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Modeling of low-temperature ethane oxidation requires an accurate description of the reactjbly 6f G,,

because its multiple reaction channels either accelerate the oxidation process via chain branching, or inhibit
it by forming stable, less reactive products. We have used a steady-state chemical-activation analysis to generate
pressure and temperature dependent rate coefficients for the various channels of this system. Input parameters
for this analysis were obtained from ab initio calculations at the CBS-QB3 level of theory with bond-additivity
corrections, followed by transition state theory calculations with Wigner tunneling corrections. The chemical-
activation analysis used QRRK theory to deterniifte) and the modified strong collision (MSC) model to
account for collisional deactivation. This procedure resulted inHs G O, submechanism which was either

used directly (possibly augmented with a feyHg generating and consuming reactions) or as part of a larger
extended mechanism to predict the temperature and pressure dependencies of the overall loss of ethyl and of
the yields of ethylene, ethylene oxide, f@nd OH. A comparison of the predictions using both mechanisms
allowed an assessment of the sensitivity of the experimental data to secondary reactions. Except for the time
dependent OH profiles, the predictions using the extended mechanism were in good agreement with the
observations. By replacing the MSC model with master equation approaches, both steady-state and time
dependent, it was confirmed that the MSC assumption is adequate for the analysis giighie @, reaction.

The good overall performance of thels + O, submechanism developed in this study suggests that it
provides a good building block for an ethane oxidation mechanism.

this mechanism is the isomerization of the alkylperoxy radical
RO;* to form the alkylhydroperoxy radical’ROH, because this

Introduction

Reactions of alkyl radicals with molecular oxygen are very

important in low-temperature oxidatior<{000 K) and atmo-
spheric chemistry. This is due to the relatively long lifetime of
both alkyl radicals and alkylperoxy intermediates under these
conditions. The initially formed alkylperoxy radical is chemi-

cally activated and the subsequent reactions of this energized

species involve the competition between unimolecular reactions
and collisional stabilization. The stabilized adduct can subse-
quently react, with product channels identical to those of the
energized adduct. Reactions of R@lay a central role in low-
temperature hydrocarbon ignition kinetics. This is exemplified
by the kinetic mechanism discussed by Walker and Motley:

R+ O,= RO, 1)

RO, + RH=ROOH+ R’ 2

ROOH== RO + OH (3)

RO, = R'OOH 4

R'OOH= cyRO+ OH (5)
R'OOH + O, — chain branching (6)

Here R is an alkyl radical, cyRO is a cyclic ether, R@3 an
alkoxy radical, and FOOH is an alkylhydroperoxy radical. It
is believed that the reversibility of (1) is responsible for the
“negative temperature coefficient” (NTC) observed in alkane
ignition between about 600 and 800 K. An important step in
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leads to chain branching via (6).

Recent electronic structure calculations by Schaefer’s gfoup
on the GHs + O, system suggest that this mechanism is
incomplete. On the basis of a proposal by Baldfvithese
researchers identified a new reaction channel for ethylperoxy,
the concertedformation of HQ and GHa:

CH,CH,00 = C,H, + HO, (4d)

Prior to the identification of this pathway the formation of HO
and GH4 was thought to proceed entirely sequentially via
isomerization (to hydroperoxyethyl) followed Byscission. The
concerted HQ@ elimination should be possible for larger
alkylperoxy systems as well, so that the Walker and Morley
scheme needs to be expanded by (4a):

RO,” = olefin + HO, (4a)
The barrier for (49 was found to be several kcal/mol lower
than that of the competing isomerization channel:

4)

Because the preexponential factors for both reactions are
comparable (on the order of & 1), the concerted elimination
pathway dominates. As a result, chain branching via (6) should
be less important than originally thought, and one expects that
the overall ignition kinetics will be considerably slower. The
inhibition of ignition due to the concerted elimination pathway
should be most apparent for ethane because the isomerization

CH,CH,00" == C'H,CH,00H
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can only occur via four- and five-member transition states with oxide can only be produced from theHzCH,OOH isomer.
high barriers. For larger hydrocarbons, not only should the Therefore, ethylene oxide rate data are expected to provide
barrier for the five-member transition state be lower (if important information about this isomerization barrier.
abstraction occurs from a Gror CH moiety and not from a Our analysis started with a high-level ab initio calculation of
CHz group) but in addition isomerizations via six- or seven- the underlying PES for the Bls + O, reaction. The results
member transition states are possible. These isomerizationsvere used to calculate input parameters for the chemical
likely have lower barriers than the concerted elimination, but activation analysis, such as thermodynamic properties of all
most of them presumably also have lowefactors, because  species and high-pressure rate constants for the reaction chan-
additional rotors are tied up in the transition state. Thus the nels. Pressure and temperature dependent apparent rate constants
concerted elimination pathway might also affect the low- were obtained mainly from a QRRK/modified strong collision
temperature hydrocarbon ignition kinetics of larger systems. (MSC) analysis. In some instances we performed additional
In this context there is a need to revisit low-temperature QRRK/steady-state master equation calculations to validate the
hydrocarbon ignition kinetics, with particular attention to the results. The resulting sets of rate constants were incorporated
impact of the concerted elimination channel. Because ethaneinto an extended mechanism and used to predict a wide range
oxidation is the simplest system that involves this reaction, an of experimental data taken from the literature, including the
analysis of GHs + O, is a logical starting point. Indeed, several “final” products observed in end product studies of th&iC+
theoretical treatments of this reaction, with a focus on the Oz system. We will show that these predictions are generally
concerted elimination channel, have been published recently.in good agreement with the data, but that some data are rather
Sheng et af.used quantum RiceRamspergerKassel (QRRK) sensitive to secondary reactions. In the discussion section we
theory to calculat&(E) and both a steady-state modified strong analyze the importance of small but subtle changes, such as
collision (MSC) and a master equation (ME) analysis to describe Minor shifts of barrier heights and the effect of tunneling
collisional deactivation. They successfully predicted ethylene corrections on predicted ethylene yields. This section also
and HQ yields as a function of pressure and temperature. Miller Provides a justification for the use of a larger than usual collision
and co-workers? solved the time dependent master equation Cross section, and it addresses the accuracy of time independent
for C;Hs + O, and were able to describe the temperature rate constants for this reaction system. Finally, we conclude by
dependence of the overall rate constant for ethyl consumption,identifying some of the gaps in our understanding and suggest
the pressure dependence of the ethylene yield at 298 K, and@venues of future research.
the temperature and time dependence of the, ld6d OH
production. They also extracted time independent rate condtants Calculation Methods

(for P = 0.039, 1, and 10 atm) from their time dependent The potential energy surface was calculated using the CBS-
solutions to the master equation. However, despite theseQB?: compound methddas implemented in the Gaussian 98W
successes, neither of the available kinetic models is able t0y¢are packag® This method provides geometries and

quantitatively predict all the experimental obse_rvations. For frequencies at the B3LYP/6-311G(2d,d,p) level of theory. The
example, both models systematically underpredict the rate °ffrequencies were scaled by 0.99 prior to using them in the

ethyl consumption in the falloff regime at 298 K. Thus a direct .5ic\jjation of thermodynamic data, and vibrational modes
incorporation of either of these mechanisms in an ethane osempling internal rotations were replaced by hindered rotors.
oxidation model would compromise its validity. This current \va identified such modes, as well as the transition state
study is directed at producing apparent rate constants for thegy ctyres, using the visualization software MoldénThe
C2Hs + O, reaction that are more successful in describing the pingrance potentials for internal rotations were obtained as a
multitude of data reported for this system. Given the importance nction of the dihedral angle from relaxed surface scans at the
of the GHs + O, reaction for ethane ignition, we think such B3LYP/6-31G(d,p) level of theory. These were then ap-
additional effort is warranted. proximated with a Fourier expansion. The reduced moments of
The reaction of @Hs with O has been subject of extensive inertia for the internal rotations were calculated ati{A@ level
experimental studies. Slagle et'&Investigated the temperature  as defined by East and Radéfon the basis of the original
dependence of the overall rate constant for loss gfisCat  work by Kilpatrick and Pitze?® With this information at hand
several total gas densities. They also provided limited resultswe can formulate and numerically solve the Schroedinger
for the ethylene channel. Plumb et'dland Kaiser et a}? equation for each individual internal rotor, using the eigenfunc-
measured the pressure dependence of the overall rate constanions of the 1-dimensional free rotor as basis functions. The
at room temperature, and McAdam et'@\Wallington et al.}* energy eigenvalues are then used to calculate the contributions
Wagner et al*? and Kaiser et a1°~18 provided temperature and  of each mode to thermodynamic properties via standard statisti-
pressure dependent ethylene yields. In addition, Baldwin'ét al. cal mechanics methods.
and Kaise?’ investigated the ethylene oxide product channel  The CBS-QB3 energies were used as originally defined, i.e.,
as a function of temperature. Finally, Clifford et?keported  with the standard correction for spin contaminations. Recently,
time profiles and temperature dependent yields of,Héhd the magnitude of this correction has been questidhé#and a
DeSain et af. obtained time-resolved absolute OH data. few examples seem to indicate that omission of this correction
The wealth of available experimental data should provide a term leads to improved energies. Because these new findings
stringent test of specific features of the potential energy surface have not yet led to an established revised procedure, we used
(PES). For example, the overall rate of ethyl loss is very the original CBS-QB3 method and note that a change of the
sensitive to the CkCH,OC" well depth and to the properties spin contamination correction procedure would lead to only
of the variational transition state for the redissociation reaction. moderate changes of the PES.
If, as the current consensus suggests, virtually all of the ethylene The electronic energies were converted to heats of formation
and HQ is produced via the concerted elimination channel, then with the atomization method. This procedure was further
the temperature and pressure dependence of their productioimproved by applying bond additivity corrections (BAC) as
rate is sensitive to the barrier height of this channel. Ethylene described by Petersson et2&lThe BAC parameters were
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TABLE 1: Lennard-Jones (LJ) Parameters Used To 4
Calculate Apparent Rate Coefficients 20 7
species collision diametewi(s) (&)  well depths éL3) (K) isomerization  concerted HO, elimination
adduct GHsO; 4.94 467.3 g |
He 2.60 10.2 £0
O, 3.62 975 g
N2 3.37 131.5 w CH+HO,

154
>
1

2The collision cross section was increased by a factor of 2.4 to fit
falloff data as seen in Figure 2 (cf. text). This increase in collision
cross section can also be achieved by increasing this collision diameter
to approximately 8.24 A (with He as a collider), 8.77 A (with & a CH,CH,00+
collider), or 8.63 A (with N as a collider). -40

¢yC,H,0+OH

obtained from a series of CBS-QB3 calculations for C/H/O
containing molecules with well-established experimental heats
of formation.

Canonical transition state theory (TST) was used to calculate Figure 1. Potential energy surface for the reactionHe + O,
high-pressure rate constants for all reaction channels with calculated at the CBS-QBS level of theory at 0 K.

pronounced barriers. We used Wigner's meffiotb ap- Because the overall features of the PES are well established,
proximately account for contributions from tunneling to the rate .o \vill focus on some specific details of the CBS-QB3 results

constants. The high-pressure rate constant for the barrierless, q compare those to other studies. We obtained for the C
recombination of @Hs with O, was not calculated in this work bond energy in CECH,OC a value of 34.0 kcal/mol at 0 K

but taken from a variational TST analysis by Miller efal. and 34.5 kcal/mol at 298 K. These values are in good agreement
'Chemically activated reaction channels of the reactioneblsC  th the multistep calculations by Miller et (33.9 kcal/mol
with (25 were then analyzed using a method described previ- 5. o K) and Sheng et &1(35.3 kcal/mol at 298 K). They also
ously?* In short, QRRK theory was used to calculate energy ,quree reasonably well with the optimized well depth in Wagner
dependent rate constai(&) and the mOd.'f'Ed str_o_ng CO”'S'”! et al.’'s RRKM analysi® of this reaction (32.9 kcal/mol at 0 K
(MSC) approach was employed to describe collisional deactiva- 5,4 34.1 kcal/mol at 298 K). In contrast, the calculations by
tion. In some cases we replaced the MSC treatment with the Schaefer and co-workér&at the B3LYP and at the CCSD(T)
steady-state master equation (ME) model described by Shengg, |5 yielded a weaker bond energy-e80 kcal/mol at 0 K.
etal® Both calculations use, except for the energy transfer part, \yit yespect to the barrier for the concerted elimination, our

the same input parameters, which are the high-pressure rate., o ations located it 2.8 kcal/mol below the reactants at 0 K
constants discussed earlier, three-frequency representatdns and 4.5 kcal/mol lower at 298 K. These results again compare

the internal modes of the adducts, and estimated Lennard-Jone§ve” to 3.0 and 2.4 kcal/mol, reported by Miller et al. and
collision diametersd; ;) and well depthse( ;). These estimated Wagner et al., respectivelyt 8 K and 4.8 kcal/mol reported
Lennard-Jones parameters for the adduét:O, and otherbath -, gheng et al. at 298 K. As before, the results of Rienstra-
gases are given in Table 1. The deactivation rate coefficient i acofe et af deviate more, as they find the barrier to be only
was computed as described earfier. 0.9 kcal/mol (at 0 K) below the entrance channel. We found
T_h? MSC model requires the_qverage energy transferred pefine parrier of the isomerization hydroperoxyethyl to be 1.9
collision, [E4Jto calculate stabilization rate constants. In_ the kcal/mol & 0 K and 0.8 kcal/mol at 298 K above the reactants.
ME code, the average energy transferred per down CO'J'S'OH' This is in reasonable agreement with the 3.1 kcal/mol (at 0 K)
(Eqonrl] is used instead. We usedByoud value of 290 cm value reported by Miller et al. and the 1.0 kcal/mol (298 K)
for oxygen and nitrogen and 190 cfn f?r helium. The value of Sheng et al. Rienstra-Kiracofe et al. reported a
corresponding values ZdEa.|DN¢re—154 crforoxygenand g psiantially higher barrier of 5.3 kcal/mol (at 0 K) above the
nitrogen, and-87 cnt* for helium. These same values Were o4 ctants for their highest level of theory. Finally, we compare
used by Sheng et &l. .. the barriers for the two unimolecular product channels of
The pressure and temperature dependent rate coefficientsy by qroperoxyethyl with those from Miller et al. and Sheng et
obtained from the kinetic analysis were either fitted to a al. We found that the barrier for the channel tsHG + HO; is

modified Arrhenius form for a specific pressure, or they were 1 yca/mol (0 K) and 1.5 kcal/mol (298 K) below the reactants.
approximated with Chebyshev polynomiéi¥'over wide ranges Miller et al. determined this barrier to be 1.9 kcal/mol above

of temperatures and pressures. The CHEMKIN 3.6.2 package the reactants at 0 K, whereas Sheng et al.’s result (1.5 kcal/mol
was used for the numerical integrations. below the reactants at 298 K) coincides with ours. We calculated
the barrier for the ¢gH4,O + OH channel to be 1.0 kcal/mol
below the reactantst® K and 1.7 kcal/mol below at 298 K.
Potential Energy Surface.The potential energy surface for  These results agree well with Miller et al. (0.6 kcal/mol below
the GHs + O, reaction, calculated at the CBS-QB3 level of at 0 K) and Sheng et al. (2.1 kcal/mol below at 298 K). In
theory, is shown in Figure 1. The major features of this surface summary, with exception of the barrier forltGCH,OOH —
are very similar to those calculated in earlier studig%.” For CoH4 + HO,, the results of this study agree well for all important
example, the barrier for the concerted elimination is below the stationary points of the PES with those of Miller et al. and Sheng
energy of the reactants whereas the barrier for isomerization iset al., but they differ more from the calculations by Rienstra-
above it. Also, the barrier of the GBHO 4+ OH channel is Kiracofe et al.
clearly higher than that for the H shift to form theHzCH,- Thermodynamic data for all species involved in th&d€+
OOH isomer. Not included in Figure 1 is the direct abstraction O, system are tabulated in Table 2. The complete set of
path. Previous studies concluded that this channel is notthermodynamic data for all species of our extended mechanism
important for temperatures below 1000 K. is provided in the Supporting Information. The calculated heats

CH;CHO+OH

-60 -

Results
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TABLE 2: Calculated Thermodynamic Data for Stable Species Involved in the Reaction €Hs + O, [Heats of Formation in
kcal/mol; Entropies and Heat Capacities in cal/(mol K)]

species AtH 208 S 08 Cy(300) C,(400) C,(500) C,(600) C,(800) C,(1000) Cy(1500)

CoHs 29.25 59.21 12.26 14.78 17.15 19.29 22.83 25.63 30.08

CHs;CH,OO —5.26 73.84 17.71 21.26 24.51 27.38 31.89 35.28 40.38

C*H.CH,OOH 12.25 78.40 19.80 23.23 26.23 28.79 32.72 35.64 40.11

HO, 3.13 54.68 8.29 8.84 9.39 9.89 10.68 11.28 12.26

OH 9.21 43.96 6.95 6.96 6.96 6.98 7.07 7.24 7.73

O, 0.00 48.98 7.00 7.15 7.37 7.59 7.98 8.25 8.58

CoH,4 12.46 52.33 10.19 12.55 14.76 16.69 19.83 22.25 26.06

CHs;CHO —40.76 62.97 12.97 15.48 17.91 20.15 23.81 26.62 30.83

CH,0 —12.74 57.99 11.38 14.83 17.91 20.54 24.53 27.43 31.69
TABLE 3: High-Pressure Rate Coefficients for the GHs + (1) The activation energy for the concerted elimination (rxn-4)
O2 Reactior? is 4.5 kcal/mol lower than that for the isomerization of
no. reactions A n E ethylperoxy (rxn-2), and it is 3.6 kcal/mol below the redisso-

1 CHetO,— CH:CH,OO 5 91EFL 052 00 ciat_ion thre_shold (rxn-1). (2) The preexponential f_ac'_tor f_or the
—1  CHCH00 — CoHst+0, 4.20EF15 0.0 341 redissociation exceeds those of the concerted elimination and

2 CHCH, OO — CH,CH,O0H 192E-12 0.0 350 the isomerization by 3 orders of magnitude. From these

3  CHCH,OO —CH,CHO+OH 1.23Ef13 0.0 40.1 observations it follows that the concerted elimination is the

4 CHCHOO — CHs+HO, 3.02E+12 00 305 energetically preferred reaction channel of ethylperoxy. How-
—2 CHyCH,O0OH— CH;CH,OO 1.16E+11 0.0 17.2 . .7 : ;

5  CH.GCH.O0H— CoH,t+HO 104EL13 00 16.4 ever, if sufficient thermal energy is available to break theGC

2 2 214 2 . . . . .. . . .
6 CH,CH,00H— C,H,O+OH  7.84E+12 0.0 16.0 bond, the redissociation channel will dominate due to the higher

preexponential factor. The relatively small preexponential factor
(—1) was calculated via microscopic reversibility. All other rate and high activation energy make_ _the isomerization path a minor
constants were computed with canonical transition state theory including product channel under all conditions.
Wigner tunneling corrections. Rate constants are givek asAT" CzHs + Oz Submechanism.The high-pressure rate coef-
exp(—E4/RT), valid for 300-850 K. The units ofA are s* (first order) ficients given in Table 3 are the input parameters for the
and cn¥ mol~* s™* (second order), respectively, aBglis given in units chemical and thermal activation analysis of theHE+ O
of kcal/mol. reaction. The results of this analysis at 1 atm total pressure and
) ) O, as bath gas are presented in Table 4 in modified Arrhenius
of formation were corrected for systematic bond errors to form. We recognize three subsets of reactions: (1) the reactions
improve accuracy. Though we shall not discuss all data in detail, ¢ chemically activated ethylperoxy radicals;HGO5*, which
some results are noteworthy. The heat of formation of ethyl- 5.0 directly formed when 15 and Q combine (rxn-1 to rxn-
peroxy was calculated to be5.3 kcal/mol, which is slightly ). (2) the thermally activated unimolecular reactions of
higher (but within the error limits) than the experimental values ethylperoxy (rxn-7 to rxn-11); (3) the thermally activated
reported by Knyazev et &k (—6.5 & 2.4 kcal/mol) and by ynimolecular reactions of hydroperoxyethyl (rxn-12 to rxn-15).
Blanksby et af.7 (—6.8+ 2.3 kecal/mol). In case of £&is, our These sets reflect a basic assumption in our analysis technique,
heat of formation of 29.25 kcal/mol is 0.75 kcal/mol higher than \yhich is that we can separate the overall reaction process into
the value recommended by Dobis et®lith respectto entropy o steps: “direct” and “delayed.” Initially, the chemistry is
values, we see differences fogHs, C"H,CH,OO0H, and GH4O determined by reactions of the highly excited ethylperoxy
compared to Sheng et aln all three cases our calculations  ggicals. These can react in one of two ways: either by forming
predict lower entropies (59.2 versus 60.6 cal/(mol K) feHg bimolecular products or by stabilization via collisions. We refer
78.4 versus 81.9 cal/(mol K) for8,CH,O0H, and 58.0 versus g these reactions as “direct” channels because the products are
59.4 cal/(mol K) for GH40). At this moment the cause forthese 5 direct result of the &= + O, association reaction. The
differences is not clear. Additional details regarding the structure “delayed” step occurs at sufficiently high temperatures where
and energetics of all the species and transition states are availablggih stabilized adducts can undergo thermally activated uni-
from the authors. molecular reactions on the time scale of some experiments. The
High-Pressure Rate ConstantsCalculated high-pressure  “delayed” products from these reactions are formed in a
rate constants for the elementary reaction steps are presentedequential way (collisional stabilization followed by thermal
in Table 3 for a temperature range of 36860 K. In this range, dissociation).
simple Arrhenius expressions provide a good representation of  According to Table 4, 15 apparent rate constants are required
the data. All rate constants were corrected for contributions from tg describe the kinetics of the title reaction. It can be seen that
tunneling. We used Wigner's meth®avhich only requires the  our kinetic analysis produces for each reactant two apparent
imaginary frequencies/) of the transition states (scaled by a rate constants for the formation ofid; + HO,. The reason
factor of 0.99) as input to calculate the transmission coefficient for this is that these two channels are not identical. Fat=GF
«(T) = 1+ (1/24)(1.44in/T)2 The effect of tunneling is higher O, or ethylperoxy as reactants, one of the rate constants
for the isomerization reaction than the concerted elimination, describes the reaction proceeding via the concerted elimination
with unscaled imaginary frequencies-e2273.2 and-1095.3 path whereas the second one refers to the sequential path
cm?, respectively. Table 3 also contains the high-pressure rate (isomerization followed bys-scission). For the case of hydro-
coefficient for the addition of &1s to O, which was taken from  peroxyethyl as reactant, one path is the direct dissociation
Miller et al.® The corresponding high-pressure rate constant for channel (vig8-scission), and the sequential path is isomerization
the redissociation of ethylperoxy back to the reactants was followed by concerted elimination. Thus, although the final
obtained using microscopic reversibility. products are the same, they are formed via two different
Inspection of the Arrhenius parameters for the key channels mechanisms involving different transition states. The reactions
of the GHs + O reaction system reveals two important facts: of C,Hs + O, or ethylperoxy via the concerted elimination

aThe rate constant for (1) was taken from Miller ef aind that for
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TABLE 4: Apparent Rate Constants for the Reactions That Describe the GHs + O, Systent

no. reaction A n E k(600 K) notes
1 CHs + O, == CH;CH,0OO 9.42E+36 —-8.01 6.098 3.2E12
2 CHs + O,== CH3;CHO + OH 1.94E+12 —0.476 7.765 1.4E08
3 CHs + O,= C,Hy + HO, 2.43E+17 —-1.90 4.430 3.2E10 concerted
4 CGHs + O,= CH,CH,O0H 8.84E+37 -9.33 10.159 2.1#£08
5 CHs + O,= C,Hy + HO, 1.02E+20 —-2.97 8.639 4.2E08 sequential
6 CHs + O,== C,H,O + OH 1.93E+20 —3.08 8.636 4.0E08
7 CH,CH, OO = CH;CHO + OH 2.13E+41 -9.81 45,919 2.3E03
8 CH;CH,OO = C;H, + HO, 6.46E+30 —6.06 35.147 1.5E01 concerted
9 CH,CH,OO = C*H,CH,O0OH 4.55E+51 —-13.3 44,125 5.1E02
10 CHCH,OO = C,Hs + HO, 4 47TE+42 —-10.1 44,734 2.6E02 sequential
11 CHCH,OO = C,H,0 + OH 3.01E+42 -10.0 44.609 2.7E02
12 CH,CH,OOH <= CH3;CHO + OH 3.10E+37 -10.1 28.588 1.3E01
13 CH,CH,O0H== C;H4 + HO, 5.65E+41 —-10.9 26.490 6.1E£01 concerted
14 CH,CH,O0OH<= C;H4 + HO, 6.58E+41 —-9.70 23.023 3.1£06 [-scission
15 CH,CH,OOH = C,H,O + OH 1.49E+41 -9.51 22.589 3.3E06

aThe rate constants are valid fBr= 1 atm, T = 300-850 K, and Q as collider.A factors are given ing (first order) and crimol™* st
(second order), anH is in given in kcal/mol.

. . . 7.0E+12
channel are much faster than those via the sequential path. This
can easily be seen from the rate constants at 600 K provided in  &%&+121 MSC, increased Zc o
Table 4. For example, the rate constant for rxn-3 (chemically  s.oe+12-

activated concerted elimination channel) is about 76 times larger  , . | ME, increased ze T
than that for rxn-5 (chemically activated sequential channel). " &~ ME, reguiar ze

Similarly, k(600 K) for rxn-8 (thermally activated concerted 8.0B121

elimination channel) is about 580 times larger than that for rxn- ~ 2.0e+124
10 (thermally activated sequential channel). In the case of the e,
isomer hydroperoxyethyl, the,8, + HO, path via concerted

P . . . . . 0.0E+00 T T
elimination is a sequential reaction, because prior to the HO 1.0E-04 1.0E-03 1.0E-02
elimination ethylperoxy must be formed via isomerization. p [atm]
Again we find that the multistep process is the slower one; rxn- Figure 2. Comparison of the predicted (lines) and measured (filled

13 is orders of magnitude lower than tfescission channel ~ symbols}®~*? overall rate constants of the8s + O, reaction vs
(rxn-14) at 600 K. pressure at 298 K using M He. In addition, the total rate constants
at three pressures reported by DeSain étak shown #£).

kq [cm*mol
=
]
(2]
3
@
c
o
]
N
[d

MSC, based on Sheng et al.

1.0E-01 1.0E+00 1.0E+01

The rate expressions in Table 4 are given in modified

Arrhenius form that provides insight in the magnitude of the of some of these data together with several predictions as a
preexponential factor and the activation energy. However, for fynction of pressure. The results from Kaiser et al. have been
modeling purposes it is more convenient to use Chebyshevconyerted to absolute rate constants using a rate constant for
polynomials?®3* because this parametrization method is able c,H; + Cl, of 6.5E+12-exp(-0.30 kcal/molRT) cnd/(mol s).
to describek(T,P) data from multi-well reaction systems with At 298 K, this expression yields the value reported by Timonen
good accuracy and relatively few parameters. Therefore the and Gutma#f and is slightly smaller than the value used by
modeling results described later are done with rate constants inkaiser. When we first attempted to predict the experimental
Chebyshev format. In the Supporting Information we provide results using the Lennard-Jones collision parameters for ethyl-
such rate expressions for different colliders. peroxy shown in Table 1, our predictions underestimated the
Extension of the Mechanism.The reactions listed in Table |oss rate of GHs in the lower pressure regime by a factor of
4 are not sufficient to model £1s + O, experiments, because  approximately 2 (shown in Figure 2 as “MSC, regulaf)Z
additional reactions describing the generation gfi€xadicals The calculations were done in three different ways: (1) We
or subsequent reactions of the products, especially it extracted the rate constants directly from the chemical activation
C;HsO,, are missing. Therefore we assembled a set of reactionsanalysis. (2) We calculated8s concentration versus time
based on a combination of literature review, theoretical calcula- profile for conditions similar to those reported by Plumb et al.
tions, and rate estimations that, combined with the subset givenand Slagle et al. and extracted the total rate constant from the
in Table 4, should largely account for the complete kinetics. exponential decay. And (3) we performed the kinetic integration
However, the focus of this work is on the title reaction, and we with the expanded mechanism and analyzed the final products
consider the extended mechanism as preliminary and report itas described by Kais€rto obtain the rate constant relative to
only as Supporting Information. Nevertheless, we will discuss C,Hs with Cl,. All three methods yielded almost the same values
important key reactions of it at the appropriate places in the that are clearly lower than observed. To ascertain that this
main text. We designate the combination of thgHE+ O, finding is not caused by a problem with our QRRK/MSC
submechanism and these additional reactions as the expandednalysis, we repeated the analysis with a steady-state master

mechanism. equation code, still using QRRK theory to calcullktg) (shown
Predictions of Experimental C;Hs + O, Data. A. Overall in Figure 2 as “ME, regular Z). The results confirmed the
Rate ConstantMeasurements of the overall rate of theHs QRRK/MSC values and the inconsistency between experiments
loss as a function of He pressure at room temperature wereand predictions for lower pressures. In addition, we performed
performed in three laboratories. Plumb et!alSlagle et ak? calculations with Multiwell, a stochastic code written and

and Wagner et dP reported absolute rate constant measure- distributed by Barkef? k(E) was calculated via inverse Laplace
ments whereas Kaiser et &l.determined the rate constant transformation of the same high-pressure rate constants that were
relative to the reaction of ££is + Cl,. Figure 2 contains plots used in the previous calculatiori&Egonwas set at 200 cr,
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and densities of states were calculated using the direct count 1.0E+13

method (by the BeyerSwinehart algorithm). As shown in 208K sa5K (A)
Figure 2, these predictions are in very good agreement with _xx . .

our master equation calculation and also fall well below the F1.0E+12{ = ./._,_/ U
data. Finally, we used the rate coefficients provided by DeSain g ///

et al? These rate constants were obtained from a RRKM/ME € 750K
analysis UsingAEgow = 200 cnTL. The results for 0.039, 1.0,  S1.0e+111 - o

and 10.0 atm are included in Figure 2, and it can be seen that e — )
they also underpredict the overall rate constant. In summary, 850K
independent of the sophistication of the analysis technique used, 1.0+10 . . T T
we consistently found clear deviations between the predictions 0.000 0.005 0.010 0.015 0.020
and the well-established experimental data. This suggests that P [atm]

some of the input parameters are inappropriate. We tested the  1.0e+13

impact of the barrier heights for concerted elimination and (8)
isomerization, and we altered the well depth of LHL,OO. 2K . 388

No combination of changes within the estimated uncertainties 10e+12d = ™ <

of the PES calculations could resolve the differences. Finally
we decided to increase the collision cross section to a value

}’///“//’*
that provided a reasonable description of the data. We found

. o . 1.0E+11 4 750 8.%
that an increase of the collision cross section by a factor of 2.4 X 2 X X 2ol

led to reasonable agreement except at the lowest pressures, as irreversible Pl 4
shown in Figure 2 by the curve labeled “MSC, increasgtl Z 850K
In addition we observed that the use of the steady-state ME 1'°E+";_000 0.005 0.010 0.015 0.020

method for collisional deactivation yields very similar results p [atm]

compared to the MSC approach (labeled “"ME, increas€d Z  figure 3. Comparison of the predicted and measured pressure

in Figure 2). All rate constants given in Table 4 have been dependence of the overall rate constant of thE«G+ O; at different

calculated using the increased collision cross section. temperatures: (A) predictions with the expanded mechanism; (B)
Figure 2 also includes predictions based on the rate coef- prediction with the GHs + O, submechanism. Full symbols represent

ficients from Sheng et & .These predictions are consistently :zgri’;g?]rt'Ei”;?égiactt?ofggf'][hvgzggﬁ;‘éf'ﬁg"in: (%())Oi/; gt?t)éiﬁggdb;nriz king

lower than the data. The main reason for this discrepancy is all bimolecular product channels irreversible.

that Sheng et al. used a different high-pressure rate constant

for the GHs + O, recombination rate. Their value at 298 K is

more than a factor. of 2 lower than that used in this study. ot require collisions (although stabilization of the;FGO2J*
Interestingly, the high-pressure rate constant extracted from;niarmediate might increase the yield obHG + HO;, via
DeSain et af. (k ~ 5E12 cnd/(mol s) atP = 10 atm) is SO thermally activated dissociation, compared to dissociation of
Iqwer than the data and our predlctlons, aIFhough we used the'r[CzH502]* back to GHs + Oy), whereas the yields of stabilized
hlgh-.pr(.assure rate e>.<pr.ess‘.ian our angly5|s. Except for the ethylperoxy will vanish for [M]— 0. This explains the deviation
possibility of uncertainties in the provided Arrhenius expres- ¢ yhe falioff curve at low pressures from linearity. The fact
sions, we do not have any explanat_lon for this ob_servatlon. that our model predictions underestimate the experimental data
In.Flgure 2 we see that the experimentally optalned and thejS this region suggests that the tetm[ki/(ko + k_1)] is t00
predlcted'rate constants seem to approach the hlgh-pressyrg IIrnIEmall. An increase of the high-pressure rate constahtvould
at approximately 1 atm. However, it appears as if the predictions improve agreement with the experiments, but so would small

?re Sl'rght,:); t;etlrﬁw;he gps?irr\l/e?hda;\afantd fnft?'grhtt be tﬁ”j[ptnidchanges irk> (which is related to the high-pressure rate constant
0 correct for this by adjusting the A factor ot the rate constant ¢,y concerted elimination reaction) amd;. Given this

for the recomb_lnanon step. We preferred not to take this route, ambiguity, we did not attempt to adjust the underlying ab initio
because the difference is only a few percent. The use of Miller data

et al.’s original high-pressure rate coefficients leads already to ) »
Slagle et al° provided additional pressure dependent data

a substantial improvement of the prediction of the pressure ; i
dependence of the overall rate constant compared to earlier®n the overall rate constant at higher temperatures ranging from

models. Recognizing that the small deviation observed can also373 {0 1002 K. The experiments were repeated in the same
easily be explained with uncertainties of the rate constant for !aboratory with an improved experimental setup a few years
the reference reaction,Bs + Cl,, which was used to convert lateri® and we only considered the newer data in this work.
the relative measurements by Kaiser et al. to the absolute valuef\ll measurements were done with helium as the major bath
shown in Figure 2, we believe that without additional experi- 9as component (80%), which the remaining components being
mental support a further adjustment is not warranted. N2 (at higher temperatures),,@nd ethylbromide, which was
In the same spirit, we notice discrepancies (factor of up to used as precursor for ethyl radicals. Measurements were taken
~2) between predicted and measured total rate constants at thé@t 298 K, 385 K, 473 K, 640 K, 750 K and 850 K. In Figure
lowest pressures. Given the simplified mechanism 3A we compare these data sets to predictions with our expanded
) ’ mechanism (adapted for He as collider). The first point to notice
—1a * 2 is that no results for 640 K are presented. Wagner et al. observed
CoHs + OZ‘C [CoH50,] CoHa + HO; in their experiments that the,8s decay at this temperature
ks displayed nonexponential behavior, and hence cannot accurately
v CHs0, be described by a rate constant. Both of our modeling ap-
proaches were able to reproduce this nonexponential behavior.
we see that the formation of,84 + HO, from [C;HsO,]* does We will provide more discussion of this behavior later.

k [cm®/mol-s]
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TABLE 5: Importance of the Stabilization and HO , 6
Elimination Channels at 640 K as a Function of Reaction . )
Time g ,,—\\< basic C,H; + O; mechanism
I
contribution to GHs depletion in % G 44 ! g expanded mech.
I
1ms 25ms 50ms 7.5ms 10.0ms S I’ ~—s2° ~,
C,Hs0, channel 414 387 342 298 25.8 z, ] P ;’ oanded mechanism
1 L ex ism wi
C:Hs +HOz channels  57.2 59.7 64.1 68.4 72.3 © . C,H, + O, chemistry
. . ‘ f Sh l.
Except for 298 K (Wagner et al.’s data were not included in - rom Sheng et 2
Figure 2 but show the same factor-e® deviation as discussed 0 +—=—="=7 — T T T
earlier) the agreement between the expanded mechanism and 290 390 4_?°[K] 590 690

the data is very good. (Additional calculations with & collider

suggests that even better agreement can be reached if th&!dure 4. Comparison of predicted temperature dependences of
ethylene production (lines), given as the ratios of ethylene to ethyl

collision prc_)_perties of all ga_s c_omponents were z’_;lccounted for.) chloride, to the experimental results (symbols) reported by Kéiser.
More specifically, the predictions capture two important ob- gee text for details.

servations: (1) the negative temperature dependence of the total

rate constant; (2) an increase of the pressure dependence witho the overall decay because increasingly more stabilizeg@
decreasing temperature. The negative temperature dependends formed and produces,Bs via thermal dissociation. At 640

is expected and caused by the increasing importance of theK the time scales for the s decay and the thermal dissociation
redissociation with temperature. This is the key reaction used of ethylperoxy are comparable leading to the nonexponential
to explain NTC behavior in the WalkeMorley scheme. The  time profile. At temperatures of 750 K and higher, thermal
observed pressure dependence might be less obvious. At lowdissociation is much faster and a quasi equilibrium is established
temperatures collisional stabilization of chemically activated at early reaction times. Thus the observed rate constant is again
ethylperoxy radicals is the major reaction channel besides exponential.

redissociation, and unless we are at the high-pressure limit, this In summary, our model reproduces the overall rate constant
channel introduces pressure dependency. With increasing tem+for the reaction of ethyl with @over a large temperature and
perature, bimolecular product channels become more and morepressure range reasonably well. To achieve this good agreement,
important while the significance of the stabilization path we used in the kinetic analysis a collision cross section that is
decreases. Because these bimolecular product channels deperglibstantially larger than one would expect from commonly used
to a lesser degree on energy transfer processes, the overakstimations. Because an accurate reproduction of the overall
pressure dependence declines and at 750 and 850 K no pressumate constant is a prerequisite to accurately predict individual
dependence is either predicted or observed. This explanationreaction channels, we kept this adjustment for all further
suggests that Wagner’s experimental data can solely be undercalculations.

stood with the GHs + O, reaction system and consequently B. Ethylene Yields€Ethylene is a major product of the)lds

we should be able to reproduce the data with the reaction set+ O, reaction at elevated temperatures and sufficiently low
given in Table 4. The results of such an attempt are shown in pressures. Its yield has been investigated by many investiga-
Figure 3B. At the lowest three temperatures we saw essentiallytorst11517.18.203t various conditions. In his most recent study,
no difference in both approaches. However, the simple reaction Kaisef? reported ethylene yields relative to ethyl chloride for
mechanism does not reproduce the pressure independent rata temperature range of 29880 K. GHsCl is produced by the
constants at 750 and 850 K. On the other hand, a rate analysiscompeting reaction of s with Cl,. The isothermal experi-
revealed that, besides the,Hy + O, reactions, only the ments were carried out with mixtures o$lds, O,, and Ch at a
unimolecular decomposition of ethyl §85 — C,Hs + H) constant density of 6.74 10'® molecules/cri Ethyl radicals
contributes significantly to the consumption ofHg. Because were generated in the reaction of Cl atoms with ethane and ClI
this reaction does not depend on thg @ncentration, it does  atoms in turn were produced via continuous UV photolysis of
not affect the apparent bimolecular rate constant. This apparentCl,. We used different mechanisms to predict these data. The
contradiction can be resolved by realizing that the basic shortest mechanism contained, besides the reaction set given
mechanism does not allow the reaction products (maink,C in Table 4, only three additional reactions:

+ HOy) to be consumed. The build-up of product concentrations

leads to an increase of the reverse reactions formiss G- Cl,—2Cl (rxn-1a)
O, and the apparent overall rate of consumption is reduced. By

making the bimolecular product channels irreversible, as shown Cl+ C,Hg=HCI + C,Hg (rxn-2a)
as broken line in Figure 3B for 850 K, the prediction of the

short mechanism agrees well with the expanded mechanism and C,H; + Cl, = C,H,Cl + ClI (rxn-3a)

the data. The expanded mechanism contains fast secondary
reactions of the bimolecular products (and of stabilized ethylp- The rate constant of the irreversible chlorine dissociation
eroxy) to make the @45 + O, product channels virtually  reaction was adjusted to reproduce the reported ethane con-
irreversible. Thus the measuregHs decay data provide a good  sumption. We verified that the predictions are not very sensitive
test case for the ££5 + O, submechanism. to moderate variations of this rate constant. For rxn-2a we used
Finally we address the question why theHg decay at 640 the same rate expressions as Kaiser; for rxn-3a we used the
K occurs nonexponentially. To shed light on this problem, we value discussed earlier, which is very similar to that used by
performed a rate analysis forKs at different reaction times.  Kaiser. As has been done in the experiments we extracted the
We found (Table 5) that the relative contributions of the C,H4:CyHsCl ratios from extrapolations of the predicted species
stabilization and the H®elimination channels to 415 con- profiles to low ethane conversion.
sumption vary with reaction time. With increasing reaction time  An inspection of Figure 4 shows that this basic mechanism
the stabilization of @HsO, contributes effectively less and less fails to predict the measured,/C,HsCl data in terms of the
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location of the rapid increase as well as the quantitative values. 100.00 g
On the other hand, good agreement between predictions and i
experiment was observed if we used our expanded mechanism 49,00 L
for the calculations. This clearly indicates the importance of at E
least some secondary reactions. Similar to the findings for the =
total rate constant, the cause for these differences between bottf '
mechanisms is that the basic mechanism does not allow primary" F
products, in this case stabilized ethylperoxy radicals, to react  o.10 E
with other species in addition to thermal dissociation. This
conclusion was verified by adding the following four reactions T
to the basic mechanism listed in Table 4: "~ 0.001 0.01 04 1 10

p [atm]

collider: He

N
sub-mechanism Y

HO, + HO,— H,0,+ O, (rxn-4a)

100.00 g
3 collider: N,/O,

C,H:0,+ HO,— C,H,OOH+ O, (rxn-5a)

C,H.0, + C,H.0,— C,H,0 + C,H.O+ 0O, (rxn-6a)

expanded mech.

C,H.0, + C,H:0, — C,H,OH + CH,CHO+ O, (rxn-7a)

With these additional reactions we got almost the same results 010

as with the complete expanded mechanism, indicating the F sub-mechanism
importance of these specific secondary reactions under these 0.01 T i ME——
experimental conditions. 0.001 0.01 0.1 1

p [atm]

rationalized as follows: At low temperatures most of the Fi9uré 5. Comparison of the predicted and measured pressure
hemicall tivated d'd t is stabilized b llisi but dependence of the ethylene yield at 298 K. Filled symbols represent
chemically activaled adduct IS stabilized Dy COMISIONS, DUt & oyherimental data by Wagrér(squares), Kaisét (circles), and

smalll fraction yields €H, + HO,. This “direct” product channel  cjifford?: (triangles, inferred from H@ yields). Lines represent
increases slowly with temperature. Between 450 and 500 K, a predictions with our mechanisms (cf. text), and the open diamonds are
sharp increase of the,84:C;HsCl ratio from ~1 to 3.5 is calculated with GHs + O, rate parameters from DeSain efal.
observed and this increase is captured by the model. The sudden
increase is due to the onset of thermal dissociation of ethyl- tions with a gas chromatograph and calculated the ethylene
peroxy, or, more precisely, due to the fact that its thermal Yields from the ratio of ethylene over consumed ethane. We
dissociation becomes competitive to the consuming bimolecular focus here on the results by Wagner et al. and Kéisehich
reactions (recombination with itself or HOrxn-5a to rxn-7a). ~ combined cover a pressure range from nearly 0.001 atm to 1
Kaisef© also reasoned that the sharp increase was due to theatm with He or N/O/air as bath gas (Figure 5). As expected
opening of a new reaction channel. If the temperature is further from the relative collision efficiencies, higher ethylene yields
increased, the ethylene yield starts to decline because the ratavere observed in He. The yields decrease from about 24% at
constant for redissociation of the stabilized adduct back to 0.0013 atm to 0.14% at 0.92 atm. The low-pressure results from
reactants increases. It can be seen that our model slightly over-Plumb et al. (not shown) are comparable to those from Wagner
predicts the peak value and the following decline of thel£ et al. with He as collider but show more scatter and are omitted
C,HsCl ratio with temperature. As it turns out, the predicted for clarity.
ethylene yields are extremely sensitive to the barrier height of ~As before, we performed calculations with either the basic
the concerted elimination channel and a minor change in the mechanism given in Table 4 (complemented by the reactions
barrier height, within the uncertainties of the ab initio calcula- rxn-1a to rxn-3a) or with the expanded mechanism. A com-
tions, could improve our predictions. However, given the already parison between both predictions then will reveal any sensitivity
good agreement and the uncertainties in the rate constant forof the pressure dependentG yield measurements to secondary
C:Hs + Cl, and the secondary reactions, we chose to leave thereactions. The top plot in Figure 5 contains the results for He
input parameters unadjusted. as main collider. We notice that the predictions with the
Figure 4 also contains predictions of an expanded mechanismexpanded mechanism agree very well with the experimental data
that contained the £is + O, subset reported by Sheng efal. Whereas the use of the submechanism leads to clear deviations

The effect of temperature on thek:C,HsCl ratio may be

This group performed the kinetic analysis of theHg + O» at higher pressure. This can be explained with the reaction
reaction prior to the date that the experimental data became
available. Their model clearly captures the overall temperature Cl+ C,HsO, —~HClI+ CH, + O, (rxn-8a)

dependence on the ethylene yield well, though its predictions
are generally below the data. One reason for these deviationsin the expanded mechanism. We estimated the rate constant for
is the use of a lower high-pressure rate constant for thi$;C  rxn-8a by analogy to the H abstraction from ethane prior to

+ O, entrance channel in their analysis. modeling the ethylene yields. The lower part of Figure 5
B1l. Pressure Dependence of theHz Yield at Room contains the predictions for Nor O, as collider. In this case
TemperatureStudies by Plumb et dkand Wagner et & and the predictions are less accurate, especially at low pressures,

the earlier work of Kaiser et af:18 addressed the pressure where the model predicts a higher ethylene yield than observed.
dependence of the ethylene yield at room temperature. PlumbObviously, N and Q are more effective colliders than assumed.
et al. and Wagner et al. determined ethylene yields relative to Another difference between the He ang/®, cases is that the
the initial ethyl concentrations using mass spectrometric detec-two mechanisms show less deviations. Although we did not
tion. Kaiser et al. measured final ethylene and ethane concentra-analyze the cause in detail, it is possible that the higher collision
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100 £ short reaction time (ms) long reaction time low pressures in Wagner et al.’s experiments, ethylene mainly
o (end product analysis)

originates from the “direct” chemically activated concerted
\\DAWK elimination channel. On the other hand, Kaiser's endproduct
10 o~ 473K 529K results at relatively high pressures reflect the total ethylene yield
373K = (“direct” and “delayed”) from both chemically and thermally
87K activated channels. This also explains why the ethylene yields
1 from Wagner et al. at 573 K are lower than those from Kaiser
at 529 K. At these temperatures the delayed channels contribute
significantly to the yields measured by Kaiser, but the unimo-

P IS S Bl lecular reaction rates are still too slow to be relevant under the
0.001 0.010 0.100 1.000 10.000 conditions of Wagner et al.’s experiments.
P [atm] In summary, we find overall good agreement between the

Figure 6. Comparison of the predicted and measured pressure experimental data shown in Figures-@ and predictions with
dependence of the ethylene yield at several temperatures. Filled symbolgyyr mechanism. This indicates that our model properly accounts

represent the experimental data from Kdisasing Q as collider, and for the temperature and pressure dependence of the ethylene

open symbols represent the experimental data from Wagner‘et al. . W ” u "
(collider: He). Lines represent the predictions using the expanded production from both the “direct” and “delayed” channels.

mechanism. Although the experimental £1, yields are affected by second-
o _ ) _ ary reactions (assuming that our expanded mechanism is
efficiency leads to higher concentrations ofHzO, radicals, reasonable), they nevertheless present a good test set for the

which then probably recombine predominantly with themselves C,Hs + O, reaction system.
and with HQ radicals instead with Cl atoms. Figure 5 also C. Ethylene Oxide Yield&thylene oxide (gH40) has been
includes predictions based onlds + O, rate parameters from  measured as a minor product of theHg + O, reaction at
DeSain et af.(open diamonds in the upper plot). The ethylene moderate temperatures and subatmospheric pres8@és the
yields for He as collider calculated with their rate constants are most recent study Kaiser investigated the formation of ethylene
consistently above our predictions (and especially at low oxide as a function of ethane consumption in the temperature
pressures above the experimental data). Because we use a higheéange~500 to 650 K. The experimental conditions are the same
collision stabilization rate than DeSain et al., this difference is as those for the temperature dependent ethylene vyield study.
expected. Kaiser observed a linear relationship between the ethylene oxide
Ethylene and H@are always produced together as coprod- concentration and the ethane consumption, and he used the
ucts, so that the H9yield in the GHs + O, reaction should be  slopes to determine temperature dependent ethylene oxide yields.
identical to the ethylene yield. This allows us to include the |n an earlier study, Baldwin et &.used the thermal decomposi-
experimental H@ yields from Clifford et ak! at 294 K and  tion of tetramethylbutane (forming isobutyl radicals) in #Hg/
various pressures in Figure 5. At room temperature stabilized O, mixture to study the reaction products ofH + O, as a
ethylperoxy does not dissociate thermally on the experimental function of temperature (673813 K) at mainly 0.076 atm.
time scale, and the “prompt” HOyield is equal to the total  |sobutyl radicals react with £to produce H@ (+ isobutene)
HO; yield. Surprisingly, we find that the reported H®ields radicals, which either directly attack,8s to generate gHs
are about a factor of-23 higher than the corresponding ethylene radicals or they form OH radicals (via 2HG~> H,O, + O,
yields. In other words, the sets of ethylene and;Hiata are followed by HO, — 20H), which then abstract H atoms from
inconsistent at room temperature, if the basic assumption is valid ethane. Despite this rather complicated method to genegblig C

that the HQ yields originate exclusively from thefls + O radicals, the authors were able to obtain reproduciblé;O:
reaction. We will come back to this issue when we take a closer C,H, product ratios via gas chromatographic detection. On
look at the HQ measurements. . average, the §1,0:C;H, ratio was found to be-1:100 with a

B2. Pressure Dependence of theHg Yield at Eleated tendency to increase with increasing temperature. Additional

TemperatureWagner et at® and Kaiset® also measured the  experiments at 0.66 atm did not reveal any obvious pressure
pressure dependence of the ethylene yield at temperatures abovgependence of this ratio, and results from separate experiments
298 K. In experiments with He as bath gas, Wagner et al. with H,/O, mixtures as a radical source yielded very similar
performed direct measurements of ethyl and ethylene time results compared to the tetramethylbutaneé®periments.
profiles up to 25 ms using a mass spectrometer. Ethylene yields The observations of Baldwin et al. that (1)HG and GH,O

are reported as the ratio of ethylene to the initial ethyl are the only two important product channels in their study and
concentration. Kaiser, on the other hand, performed endproduct(2) the results are independent of pressure and composition
analysis experiments using a gas chromatograph. He measuregcollider gas) allow us to convert their ratios to absolute ethylene
the amounts of ethylene produced and ethane consumed at longxide yields and to combine this data with that of Kaiser to
reaction times (greater than 100 s) to calculate ethylene yie|dS.expand the temperature range. As can be seen from Figure 7
The ethylene yields were corrected for the small amounts of agreement between both sets of data is not perfect: Kaiser
C2Hs consumed in the reaction with £using the measured  reports an ethylene oxide yield approximately twice that of
amounts of GHsCl. Comparisons of predicted ethylene yields Baldwin.

to both data sets are shown in Figure 6. (The absolyté, C We performed three sets of calculations to model the data.
yields at higher temperatures calculated for Kaiser's experi- Besides the use of the basic and the expanded mechanism, we
mental conditions are sensitive to the assumedpBbtolysis  also employed a modified expanded mechanism in which we
rate constant. Only the trends are meaningful.) The overall removed the reaction

agreement is encouraging, because both the temperature and

the pressure dependence of the ethylene yield is well captured. ~C,H, + HO, (+M) — C,H,O + OH (+M) (rxn-9a)
Furthermore, the two types of experiments performed by Wagner

et al. and Kaiser et al. probe essentially two different aspects The idea behind removing rxn-9a is that KHeadicals might

of the GHs + O, reaction. Due to the short reaction time and undergo fast secondary reactions in Baldwin et al.’s experiments,
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Figure 7. Comparison of experimentally obser¢&# and predicted R
temperature dependent ethylene oxide yields at a total density of 6.8 .
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which would keep their concentration low and make contribu-
tions by rxn-9a unimportant. Because our extended mechanism 100 corrected for additional H02 xns. removed
does not contain species such as isobutene, we might overpredict HO, + C,H;0, and
the ethylene oxide yield with the expanded mechanism. All  **]  HO;+Ho, f T i
calculations are essentially done in analogy to Kaiser's experi- /mr'v’! IW N Wmm " W
ments, and for most conditions they confirmed an approximately . 7°
linear relationship between ethylene oxide yield and ethane; 8 }w. tHOLeHO
consumption. However, the slopes were smaller than those Sseerg s Kﬁ" Vi }AM 2 + HO,
by Kaiser, so that all calculations underpredicted his reported 5 4 ', 4|I (L
ethylene oxide yields. On the other hand, the predictions with = | 1y ‘i Ry N
all three mechanisms are above the data by Baldwin et al. Below ) Wt >
about 625 K differences between the mechanisms are rather full mech. \
small indicating that the s + O, subset captures the 1 } "direct” HO, uncorrected HO, trace
formation of ethylene oxide. Above this temperature the 0 “'i it
expanded mechanism predicts the highest ethylene oxide yields -1©
due to significant contributions from rxn-9a. This can be seen
from the predictions with the modified expanded mechanism.
This mechani_sm leads to the Iowest_ ethylene oxide yields, which (7 | 1" 066 atm (conditions: 85.9% He, 13.3% Q67% CHOH or
agree well with the data by Baldwin et al. CsHs, and 0.13% G). Top: uncorrected and corrected profiles in the
At this point our mechanism appears to provide support for reference reaction. Bottom: uncorrected and correctegpi@iles in
Baldwin et al.’s lower ethylene oxide yields. But, given the the GHs + O, system. The H@traces were scanned from Clifford et
straightforward nature of Kaiser's experiment, one might also al** (Figures 3 and 4). See text for details.

ask what changes of our expanded mechanism would be needed
to better predict his data. Because the isomerization from secondary reactions. Detection of bi@quires relatively high
ethylperoxy to hydroperoxyethyl is the limiting step in the concentrations, WhICh makes it impossible to suppress the HO
formation of ethylene oxide, this barrier would have to be + HO; self-reaction. Because of the second-order character of
adjusted. We found that decr,easing the barrier by 1.0 kcal/mol the self-reaction and other side reactions, the evaluation of HO
leads to a good reproduction of the measurements (but obviouslyeXpe”mentS requuwes knowledge of its absolute concentration.
would lead to larger discrepancies with Baldwin’s data). This . (llcljlff?rd e';hal toot!< on thid(ljfﬁclult”:ask of m(_aasu;mg HO
variation is within the expected uncertainty of the CBS-QB3 Y'€!ds Irom the reaction £Es + Op. In their experiments, &1
method. rad.|calls were generated via the.react|on gflgwith Cl atoms,

In summary, the two experimental data sets bracket our which in turn were produced via pulsed laser photolysis of a

predictions. Secondary reactions such as rxn-9a or the reactiorpu/taPle precursor. Hwas detected via multipass IR absorp-
sequence tion. The reaction
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Figure 8. Modeling of the experimental HQime profiles afl = 648

. C-H,0OH + O,= CH,0 + HO, (rxn-12a)
Cl + C,H,OOH— HCI + C'H,CH,O0H (rxn-10a)
was used to convert the measured absorption signals into
C'H,CH,00H— C,H,0 + OH (rxn-11a) absolute concentrations. Recognizing the importance of second-
ary reactions, Clifford et al. corrected their observed yields for
contribute to some extent to the ethylene oxide formation, which consumptions via reactions rxn-4a and rxn-5a. This was
explains the “bumpy” temperature dependence. But the major demonstrated in detail for a particular measurement at 648 K,
source for ethylene oxide is theld@s + O, system and its yields,  and we used this data set as starting point for our modeling.
especially at lower temperatures, provide good test sets toFigure 8 shows the results of our attempt to reproduce the
validate our understanding of this reaction. methodology used by Clifford et al. to correct the H&gnal
D. HO, Yields.HO; is the coproduct of €H, in the reaction for secondary reactions. The initial chlorine concentration from
of C;Hs with O,, and complementary HOmeasurements can  the photolysis is unknown and has to be determined from the
be used to validate conclusions drawn from the ethylene data.reference reaction by adjusting its value so that the observed
However, experiments involving HCare difficult to perform time profile is reproduced. This profile essentially depends only
and to analyze; H®is a reactive radical that easily undergoes on rxn-4a as the top plot of Figure 8 demonstrates. Once the
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initial chlorine concentration is determined, we can use this value ~ 100% e
to model the GHs + O, reaction. As can be seen from the { data: Cilfford et al.
bottom plot of Figure 8, we achieved excellent agreement with 80% - solid line : QRRK / MSC results
the uncorrected experimental H@rofile. This is encouraging
for at least two reasons: (1) Being able to reproduce the rising
part of the HQ time profile, including the contribution of
“direct” HO,, confirms our treatment of the chemically activated
C,Hs + O reaction system at this temperature. (2) The
agreement of the decay suggests that the extended mechanism
is complete with respect to the important H©@onsuming |
reactions. Because both the production and consumption rates o L2 T Y,
are well reproduced, the absolute KH@ield is necessarily 270 370 470 570 670
captured as well. TIKI
The additional profiles and plots in Figure 8 make clear how Figure 9. Comparison of the predicted temperature dependence of
difficult it is to calculate the H@ yields in the GHs + O, the “total” HO, yield to that measured by Clifford et #lat a constant
reaction from the measurements. Clifford et al. used a rather density of 1.1x 10'® molecules/crh
complicated mathematical approach to account for the experi-
mental contributions of reactions rxn-4a and rxn-5a. On the other ~ Both collision models yield room-temperature pHelds that
hand, such corrections are much easier to achieve in theare clearly below the reported value. These differences are,
modeling study by simply removing the reactions in question however, consistent with the observations that the Ki@lds
from the mechanism. Surprisingly, we find significant differ- by Clifford are about a factor of-23 higher than one would
ences in the corrected profiles although we used the same rateexpect from complementary .8, yield data (cf. Figure 5).
constants. In particular, our calculations suggest that the HO Because we could reproduce the ethylene data well, our model
recombination reaction reduces the H@ncentration signifi- ~ must differ from the corresponding HGOmeasurements. A
cantly more than expected by Clifford et al. This difference is second discrepancy is the exact location (temperature) at which
in part compensated by the second correction step, which dealghe sharp increase in HQoccurs. Our model predicts this
with the impact of reaction rxn-5a. Nevertheless, we arrive at transition to happen at a slightly lower temperature than
a slightly higher corrected H@yield than Clifford et al., despite ~ experimentally observed. Some of this difference might be
the good initial agreement with the observed profile. In addition, attributed to the fact that our predicted kiflelds are expected
our rate analysis revealed that several other reactions such a0 be slightly higher than those reported, as discussed above.
The rapid increase of the total H@ield near 550 K is similar
C,H; + HO, — C,H;O + OH (rxn-13a) to the increase seen for the ethylene yield (Figure 4) at around
450 K. The shift in temperature for the onset of thermal
CH;0, + HO, —~ CH,O0H+ O, (rxn-14a) dissociation of ethylperoxy can be explained by differences in
the conditions for which the HOand GH4 experiments were
play a role in HQ consumption, and, although these reactions performed: Clifford et al. conducted their experiments at a
yield OH radicals which will largely reproduce;Bs radicals, significantly lower pressurey/gth that of Kaiser. At any given
we observed a clear increase of the H@eld after removing temperature, lowering the pressure outside the high-pressure
these reactions from the mechanism (cf. the plot marked region has two effects: (1) it reduces the amount of stabilization,
“additional HG, rxns removed” in Figure 8). As a result, our and (2) it reduces the rate constant for thermal dissociation of
calculations predict approximately 10% higher corrected, HO the stabilized adduct. The first effect influences the ratio between
yield than Clifford et al. for the 640 K experiment. To complete prompt and delayed HOyields. If substantial amounts of
this discussion, we should mention that FH®oduction at longer ethylperoxy are produced, then the second effect determines
reaction times is also impacted by reactions other thgis G- how fast “delayed” HQ@ is formed and thus whether it
O,. The most obvious one is the reaction contributes to the H@signal detected at 17 ms reaction time.
Therefore the amount of detectable “delayed” H@oduced
C,HO + O, —~ CH,CHO+ HO, (rxn-15a) via the thermal activation channel of ethylperoxy shows a shift
toward higher temperature as the pressure is reduced. Not only
because ethoxy radicals are rapidly formed via ethylperoxy did Kaiser use a higher total pressure in his experiments, but
recombination. Given all these secondary reactions, it becomesalso the ethylene yields were measured at much longer reaction
clear that the H@data have only a limited value as test case times. Therefore one expects that the thermally produced
for the GHs + O, reaction per se, but they provide a good ethylene would contribute at much lower temperatures to the
opportunity to validate the complete mechanism. measured total ethylene yields. These arguments are augmented
Having realized that our analysis leads to a slightly different by our previously made observation that secondary reactions
interpretation of the raw data, one would expect small deviations have an impact on the location of the sharp increase because
over the entire temperature range covered in the study bythermal dissociation competes with bimolecular consumption
Clifford et al. Figure 9 presents a comparison of the reported reactions.
corrected total HQ yields with our predictions. Our MSC In conclusion, our model accurately predicts the total,HO
mechanism accurately captures the sharp increase in the HOYyields over a wide temperature range. It also allows us to explain
yield near 550 K. As seen previously for ethylene, it is the onset the temperature shift seen for the sharp increase of yi€ds
of thermal dissociation of ethylperoxy that is responsible for compared to the £, results by Kaiser. From the detailed
this behavior. Figure 9 also contains predictions with the steady- analysis of measured HQime profiles we conclude that the
state QRRK/ME mechanism. Clearly, a change of the energy HO, measurements are significantly impacted by secondary
transfer model from MSC to ME has a minimal impact on the reactions, which makes it difficult to use these data as stringent
predicted total HQyields. test set for the @5 + O, reaction itself. Difficulties in the

1 broken line : QRRK / ME results
60% -

40%

Total HO2 yields

20%
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interpretation of the experiments might be the cause for the
apparent inconsistency of the H@nd GH, yields at room
temperature.

E. OH Time ProfilesOH is a coproduct with both ethylene
oxide and acetaldehyde in theH; + O, reaction, and OH
profiles could in principle provide complementary information
for these channels. In fact, because it is difficult to separate
acetaldehyde formed in theol8s + O, reaction from that
produced in subsequent reactions, the OH profiles might be the

only data that can be used to characterize this channel. Due to
its reactive nature, such measurements and their interpretation

face challenges similar to those discussed foL,H@eSain et
al.>*1 have recorded OH time profiles over a time scale of 2
ms at low pressure and several temperatures between72b

K. The OH profiles were quantified by comparing them to
signals from the reaction of HQ(from CH,OH + O,, rxn-
12a) with NO under similar conditions. To analyze the
experimental data, DeSain et al. developed short reaction
mechanisms for the reference and thel&+ O, systems. Their
CzHs + O, mechanism includes several reactions of the chlorine
precursor (CFG) and of the photolysis fragment CRCWhich
emphasizes the sensitivity of the observed OH profiles to
secondary reactions. Despite the introduction of these reactions
the authors are only able to qualitatively reproduce the OH time
profile in the GHs + O, system?4!

When we applied our expanded mechanism, augmented by

the CFC} and CFCY4 reactions provided by DeSain et al., we

observed that the model failed to predict the observed OH decay ! .
g the temperature increases. For example, if we assume that the

at longer times. We observed similar problems when we use
the short reaction mechanism proposed by DeSain et al. In

contrast to the observations, both calculations suggest a

continued significant production of OH radicals at larger reaction
times due to regeneration obis radicals (via rxn-16a) or the
formation of CH radicals (via the thermal dissociation of ethoxy
radicals, rxn-17a).

OH+CH;—H,0+CH;  (rxn-16a)

C,H;O— CH; + CH,O (rxn-17a)
Because the HOconcentrations are relatively high, the alkyl
radicals as well as the photodissociation fragment GE@h
react directly with HQ to yield OH.

R+ HO,— RO+ OH R= CH,, C,H;, CFCl,
(rxn-18a)

Although we could identify this reaction sequence to be mainly
responsible for the discrepancy between the observed OH
profiles and our predictions, we were not able at this point to
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Figure 10. Comparison between predicted and measiterdperature
dependent OH yields in the,8s + O, reaction at a total density of
3.25 x 10 molecules/crh See text for details.
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The agreement is surprisingly good, suggesting that the mea-
surements by DeSain et al. indeed captured the OH yield of
C.,Hs + O,. However, more work is needed to clarify the
kinetics at longer times.

In addition to predictions of the OH yields at different
temperatures, our results also reveal which channels contribute
to OH production. At 300 K the small OH fraction originates
almost entirely from the ethylene oxide channel, but at 600 K
about 15% of the OH is produced from the acetaldehyde
channel. This fraction increases to about 25% at 700 K. The
analysis makes clear that the aldehyde path, despite its higher
barrier, becomes competitive to the isomerization channel as

[OH]peak[Cl] o ratio of 1.2 reported by DeSain et al. for 700 K
corresponds to the total OH yield inlds + O, then we would
expect an ethylene oxide yield of 0.9% at this temperature. The
data by Baldwin et al? suggest the ethylene oxide yield to be
about 0.85%.

To summarize this discussion, the experimental OH data by
DeSain et al. provide a very valuable but challenging data set.
The interpretation of the measured peak concentrations as OH
yields in the GHs + Oy is consistent with our kinetic analysis
of this system. In the temperature region of the NTC behavior
OH is produced via two pathways (ethylene oxide or acetalde-
hyde) and the OH yield measured at 700 K fits well to the
ethylene oxide yield reported by Baldwin et al. Despite this
consistent picture, it is troubling that our full model is not able
to reproduce the measured OH time profiles. Additional work
to identify possibly missing reactions (including those of the
precursor species CFlis needed, but this is outside of the
scope of this work.

F. Final Products.In the previous sections we extensively
used our GHs + O, submechanism in connection with an

resolve this issue. Clearly, a more detailed mechanism needsextended mechanism. The purpose was to probe whether the

to be developed, but this is beyond the scope of this study.
The fact that we are not able to predict the full time profile
of the OH measurements by DeSain et al. leaves us with the

experimental data were mainly sensitive to theHEC+ O,
reaction or whether secondary reactions play a significant role.
Although the extended mechanism is provided as Supporting

question whether the experimental OH peak concentrations caninformation, we did not discuss it in detail nor did we so far

be related to the OH yield from thelds + O, reaction. Because
the rise time of the OH signals is much faster than its decay,
such a relation would be expected if the initial OH concentration
is mainly produced via this reaction. We can address this
problem by calculating the temperature dependent OH yield with
our reaction set in Table 4 by making all bimolecular product
channels irreversible. The ratio of final OH to initiabids
provides us with the OH yield. In Figure 10 we present a
comparison of the experimental peak OH concentrations (nor-
malized to the initial ClI atom concentration) to the OH yield
expected from our kinetic analysis of theHg + O, system.

provide any validation of its performance. One way to test its
validity is to apply it to predict the final products that are
observed in end product studig$?43of the GHs + O, reaction.

At room temperature the major products are acetaldehyde,
ethylhydroperoxide, and ethanol, whereas at higher temperature
other product such as ethylene, formaldehyde, CO angat®©
produced as well.

F1. Predictions of Room-Temperature Product Yiekisal
products from the reaction of ethyl radicals with molecular
oxygen have been reported by Niki et &l\Wallington et al43
and Kaiser? Kaiser reports the product composition for the
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Figure 11. Modeling of the final products observed in theHg + O Figure 12. Modeling of the final product yields measured by Ka#8er

experiments by Wallington et &.and Niki et al*? Symbols present a1 577 K. Filled symbols represent the experimental data and lines
normalized experimental data and lines show the results of the represent predictions using the expanded mechanism. Kaiser also reports
calculations. 15—-20% formaldehyde and 2.4% methyl chloride.

C2H, yield experiments that were discussed earlier (cf. Figure ethylhydroperoxide. The acetaldehyde yields in Kaiser's work
4). He found about 63% acetaldehyde (obtained by extrapolatingsypport Wallington’s measurements, hence confirming the
to zero ethane conversion), small yields of ethylene and ethyl problem. These observations could be used in the future to
chloride and nonquantified amounts of ethanol. The third major further improve the mechanism.
product expected in these experiments, ethylhydroperoxide, F2. predictions of Product Yields at 577 Rigure 12 shows
in the reaction of gHs + O; (the high barrier makes this channel 577 K. The product spectrum at this temperature is drastically
at room temperature unimportant), but mainly in the recombina- gjfferent for the room-temperature case. For example, ethylhy-
tion reaction of ethylperoxy radicals (rxn-7a). Ethylhydroper- droperoxide is no longer stable, and hence the problems
oxide will be produced similarly via the reaction of ethylperoxy  discussed for the 298 K experiments do not arise here. The
with HO; (rxn-5a). A possible explanation for the missing higher temperature leads to two important changes: (1) the onset
ethylhydroperoxide is that it might have decomposed on the of the thermal dissociation of the stabilized adductsCH,-
wall or in the GC. This problem and the consequently OO leads to higher ethylene yields as can be deduced from
incomplete carbon mass balance make it difficult to use this the high GH4#/C,HsCl ratios seen in Figure 4, and (2) the overall
most recent study for quantitative comparison. Instead we focusrate constant is in the falloff region and consequently the reaction
here on the earlier FTIR studies by Niki et al. and Wallington of C2H5 with C|2 becomes more Competitive. This exp|ains the
and co-workers. Niki et & observed all three major products  high concentration of ethyl chloride. Agreement between our
in experiments of Cl initiated oxidation of ethane in-€N prediction and these two major products is reasonable but not
mixtures at 0.92 atm and 298 K. Very similar experimental data perfect. More specifically, the model predicts an ethylene yield
are reported by Wallington et &.at 295 K and 0.92 atm.  of 54-58% depending on the degree of ethane consumption.
Because Wallington et al. report detailed experimental condi- |n contrast, the experimentally observed yield is around 49%
tions, we were able to apply our model to exactly the same and constant. For ethyl chloride we calculate at 10% ethane
conditions. The results are shown in Figure 11, in which we conversion a yield 0f~17.5% compared to 14% measured.
also included the results from Niki et al.’s study. To arrive at Given these differences one might ask why we observed in
the plotted normalized yields, we assumed that the three productsFigure 4 such a good agreement between calculated and
add up to 100% (the calculations suggest that these threemeasured gH,:C;HsCl ratio. The reason is that these ratios were
products contribute te- 96% of the products). This procedure  determined at low conversions (as done in the experiment) and
removed much of the scatter, which is largely caused by the pecause the model overestimates both yields in a similar way,
low accuracy of the ethane consumption values. In the original the predicted and measured product ratios become similar. It
work, Wallington reports an average acetaldehyde yield of 54 should also be noted that the experimentzC,HsCl ratios
+ 14% and the large error margin reflects the uncertainties presented in Figure 4 show significant fluctuations which
mentioned above. After the normalization procedure we find indicates that the product profiles shown in Figure 12 have
an acetaldehyde yield of 51.2%. Similarly the results for ethanol possibly significant error margins as well.
and ethylhydroperoxide differ Sllght'y from the Origina| work. At 577 K, both the predicted and measured aceta]dehyde
An inspection of Figure 11 shows that our predictions (also yields are much lower than those at 298 K, with the predictions
normalized as described above) agree to within a few percentsjightly below the data. For clarity we did not include the yields
with Wallington’s measurements. For example, the predicted of formaldehyde in the plot. Measured formaldehyde concentra-
average acetaldehyde yield is found to be 50.7%, and for tions exceed at this temperature those of acetaldehyde-By67
ethylhydroperoxide we predict an average yield of 38.5% percent at low conversion. Although the model captures this
compared to 37.8% from experiment (originally reported: 36 observation, the predicted difference is only about 5%. Finally,
+ 10%). Niki et al.'s data in general are consistent with we compare the yields of CO and GQAs can be seen from
Wallington’s, although the absolute values differ by a few the plot, the agreements are very good with the exception that
percent. the experimental data suggest a slight decline in ®ith ethane

A possibly important discrepancy between measurement andconsumption whereas our model predicts a steady increase.
prediction is in the dependence of the product yields on ethane In addition to the comparisons shown for room temperature
consumption. The measured acetaldehyde yields appears t@and 577 K we also performed calculations for Kaiser's measure-
slightly decline with increasing ethane consumption, but the ments at 425 K. The quality of the predictions is similar to that
model predicts a small increase. The opposite is true for at 577 K, although a rigorous quantitative comparison is not
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possible, because Kaiser detected but did not quantify ethanol. & = Experiment
Nevertheless, we found good agreement in the relative product — full mechanism , N,
yields. To conclude, we feel confident that our expanded 41 ... ga+o0.2kcalimol !
mechanism is able to describe all important observations well. T
This enabled us to make extensive use of it to test for impact
of secondary reactions on the primary products in thidsCt

O, reaction.

— - Ea-0.2kcal/mol
=¥ no tunneling

Discussion

0 T T T T T T T

Our ultimate goal_ to obtain a good u_nderstan_dmg of the _onv- 290 340 390 440 450 540 590 640 690
temperature oxidation of ethane requires a reliable description TIKI
of the GHs + O reaction. In the preceding sections, we jgure 13. Impact of various modifications of the model on predicted
reported an approach to calculate apparent rate constants fofemperature dependent ethylene yields (relative to ethylene chloride).
this system, and these allowed us to satisfactorily reproduce a
wide range of experimental data on the overall rate constant C,H, and HQ predictions based on our CBS-QB3 PES must
and direct products. For every case we investigated the impactpe regarded as fortuitous. In other words, it is not surprising
of secondary reactions and showed that most of the data depenghat other researchers had to make small adjustments to improve
predominantly on the s + O reaction. Because our kinetic  their predictions. Although less extreme than for the concerted
analysis is based on a PES similar to those used by Sheng etlimination, predictions of the £1,0 + OH channel (as shown
al> and Miller et al$ one obvious question is what subtle in Figure 7 and Figure 10) also depend on an accuracy of the
differences are responsible for the improvements seen in thisbarrier height for the isomerization of ethylperoxy to hydrop-
study. Specifically, we are interested in the significance of the eroxy ethyl, which can hardly be achieved with the CBS-QB3
following changes: (1) small variations in the PES, (2) the method used here. The good agreement between predictions and
incorporation of tunneling, and (3) the increased stabilization experimental data must be seen, at least in part, as a fortunate
rate. In addition, we will discuss the appropriateness of the cancellation of errors.
kinetic analysis methods used, and finally we discuss implica-  |mpact of Tunneling Corrections. In Figure 13 we included
tions of this study on future work. predictions of the ethylene yields obtained with and without

Impact of PES Features.Results for the most significant  tunneling corrections for the high-pressure rate constants listed
stationary points on the PES from Miller et al., Sheng et al. in Table 3. The incorporation of a tunneling correction clearly
and this work generally agree within 1 kcal/mol or better. This has an influence on the results, and this impact is largest around
magnitude of error reflects the limits of many current ab initio 500 K. At first glance, one might have expected that corrections
studies. Some of the reasons for this limitation follow. (1) The for tunneling would be most important at the lowest tempera-
commonly used ab initio methods are based on HartFeek tures, as is known to be the case for elementary reactions with
theory, which uses a single determinant wave function. Although activation barriers. But such an expectation does not take into
the combination of subsequent steps at higher level of electronaccount the fact that the recombination eHgwith O, proceeds
correlation and the extrapolation to an infinite basis set recoverson a surface without a barrier, and that the barrier for the
most of the lost electron correlation, such an approach is still concerted elimination is below the energy of the reactants.
deficient. For example, it may miss spiorbit coupling (at the Because at low temperatures ethylene is produced via the
CBS-QB3 level, a correction is only implicitly made for atoms)  “direct” chemically activated channel, the overall process does
and contributions from other electronic states (multi-determinant not experience any barrier and tunneling effects have little
contributions). (2) Contributions to the thermal energy are impact. With increasing temperature, contributions from the
mainly calculated within the framework of the harmonic thermal dissociation of ethylperoxy become more important.
oscillator rigid rotor assumption. Although contributions from Such contributions are small below 400 K, but by 500 K the
hindered rotors are treated separately in this study, coupling of “delayed” ethylene production starts to dominate. Because the
these rotors to other internal or external rotors is only roughly thermal dissociation proceeds via a barrier, corrections for
accounted for (via the method chosen to calculate reducedtunneling increase the overall rate constant and therefore the
moments of inertia). (3) We use bond additivity corrections to ethylene yield. At even higher temperatures, the impact of
reduce systematic deviations between calculated and experitunneling declines again as expected.
mental enthalpies of formation. These corrections generally  Wigner's analytic formul&® which was used in this study,
improve the absolute enthalpy values for stable species, but theyis the simplest method to approximate tunneling effects because
may introduce new uncertainties with respect to relative enthalpy it requires at a given temperature only one input parameter, the
differences between reactants and transition states. The reasofimaginary frequency. Another frequently used method is based
is that forming or breaking bonds in transition states cannot be on the more realistic Eckart potentfdl.Schwartz et at>
corrected. This leaves us with an imbalance of bond corrections,demonstrated, on the basis of the reactions of OH radicals with
which may lead to errors in the barrier height if the ignored CH,F,_,, that tunneling contributions calculated with Eckart
bonds substantially contribute to errors of the electronic energy. potentials are very sensitive to PES features at and around the

Given all these error sources the question arises how sensitivetransition state. We performed preliminary calculations with a
our predictions are to these uncertainties. In Figure 13, we nonsymmetric Eckart function describing the barrier for the
present comparisons of the predicted temperature dependenceoncerted elimination. These calculations resulted in correction
of ethylene vyields (relative to ethyl chloride) as a result of factors that were only slightly higher than those obtained with
changing the barrier height for the concerted eliminatioa-0y2 Wigner’'s method. Although the differences were more severe
kcal/mol. All other parameters were kept constant. The results for the isomerization reaction (e.g., at 6004& 2.22 ande =
clearly demonstrate a high sensitivity of the ethylene yields to 2.62 with Wigner's and Eckart's methods, respectively) they
the size of this barrier. In this light the good accuracy of our are still within 20% of each other. Therefore we believe that
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the use of Wigner’s correction formula is appropriate. Results cross section. This increase, however, is not large enough to
obtained by Louis et & in their study of the reaction of OH  explain the observed differences with the experiments.
radicals with CHBr2 support this conclusion, as they found that  The energy transfer probability within the framework of the
TST predictions with Wigner's tunneling corrections actually modified strong collision (MSC) assumption is given by the
agreed better with the experimental data than those done withcollision efficiency factof. (which, in turn, is related teAEy ).
Eckart potentials. We calculated this parameter in this study with the improved
Impact of an Increased Stabilization Rate.An important procedure given by Gilbert et &l.Essentially thej. value is
outcome of this study is that the falloff at 298 K can only be defined in such a way that the MSC method reproduces results
predicted with an increased stabilization rate. This finding Of detailed master equation analysis as closely as possible. In
deserves additional discussion. As was explained in the resultsthe results section we verified this for the predictions of the
section, we were not able to reproduce the experimentally total rate constant and for the temperature dependence of HO
observed apparentzss Consumption rate constant at lower ylelds The results obtained with the ME and MSC methods
pressures when we used Lennard-Jones (LJ) parameters obtaineghowed no indication that th# values used in this study leads
from commonly used estimation methods. At this temperature t0 unreasonable predictions. In addition to our own steady-state
the GHs + O, reaction is essentially a dual channel reaction: codes, we employed MultiWetf a program that solves the
The first channel is the redissociation back to the reactants, andmnaster equation stochastically. In these calculations we used
the second channel is the formation of stabilizedsCH,OO" the exponential down model for energy transfer together with
radicals. (The @Hs + HO, channel contributes, even at the @ [AEdowdJvalue of 200 cm?; the same value was used by

lowest pressures, less than 3% to the consumption of chemicallyDeSain et ak.in their calculations. The Multiwell results also
activated ethylperoxy and can be ignored in the context of this underestimated the overall rate coefficient; hence the deviations

discussion.) Therefore the main cause for the discrepanciesMUst be due to a more fundamental problem than an unfortunate
between the observed and predicted rates must be related t&hoice of fc. Nevertheless, one might ask the question what
the stabilization process, or, more precisely, to the ratio of the value of [AEqilwould be needed to obtain the desired increase
collision stabilization and redissociation rates. This ratio depends'” stab|I|zalt|on._ We found that @\Es[value of approximately
basically on four factors: (1) the recombination rate constant, _ <20 ¢ (4 times higher than our initial value) for He leads

e : to a good match to the experimental data. However, this value
2) the CHCH,OO well depth, (3) the collision cross section, )
San)d (4) the er?ergy transfe? paEa)meters. appears to be unusually high. For example, we foundiki, ]

e . . = —96 cn ! successfully predicted the thermal dissociation data
The recombination rate constant was discussed earlier andfor ethoxy as measured by Caralp ef#Therefore we decided
appears to be rather well defined in terms of matching the higher 1 yeep the energy transfer parameters at their regular values
pressure data. Changes in the well depth will affect the gnq myitiply the stabilization rate by a correction factor of 2.4.
equilibrium constant, which in turn for a given recombination s yalue was used in all our calculations and for all colliders.
rate constant will affect the rate constant for redissociation. Such We emphasize that we cannot distinguish whether an increase

changes are only reasonable within a very restricted range,in collision cross section or an increase in the energy transferred
because the results from the ab initio calculations on one handper collision is a more appropriate approach to increase the

and the experimental observations on the other hand define itscqjjisional deactivation rate to the value that is needed to fit
value accurately. Substantial changes of the well depth would the fajloff data.

have a profound impact on the predictions of product yields, in
particular the temperature dependent yields of ethylene and HO
Our investigations showed that a variation of the well depth
within these constraints could not reconcile the deviations
between our predicted and the reportetiéconsumption rates. a5 aiready discussed by Pilling et 2 Reinstra-Kiracofe et
This led us to consider adjusting the stabilization rate constant, 513 5nq Andersen et a4 although these authors focused on a
either by increasing the number of collisions (meaning an possible role of the?A’ state in the concerted elimination
increase of the collision cross section) or by making the yeaction. On the basis of a few trajectory calculations, Andersen
collisions more efficient (increase the amount of energy et a. conclude that vibronic couplings between the two low-

The unusually high stabilization efficiency demands at least
an attempt of an explanation. A possible cause could be that
the first excited electronic state of ethylperoxy is involved in
the energy transfer process. The importance of Aisstate

transferred per collision). lying electronic states exist close to the transition state of the
The collision cross section is usually calculated on the basis concerted elimination but also in the vicinity of thekg + O,
of the Lennard-Jones (LJ) parametersande ; for both CHs- entrance channel. These couplings could provide an effective

CH,OOC and the collider molecule. LJ cross sections have been mechanism to convert tfA"” ground state to théA’ electroni-
used for many years, e.g., Fletcher et’a justification was cally excited state. Ethylperoxy in it3’ state may remain
given by Troe!® who showed that collision cross sections trapped in it, because this state only correlates with the
calculated from LJ parameters are very similar to kinetic cross endothermic @Hs + 1O, channel. The effective stabilization
sections deduced from trajectory calculations. But there are alsorate would be higher. Statkuses similar arguments to explain

a few cases known that indicate that the use of LJ cross sectionghe high yields of epoxides in the addition of peroxy radicals
is not always appropriate. Durant and Kaufffafior example to alkenes.

demonstrated for the reactions of N@hat reactants with a Transitions from one electronic state to another are well-
permanent dipole moment seem to have a larger cross sectiorknown in the literature (e.g., for GH9). If these transitions
than expected. A similar effect is believed to increase the require collisions to induce the necessary coupling of the
collision efficiency of HO in the reaction of H+- 0,.50 CHs- involved states, one can find a strong collider mass dependence
CH,OC also has a permanent dipole moment, calculated to be on the transition rate. This might explain why @ppears to be

~3 D, and if we compare our estimated LJ collision cross a stronger collider compared to He than usual as we saw in the
section with that obtained with Durant and Kaufman'’s estimation pressure dependentld, yield studies. Nevertheless, the
method, we find that the second method yields26% larger suspicion that the second electronic state is involved is just a
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hypothesis and a more detailed characterization of both elec-capacities. Therefore QRRK results depend far less on the
tronic states, including possible couplings between them, is accuracy of individual low-frequency modes than RRKM
needed to verify this idea. results. Although we do not want to argue that QRRK theory

Another potential explanation is that the density of states close iS the more appropriate choice for this study, we feel that its
to threshold is not described properly with our QRRK model. use will not necessarily introduce flaws in the final kinetic
It has been shown by Barker et%lthat changes in transition ~ analysis presented here. As discussed previously, the calculated
state models, which affect the state density, can dramatically K(E) and p(E) in this study yielded room-temperature falloff
affect the value of the energy transfer step size required. Curves that are quite similar to those predicted using the
However, the fact that our models, based on estimating the Stochastic methdf based on a inverse Laplace transform to
density of states based on heat capacities, gave very similarcalculatek(E) and direct counting to compuigE).
results to Multiwell, which uses a direct count method, suggests A more severe approximation is the use of the MSC approach
that our estimate is consistent with the direct count method. A t0 describe energy transfer. This approach leads to the bimodal
similar conclusion was reached previougyAt this stage we  distribution mentioned above. In the case of th¢i€+ O
only note that with the adjustment of the stabilization rate, we reaction, excited ethylperoxy is distributed at an energy above
observed good agreement with most experiments, not only for the reactants and stabilized ethylperoxy is deep in the well. A
the overall rate constants but also for individual product channels more realistic view of the stabilization process would envision
at different temperatures and pressures. that weak collisions first deactivate these excited ethylperoxy
Effect of the Analysis Methods onk(T,P). Most of the radicals below the entrance energy, and consecutive co!I|S|ons
calculations described in this study were done with a steady later lead to thermalized ethylperoxy. Because the barrier for

state QRRK/MSC code. The choice to describe the stabilization the concerted elimination is below the energy of the reactants,

: o ‘e this channel would still be open after the first few collisions.
process with the modified strong collision (MSC) method leads . ;
to a bimodal distribution function of each isomer involved in Thus it appears that the MSC and the ME approach should yield

the reaction. The isomer is either excited or stabilized. The clearly different prqduct o!istributions. One would expect that
stabilized species are thermalized products of the chemicallythe ME treatment y|e|q|s higher prompt ethylene andplyield
activated reaction, which are formed, possibly after a series of thgn the MSC analyslls. Our I—pesults at low temperatures
isomerization steps, via deactivating collisions with the bath (Figure 9) support this analysis, but they also show that the

gas. The excited states of the isomers are treated as transien‘i’"ﬁferen?es betr\w/veen b?ItIL_rf?odels are sutr)pntsr,:ntglt)r/] small. Otn %
species, and they will exist after a short initial period in a steady reason for such a small difierence may be that the concerte

state concentration. The steady state concentration depends oﬁhmlnatlon barrier is pnly afew coII|§|ons b‘?'OW the entrance
the rates of formation and consumption and can easily be channel, so that the lifetime of chemically activated ethylperoxy

determined from thé(E) information. We use QRRK theory with an energy below the entrance channel but above this barrier

to calculatek(E) andp(E) for all species and reaction channels. may be too short to significantly alter the prOdl.JCt yjelds in the
The results of the analysis described above are apparent rat oi:ga:)é?:&!g&?i:ové?eﬁ; E{Eies'\r/lei%t%?]pgogrenn?t'%l?ggg:;ﬁe
constants for the reaction of the reactants to the stable isomersener transfer parametef@ExCor [Eq Dreg octi .el sed

or to the bimolecular products. We conceptually separate thesein thgeie calculgtions are g%matedozvlgluesp Witlf\1/ Ii)t?lzlaJ direct
reactions from subsequent thermal dissociation reactions of the . ) . ’ S
isomers. By doing so we generate reactions on two different connection to experiment, we believe that the uncertainties in
time scales: (1) Chemically activated processes proceed on athese values have a larger impact on th_e results than the choice
fast time scale because they include collisional deactivation of the energy transfer model itself. Going back to the room-

channels, which proceed on the order of the collision frequency. :ﬁ?gggggﬁ;%ﬁgﬁiﬁﬁ;gi )L;Izlattles dlgnp do::g:atstl?rggt\?amg; are
We refer to these reactions as “prompt” or “direct” channels.

(2) Unimolecular reactions of stabilized adducts occur on a far too large to be explained by the choice of the energy transfer

longer time scale. We call products from these reactions model. . . . .
“delayed”. The ability to describe complex reaction systems in terms of

o 5260 time independent rate coefficients is a crucial requirement to
Despite its successes;”the use of QRRK/MSC theory t0 g conventional reaction mechanisms. Time independent rate
analyze chemically activated reactions has been criticized in

o ‘ i coefficients can only be obtained if energy relaxation is fast
the past. Therefore it is appropriate to address its weaknesse%ompared to the chemical processes, so that the later can be

and the validity of the assumptions made. This will be done in ggharated in time from energy transfer. This can easily be seen
the following few paragraphs by focusing on individual aspects ¢4

of the method: (a) the QRRK theory, (b) the MSC assumption,
and (c) the steady-state approach. k(Tt) = f ° k(E) g(E.t) dE

The calculation ok(E) is central to any analysis method of Fo
pressure dependent reactions. The most accurate method tdHerek(E) represent an effective energy dependent rate constant,
calculate this function within a statistical framework is the andg(E,t) is the time dependent distribution function. Because
RRKM theory. However, RRKM calculations rely on accurate only g(Et) is a function of time, we immediately notice that a
detailed molecular information for all reactants and transition constant distribution functiong(E)) directly leads to a time
states. At low temperatures, the results depend largely on theindependent rate constant. Any attempt to describe this €
accuracy of individual low-frequency modes and internal O, reaction with time independent apparent rate constants
rotations. Because calculated frequencies of large amplitudetherefore automatically assumes that the distribution is in steady
vibrations often have significant errors, they can easily jeop- state. The major question is how fast the steady-state condition
ardize the reliability of RRKM calculations. QRRK calculations can be achieved, or, in other words, how much of the chemistry
are in principle less accurate than RRKM calculations, but they happens prior to reaching the steady-state condition.
have the advantage that they require only representative Miller et al. investigated the reaction otis + O by solving
frequencies as input; these are readily obtained from heatthe time dependent master equation. They converted the
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solutions to time independent rate constants and found thatexpressions for CCH,OO abstraction reactiof%to provide
predictions with both sets agree well with each other (cf. ref 9, improved estimates of the production rate of ethylhydroperoxide.
Figure 4). A second indication that time independent rate With these updates in place, we plan to address the issue of
constants provide an adequate description of the reaction canow-temperature ethane oxidation. The good agreement of our
be seen from our results. We are able to predict the “prompt” mechanistic predictions to the various data on different aspects
and “delayed” ethylene yields reasonably well over a wide range of the GHs + O, system makes us confident that this
of temperatures and pressures. We are also able to accuratelgubmechanism is now well established.

predict the time profile of H® at 624 K. These varying

conditions lead to changes in the stabilization and reaction ratesConclusion

by many orders of magnitude, but we did not see any indication  \y/a have calculated the PES for theHZ + O, system at

for a breakdown of the steady-state assumption in any case. hq CBS-QB3 level. Further improvements are achieved by
Implications for Future Work. The starting point for this incorporating bond additivity corrections to the energies. Tun-
work was the assumption that the wealth of experimental data neling was included in high-pressure rate constants using
of the GHs + O reaction provides a stringent test set that will - wigner’s formula. The reaction was analyzed using steady state
allow us to thoroughly validate our kinetic analysis of this QRRK/MSC as well as QRRK/ME methods. Results from both
system. Although this assumption proved to be largely fulfilled, methods are comparable. The collision cross section was
we realized the impact of secondary reactions on many of theseincreased to better predict the falloff data. The resulting pressure
data sets, even those that involved stable products such asiependent reaction mechanism accurately predicts a wide range
ethylene or ethylene oxide. The extended mechanism that weof experimental results on overall rate constants and direct
used to account for secondary chemistry performed well for all products such as ethylene, ethylene oxide ,Hihd possibly
species but OH. Our failure to predict the longer time OH OH. By using an extended mechanism, we showed that
profiles measured by DeSain et al. is disturbing. Although we secondary reactions have an impact on the products indHe C
have reason to believe that the measurements of the peak OHt+ O, reaction. However, in most cases these corrections were
concentrations confirm our kinetic description of the OH small.
producing channels in the,Bs + O, reaction, the inability to Our kinetic analysis of the ££is + O, system confirmed our
predict the longer time behavior of OH implies that our extended suspicion that the concerted elimination reaction effectively shuts
mechanism is not satisfactory, at least as far as reactions ofdown chain branching via the “second oxygen addition mech-
OH are concerned. One reaction type that warrants additionalanism”. Consequently, to maintain sufficient reactivity of ethane/
attention is that between alkyl radicals and H®ot only do oxygen systems at low temperature, new chain branching
these reactions play a significant role in the experiments of reactions need to be identified. One possibility that warrants
DeSain et al., but also they have a broader importance in thefurther consideration is hydrogen abstraction by,R&dicals
low-temperature oxidation chemistry because they effectively (rxn-2) as one additional source of chain branching. Finally,
convert less reactive HOradicals into reactive OH radicals.  we feel that the success in predicting so many aspects of the
At the same time the alkyl species is converted to an alkoxy C;Hs + O, system accurately makes this subset suitable to be
radicals, which in its reaction with excess oxygen, regeneratesincorporated into a model of ethane oxidation at low temper-
HO, and a reactive aldehyde. Although some limited information atures.
about these reactions ex®t2 additional experimental and
theoretical efforts are necessary. It would also be worthwhile ~ Acknowledgment. We acknowledge Prof. J. W. Bozzell,
to investigate the impact of the precursor molecule and Dr. C. Sheng, Dr. E. W. Kaiser, and Dr. C. A. Taatjes for helpful
photodissociation fragment on the OH profiles. In this context discussions. Early stages of this research were partially sup-
new experimental profiles obtained with a different source for ported by a grant from ExxonMobil Research and Engineering
C:zHs would be very helpful. Company.

A second implication of this study is related to the general
model for the low-temperature oxidation of alkanes. This model
contains two sources for chain branching. The first source starts
with the reaction of hydroperoxyalkyl radicals with,.OThis
chemically activated reaction has several important product
channels, which all subsequently produce two or more reactive
species (e.g., OH radicals). The second source of chain
branching begins with a hydrogen atom abstraction by alkyl-
peroxy radicals to form an alkylhydroperoxide plus a new
radical. Alkylhydroperoxides start to decompose at temperatures
of the NTC region (606800 K) to form OH and alkoxy
radicals. In the case of ethane ignition, the isomerization step, (1) Walker, R. W.; Morley, C. Basic Chemistry of CombustionLtsw-
which is the prerequisite step of the first chain branching X;@feigﬁumrf1%8;'1;b\7§|t_'°3”5""2d1_/\“t°'9”"’d?'"'”9' M. J., Bd.; Elsevier:
sequence, has a significantly higher barrier than the barrier for ~ (2) |gnatyev, I. S.: Xie, Y.; Allen, W. D.; Schaefer, H. F., 1. Chem.
concerted elimination. But even if isomerization occurs, at lower Phys.1997 107, 141.
pressures most of the initially formed excited hydroperoxyethyl Cheﬁ) ggga“%ﬁ‘fggggev J. C.; Allen, W. D.; Schaefer, H. F., JlIPhys.
radicals will directly dissociate to the produ_ctsl—QO + OH (4)' Baldwin, R. R. Dean, C. E.: Walker, R. \§.. Chem. Soc.., Faraday
and GH4 + HO, and only small concentrations of stabilized Trans. 21986 82, 1445.
hydroperoxyethyl are available for the second oxygen addition  (5) Sheng, C. Y.; Bozzelli, J. W.; Dean, A. M.; Chang, A.X Phys.
SFep. Our results thus suggest that t.he formation anq Subseql'lenqhe(rg). ﬁﬁg? }.02.;7I3I?§benstein, S. J.; Robertson, S.Ptoc. Combust.
dissociation of ethylhydroperoxide is the only effective source |nst. 200q 28 1479.

for chain branching. We are in the process of updating our rate  (7) Miller, J. A.; Klippenstein, S. dnt. J. Chem. Kinet2001, 33, 654.

Supporting Information Available: We provide the ex-
panded mechanism for 1 atnm, Qollider) in Arrhenius form
together with the thermodynamic properties for all the species
used in the mechanism in NASA polynomial format. Pressure
dependent apparent rate constants for thidsCt O, system
valid for 0.0001-100 atm and 308850 K with O, and He as
colliders are also included in Chebyshev format. This material
is available free of charge via the Internet at http://pubs.acs.org.
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