaldehyde*OH, if it exists at all,
will probably be small. We also note that the related carbene
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114
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-179.0°
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Figure 15. Optimized geometries of CgléHOOH 6). See caption of
Figure 2 for an explanation of the assumed notation.

species, CHCOOH, does not appear to have a true @ bond
(~2.0 A) 129whereas has a much shorter peroxy bond of only
1.48 A at the CCSD(T)/DZP level, quite similar in length to
the O-O distance in hydrogen peroxid&:123 |t is also
important to note that the barriers for 1,2-hydrogen migration
in either6 or 4, which would allow for interconversion between
the two species, are likely greater than 40 kcal Thét*

In summary, although the products of M®,are the global
minimum for the GHs® + O, reaction system, the large barrier
for a-hydrogen transfer in the ethylperoxy radical {0 K)
= 11.5 kcal mof? prohibits access to the global minimum at
temperatures below 1000 K. We also note that the large
activation energy for M3 is consistent with QRRK activation
energy estimaté$ of 9.6—10.3 kcal mof! and experimental
observations of virtually no acetaldehyde formatiéhlowever,
the activation energy for M3 is<5 kcal mol?! below the
activation energy for M1 and only6 kcal mol! above that
of M2 and M4. Thus M3 should be important at elevated
temperatures.

4. Ethylperoxys-Hydrogen Transfer with €O Bond Rupture
To Yield Ethylener HO,* (M4). As with M2, mechanism M4
proceeds through ethylperogyhydrogen transfer viaS2, see
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Figure 16. Optimized geometries of the transition staf&g) for the
fragmentation of the hydroperoxyethyl radical and its rotarfi&J)).
See caption of Figure 2 for an explanation of the assumed notation.

TS2 of —2.4 kcal mot? (7.7 kcal mot?! lower than our
CCSD(T)/TZ2Pf//CCSD(T)/TZ2P value). In hindsight, some
parameters used in the RRKM model appear to be erroneous,
because ab initio computations 52 were not available at
the time of the study, forcing the assignment of approximate
geometries and frequenciesTt82. For example, our value for
the imaginary mode iTS2 of 2637 cm™! is approximately
1000 cm! greater than the 168&m™! value assumed by
Wagner et al. for use in their RRKM modeling. In addition to
the assumed imaginary vibrational frequency, Wagner et al. also
assume a distance of 1.48 A for the breaking CH bond. In
contrast, our gH,, distance inTS2is 1.345 A at the CCSD(T)/
TZ2P level of theory. Furthermore, we have already noted that
the relative energy of the ethylperoxy radical may be too low
in the RRKM studies of Wagner et al. (see section V, part A).
These discrepancies and the 7.7 kcal Thotlisagreement
between our best computed energy T&2 and that of Wagner

Figure 10. In our discussion of M2 we examined symmetry and co-worker® cast doubt on the assumption that the barrier
related aspects of this mechanism and noted that with our bestin the RRKM model corresponds %52, while not necessarily
level of theoryTS2 lies 5.3 kcal mot! above reactants. The invalidating the value of the barrier height.

energy of TS2 relative to reactants has been the subject of TS2 leads to formation of the hydroperoxyethyl radicél,
considerable debate. In most experimental work, M4 has beenWe have already examinddn our discussion of M2 and noted
assumed to be the operative mechanism with an activationthat decomposition of into oxirane+ *OH proceeded through
energy slightly lower than reactants, as indicated by observationsa barrier of 13.9 kcal mot. The hydroperoxyethyl radical can
of a negative temperature coefficient. From their studies of the also decompose into ethylene HO,. This fragmentation

C,Hs" + O, reaction, Baldwin, Pickering, and Walképbtained
an activation energy of 34.% 2.4 kcal mot? for S-isomer-
ization of the ethylperoxy radical, which is somewhat less than
our value of 37.4 kcal mol. In contrast, Slagle, Feng, and
Gutmart® concluded in a subsequent study ti&2 lies only
23 kcal mot! above2 and 6.5 kcal mol! below reactants,
values clearly at odds with our theoretical predictions.

Of particular interest are the RRKM results of Wagner et
al. ’8 from which they obtain an overall activation energy for

proceeds through a “loose” transition staf&3 (?A), shown
in Figure 16, which is similar in structure & but with a rather
long G--O distance of about 1.9 ATS3 has a rotamefTS3,
which lies 0.9 kcal mol' above TS3 and corresponds to
decomposition off'. We find TS3 to lie only 15.1 kcal mot?!
above4 and just 1.4 kcal maft above reactants, which is quite
similar to the 1.5 kcal moft obtained by IXAS’* As with TS’
andTS1, TS3leads to the loosely boundB4:+-HO,* complex,

3.
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The barrier for formation of from the reverse reaction8, connect the ethylperoxy radical directly to products. Indeed, such
+ HO,* (presumably vial S3) has been of much debate. Slagle a transition state was proposed by Baldwin, Dean, and W4lker
et al*® proposed a barrier height between 5 and 7 kcal ™ol and first studied theoretically by Q@S Our optimized struc-
above the products. In contrast, the Arrhenius activation energytures for this transition statdS1 (?A"), are given in Figure 5.
obtained by Baldwin, Walker, and co-work&t4® placed this At the CCSD/DZP level an imaginary frequency of 188611
barrier at least 17.% 1.2 kcal mof! above products, a key is obtained. It is interesting to note thE$1 is the cis conformer

aspect of their analysis being the assumption that i, G- of the direct hydrogen abstraction transition sta®]'. Indeed,
HO-* reaction is irreversible. That is, the reaction was assumed in one sense[S1is itself a direct hydrogen abstraction transition
to proceed as state. However, while IRC computations performed by IXAS
for both TS1 and TS1 connect to the loosely bound complex
C,H, + HO," — "*CH,CH,00H — ¢-CH,CH,0 + "“OH 3 in the forward reaction pathfS1 connects to reactants in

(10) the reverse reaction path whil&1 connects t@(gauchg. This
is not surprising, as formation of the ethylperoxy radical appears
with the first step being irreversible. In support of this inevitable with nearly every approach of, @ the proximity
assumption, Baldwin et &f“®argue that decomposition of the  of the GHs" radical center, because ethylperoxy formation is a
hydroperoxyethyl radical4, into oxirane+ *OH has a barrier barrierless and highly exothermic process.
(TSH) thatiis 9.6 keal mot* below the barrier for @H, + HO,* As with the studies of Q@8 and IXAS* we find TS1to be

- 'CH2CH20_OH (TS3). Irreversibility in eq 10is 'important lower in energy thad'S2 and in agreement with IXAShelow

as the exper.lment measured the pr.oductlon of oxirane, and nOtground-state reactants. Specifically, at our best level of theory,
CzHq or HO, products from reversible processes. Yet subse- ccgp(T)Tz2PfiICCSD(T)/TZ2P, we findiSL to be 6.2 keal
guent QRRK modeling by Bozzelli and Deédrsuggested that mol-L below TS2 and 0.9 kcal mol® below ground-state

) 1 .
TS31s only 8 kcal mor™ above GH, + HO." ) reactants. IXAZ* was the first study to findS1 belowreactants.

Using DFT computations, Gre€tplacedTSS5 only sllghtl.y Here, we are the first to confirm this critical result with rigorous,
below (less than 1.5 kcal mol) TS3. In contrast, Shen, Moise, convergent ab initio methods.

) h .
and Pritchar® placedTS3 3.3 kcal mol™ below TS5 with We have also examined the first excited st&#') of TS1

ggg/g;’si(;//kl\gzzr/&?lle theory. Our results plak®5 below at the CCSD(T)/DZP optimized geometry of the ground state
' X ’ (3A"). This vertical excitation energy is 44.2 kcal mél

Regardless of the actual orderingT®3andTS5, it is clear A o
that both transition states are very close in energy, and should.ConSIOIerably larger than the analogous 9.8 kcalsplitting

. : TS2, and the large state separation prevents significant
the GHs* + O, system overcome the 5.3 kcal mblbarrier n .

associated witlTS2, the hydroperoxyethyl radical will likely second-order JahnTeII_e r coupling of the two states.._Note that.
decompose into both ethylene and oxirane products. Addition- bothTS2 andTS1are five-membered ring-like transition states;
ally, we find TS3to be 14.4 kcal moft above GH, + HO* however,TS1 displays virtually no G-O bond and a contracted

in large disagreement with the QRRK value of Bozzeili and O_”O b(_)rrg:lz, v;/hlchdlsHsh.ortgr thin the—CO; b50n;:I |anSS' a'?’h
Dean?’ and several kcal mot lower than values obtained by W' @S 154 < an Q. (See Figures 3, 5, 7, and 9.) The
Baldwin, Walker, and co-worker&:48 The close competition electronic ground states diS1 and TS2 each correspond to

betweenTS3 and TS5 clearly vitiates the assumption that eq the “TSt excited state of the _other. Thus, there exists a state
10 is irreversible and provides an explanation for apparent, crossing, or conical intersection, along the path between the
empirical activation energies of Baldwin and co-workers which two transition structures.. . . . )

are too large. We also note that UHF results obtained by Our results are of sufficient quality to say with confidence
Skancke and Skancksuggest that there may exist a transition thatTS1is at orbelowthe ground-state reactants, if only by 1
state leading to oxirane formation directly fromHG + HO.". or 2 kcal moft. Hence, only M5 has an overall negative
If such a transition state exists and its relative energy is not activation energy and is compatible with experimental observa-
much higher thaTS3andTS5, the analysis of the experiments  tions of a negative temperature coefficirin the GHs" + O,
would be further complicated. Clearly there is need for new reaction.

experimental and theoretical work on theHz + HO,® reac- Interestingly, our imaginary frequency foiS1 is only 249
tion. cm~1 below the 163Bcm™t imaginary frequency of S2in the

In summary, M4 is in close competition with M2, and both RRKM study of Wagner et & As already discussed, the model
have the same overall activation enerd(p K) = 5.3 kcal of Wagner et al. could, with structural modification, apply to
mol~1]. Additionally, the fact thaffS3is 1.4 kcal mot?! abave either M4 or M5, despite the original assumptions of the authors.

reactants further argues against M4 as a means for formationCertainly, it is equally valid from our perspective to compare
of ethylene from the gHs" + O, reaction. Because previous our computed barrier heights for eith€61 or TS2 with the

experiments below 1000 K have observed very little oxirane RRKM barrier height of Wagner et al. Recall that we find a
formation in the GHs® + O, reaction, then M2 is apparently 7.7 kcal mof?! difference between the barrier obtained by

not operative at these temperatures, and beca88and TS5 Wagner and co-workers and our computed barrieff®2. On
are competitive, one must conclude that M4 is also not operative the other hand, the RRKM barrier height-e2.4 kcal mot? is
and thus not the primary source of ethylene formation. just 1.5 kcal mot? lower than our barrier foTS1. We note

5. Concerted Elimination of H® from the Ethylperoxy  again that Wagner et al. may have placed the ethylperoxy radical
Radical To Yield Ethylene- HO,* (M5). We have already = somewhat too low in energy with respect to reactants. However,
shown thatg-intramolecular hydrogen isomerization in the the height of TS1 relative to the ethylperoxy radical from
ground-state ethylperoxy radical is hindered because the orbitalRRKM theory is 30.5 kcal mot, a value in excellent agreement
of the unpaired electron is not directed in the plane of hydrogen with our computed result of 29.4 kcal mél Furthermore, our
migration. When one considers that the unpaired electron in result of E5(0 K) = —0.9 kcal moi?! for M5 is in excellent
the products, @Hs (*Ag) + HO," (A"), is fully “out-of-plane”, agreement with the recentlds® + O, Eo(0 K) = —0.6 + 0.1
it is reasonable to ask whether a simple transition state might kcal mol! obtained by Dilger et 162
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C. Comparison to Previous CISD and B3LYP ResultsThe
previous studies from our group, Q&8! and IXAS/* were

Rienstra-Kiracofe et al.

C,H40 + OH)”. Certainly our results show that each D81,
TS5, andTS3 are competitive (within 1 or 2 kcal mot), and

performed with basis sets that are identical or nearly identical thus any interpretation of experimental data for the reverse
to the DZP, TZ2P, and TZ2Pf basis sets used in this study. In reaction will be difficult. Without reexamination of the,&,
Table 6 we compare the results of QGS and IXAS with our + HO,® reaction, the 1986 study of this reverse reaction by
present results for three mechanisms: M1, M4, and M5. Of Walker and co-workefg should not be exclusively relied upon
first note, we see that the CCSD(T)/DZP//CISD/DZP values of as evidence against the forward reaction proceeding via M5. In
QGS are all within 1.2 kcal mot of our fully optimized other words, the argument against M5 put forward by Wagner
CCSD(T)/DZP values. Clearly the results of QGS are quite et al®8is not conclusive. Indeed, Pilling et&advocate inter-
good. However, while the CCSD(T)/DZP method is often a pretation of the reverse reaction by considering a composite
sufficiently advanced level of theory for many chemical mechanism, which accounts for formation of the ethylperoxy
problems, our CCSD(T) results with the TZ2P and TZ2Pf basis radical via the concerted mechanism, M5. Since Pilling’s review
are as much as 4.9 kcal méldifferent from their CCSD(T)/  and our studies (Q@S and XS4, more recent discus-
DZP counterparts. The B3LYP/TZ2Pf results of IXAS are close sior??23113.1180f the GHs* + O, reaction has acknowledged
to our best values and differ by no more than 3.8 kcalthol the possibility of M5 as a mechanism for olefin formation. We
(excludingTSY1). conclude from this work that this concerted mechanism is the

At all levels of theory,TS2 remains higher in energy than  only operative mechanism at low temperatures for the forward
TS1 Examining the convergent ab initio methods [CISD, reaction.

CCSD, and CCSD(T)], we observe that as the level of theory  The concerted elimination mechanism, M5, is distinct from
and basis set increase in sophistication, the relative energy ofthat of the f-hydrogen transfer/elimination mechanism, M4.
each transition state decreases with respect to reactants, whiléndeed, M5 and M4 will have different kinetic implications in
the relative energy of and the productss, appear to have  terms of the overall ethane oxidation process. For example, the
already reached convergence at abe80.3 and—12.8 kcal hydroperoxyethyl radical intermediatd, could undergo ad-
mol3, respectively. With further improvements in the theoretical ditional reactions (such as ,Oaddition), which would be
treatment, it seems unlikely that the relative energy of each impossible if the concerted elimination mechanism, M5, is
transition state would change by much more than 1 or 2 kcal operative, as this mechanism does not involve any geniune
mol~%, and certainly the energetic ordering of the transition states intermediates other than the ethylperoxy radical. Furthermore,
is even less likely to change. That is, using convergent ab initio even if M4 and M5 were to have the sanig (0 K), the
techniques, we can say with some confidence Tttt is below Arrhenius preexponential factorsA (factors) would likely
reactants by at least 0.9 kcal mgland is lower in energy than  noticeably differ. We strongly encourage all large-scale kinetic
TS2, which itself liesabave reactants by at most 5.3 kcal mél models of hydrocarbon oxidation to include mechanisms based
on both M4 and M5, especially as the latter mechanism has
not traditionally been considered.

Finally. we emphasize that the,lds* + O, reaction is a
prototype reaction for the oxidation of many simple hydro-
carbon-based speci#s!>182050such as CHCHCI, CiH7,
CHs3CCly, (CHg)CCl, and (CH)sC. Indeed, in a detailed study
of the (CH)3C* + O, reaction, Chen and Bozzeéfifound the
preferred mechanism proceeded through formationteof
butylperoxy radical with concerted formation of isobutefe
HOy* through a transition state similar f6S1. Furthermore,
B-hydrogen isomerization of thert-butylperoxy radical via a
TS2-like transition state was:5 kcal mol* higher, with barriers
to dissociation of the resultintgrt-butyl hydroperoxide into
eeither isobuteneg- HO* (via aTS3-like transition state) or 2,2-
dimethyloxirane+ *OH (via aTS5-like transition state) being
competitive (to within 1 kcal moit). Thus, oxidation of the
tertiary butyl radical occurs through mechanisms which mirror
the surface of the £1s° + O, reaction.

VI. Conclusions

We have examined five mechanisms for theHE + O,
reaction using high-level ab initio coupled cluster theory. Of
mechanisms MtM5, only M5 is consistent with experimental
observations of a negative temperature coefficient. M5 corre-
sponds to concerted elimination of R*Grom the ethylperoxy
radical gauche conforme2, and has an overali,(0 K) = —0.9
kcal molt. Our energetics for M4H,(0 K) = 5.3 kcal mot]
are not consistent with experimental observations of a negative
temperature coefficient, and the fact that bo®2 andTS3 lie
above reactants argues against this often assumed mecha
nism4558 Furthermore, we find that both M2 and M4 will be
competitive at higher temperatures, as both have the sam
activation energy+5.3 kcal mof 1), and decomposition barriers
for the hydroperoxyethyl radicad, into either oxirane (vid S5)
or ethylene (viaTS3) are within a 2 kcal mol?. Neither
M1, which corresponds to a direct hydrogen abstraction from
the ethyl radical by oxygen, nor M3, which leads to formation Note Added in Proof. Since the completion of this manu-
of acetaldehyde, will be important at temperatures below 1000 script in early 2000, the ethyt O, reaction has continued to
K, as both havé=,(0 K) > 10 kcal mot™ relative to reactants.  attract research interest from several groups. In an examination

Several of the most important research groups in the field of of structure-activity relationships in the epoxidation of alkenes
combustion chemistry have made important contributions to the by peroxyl radicals, Statk® has attempted to reconcile mecha-
C,Hs* + O, problem. Our present results strongly suppaiis nistic conflicts in the observed primary products, specifically,
+ HOy* product formation via concerted elimination from the why GHs® + O, yields GH4 + HO,* whereas @H; + HO,*
ethylperoxy radical (M5), as originally suggested by Walker gives oxirane+ *OH. The crux is an extension of the (2A
and co-workerg?4°Wagner, Slagle, Sarzynski, and Gutrffan ~ 2A") curve-crossing arguments made here for the interplay of
have argued against M5 in favor of the two-step mechanism, the M2, M4, and M5 (via TS2 TS2, and TS1) to the exit
M4. Wagner et alreasoned that should M5 exist, “the H® channel connecting the hydroperoxyethyl radidatp G;H, +
C,H4 [reverse] reaction would also proceed along it to a HOy (2A"”, 2A"). Chen and Bozzefit! have very recently
significant extent to form gHs + O, instead of exclusively by investigated the kinetics and thermochemistry of the addition
crossing the high-potential-energy barrier leading to the forma- of HO,® to ethylene, propene, and isobutene by means of MP2,
tion of CH,CH,O;H (followed by the subsequent formation of MP4, CBS-Q, and B3LYP theory. Finally, preprints sent to us
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