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The unimolecular decomposition of ethylene oxide (oxirane) and the oxiranyl radial is examined by molecular
orbital calculations, RiceRamspergerKasset-Marcus (RRKM)/Master Equation analysis, and detailed kinetic
modeling of ethylene oxide pyrolysis in a single-pulse shock tube. It was found that the largest energy barrier
to the decomposition of ethylene oxide lies in its initial isomerization to form acetaldehyde, and in agreement
with previous studies, the isomerization was found to proceed througiCH®H,O" biradical. Because of

the biradical nature of the transition states and intermediate, the energy barriers for the in@iau@ture

in ethylene oxide and the subsequent 1,2-H shift remain highly uncertain. An overall isomerization energy
barrier of 59+ 2 kcal/mol was found to satisfactorily explain the available single pulse shock tube data. This
barrier height is in line with the estimates made from an approximate spin-corrected procedure at the MP4/
6-31+G(d) and QCISD(T)/6-31G(d) levels of theory. The dominant channel for the unimolecular decomposition
of ethylene oxide was found to form GH HCO at around the ambient pressure. It accounts>f@0% of

the total rate constant far > 800 K. The high-pressure limit rate constant for the unimolecular decomposition
of ethylene oxide was calculated ks.(s™) = (3.74 x 1010)T1-29%29990T for 600 < T < 2000 K.

Introduction independent of total pressure, suggesting khés in the high-
pressure limit for® > 1.5 atm andl' < 1200 K.

A similar shock tube study was reported by Kern ef at.
temperatures from 1200 to 1800 K and pressures from 0.19 to

¢-C,H,O — products (R1) 0.40 atm. They suggested that

The unimolecular isomerization and decomposition of eth-
ylene oxide ¢-C,H40, oxirane) have been subject to extensive

experimental and theoretical studies. Early wofkdiscussed k, () = (2.6 x 10'%g>86kealmolRT

the mechanism of the first reaction steps in the decomposition

of ethylene oxide. Lifshitz et d&.studied the pyrolysis of  With kia = 0.54; andkay, = 0.464. At 1200 K, the total rate
ethylene oxide in a single pulse shock tube between 830 andconstant reported by Kern et%is about a factor of 5 smaller
1200 K and 1.510 atm. Major products observed include than that of Lifshitz et af. The cause for the discrepancy is
ethane, ethylene, methane, acetylene, acetaldehyde, propane, attiiclear, though the pressure falloff may contribute to this
hydrogen. A kinetic mechanism, consisting of 18 elementary discrepancy. There have been several ignition delay stdidiés
steps, was proposed and includes the fo”owing unimolecular for ethylene oxide oxidation. The oxidation of ethylene oxide

reactions for the decomposition of ethylene oxide, has also been studied in a jet-stirred reactor at temperatures
between 800 and 1150 K and at pressures from 1 to 10“atm.
¢-C,H,0 — CH,CHO (R1a) Mechanistically, the unimolecular decomposition of ethylene

oxide has been an interesting theoretical problem, as the reaction

— CH; + HCO (R1b) can proceed on both the singlet and triplet potential energy
—CH,+ CO (R1c) surfaces. Observations of the isomerization of tripletiO
biradicals isomers, includingH,—O—CHy*, *CH,CH,0r, and
Lifshitz and co-workers assigned a total rate constant CH3*CHO showed thatCH,—O—CH;* isomerizes mainly to
ethylene oxide, and not to methoxycarbene, whilel,CH,O
k, (%) = (1.21 x 10™)g 57 2kealimolRT isomerizes mainly to acetaldehyde (§3HO)15 This observa-

tion led to the suggestion that ethylene oxide decomposition
with kia ~ 0.6k; andkip, ~ 0.3k;. They were able to reproduce  starts by C-O fission to form the tripletCH,CH,Or, followed
most of the species concentrations a#&€ msdwell time over by 1,2-H shift to form CHCHO. A subsequent QCISD/6-31G-
the entire range of temperature considered in the experiment.(D) study*® suggested, however, that the unimolecular decom-
In addition, the species concentrations were found to be position of ethylene oxide starts from its isomerization to
acetaldehyde on the singlet surface (see Scheme 1) with an
* Address  correspondence to these authors. E-mail: T.A.B., activation energyE;, = 46 kcal/mol. This is followed by the

t'mT'?Jarzi‘i/‘g‘rg'ig%)feéﬁm;g"'Com; H.W., haiw@usc.edu. unimolecular decomposition of GBHO, i.e.,

# University of Southern California.
§ ExxonMobil Research and Engineering Company. CH,CHO—CH, + CO
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SCHEME 1
C.HO(T) > CH,+HCO
CH,CHO(T,) ‘\ -
Ejp = AHy,
E‘G
c-C,H,0(Sp) v v
M| pH,, \CHscHO(S.,) V

CH,+CO

with an activation energy equal to 92 kcal/mol, or by spin state
crossing to form triplet Ckt*CHO, which then dissociates to
CHs; + HCO, with an overall activation energy also equal to
92 kcal/mol for the overall reaction

CH,CHO— CH, + HCO

Here, we note that the initial isomerization energy barrier of
Ei1a = 46 kcal/mol is substantially lower than that measured
experimentally?:® Furthermore, the overall activation energy for
reaction channels 1b and 1c would Bg, = E;. = 63 kcal/
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Figure 1. Energies of the open-shell singlet and triplet states of the
*CH,CH,Or biradical relative to their respective minimal energies, as
computed at the UB3LYP/6-31G(d) level.

Using SCF methods, Bigot et #.calculated the energy
barriers for C-O and C-C bond rupture irc-C,H40. The C-O
bond rupture on the singlet surface to form tigH,CH,O*
biradical was found to be energetically favored. The reverse
ring-closure has little to no energy barrier. The biradical was
found to exist in the degenerate singlet and triplet states,
indicating the possibility of facile intersystem crossings. Using

mol, or about 5 kcal/mol larger than observed activation energies the spin-unrestricted Hartre€&ock (UHF) formalism, Yamagu-

(5759 kcal/mal).

chi and co-worke concluded that among several singlet and

The unimolecular decomposition of acetaldehyde was also triplet biradical isomers, the triplet state was more stable than

studied extensively. Yadav and Godddrekamined the isomer-
ization of CHCHO to CHCOH and CHOCH, and found the
energy barriers to be90 kcal/mol for CHCOH and~100 kcal/
mol for CH;OCH. It follows that the CHCOH channel could
be viable forc-C;H40 decomposition, sincAH;, = 27 kcal/
mol, giving the overall activation energy &, = ~90-27 ~

63 kcal/mol forc-C;H4s0O — CH3COH. A similar conclusion
may be reached by examining the G1 results of Smith &t al.
Yadav and Goddatd investigated the radical and molecular
dissociation of CHCHO using SCF calculations and reported
the C-C bond energy in CECHO to be 76 kcal/mol, while
molecular decomposition of GEHO (2c) requires 84 kcal/
mol activation energy, or 8 kcal/mol lower than that of the
QCISD/6-31G(D) result® Additional studies support the lower
activation energy value, e.g., 83 kcal/mol by G2 and 81 kcal/
mol at the B3LYP/cc-PVTZ(-f) level of theor?:?t Assuming
that E;, = 46 kcal/mol® we may now estimate th&t;, = 46

to 49 kcal/mol ande;. = 57 kcal/mol. WhileE;¢ is in close
agreement with the observed activation energy,Bhgvalue

is too small to explain the observed activation energies of
channel 1b. Therefore, either thg, value reported in ref 16 is
too small, or the activation energies reported for reaction-CH
CHO — CHs + HCO in refs 19-21 are all too small.

the lowest singlet state, which lies 1.2 kcal/mol above the triplet.
Using the DZP basis set, Dupuis et?&lrefined the above
calculations and concluded that a triplet state is the most stable
structure for the biradical. Approximately projected UHF
Mgller—Plesset calculations of Fueno e2akhowed a singlet
state to be the most stable of all the singlet and triplet states
considered. Clearly, the relative stability of the lowest lying
singlet and triplet biradical and the exact energy splitting are
beyond the realm of theory at the level of computational
complexity attempted. Nevertheless, the small energy splitting
in the two states supports the notion of a facile intersystem
crossing. Indeed Knuts et &lcalculated the spinorbit coupling
by multiconfigurational linear response theory and predicted a
large probability for the crossing. While the singtétiplet
crossing is not relevant to the current work, it is a critical feature
in the PES of the reaction of atomic oxygen with ethylene.
Previously, an energy barrier of 9 kcal/mol was reported for
the 1,2-H shift to CHCHO in the biradical singlet manifold,
giving a total activation energy dt;4, = 64 kcal/mol for the
isomerization of ground stateC,H40 to CHsCHO 24 It should
be noted here that the observation of methyl and formyl radicals
from the GH4 + O reaction can be explained only by a 1,2-H
shift in the*CH,CH,O* adduct on the singlet surface. Calcula-

Despite these uncertainties, it is generally accepted that thetions to be reported in the present work show that a similar

isomerization ofc-C,H4O to form CHCHO proceeds through
C—O rupture to form theCH,CH,O* biradical, followed by
1,2-H shift in the biradical to form C¥CHO 2?27 The singlet
and triplet states ofCH,CH,O" are expected to be very close,
with differences attributable almost entirely to the O—C—H

1,2-H shift on the triplet surface has a much larger critical
energy. Thus, chemistry on the triplet surface can be safely
disregarded for the decomposition reactiong-@,;H,O.

The above discussion points to the facts that (a) a quantitative
energy barrier for the isomerization ofC,H,O to CHCHO is

dihedral angle, as illustrated in Figure 1. Because the two not available, (b) this isomerization is complicated by intersys-
electrons that form the biradical are separated in space and withtem crossing, and (c) as a result the existing kinetic data for
little electronic coupling, the spin pairing energy is small and ethylene oxide unimolecular decomposition remain to be
the singlet and triplet states are close in energy. Furthermore,theoretically explained. The objective of the present work was
as explained in detail later, the biradical nature@f,CH,0O* to provide a more definite description for the mechanism and
makes it not amenable to standard ab initio and DFT methodskinetics of ethylene oxide decomposition. To accomplish this
that rely on a single configuration reference wave function.  objective, quantum chemistry calculations were carried out, and
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the rate constants for ethylene oxide decomposition were ubiquitous Hartree Fock calculation, and all of the methods
examined by RRKM/Master Equation Solution analysis, for that use a HF reference wave function, such as the Mgllet
reaction channels that have and have not been considered befor&lesset, QCISD(T), and other higher level calculations, are

including inappropriate for this biradical. The most suitable approach is
to use a multiconfiguration wave function, such as the CASSCF
¢-C,H,0— CH,CHO (R1a) method. However, there are problems with this approach,
. including the difficulty in converging these calculations and in
CH, + HCO (R1b) achieving high accuracy with them. These problems were indeed
—CH,+CO (Ric) encountered in the present study, as our CASSCF calculation
often failed to consistently define the active space. For this
— CH;CO+H (R1d) reason and as a preliminary alternative to a good CASSCF
. calculation, we usedinrestricted singlet wae functionsto
CH,CHO+ H (R1e) estimate the biradical character and the transition states that
— CH,CO+H, (R1f) connect to it. Such wave functions have been shown to be not
the true wave function of the open-shell singlet state, but for
— CH, + H,0 (R1g) this biradical and its transition states (all of which are reasonably
— C,H,OH (R1h) tight transition states), the unrestricted singlet wave function is

a reasonable approximation.

It has been well established that the unrestricted singlet wave
function is contaminated with the corresponding triplet wave
function, and a simple procedure has been developed to obtain
Sthe open-shell singlet energy with the first-order contribution
of the triplet state removed. This spin-projection procedure was

In addition, the unimolecular decomposition of oxiranyl radical
(c-C;H30) and the chemically activated reaction between
¢c-C,H4O and H were studied similarly. Through G3 and RRKM/
Master Equation analysis, we obtained rate constant estimate

for used at each step in the G3 calculation; that is, each Mgllet
¢-C,H,0— CH, + CO (R2a) Plesset or QCISD(T) calculation was performed for both the
unrestricted singlet and triplet states, and the open-shell singlet
— CH,CO+H (R2b) energy computed using the approach of Yamaguchi®tEie
[FOvalues, required for the spin-projection procedure, were
CH,CHO (R2c) found to be~1.0 and 2.0 for these singlet and triplet calcula-
¢-C,H,0 + H— CH,CHO + H (R4) tions, respectively. We do not expect these calculations to be

as accurate as the normal G3 approach for closed shell singlets,
Detailed kinetic modeling of ethylene oxide pyrolysis followed. but we do expect them to be considerably more accurate than

. - - if a closed shell singlet wave function is used for the reference
We used an elementary reaction mechanism, consisting of 332 S .
. ) . .~ = ~“wave function in the G3 components. We are currently pursuing
reactions and 45 species. It will be shown below that kinetic

modeling reconciles the results of quantum chemistry calcula- several alternatives for the refinement of these energies,
. Y ) quantum ry including CASSCF calculations and the spin-flip method of
tions and reaction rate theory analysis with the single-pulse

e Krylov and co-workers®
shock tube data of Lifshitz et &l. Rate Constant Evaluation. The microcanonical rate con-

Computational Methods stants were calculated with the conventional RRKM expres-

sion37:38
Quantum Chemical Calculations. All quantum chemical
calculations were performed using GaussiafiOBhe geometry Q' W(ET)
of each species was first optimized using the hybrid B3LYP k(E) =1 ~tn 7=/
density functional theory, which employs a slightly modified Qin No(E)

Becke’s three-parameter exchange functional {B¥)coupled
with the correlation functional of Lee, Yang, and Parr (L¥P).  wherel, is the reaction path degeneracy, the ratio of partition
The geometry optimization used the 6-31G(d) basis set. The functionsQ accounts for adiabatic rotations (the subscrijjpt
B3LYP/6-31G(d) energies were further refined through a full denotes an external inactive rotovy(E") is the sum of states
G3B3 calculatior?2 except for the critical geometry of reaction  at energy leveE" = E — E, for the active degrees of freedom
la and theCH,CH,O" biradical, which requires further con- in the activated complex, is the energy barrie(E) is the
sideration, as will be discussed later. The critical geometries density of states for the active degrees of freedom in the stable
were determined with the combined synchronous transit and geometries, ant is the Planck constant. All active modes were
quasi-Newton methotf The critical geometries were confirmed treated by the rigid-rotor, harmonic-oscillator approximation.
by the presence of a single imaginary frequency and by intrinsic The density and sum of states were computed with the Whitten
reaction coordinate calculatiofsFor radicat-radical associa- Rabinovitch approximatio?? Active free rotors were treated
tion reactions, the absence of a pronounced energy barrier wasvith the method of Astholz et 4P The thermal rate constants
confirmed by a relaxed scan of the potential energy surface. were computed with an in-house Monte Carlo code for the
To obtain more accurate molecular parameters for rate calcula-RRKM/Master Equation analysis. Details are discussed else-
tion, we optimized further the geometries of all the species using where?!
the 6-311-+G(d,p) basis set. The harmonic frequencies ob-  Detailed Kinetic Modeling. Simulation of the single-pulse
tained at this level were scaled by a factor of 0.99 to obtain the shock tube experiments of ethylene oxide decomposition was
zero-point energies. carried out, using the ChemKin Suite of progrémunder the
Because theCH,CH,O* biradical is an open-shell singlet, isobaric condition. The reaction mechanism, consisting of 332
standard single-configuration methods cannot even qualitatively reactions and 45 species, was derived from earlier stdéiés.
calculate its energy and the energy of its transition states. TheSpecifically, the H/CO pyrolysis model was taken from Davis
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TABLE 1: Selected Key Reactions for the Thermal Decomposition of Ethylene Oxide

rate parametets

no. reaction A n E ref/comments
la c-C,H40 <= CH;CHO 3.18x 102 —-0.76 46424 p.ve.

1b c-C,H4O <= CHs + HCO 5.57x 103 0.40 61884 p.w.

1c ¢c-C,H,O < CH, + CO 1.07x 10t 0.11 63783 p.Ve.

1d ¢c-C,H4,O0 < CH;CO+H 2.43 x 108 0.25 65310 p.Ve.

le c-C,H4O < CH,CHO + H 1.84 x 10 0.20 71781 p.\e.

1f ¢c-C,H40 < CH,CO + H, 3.57 x 10*2 -0.20 63033 p.Vv§.

lg C-C2H4O g CgHz + Hgo 7.63x 1012 0.06 69531 pW

2a ¢c-C;H30 <= CH; + CO 7.31x 10 14280 p.We

2b ¢c-C,H3;0 < CH,CO+H 496 x 1013 14863 p.We

2c ¢c-C,H30 <= CH,CHO 8.74x 10 —6.90 14994 p.Ve.

3 CH,CO+ H < CH;+ CO 1.97x 107 1.927 1755 p.w.

4 ¢c-C,H,O0 +H < CH;CHO+H 5.00 x 10 9000 p.w., est
5 ¢c-C;H4O + H < c-C;H30 + H; 2.00x 10 8300 8

6 ¢c-C,H,O + H < C,Hy + OH 9.51x 101 5000 8

7 ¢c-C;H4,0 + O < ¢c-C,H30 + OH 1.91x 102 5250 48

8 ¢c-C,H40 + OH <> ¢-C,H30 + H,O 1.78x 108 3610 49

9 ¢c-C;H40 + CH3 <> ¢-C,H30 + CH, 1.07 x 1012 11830 49

aUnits: cn?, s, cal, and mol,® p.w. = present work, ¢ Computed for an Ar pressure of 2 atm and temperatures ranging from 300 to 2000 K.

TABLE 2: Enthalpies of Formation (kcal/mol) of Key

et al#3 and most of the &-C, chemistry from the GRI-Mech Species Used in This Study

(version 1.2y The G hydrocarbon chemistry was taken from

refs 45-47. With a few exceptions, most of these reactions do _ SPeCies  AHrasex  ref species  AHraosk  ref
not exhibit strong sensitivity for the shock-tube experiment of  ¢-C.H4O -12.6 a CHs 35.1 i
ethylene oxide decomposition, as will be discussed later. CH;CHO —39.7 b HCO 10.0 [
Reactions relevant to ethylene oxide decomposition were CoHOH —29.8 ¢ H0 —57.8 a
. . : CH,CHO 3.1 d CcO —26.4 a
then added to the reaction mechanism. Their rate constants CH:CO 25 e H 521 j
were either calculated in the present work or taken from the cH,co ~11.9 f CsHg —25.0 K
literature. Key reactions and their rate parameters are presented C;H, 54.5 g ¢-CsHs 69.3 |
in Table 1. H,CC 99.1 h CH3OCH;z —44.0 b
CH, —17.8 a c-CH3O 39.6 m

Results aChase, M. W., INIST-JANAF Themochemical Tahldsh ed.; J.

. . . . Phys. Chem. Ref. Data, Monogr. 9; American Chemical Society:
Table 2 lists the enthalpies of formation of some of the major Washington, DC. 1998: p 2.Chao, J.. Hall K. R.. Marsh, K. N..

species taken from the literature. The relative energies of the yjjnoit, R. C. J. Phys. Chem. Ref. Datt986 15, 1369. Holmes, J.
species computed at the G3B3 level were compared with thesey ; Lossing, F. PJ. Am. Chem. Sod982 104, 2648.9 Bouchoux G.;
literature values (Table 3). As can be seen, the agreement isChamot-Rooke, J; Leblanc, D.; Mourgues, P.; SablierQiemPhy-
within 1 kcal/mol for all species considered. sChen001, 4, 235.¢ Niiranen J. T.; Gutman, D.; Krasnoperov, L. N.
Unimolecular Decomposition of Ethylene Oxide Details J. Phys. Chemil992 96, 5881. Ruscic, B.; Litorja, M.; Asher, R. L.
of the potential energy surface of the ethylene oxide decomposi-2: P1ys: Chem. 4999 103 8625.¢ Pedley, J. B.; Naylor, R. D.; Kirby,

. : - . - .R.Th hemical D f i
tion are presented in Figure 2. As discussed before, the flrst‘:"a”: Loflrdrg?lcaﬁ:jm&aew ;i(tgﬂf grggrgﬁe(;org?oQu?d?gigrsnaB.am.

step in the decomposition @fC;H4O (1) is the ring-opening  Kinsey, J. L.; Field, R. WJ. Chem. Phys1989 91, 3976. Tsang,
via C—O bond rupture, leading to a biradical intermediate, W., Heats of Formation of Organic Free Radicals by Kinetic Methods.
*CH,CH;O (2). An H-atom 1,2-shift from this biradica) leads In Energetics of Organic Free Radicalartinho Simoes, J. A.,
to acetaldehyde3j. A similar 1,2-H shift to form vinyl alcohol Greenberg, A., Liebman, J. F., Eds.; Blackie Academic and Profes-

; ; ; slaq Sional: London, UK, 1996; p 22 JANAF Thermochemical Tables;
(4) is possible though our extensive search on the PES failed Natl. Stand. Ref. Data Ser.; U.S. National Bureau of Standards:

to locate an appropriate transitipn state for this igomeriza}ion. Washington, DC, 1985; Vol. 3% Pittam, D. A.; Pilcher, GJ. Chem.
As expected, the closed shell singlet G3 calculation predicted g Faraday Trans. 1972 68, 2224.' Burcat, A.; Ruscic, BThird
the singlet, open-ring £1,0(S,) (2) to be 88 kcal/mol, over 28 Millennium Ideal Gas and Condensed Phase Thermochemical Database
kcal/mol too high compared to the observed activation energy. for Combustion with updates from Aati Thermochemical Tables
Furthermore, the G3 energy barrier for the ring opening and Technion-IIT, Aerospace Engineering: Haifa, Israel; Argonne National
1—2 H-shift (66 and 75 kcal/mol, respectively) are substantially Laporatory, Chemistry Division: Argonne, lllinois, 2003This work,
smaller than the energy of the intermediat#igD(S,) for these  USINg isodesmic reactions (see text for details).
transitions, indicating the inadequacy of single-referenced wave these critical energies are generally smaller than the closed shell
functions as discussed previously. singlet G3 values. The variation of the critical energies has little
Single-point calculations for the unrestricted, singlet energies to no correlation with the basis set size. Second, the MP4, spin-
(USE) yielded lower critical energy, and ranged from 54 to 68 corrected singlet energy fdr— 2 is in line with the observed
kcal/mol forc-C,H40(S) (1) — CH4O(S)) (2) at several levels  activation energy of 5759 kcal/mol®® thereby giving the
of theory as shown in Table 4. In general, the spin correction justification that reaction 1a may be modeled with a critical
procedure described earlier led to a further decrease in theenergy around 60 kcal/mol. Third, the critical energies eft@
critical energy, by~1 kcal/mol, as seen in Table 4 (SCE). rupture and 1,2-H atom shift are roughly equal, anHD(S,)
Several observations may be made from the energy values(2) represents a shallow well atop the energy barrier©$H,0-
resulting from this spin correction procedure. First, although (&) (1) isomerization to CRCHO (3). Hence, the isomerization
notable discrepancies are seen among different levels of theorywill be treated as a single-step process. Last, the total unimo-
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TABLE 3: Comparison of G3B3 Energies Relative to Ground State Acetaldehyde with Available Thermochemical Data

E AEok AEgsk AEzggvma difference

species (hartree) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

c-CH,0 —153.674115 27.7 27.3 27.1 0.2

C,H;OH —153.700397 10.3 10.2 10.0 0.2
CH,CHO+H —153.568516 93.9 94.7 94.9 -0.2
CHCO+H —153.578060 87.9 88.8 89.4 —0.6
CHsz; + HCO —153.587714 819 83.8 84.8 -1.0

CoH, + H,0 —153.662428 35.0 36.8 36.5 0.3
H,CC + H,0O —153.592857 78.6 80.7 81.1 -0.4
CH,CO+ H; —153.677733 25.4 27.3 27.9 -0.6
CH,+ CO —153.728249 —-6.3 —4.8 —4.5 -0.3

aBased on the literature data (see Table 1).
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Figure 2. Potential energy barriers of the ethylene oxide system, determined at the G3B3 level of theory. The dashed line represents an approximation
for the initial isomerization step (see text and Table 4 for details).

lecular rate constant is expected to be the most sensitive to theelimination. The critical energies and heats of reaction of these
isomerization energy barrier, as the subsequent decompositiorpathways compare well with the earlier studi&g! as seen in
channels of acetaldehyde to form €# HCO (6) and CH, + Table 5.
CO (9) barriers are lower in energy than the isomerization  Acetaldehyde can also undergo unimolecular rearrangement
barrier. Unfortunately, it is the isomerization energy barrier that to form vinyl alcohol (GHzOH, 4) and hydroxyethylidene (CH
has the highest uncertainty. We are therefore forced to treat thisCOH). The current calculations predicifzOH to lie 11.2 kcal/
critical energy as an adjustable parameter in the RRKM analysis Mol above acetaldehyd@)( in excellent agreement with the
by fitting the shock tube data of Lifshitz et &l. previously calculated valu€.The critical geometry 08 — 4
At the G3B3 level of theory we calculated the energy barrier was calculated to lie 67.5 kcal/mol above acetaldehyde, in good
- L ; . . agreement with the previously reported value of 67.4 kcalkhol.
for the isomerization of triplet ethylene oxide to tnple? ggetal- Vinyl alcohol can lose KD via two competing pathways, one
dehygle to be 91 keal/mol _gbomC2H4O(S)). The possibility that leads to the formation of acetylerf), and the other to
of unimolecular decomposition 028,0(S)) that occursonthe yinviidene (L1). While the unimolecular decomposition to
triplet surface may be safely disregarded. The rest of the \jnyiidene is more endothermic as compared to that producing
potential energy surface was calculated at the G3B3 level andcetylene, the facile insertion of vinylidene in the-B bond
shown in Figure 2 by solid lines. The excited acetaldehyde of water leads to a much smaller activation energy for its reverse
formed upon thermal activation of ethylene oxide can undergo reaction.
several competing isomerization and decomposition steps. The fragmentation of vinyl alcohol4] to form the vinyl
Formation of CH and HCO radicals upon rupture of the-C radical is highly endothermic (106 kcal/mol) and hence this
bond is energetically the most favorable. The energy required channel was excluded in our rate calculations. The formation
for this process was calculated to be 81.9 kcal/mol above the of hydroxyethylidene from acetaldehyde was calculated to be
ground-state acetaldehyde. Other dissociation channels includesndothermic by 50.9 kcal/mol, again in excellent agreement with
the H-elimination from acetaldehyde. The molecular decom- the previously calculated valdéThe critical energies required
position pathways of acetaldehyde include the CO- apd H for the isomerization of acetaldehyde and vinyl alcohol to
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TABLE 4: Absolute and Relative Single-Point Energies of Singlet
Correction Procedure (See Text).

J. Phys. Chem. A, Vol. 109, No. 35, 2008021

Biradicals at Various Levels of Theory, Using the Spin

¢-CH40(S) *CH,CH,O*(C;H40-S))
singlet restricted RSP singlet triplet USE SCHE!
method (hartree) (hartree) (kcal/mol) (hartree) (hartree) (kcal/mol) (kcal/mol)
MP2//6-31G(d) —153.30348 —153.16276 83.27 —153.19254 —153.19133 64.58 63.82
MP2//6-3H-G(d) —153.31453 —153.18411 76.80 —153.20390 —153.20255 64.38 63.54
MP2//6-3H-G(2df,p) —153.42341 —153.27996 84.98 —153.30683 —153.30533 68.11 67.17
MP4//6-31G(d) —153.34140 —153.22770 66.31 —153.24054 —153.23886 58.26 57.20
MP4//6-3+G(d) —153.35322 —153.24461 63.12 —153.25288 —153.25101 57.93 56.75
MP4//6-3H-G(2df,p) —153.46938 —153.35057 69.52 —153.36290 —153.36095 61.78 60.55
QCISD(T)//6-31G(d) —153.34138 —153.19249 88.40 —153.24664 —153.24286 54.41 52.04
G3 —153.67411 88.66 —153.53282
TSfor§—$S
restricted RSP singlet triplet USE SCH!
method (hartree) (kcal/mol) (hartree) (hartree) (kcal/mol) (kcal/mol)
MP2//6-31G(d) —153.16647 81.70 —153.19207 —153.18833 65.64 63.29
MP2//6-3H-G(d) —153.18520 76.89 —153.19911 —153.19972 68.16 68.54
MP2//6-3H-G(2df,p) —153.28200 84.46 —153.30145 —153.30212 72.26 72.68
MP4//6-31G(d) —153.22859 66.52 —153.24002 —153.23594 59.35 56.80
MP4//6-3H-G(d) —153.24585 63.11 —153.24796 —153.24832 61.78 62.01
MP4//6-3H-G(2df,p) —153.35146 69.72 —153.35753 —153.35794 65.92 66.17
QCISD(T)//6-31G(d) —153.22982 65.74 —153.24457 —153.23981 56.48 53.50
G3 66.44 —153.56824
TS for S — CH;CHO
restricted RSP singlet triplet USE SCH
method (hartree) (kcal/mol) (hartree) (hartree) (kcal/mol) (kcal/mol)
MP2//6-31G(d) —153.18457 69.49 —153.18351 —153.17627 70.15 65.61
MP2//6-3HG(d) —153.20416 64.12 —153.19533 —153.18754 69.66 64.77
MP2//6-3H-G(2df,p) —153.30389 69.87 —153.29983 —153.29204 72.41 67.52
MP4//6-31G(d) —153.24291 56.68 —153.23173 —153.22366 63.69 58.63
MP4//6-3H-G(d) —153.26084 52.83 —153.24457 —153.23585 63.05 57.57
MP4//6-3H-G(2df,p) —153.33686 78.03 —153.35603 —153.34738 66.00 60.57
QCISD(T)//6-31G(d) —153.23608 60.95 —153.24208 —153.22801 57.18 48.36
G3 —153.55452 75.05

aThe geometries are optimized at the B3LYP/6-31G(d) level of theo
transition states2 RSE= restricted singlet energy without spin correction r

ry, using an unrestricted wavefunction for the biradical intermediate and its

elative to the energyCalfl,O(S), including zero-point energy correction.

¢ USE = unrestricted singlet energy without spin correction relative to the energyCafl,O(S), including zero-point energy correctichSCE=
spin-corrected singlet energy relative to the energg-66H,0(S), including zero-point energy correction.

TABLE 5: Comparison of Critical Energies (E,, kcal/mol)
and Heats of Reaction AHok, kcal/mol) for the Molecular
Decomposition Channels

reaction ref18 ref19 ref20 ref2l thiswork
CHsCHO— CH,; + CO
Ea 829 844 829 811 83.0
AHok —6.9 —135 —-5% —-1.7» -6.3
CH;CHO— CH,CO + H;
=N 81.0 81.3 81.0
AHok 25.6 27.7F 25.4

a2 Reaction enthalpy obtained at 298 'KDoes not include zero-point
energies.

hydroxyethylidene were calculated as 66.2 and 62.7 kcal/mol,
respectively. While the latter is in good agreement with the
calculated value of Smith et al. (63.1 kcal/mBithe former is
much lower than their value of 79.1 kcal/mol. Indeed, the
authors noted that the energy ordering of the transition states
for the rearrangements of hydroxyethylidene to vinyl alcohol

and acetaldehyde as obtained from their theoretical study was

inconsistent with the experimental observatt®ihe current
study supports the experimental observation that hydroxyeth-
ylidene should require lesser energy to isomerize to acetalde-
hyde, as compared to vinyl alcohol. For the present study,
however, hydroxyethylidene is unimportant. Its fragmentation
to form methane requires a further 55 kcal/rfol'he shallow
energy well also precludes significant collision stabilization. We
chose not to include this species in the rate calculations.

Thermal rate constants were calculated for the unimolecular
decomposition of ethylene oxide, using the RRKM parameters
presented in Table 6. The transition state parameters for the
isomerization of ethylene oxide to acetaldehyde were taken from
that connecting ring-openedB,0(S;) and acetaldehyde. The
loose transition states associated with the dissociation af CH
CHO (3) were treated by assigning appropriate rate constant
values at the high-pressure limit for the reverse radicadlical
association reactionske(CH,CHO+H) = k.,(CH;CO+H) =
10 cm® mol~1 s7! andk,(CHs+HCO) = 2 x 103 cm® mol!

s 1. The rotational constants of the external, inactive rotors in
these transition states were adjusted to fit thesgalues.

Figure 3 shows the total rate constant computed at 2 atm of
pressure, using a nomin&;, = 59 kcal/mol as the critical
energy for the isomerization @fC,H, to CH;CHO, with M =
Ar and [EgowJ= 260 cnml. The number of stochastic trials
was 250 000, whereas the total rate constant was fully converged
using as little as 1000 such trials. The choice for the critical
energy value will be discussed later. At this pressure, the total
rate constant is almost at the high-pressure limit, which may
be parametrized by

Ky o(1/8)= (3.74 x 101 TH29% 299907
(600 < T < 2000 K).

A comparison with the observed rate constants of Lifshitz et
al8 shows close agreement for> 1000 K, but the computed
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TABLE 6: RRKM Parameters of Ethylene Oxide Decomposition, Calculated at the B3LYP/6-31++G(d,p) Level of Theory (all
frequencies scaled by 0.989)

c-C,H40 (1) v,cm? 808, 831, 876, 1028, 1128, 1137, 1152, 1159, 1286, 1486, 1520, 3049, 3056, 3130, 3145
Bo2cmt 0.79 (1,2) external inactive; 0.47 (2,1) external active
CH3CHO @) v, cm?t 151P 505, 767, 877, 1116, 1121, 1362, 1404, 1444, 1453, 1788, 2840, 2988, 3042, 3102
Bo,2cm? 0.32 (1,2) external inactive; 1.91 (1,1) external active
C,H3OH (4) v, cm? 448, 485, 700, 816, 946, 980, 1106, 1300, 1334, 1429, 1674, 3106, 3157, 3204, 3768
Bo,2cm?t 0.32 (1,2) external inactive; 2.02 (1,1) external active
TS-1-3° v, cmt 237, 410, 444, 695, 777, 930, 1048, 1156, 1240, 1292, 1434, 2622, 2813, 3099, 321
Bo,2cm?t 0.32 (1,2) external inactive; 1.75 (1,1) external active
path degeneracy 2 for both forward and back reaction
TS-3-4 v, cnmrt 2157, 556, 632, 781, 954, 1051, 1123, 1181, 1279, 1444, 1518, 1839, 3051, 3076, 313
Bo,2cmt 0.37 (1,2) external inactive; 1.62 (1,1) external active
path degeneracy 1 for both forward and back reaction
TS-3-5¢ v, cmt 108P 464, 844, 945, 1037, 1342, 1437, 1441, 1905, 2983, 3074, 3080
Bo,2cm?t fitted tok. = 1 x 10 cm?/mol-s for H+ CHsCO association (1,2) external inactive;
2.83 (1,1) external active; 0.32 (1,2) internal active (fromsC8)
TS-3-6¢ v, cm? 1088, 1913, 2625, 531, 1387, 1387, 3069, 3247, 3247
Bo,2cmt fitted tok. = 2 x 10" cm®¥mol-s for CH; + HCO association (1,2) external inactive;
9.54 (1,2) external active; 4.77 (6,1) internal active (fromglCH
1.44 (1,2) internal active; 23.24 (1,1) internal active (from HCO);
TS-3-7¢ v,cm? 437,502, 751, 963, 968, 1146, 1378, 1455, 1525, 2915, 3104, 3217
Bo,2cmt fitted tok, = 1 x 10 cm®mol-s for H+ CH,CHO association (1,2) external inactive;
2.24 (1,1) external active; 0.35 (1,2) internal active (fromp,CHO)
TS-3-8 v, cmt 1517, 412, 557, 682, 849, 958, 1082, 1182, 1256, 1464, 1557, 1824, 2052, 3103, 3213
Bo,2cmt 0.32 (1,2) external inactive; 2.14 (1,1) external active
path degeneracy 1
TS-3-9 v, cmt 1714, 132 270, 520, 524, 748, 934, 1066, 1408, 1410, 1854, 2983, 3094, 3123, 3140
Bo,2cm?t 0.25 (1,2) external inactive; 1.62 (1,1) external active
path degeneracy 1
TS-4-10 v, cmrt 1424, 405, 533, 675, 742, 842, 862, 965, 1134, 1348, 1616, 1875, 3173, 3227, 3677
Bo2cmt 0.33 (1,2) external inactive; 1.49 (1,1) external active
path degeneracy 1
TS-4-11 v, cmt 1375, 275, 301, 490, 595, 761, 864, 918, 1216, 1309, 1621, 2205, 3088, 3175, 3742

Bo,2cm?t
path degeneracy

0.25 (1,2) external inactive; 1.74 (1,1) external active
1

2The numbers in parentheses are the symmetry number and the dimension of that rotor, in thafTbelésrsional mode was treated as a free
rotor. ¢ TS+ —j represents transition state connecting spaaesl specieg with species numbers labeled in Figure! Zhe reaction path degeneracy
of these reactions is folded into the rotational constant of the 2-dimension external rotor.

i ¢-C,H,O — products ok ¢-C,H,0 — products
108 ¢ £
E CH, + HCO (1b) T
E k1 (1/3) — 374)( 1 010 T1.2989729990/T CH3CHO (13)
10°F Q. CHCO+H(d)
= L
i Kiota (2 @tm) © e .
— f r T/ eCHOHmnT
Ny [ S o
L 10 <
% L Lifshitz et al. (1.5 - 10 atm) _S 102 -
S ; i c .
X 102 - Kern et al. (0.19 - 0.4 atm) E
F oM
ol 1008 e S CH,CO * Hy (1)
0°F CH,CHO +H (1e) e
E_ Il L Il Il " 1 Il
10_2: . L L ) 0.6 0.8 1.0 1.2 1.4 16
0.4 06 0.8 12
1000K/T
1000K/T Figure 4. Branching ratio computed for unimolecular decomposition

Figure 3. Total rate coefficient for unimolecular decomposition of
ethylene oxide in argon. Computations uded = 59 kcal/mol and
[EsowlJ= 260 cntl. The total rate coefficient computed at 2 atm is

of ethylene oxide in argon at 2 atm. Computations usgd= 59 kcal/
mol andEqowr = 260 cnT?. Error bars represent one standard deviation
and are mostly smaller than the symbols.

indistinguishable from the high-pressure limit rate coefficient.

Figure 4 presents the branching ratios of reaction 1, computed
values are lower than the experimental counterpart by a factorat an argon pressure of 2 atm. Standard deviations from the
of 2 at 800 K. A similar comparison with the rate constant stochastic simulations are shown for selected channels. Itis seen
reported by Kern et al. at lower pressure (6-094 atm) shows that channel 1b is dominant over the entire temperature range.
that the rate constant computed for reaction 1 at 0.2 atm is higherThe CH, + CO channel 1c is seen to be the dominant molecular
than their reported value by a factor of3 over the range of  channel. The rate of the isomerization 1la is comparable with
experimental conditions (1264800 K). that of channel 1b at600 K, but it drops off considerably
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Figure 5. Potential energy barriers of the decomposition pathways of the oxiranyl radical, determined at the G3B3 level of theory.

above 1000 K. Channel 1g represents a sum of two separateT ABLE 7: Comparison of G3 Energies (kcal/mol) Relative
channels leading to acetylene and vinylidene. While the rate t© the Ground-State Acetyl Radical with Literature Data

constant for the formation of acetylene is seen to be the smallest, name of species AE AEagsk AEzggi
we found that the inclusion of channel 1g is critical to c-C,Hs0 425 42.1 428
reproducing the acetylene concentrations in the thermal decom-  CH,CHO 6.0 5.9 5.6
position of ethylene oxide, especially toward 000 K. On the CH,CO+ H 41.2 419 42.7

other hand, the result théty is negligible below 1000 K is in CHs +CO 8.4 100 111

accordance with the experimental observation as acetylene was 2Based on the literature data (see Table’Malue determined from
not detected below 950 K. this work using the isodesmic reaction (see text).

Unimolecular Decomposition of Oxiranyl Radical. Here y .
we present our study of the unimolecular decomposition of the 2S the “literature” data (see Table 1), the G3B3 energy difference
oxiranyl radical, an important intermediate formed upon H- between the oxiranyl radical and the ground-state acetyl radical

abstraction of ethylene oxide. Figure 5 shows the potential is 42.1 kca_l/mol, in exact agreement with the “literature” data,
energy surface calculated at the G3B3 level. The thermal @ Shown in Table 7. .

decomposition of oxiranyll) is initiated by C-O f-scission. Rate C@'?“'a“ons were cglculated for the unlmolec_ular
This step proceeds via a concerted rotation of the Gieup decomposition of oxiranyl using the methodology described

about the &-C bond to form the vinoxy radical (GI€HO, 2) earlier and with the RRKM parameters listed in Table 8. The
and it requires an activation energy of 13.5 kcal/mol. ’Vir’loxy rate coefficients for the various channels are plotted as a function

can further isomerize to the acetyl radical (€0, 3) or it can of temperature.in Figure 6. Agai_n, the total rate constant was
lose an H atom to form ketend)( The acetyl radical can also full converge with 1000 stochastic trials and the results shown
form ketene upon H elimination, or it can fragment to £2ttd in the figure represent calculations with 100000 trials. In Figure

CO (). In their study of the ketene H reaction, Lee et &t 6, the error bars are shown for selected temperatures, and they

examined a part of this potential energy surface. The energiesrgpresent values of one standard deviation resulting from these

of stable intermediates and critical geometries of the presentt”alsf' . . N . .
study compare well with that work. Thus, for instance, the It is seen that the oxiranyl radical primarily dissociates into
activation energy of the H ketene reaction to form the acetyl ketene and H atom (Zb).' We also computed the rate coefficient
radical was calculated here to be 2.8 kcal/mol, compared to 250" the ketenet H reaction,

kcal/mol with the CBS-APNO methatl.

Table 7 shows the comparison of the relative energies of the
species computed at the G3B3 level with those obtained using
the literature thermochemical values (Table 1). The enthalpy
of formation for c-C,H30 is highly uncertain. This led us to
reexamine its thermochemistry. The following isodesmic reac-
tions were chosen for this estimation:

CH,CO+ H— CH, + CO (R3)

which occurs on the same potential energy surface, and
compared our values with previous studi&€%?-5% As can be
seen in Figure 7, the calculated rate coefficient for the production
of CHz and CO compares well with experimental dztef The
present calculation yielded

¢-C,H,0 + CH; <> ¢-C,H;0 + CH,

ks (cm’/mol-s) = (1.97 x 10)T*9%% 8837
¢-CH, O + CH; = ¢-CH,0 + CH, for 300< T < 2000 K

¢-C,H;0 + C;Hg <> c-C;H; + CH;OCH, with little to no pressure dependency around the ambient
pressure.
An average of the G3B3 and CBS-APNO calculations gives  Simulation of the single pulse shock tube experiménfs
AHz 208 = 39.6 kcal/mol for the oxiranyl radical. Using this value ethylene oxide decomposition was carried out on the basis of
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TABLE 8: RRKM Parameters for Oxiranyl Decomposition, Calculated at the B3LYP/6-311++G(d,p) Level with All
Frequencies Scaled by 0.989 (see text)

c-CoH30 (2) v, cmt 761, 786, 927, 1026, 1056, 1112, 1164, 1338, 1504, 3060, 3100, 3152
Bo,2cm™?t 0.63 (1,2) external inactive; 0.99 (2,1) external active

CH,CHO 2 v, cmt 437,502, 751, 963, 968, 1146, 1378, 1455, 1525, 2915, 3104, 3217
Bo,2cmt 0.35 (1,2) external inactive; 2.23 (1,1) external active

CH3CO () v, cmt 108P 464, 844, 945, 1037, 1342, 1437, 1441, 1905, 2983, 3074, 3080
Bo,2cmt 0.32 (1,2) external inactive; 2.83 (1,1) external active

TS-1-2¢ v,cmt 1114, 554, 823, 874, 1026, 1078, 1293, 1333, 1474, 3060, 3129, 3160
Bo,2cmt 0.51 (1,2) external inactive; 1.17 (1,1) external active
path degeneracy 1 for both forward and back reaction

TS-2-3 v, et 1525, 432, 626, 842, 1020, 1109, 1198, 1432, 1810, 1878, 3007, 3196
Bo,2cmt 0.33 (1, 2) external inactive; 3.39 (1,1) external active
Path degeneracy 1 for forward reaction and 2 for back reaction

TS-2-4 v, et 779, 312, 481, 516, 586, 628, 984, 1131, 1390, 2116, 3128, 3243
Bo2cm™t 0.32 (1,2) external inactive; 2.93 (1,1) external active
path degeneracy 1

TS-3-4 v, et 324, 249, 409, 459, 552, 698, 987, 1138, 1383, 2188, 3139, 3232
Bo,2cmt 0.30 (1,2) external inactive; 3.00 (1,1) external active
path degeneracy 1

TS-3-5 v, cnrt —272, 362237, 457, 496, 806, 1392, 1399, 2067, 3060, 3224, 3237

a2The numbers in parentheses are the symmetry number and the dimension of that rotor, in thafftselésrsional mode was treated as a free

Bo2cmt
path degeneracy

0.22 (1,2) external inactive; 1.95 (1,1) external active
1

rotor. ¢ TS4—j represents transition state connecting speica®d specieg, with species numbers labeled as in Figure 5.

10™
102 , ¢-C,H,O0—> products E X ref. 52
F —&— ref. 53
3 F S —A — ref. 54
1010 L 101 L --o— ref. 55
/(;)\ F \ ref. 56
< o) o |
0 £
~ = 102p
10°E o
N
104 = ton N
CH,CO +H = CH, + CO ~3
A
k (cm3mol-s) = 1.97x107 T'-927 g 8837
102 1 1 1 L 1
0.0 0.5 1.0 15 20 25 3.5 1010 ! ! ! : . !
00 05 1.0 15 20 25 3.0 35

Figure 6. Rate coefficients computed for unimolecular isomerization
and decomposition of the oxiranyl radical as a function of temperature
(P = 2 atm, M= Ar, and [EgowiJ= 260 cnt?). Error bars represent

one standard deviation.

1000K/T

1000K/T

Figure 7. Comparison of rate coefficient computed for €30 + H
— CHs + CO as a function of temperature with experimental taté

the rate coefficient is found to be negligible.

and previous theoretical calculatiori$® The pressure dependence of

the rates calculated for reactions-3, other ethylene oxide 107
reactions whose rate parameters were either taken from literature i Ethylene
or estimated, and the detailed reaction mechanism discussed E. =59 keal/mol
previously. The H-catalyzed isomerization of ethylene oxide to 10°F 1a
acetaldehyde, i o
& qoof E,, = 57 kealimol
¢CH,0+H—CH,CHO+H (R4) g : \
: P
had to be added to correctly predict the observed acetaldehyde E 1o E,, = 61 kcal/mol
profiles. Such reactions are definitely not new. A recent study ;*r . N
of the H + ¢-CsHe reactiot” is such an example. Again we S ook s
obtained the B3LYP/6-31G(d) energy barriers for the concerted = : NS
H-addition/ring opening process and the subsequent formation o ave , _ . 3‘ .
of acetaldehyde from the adduct. We calculated the rate 1012 % A 1%0-CH,O-09%AT, G, =2.3<107 mollom
coefficient to be F® B 0.25%¢-C,H,0-99.75%Ar, C, = 5.2x10% molicm?
[ 4 C:0.25%c-C,H,0-99.75%Ar, C, = 2.2x107 mol/cm?
10—13 1 1 1 1 1 1 1 1
k, (cm’/mol-s)= (5.55 x 10'%)e 1" 08 09 1.0 11 12
for 300=< T < 2000 K 1000 K/T

Figure 8. Comparison of predicted (lines) and experimental (symbols,
at2 atm argon pressure. _ ref 8) concentration profile of ethylene during shock tube pyrolysis of
The simulation results are compared to experimental data for ethylene oxide (dwell time= 2 ms). Computations were carried out

the thermal decomposition of ethylene oxide in a single-pulse for Mixture A (solid lines) and Mixture C (dashed lines).
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Figure 9. Comparison of predicted (lines) and experimental (symbols, ref 8) concentration profiles of ethane, methane, acetylene, propane, hydrogen,
and acetaldehyde during shock tube pyrolysis of ethylene oxide (dwelHi@ens). See Figure 8 and its caption for experimental and computational
mixture compositions and shock conditions.

shock tube at a dwell time of 2 nisas seen in Figures 8 and decomposition of ethylene oxide proceeds mainly through
9. The agreement between the predicted and experimentalH-abstraction by H, OH, and GHtadicals to form the oxiranyl

profiles is satisfactory for all species. The computed concentra- radical. For this reason, coupled kinetic uncertainties do exist
tion profiles do not exhibit pressure dependence, comparing in ki, in that most of the species concentrations are affected by
Mixtures A and B, in which the total pressures differ by a factor the uncertainty in the rate constant of secondary reactions,

of ~5, but the initial concentrations af-C,H,O are nearly including reaction 4,

identical. Figure 10 presents ranked sensitivity coefficients for

selected species, computed for Mixture A at 1000 K. All of the CH; +H—CH,
concentration profiles are the most sensitive to reaction 1b,

usually by several factors, compared to secondary reactions. CH; + CH; — CH,

Figure 8 also demonstrates the sensitivity of the ethylene
concentration profile with respect to the critical energy chosen and
for the isomerization of ethylene oxide to acetaldehydg,
From the nominal case with;; = 59 kcal/mol, an increase or
decrease ift;4 by 2 kcal/mol causes the ethylene concentration
to decrease or increase by a factor-#, respectively, which
approximately encompassed the data scatter over the entire range It has been demonstrated that the species profiles observed
of temperature. This same level of sensitivity applies to species during the pyrolysis of ethylene oxide can be reproduced by
shown in Figure 9. the current mechanism, assuming an energy baEigr— 59

Initial radical pool is established through reaction 1b, in + 2 kcal/mol for the isomerization of ethylene oxide to form
accordance with the RieeHerzfeld mechanisr?® The further acetaldehyde. The barrier height calculated (Table 4) using the

C,Hg + H— C,Hs + H,

Discussion
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¢-C,H,0=CH,+HCO ' Summary

The unimolecular decomposition of ethylene oxide and the

] oxiranyl radical is examined by molecular orbital calculations,

- RRKM/Master Equation analysis, and detailed kinetic modeling

of ethylene oxide pyrolysis in a single pulse shock tube. The

results show that the pyrolysis data are satisfactorily reproduced

with an energy barrier heigh;a = 59 + 2 kcal/mol for the

. isomerization of ethylene oxide to form acetaldehyde. In a very

recent independent study, Nguyen ef%teported a similar

barrier for this process, confirming our results.

The complexity of the electronic structure of the biradical

g intermediate, and the transition states associated with it, makes

- the quantitative calculation of barrier heights highly uncertain.

While the spin-correction procedure is a rather crude ap-

proximation, it appears to perform quite well and is clearly a

significant improvement from the restricted wave functions. We

oin[X] are hopeful that more sophisticated calculations will confirm
2ms the applicability of the spin-corrected energies that were rather

empirically employed in the current work.

c-C,H,0+H=CH,CHO+H
CH,+H(+M)=CH,(+M)
CyHg+H=C H +H,
2CH,(+M)=C H (+M) I
CH,CHO+H=CH,CO+H,
CH,CO+H=HCCO+H,
6-C,H,0+H=c-C,H,0+H,
CH,CO+H=CH,+CO
c-C H,0+H=CH,+OH
¢-C,H,0=CH,CO+H

©-C,H,0=CH,+CO

-5

¢IinA

Figure 10. Ranked sensitivity spectra computed for Mixture A at 1000

K (see the caption of Figure 8). Acknowledgment. This work was supported by AFOSR
(Grant No. FA9550-05-1-0010) and by NSF (Grant No. CTS-

approximate spin-corrected procedure compares favorably to that9874768).
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