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Modeling of low-temperature ethane oxidation requires an accurate description of the reaction of C2H5 + O2,
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 determinek(E) and the modified strong collision (MSC) model to
account for collisional deactivation. This procedure resulted in a C2H5 + O2 submechanism which was either
used directly (possibly augmented with a few C2H5 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, HO2, and 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 of the C2H5 + O2 reaction.
The good overall performance of the C2H5 + O2 submechanism developed in this study suggests that it
provides a good building block for an ethane oxidation mechanism.

Introduction

Reactions of alkyl radicals with molecular oxygen are very
important in low-temperature oxidation (<1000 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 RO2

• play a central role in low-
temperature hydrocarbon ignition kinetics. This is exemplified
by the kinetic mechanism discussed by Walker and Morley:1

Here R• is an alkyl radical, cyRO is a cyclic ether, RO• is an
alkoxy radical, and R•OOH 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

this mechanism is the isomerization of the alkylperoxy radical
RO2

• to form the alkylhydroperoxy radical R•OOH, because this
leads to chain branching via (6).

Recent electronic structure calculations by Schaefer’s group2,3

on the C2H5 + O2 system suggest that this mechanism is
incomplete. On the basis of a proposal by Baldwin,4 these
researchers identified a new reaction channel for ethylperoxy,
the concertedformation of HO2 and C2H4:

Prior to the identification of this pathway the formation of HO2

and C2H4 was thought to proceed entirely sequentially via
isomerization (to hydroperoxyethyl) followed byâ-scission. The
concerted HO2 elimination should be possible for larger
alkylperoxy systems as well, so that the Walker and Morley
scheme needs to be expanded by (4a):

The barrier for (4a′) was found to be several kcal/mol lower
than that of the competing isomerization channel:

Because the preexponential factors for both reactions are
comparable (on the order of 1012 s-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* Corresponding author. E-mail: amdean@mines.edu.
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can only occur via four- and five-member transition states with
high barriers. For larger hydrocarbons, not only should the
barrier for the five-member transition state be lower (if
abstraction occurs from a CH2 or CH moiety and not from a
CH3 group) but in addition isomerizations via six- or seven-
member transition states are possible. These isomerizations
likely have lower barriers than the concerted elimination, but
most of them presumably also have lowerA-factors, because
additional rotors are tied up in the transition state. Thus the
concerted elimination pathway might also affect the low-
temperature hydrocarbon ignition kinetics of larger systems.

In this context there is a need to revisit low-temperature
hydrocarbon ignition kinetics, with particular attention to the
impact of the concerted elimination channel. Because ethane
oxidation is the simplest system that involves this reaction, an
analysis of C2H5 + O2 is a logical starting point. Indeed, several
theoretical treatments of this reaction, with a focus on the
concerted elimination channel, have been published recently.
Sheng et al.5 used quantum Rice-Ramsperger-Kassel (QRRK)
theory to calculatek(E) and both a steady-state modified strong
collision (MSC) and a master equation (ME) analysis to describe
collisional deactivation. They successfully predicted ethylene
and HO2 yields as a function of pressure and temperature. Miller
and co-workers6-9 solved the time dependent master equation
for C2H5 + O2 and were able to describe the temperature
dependence of the overall rate constant for ethyl consumption,
the pressure dependence of the ethylene yield at 298 K, and
the temperature and time dependence of the HO2 and OH
production. They also extracted time independent rate constants9

(for P ) 0.039, 1, and 10 atm) from their time dependent
solutions to the master equation. However, despite these
successes, neither of the available kinetic models is able to
quantitatively predict all the experimental observations. For
example, both models systematically underpredict the rate of
ethyl consumption in the falloff regime at 298 K. Thus a direct
incorporation of either of these mechanisms in an ethane
oxidation model would compromise its validity. This current
study is directed at producing apparent rate constants for the
C2H5 + O2 reaction that are more successful in describing the
multitude of data reported for this system. Given the importance
of the C2H5 + O2 reaction for ethane ignition, we think such
additional effort is warranted.

The reaction of C2H5 with O2 has been subject of extensive
experimental studies. Slagle et al.10 investigated the temperature
dependence of the overall rate constant for loss of C2H5 at
several total gas densities. They also provided limited results
for the ethylene channel. Plumb et al.11 and Kaiser et al.12

measured the pressure dependence of the overall rate constant
at room temperature, and McAdam et al.,13 Wallington et al.,14

Wagner et al.,15 and Kaiser et al.16-18 provided temperature and
pressure dependent ethylene yields. In addition, Baldwin et al.19

and Kaiser20 investigated the ethylene oxide product channel
as a function of temperature. Finally, Clifford et al.21 reported
time profiles and temperature dependent yields of HO2, and
DeSain et al.9 obtained time-resolved absolute OH data.

The wealth of available experimental data should provide a
stringent test of specific features of the potential energy surface
(PES). For example, the overall rate of ethyl loss is very
sensitive to the CH3CH2OO• well depth and to the properties
of the variational transition state for the redissociation reaction.
If, as the current consensus suggests, virtually all of the ethylene
and HO2 is produced via the concerted elimination channel, then
the temperature and pressure dependence of their production
rate is sensitive to the barrier height of this channel. Ethylene

oxide can only be produced from the C•H2CH2OOH isomer.
Therefore, ethylene oxide rate data are expected to provide
important information about this isomerization barrier.

Our analysis started with a high-level ab initio calculation of
the underlying PES for the C2H5 + O2 reaction. The results
were used to calculate input parameters for the chemical
activation analysis, such as thermodynamic properties of all
species and high-pressure rate constants for the reaction chan-
nels. Pressure and temperature dependent apparent rate constants
were obtained mainly from a QRRK/modified strong collision
(MSC) analysis. In some instances we performed additional
QRRK/steady-state master equation calculations to validate the
results. The resulting sets of rate constants were incorporated
into an extended mechanism and used to predict a wide range
of experimental data taken from the literature, including the
“final” products observed in end product studies of the C2H5 +
O2 system. We will show that these predictions are generally
in good agreement with the data, but that some data are rather
sensitive to secondary reactions. In the discussion section we
analyze the importance of small but subtle changes, such as
minor shifts of barrier heights and the effect of tunneling
corrections on predicted ethylene yields. This section also
provides a justification for the use of a larger than usual collision
cross section, and it addresses the accuracy of time independent
rate constants for this reaction system. Finally, we conclude by
identifying some of the gaps in our understanding and suggest
avenues of future research.

Calculation Methods

The potential energy surface was calculated using the CBS-
QB3 compound method22 as implemented in the Gaussian 98W
software package.23 This method provides geometries and
frequencies at the B3LYP/6-311G(2d,d,p) level of theory. The
frequencies were scaled by 0.99 prior to using them in the
calculation of thermodynamic data, and vibrational modes
resembling internal rotations were replaced by hindered rotors.
We identified such modes, as well as the transition state
structures, using the visualization software Molden.24 The
hindrance potentials for internal rotations were obtained as a
function of the dihedral angle from relaxed surface scans at the
B3LYP/6-31G(d,p) level of theory. These were then ap-
proximated with a Fourier expansion. The reduced moments of
inertia for the internal rotations were calculated at theI(2,3) level
as defined by East and Radom,25 on the basis of the original
work by Kilpatrick and Pitzer.26 With this information at hand
we can formulate and numerically solve the Schroedinger
equation for each individual internal rotor, using the eigenfunc-
tions of the 1-dimensional free rotor as basis functions. The
energy eigenvalues are then used to calculate the contributions
of each mode to thermodynamic properties via standard statisti-
cal mechanics methods.

The CBS-QB3 energies were used as originally defined, i.e.,
with the standard correction for spin contaminations. Recently,
the magnitude of this correction has been questioned,27,28and a
few examples seem to indicate that omission of this correction
term leads to improved energies. Because these new findings
have not yet led to an established revised procedure, we used
the original CBS-QB3 method and note that a change of the
spin contamination correction procedure would lead to only
moderate changes of the PES.

The electronic energies were converted to heats of formation
with the atomization method. This procedure was further
improved by applying bond additivity corrections (BAC) as
described by Petersson et al.29 The BAC parameters were
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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
high-pressure rate constants for all reaction channels with
pronounced barriers. We used Wigner’s method30 to ap-
proximately account for contributions from tunneling to the rate
constants. The high-pressure rate constant for the barrierless
recombination of C2H5 with O2 was not calculated in this work
but taken from a variational TST analysis by Miller et al.6

Chemically activated reaction channels of the reaction of C2H5

with O2 were then analyzed using a method described previ-
ously.31 In short, QRRK theory was used to calculate energy
dependent rate constantsk(E) and the modified strong collision
(MSC) approach was employed to describe collisional deactiva-
tion. In some cases we replaced the MSC treatment with the
steady-state master equation (ME) model described by Sheng
et al.5 Both calculations use, except for the energy transfer part,
the same input parameters, which are the high-pressure rate
constants discussed earlier, three-frequency representations32 of
the internal modes of the adducts, and estimated Lennard-Jones
collision diameters (σLJ) and well depths (εLJ). These estimated
Lennard-Jones parameters for the adduct C2H5O2 and other bath
gases are given in Table 1. The deactivation rate coefficient
was computed as described earlier.31

The MSC model requires the average energy transferred per
collision, 〈Eall〉 to calculate stabilization rate constants. In the
ME code, the average energy transferred per down collision,
〈Edown〉, is used instead. We used a〈Edown〉 value of 290 cm-1

for oxygen and nitrogen and 190 cm-1 for helium. The
corresponding values for〈Eall〉 were-154 cm-1 for oxygen and
nitrogen, and-87 cm-1 for helium. These same values were
used by Sheng et al.5

The pressure and temperature dependent rate coefficients
obtained from the kinetic analysis were either fitted to a
modified Arrhenius form for a specific pressure, or they were
approximated with Chebyshev polynomials33,34over wide ranges
of temperatures and pressures. The CHEMKIN 3.6.2 package35

was used for the numerical integrations.

Results

Potential Energy Surface.The potential energy surface for
the C2H5 + O2 reaction, calculated at the CBS-QB3 level of
theory, is shown in Figure 1. The major features of this surface
are very similar to those calculated in earlier studies.2,3,5-7 For
example, the barrier for the concerted elimination is below the
energy of the reactants whereas the barrier for isomerization is
above it. Also, the barrier of the CH3CHO + OH channel is
clearly higher than that for the H shift to form the C•H2CH2-
OOH isomer. Not included in Figure 1 is the direct abstraction
path. Previous studies concluded that this channel is not
important for temperatures below 1000 K.

Because the overall features of the PES are well established,
we will focus on some specific details of the CBS-QB3 results
and compare those to other studies. We obtained for the C-O
bond energy in CH3CH2OO• a value of 34.0 kcal/mol at 0 K
and 34.5 kcal/mol at 298 K. These values are in good agreement
with the multistep calculations by Miller et al.6 (33.9 kcal/mol
at 0 K) and Sheng et al.5 (35.3 kcal/mol at 298 K). They also
agree reasonably well with the optimized well depth in Wagner
et al.’s RRKM analysis15 of this reaction (32.9 kcal/mol at 0 K
and 34.1 kcal/mol at 298 K). In contrast, the calculations by
Schaefer and co-workers2,3 at the B3LYP and at the CCSD(T)
levels yielded a weaker bond energy of∼30 kcal/mol at 0 K.
With respect to the barrier for the concerted elimination, our
calculations located it 2.8 kcal/mol below the reactants at 0 K
and 4.5 kcal/mol lower at 298 K. These results again compare
well to 3.0 and 2.4 kcal/mol, reported by Miller et al. and
Wagner et al., respectively, at 0 K and 4.8 kcal/mol reported
by Sheng et al. at 298 K. As before, the results of Rienstra-
Kiracofe et al.3 deviate more, as they find the barrier to be only
0.9 kcal/mol (at 0 K) below the entrance channel. We found
the barrier of the isomerization toâ-hydroperoxyethyl to be 1.9
kcal/mol at 0 K and 0.8 kcal/mol at 298 K above the reactants.
This is in reasonable agreement with the 3.1 kcal/mol (at 0 K)
value reported by Miller et al. and the 1.0 kcal/mol (298 K)
value of Sheng et al. Rienstra-Kiracofe et al. reported a
substantially higher barrier of 5.3 kcal/mol (at 0 K) above the
reactants for their highest level of theory. Finally, we compare
the barriers for the two unimolecular product channels of
â-hydroperoxyethyl with those from Miller et al. and Sheng et
al. We found that the barrier for the channel to C2H4 + HO2 is
1 kcal/mol (0 K) and 1.5 kcal/mol (298 K) below the reactants.
Miller et al. determined this barrier to be 1.9 kcal/mol above
the reactants at 0 K, whereas Sheng et al.’s result (1.5 kcal/mol
below the reactants at 298 K) coincides with ours. We calculated
the barrier for the C2H4O + OH channel to be 1.0 kcal/mol
below the reactants at 0 K and 1.7 kcal/mol below at 298 K.
These results agree well with Miller et al. (0.6 kcal/mol below
at 0 K) and Sheng et al. (2.1 kcal/mol below at 298 K). In
summary, with exception of the barrier for C•H2CH2OOH f
C2H4 + HO2, the results of this study agree well for all important
stationary points of the PES with those of Miller et al. and Sheng
et al., but they differ more from the calculations by Rienstra-
Kiracofe et al.

Thermodynamic data for all species involved in the C2H5 +
O2 system are tabulated in Table 2. The complete set of
thermodynamic data for all species of our extended mechanism
is provided in the Supporting Information. The calculated heats

TABLE 1: Lennard-Jones (LJ) Parameters Used To
Calculate Apparent Rate Coefficients

species collision diameter (σLJ) (Å) well depths (εLJ) (K)

adduct C2H5O2 4.94a 467.3
He 2.60 10.2
O2 3.62 97.5
N2 3.37 131.5

a The 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 Å (with He as a collider), 8.77 Å (with O2 as a
collider), or 8.63 Å (with N2 as a collider).

Figure 1. Potential energy surface for the reaction C2H5 + O2

calculated at the CBS-QB3 level of theory at 0 K.
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of formation were corrected for systematic bond errors to
improve accuracy. Though we shall not discuss all data in detail,
some results are noteworthy. The heat of formation of ethyl-
peroxy was calculated to be-5.3 kcal/mol, which is slightly
higher (but within the error limits) than the experimental values
reported by Knyazev et al.36 (-6.5 ( 2.4 kcal/mol) and by
Blanksby et al.37 (-6.8 ( 2.3 kcal/mol). In case of C2H5, our
heat of formation of 29.25 kcal/mol is 0.75 kcal/mol higher than
the value recommended by Dobis et al.38 With respect to entropy
values, we see differences for C2H5, C•H2CH2OOH, and C2H4O
compared to Sheng et al.5 In all three cases our calculations
predict lower entropies (59.2 versus 60.6 cal/(mol K) for C2H5,
78.4 versus 81.9 cal/(mol K) for C•H2CH2OOH, and 58.0 versus
59.4 cal/(mol K) for C2H4O). At this moment the cause for these
differences is not clear. Additional details regarding the structure
and energetics of all the species and transition states are available
from the authors.

High-Pressure Rate Constants.Calculated high-pressure
rate constants for the elementary reaction steps are presented
in Table 3 for a temperature range of 300-850 K. In this range,
simple Arrhenius expressions provide a good representation of
the data. All rate constants were corrected for contributions from
tunneling. We used Wigner’s method30 which only requires the
imaginary frequencies (νim) of the transition states (scaled by a
factor of 0.99) as input to calculate the transmission coefficient
κ(T) ) 1 + (1/24)(1.44νim/T)2. The effect of tunneling is higher
for the isomerization reaction than the concerted elimination,
with unscaled imaginary frequencies of-2273.2 and-1095.3
cm-1, respectively. Table 3 also contains the high-pressure rate
coefficient for the addition of C2H5 to O2 which was taken from
Miller et al.6 The corresponding high-pressure rate constant for
the redissociation of ethylperoxy back to the reactants was
obtained using microscopic reversibility.

Inspection of the Arrhenius parameters for the key channels
of the C2H5 + O2 reaction system reveals two important facts:

(1) The activation energy for the concerted elimination (rxn-4)
is 4.5 kcal/mol lower than that for the isomerization of
ethylperoxy (rxn-2), and it is 3.6 kcal/mol below the redisso-
ciation threshold (rxn-1). (2) The preexponential factor for the
redissociation exceeds those of the concerted elimination and
the isomerization by 3 orders of magnitude. From these
observations it follows that the concerted elimination is the
energetically preferred reaction channel of ethylperoxy. How-
ever, if sufficient thermal energy is available to break the C-O
bond, the redissociation channel will dominate due to the higher
preexponential factor. The relatively small preexponential factor
and high activation energy make the isomerization path a minor
product channel under all conditions.

C2H5 + O2 Submechanism.The high-pressure rate coef-
ficients given in Table 3 are the input parameters for the
chemical and thermal activation analysis of the C2H5 + O2

reaction. The results of this analysis at 1 atm total pressure and
O2 as bath gas are presented in Table 4 in modified Arrhenius
form. We recognize three subsets of reactions: (1) the reactions
of chemically activated ethylperoxy radicals, C2H5O2*, which
are directly formed when C2H5 and O2 combine (rxn-1 to rxn-
6); (2) the thermally activated unimolecular reactions of
ethylperoxy (rxn-7 to rxn-11); (3) the thermally activated
unimolecular reactions of hydroperoxyethyl (rxn-12 to rxn-15).
These sets reflect a basic assumption in our analysis technique,
which is that we can separate the overall reaction process into
two steps: “direct” and “delayed.” Initially, the chemistry is
determined by reactions of the highly excited ethylperoxy
radicals. These can react in one of two ways: either by forming
bimolecular products or by stabilization via collisions. We refer
to these reactions as “direct” channels because the products are
a direct result of the C2H5 + O2 association reaction. The
“delayed” step occurs at sufficiently high temperatures where
both stabilized adducts can undergo thermally activated uni-
molecular reactions on the time scale of some experiments. The
“delayed” products from these reactions are formed in a
sequential way (collisional stabilization followed by thermal
dissociation).

According to Table 4, 15 apparent rate constants are required
to describe the kinetics of the title reaction. It can be seen that
our kinetic analysis produces for each reactant two apparent
rate constants for the formation of C2H4 + HO2. The reason
for this is that these two channels are not identical. For C2H5 +
O2 or ethylperoxy as reactants, one of the rate constants
describes the reaction proceeding via the concerted elimination
path whereas the second one refers to the sequential path
(isomerization followed byâ-scission). For the case of hydro-
peroxyethyl as reactant, one path is the direct dissociation
channel (viaâ-scission), and the sequential path is isomerization
followed by concerted elimination. Thus, although the final
products are the same, they are formed via two different
mechanisms involving different transition states. The reactions
of C2H5 + O2 or ethylperoxy via the concerted elimination

TABLE 2: Calculated Thermodynamic Data for Stable Species Involved in the Reaction C2H5 + O2 [Heats of Formation in
kcal/mol; Entropies and Heat Capacities in cal/(mol K)]

species ∆fH°298 S°298 Cp(300) Cp(400) Cp(500) Cp(600) Cp(800) Cp(1000) Cp(1500)

C2H5 29.25 59.21 12.26 14.78 17.15 19.29 22.83 25.63 30.08
CH3CH2OO• -5.26 73.84 17.71 21.26 24.51 27.38 31.89 35.28 40.38
C•H2CH2OOH 12.25 78.40 19.80 23.23 26.23 28.79 32.72 35.64 40.11
HO2 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
O2 0.00 48.98 7.00 7.15 7.37 7.59 7.98 8.25 8.58
C2H4 12.46 52.33 10.19 12.55 14.76 16.69 19.83 22.25 26.06
CH3CHO -40.76 62.97 12.97 15.48 17.91 20.15 23.81 26.62 30.83
C2H4O -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 C2H5 +
O2 Reactiona

no. reactions A n Ea

1 C2H5+O2 f CH3CH2OO• 2.91E+11 0.52 0.0
-1 CH3CH2OO• f C2H5+O2 4.20E+15 0.0 34.1

2 CH3CH2OO• f C•H2CH2OOH 1.92E+12 0.0 35.0
3 CH3CH2OO• f CH3CHO+OH 1.23E+13 0.0 40.1
4 CH3CH2OO• f C2H4+HO2 3.02E+12 0.0 30.5

-2 C•H2CH2OOH f CH3CH2OO• 1.16E+11 0.0 17.2
5 C•H2CH2OOH f C2H4+HO2 1.04E+13 0.0 16.4
6 C•H2CH2OOH f C2H4O+OH 7.84E+12 0.0 16.0

a The rate constant for (1) was taken from Miller et al.6 and that for
(-1) was calculated via microscopic reversibility. All other rate
constants were computed with canonical transition state theory including
Wigner tunneling corrections. Rate constants are given ask ) ATn

exp(-Ea/RT), valid for 300-850 K. The units ofA are s-1 (first order)
and cm3 mol-1 s-1 (second order), respectively, andEa is given in units
of kcal/mol.
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channel are much faster than those via the sequential path. This
can easily be seen from the rate constants at 600 K provided in
Table 4. For example, the rate constant for rxn-3 (chemically
activated concerted elimination channel) is about 76 times larger
than that for rxn-5 (chemically activated sequential channel).
Similarly, k(600 K) for rxn-8 (thermally activated concerted
elimination channel) is about 580 times larger than that for rxn-
10 (thermally activated sequential channel). In the case of the
isomer hydroperoxyethyl, the C2H4 + HO2 path via concerted
elimination is a sequential reaction, because prior to the HO2

elimination ethylperoxy must be formed via isomerization.
Again we find that the multistep process is the slower one; rxn-
13 is orders of magnitude lower than theâ-scission channel
(rxn-14) at 600 K.

The rate expressions in Table 4 are given in modified
Arrhenius form that provides insight in the magnitude of the
preexponential factor and the activation energy. However, for
modeling purposes it is more convenient to use Chebyshev
polynomials,33,34 because this parametrization method is able
to describek(T,P) data from multi-well reaction systems with
good accuracy and relatively few parameters. Therefore the
modeling results described later are done with rate constants in
Chebyshev format. In the Supporting Information we provide
such rate expressions for different colliders.

Extension of the Mechanism.The reactions listed in Table
4 are not sufficient to model C2H5 + O2 experiments, because
additional reactions describing the generation of C2H5 radicals
or subsequent reactions of the products, especially HO2 and
C2H5O2, are missing. Therefore we assembled a set of reactions
based on a combination of literature review, theoretical calcula-
tions, and rate estimations that, combined with the subset given
in Table 4, should largely account for the complete kinetics.
However, the focus of this work is on the title reaction, and we
consider the extended mechanism as preliminary and report it
only as Supporting Information. Nevertheless, we will discuss
important key reactions of it at the appropriate places in the
main text. We designate the combination of the C2H5 + O2

submechanism and these additional reactions as the expanded
mechanism.

Predictions of Experimental C2H5 + O2 Data. A. OVerall
Rate Constant.Measurements of the overall rate of the C2H5

loss as a function of He pressure at room temperature were
performed in three laboratories. Plumb et al.,11 Slagle et al.10

and Wagner et al.15 reported absolute rate constant measure-
ments whereas Kaiser et al.12 determined the rate constant
relative to the reaction of C2H5 + Cl2. Figure 2 contains plots

of some of these data together with several predictions as a
function of pressure. The results from Kaiser et al. have been
converted to absolute rate constants using a rate constant for
C2H5 + Cl2 of 6.5E+12‚exp(+0.30 kcal/mol/RT) cm3/(mol s).
At 298 K, this expression yields the value reported by Timonen
and Gutman39 and is slightly smaller than the value used by
Kaiser. When we first attempted to predict the experimental
results using the Lennard-Jones collision parameters for ethyl-
peroxy shown in Table 1, our predictions underestimated the
loss rate of C2H5 in the lower pressure regime by a factor of
approximately 2 (shown in Figure 2 as “MSC, regular Zc”).
The calculations were done in three different ways: (1) We
extracted the rate constants directly from the chemical activation
analysis. (2) We calculated C2H5 concentration versus time
profile for conditions similar to those reported by Plumb et al.
and Slagle et al. and extracted the total rate constant from the
exponential decay. And (3) we performed the kinetic integration
with the expanded mechanism and analyzed the final products
as described by Kaiser12 to obtain the rate constant relative to
C2H5 with Cl2. All three methods yielded almost the same values
that are clearly lower than observed. To ascertain that this
finding is not caused by a problem with our QRRK/MSC
analysis, we repeated the analysis with a steady-state master
equation code, still using QRRK theory to calculatek(E) (shown
in Figure 2 as “ME, regular Zc”). The results confirmed the
QRRK/MSC values and the inconsistency between experiments
and predictions for lower pressures. In addition, we performed
calculations with MultiWell, a stochastic code written and
distributed by Barker.40 k(E) was calculated via inverse Laplace
transformation of the same high-pressure rate constants that were
used in the previous calculations.〈∆Edown〉 was set at 200 cm-1,

TABLE 4: Apparent Rate Constants for the Reactions That Describe the C2H5 + O2 Systema

no. reaction A n Ea k(600 K) notes

1 C2H5 + O2 h CH3CH2OO• 9.42E+36 -8.01 6.098 3.2E+12
2 C2H5 + O2 h CH3CHO + OH 1.94E+12 -0.476 7.765 1.4E+08
3 C2H5 + O2 h C2H4 + HO2 2.43E+17 -1.90 4.430 3.2E+10 concerted
4 C2H5 + O2 h C•H2CH2OOH 8.84E+37 -9.33 10.159 2.1E+08
5 C2H5 + O2 h C2H4 + HO2 1.02E+20 -2.97 8.639 4.2E+08 sequential
6 C2H5 + O2 h C2H4O + OH 1.93E+20 -3.08 8.636 4.0E+08
7 CH3CH2OO• h CH3CHO + OH 2.13E+41 -9.81 45.919 2.3E-03
8 CH3CH2OO• h C2H4 + HO2 6.46E+30 -6.06 35.147 1.5E+01 concerted
9 CH3CH2OO• h C•H2CH2OOH 4.55E+51 -13.3 44.125 5.1E-02

10 CH3CH2OO• h C2H4 + HO2 4.47E+42 -10.1 44.734 2.6E-02 sequential
11 CH3CH2OO• h C2H4O + OH 3.01E+42 -10.0 44.609 2.7E-02
12 C•H2CH2OOH h CH3CHO + OH 3.10E+37 -10.1 28.588 1.3E-01
13 C•H2CH2OOH h C2H4 + HO2 5.65E+41 -10.9 26.490 6.1E+01 concerted
14 C•H2CH2OOH h C2H4 + HO2 6.58E+41 -9.70 23.023 3.1E+06 â-scission
15 C•H2CH2OOH h C2H4O + OH 1.49E+41 -9.51 22.589 3.3E+06

a The rate constants are valid forP ) 1 atm,T ) 300-850 K, and O2 as collider.A factors are given in s-1 (first order) and cm3 mol-1 s-1

(second order), andEa is in given in kcal/mol.

Figure 2. Comparison of the predicted (lines) and measured (filled
symbols)10-12 overall rate constants of the C2H5 + O2 reaction vs
pressure at 298 K using M) He. In addition, the total rate constants
at three pressures reported by DeSain et al.9 are shown (/).
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and densities of states were calculated using the direct count
method (by the Beyer-Swinehart algorithm). As shown in
Figure 2, these predictions are in very good agreement with
our master equation calculation and also fall well below the
data. Finally, we used the rate coefficients provided by DeSain
et al.9 These rate constants were obtained from a RRKM/ME
analysis using〈∆Edown〉 ) 200 cm-1. The results for 0.039, 1.0,
and 10.0 atm are included in Figure 2, and it can be seen that
they also underpredict the overall rate constant. In summary,
independent of the sophistication of the analysis technique used,
we consistently found clear deviations between the predictions
and the well-established experimental data. This suggests that
some of the input parameters are inappropriate. We tested the
impact of the barrier heights for concerted elimination and
isomerization, and we altered the well depth of CH3CH2OO•.
No combination of changes within the estimated uncertainties
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
that an increase of the collision cross section by a factor of 2.4
led to reasonable agreement except at the lowest pressures, as
shown in Figure 2 by the curve labeled “MSC, increased Zc”.
In addition we observed that the use of the steady-state ME
method for collisional deactivation yields very similar results
compared to the MSC approach (labeled “ME, increased Zc”
in Figure 2). All rate constants given in Table 4 have been
calculated using the increased collision cross section.

Figure 2 also includes predictions based on the rate coef-
ficients from Sheng et al.5 These predictions are consistently
lower than the data. The main reason for this discrepancy is
that Sheng et al. used a different high-pressure rate constant
for the C2H5 + O2 recombination rate. Their value at 298 K is
more than a factor of 2 lower than that used in this study.
Interestingly, the high-pressure rate constant extracted from
DeSain et al.9 (k ∼ 5E12 cm3/(mol s) atP ) 10 atm) is also
lower than the data and our predictions, although we used their
high-pressure rate expression6 in our analysis. Except for the
possibility of uncertainties in the provided Arrhenius expres-
sions, we do not have any explanation for this observation.

In Figure 2 we see that the experimentally obtained and the
predicted rate constants seem to approach the high-pressure limit
at approximately 1 atm. However, it appears as if the predictions
are slightly below the observed data and one might be tempted
to correct for this by adjusting the A factor of the rate constant
for the recombination step. We preferred not to take this route,
because the difference is only a few percent. The use of Miller
et al.’s original high-pressure rate coefficients leads already to
a substantial improvement of the prediction of the pressure
dependence of the overall rate constant compared to earlier
models. Recognizing that the small deviation observed can also
easily be explained with uncertainties of the rate constant for
the reference reaction, C2H5 + Cl2, which was used to convert
the relative measurements by Kaiser et al. to the absolute values
shown in Figure 2, we believe that without additional experi-
mental support a further adjustment is not warranted.

In the same spirit, we notice discrepancies (factor of up to
∼2) between predicted and measured total rate constants at the
lowest pressures. Given the simplified mechanism

we see that the formation of C2H4 + HO2 from [C2H5O2]* does

not require collisions (although stabilization of the [C2H5O2]*
intermediate might increase the yield of C2H4 + HO2 via
thermally activated dissociation, compared to dissociation of
[C2H5O2]* back to C2H5 + O2), whereas the yields of stabilized
ethylperoxy will vanish for [M]f 0. This explains the deviation
of the falloff curve at low pressures from linearity. The fact
that our model predictions underestimate the experimental data
is this region suggests that the termk1‚[k2/(k2 + k-1)] is too
small. An increase of the high-pressure rate constant (k1) would
improve agreement with the experiments, but so would small
changes ink2 (which is related to the high-pressure rate constant
for the concerted elimination reaction) andk-1. Given this
ambiguity, we did not attempt to adjust the underlying ab initio
data.

Slagle et al.10 provided additional pressure dependent data
on the overall rate constant at higher temperatures ranging from
373 to 1002 K. The experiments were repeated in the same
laboratory with an improved experimental setup a few years
later,15 and we only considered the newer data in this work.
All measurements were done with helium as the major bath
gas component (80%), which the remaining components being
N2 (at higher temperatures), O2 and ethylbromide, which was
used as precursor for ethyl radicals. Measurements were taken
at 298 K, 385 K, 473 K, 640 K, 750 K and 850 K. In Figure
3A we compare these data sets to predictions with our expanded
mechanism (adapted for He as collider). The first point to notice
is that no results for 640 K are presented. Wagner et al. observed
in their experiments that the C2H5 decay at this temperature
displayed nonexponential behavior, and hence cannot accurately
be described by a rate constant. Both of our modeling ap-
proaches were able to reproduce this nonexponential behavior.
We will provide more discussion of this behavior later.

C2H5 + O2 y\z
k1

k-1
[C2H5O2]* 98

k2
C2H4 + HO2

98
k3

+M
C2H5O2

Figure 3. Comparison of the predicted and measured pressure
dependence of the overall rate constant of the C2H5 + O2 at different
temperatures: (A) predictions with the expanded mechanism; (B)
prediction with the C2H5 + O2 submechanism. Full symbols represent
the experimental data from Wagner et al.15 (M ) 80% He). Solid lines
represent the predictions; the dashed line in (B) is obtained by making
all bimolecular product channels irreversible.
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Except for 298 K (Wagner et al.’s data were not included in
Figure 2 but show the same factor of∼2 deviation as discussed
earlier) the agreement between the expanded mechanism and
the data is very good. (Additional calculations with O2 as collider
suggests that even better agreement can be reached if the
collision properties of all gas components were accounted for.)
More specifically, the predictions capture two important ob-
servations: (1) the negative temperature dependence of the total
rate constant; (2) an increase of the pressure dependence with
decreasing temperature. The negative temperature dependence
is expected and caused by the increasing importance of the
redissociation with temperature. This is the key reaction used
to explain NTC behavior in the Walker-Morley scheme. The
observed pressure dependence might be less obvious. At low
temperatures collisional stabilization of chemically activated
ethylperoxy radicals is the major reaction channel besides
redissociation, and unless we are at the high-pressure limit, this
channel introduces pressure dependency. With increasing tem-
perature, bimolecular product channels become more and more
important while the significance of the stabilization path
decreases. Because these bimolecular product channels depend
to a lesser degree on energy transfer processes, the overall
pressure dependence declines and at 750 and 850 K no pressure
dependence is either predicted or observed. This explanation
suggests that Wagner’s experimental data can solely be under-
stood with the C2H5 + O2 reaction system and consequently
we should be able to reproduce the data with the reaction set
given in Table 4. The results of such an attempt are shown in
Figure 3B. At the lowest three temperatures we saw essentially
no difference in both approaches. However, the simple reaction
mechanism does not reproduce the pressure independent rate
constants at 750 and 850 K. On the other hand, a rate analysis
revealed that, besides the C2H5 + O2 reactions, only the
unimolecular decomposition of ethyl (C2H5 f C2H4 + H)
contributes significantly to the consumption of C2H5. Because
this reaction does not depend on the O2 concentration, it does
not affect the apparent bimolecular rate constant. This apparent
contradiction can be resolved by realizing that the basic
mechanism does not allow the reaction products (mainly C2H4

+ HO2) to be consumed. The build-up of product concentrations
leads to an increase of the reverse reactions forming C2H5 +
O2 and the apparent overall rate of consumption is reduced. By
making the bimolecular product channels irreversible, as shown
as broken line in Figure 3B for 850 K, the prediction of the
short mechanism agrees well with the expanded mechanism and
the data. The expanded mechanism contains fast secondary
reactions of the bimolecular products (and of stabilized ethylp-
eroxy) to make the C2H5 + O2 product channels virtually
irreversible. Thus the measured C2H5 decay data provide a good
test case for the C2H5 + O2 submechanism.

Finally we address the question why the C2H5 decay at 640
K occurs nonexponentially. To shed light on this problem, we
performed a rate analysis for C2H5 at different reaction times.
We found (Table 5) that the relative contributions of the
stabilization and the HO2 elimination channels to C2H5 con-
sumption vary with reaction time. With increasing reaction time
the stabilization of C2H5O2 contributes effectively less and less

to the overall decay because increasingly more stabilized C2H5O2

is formed and produces C2H5 via thermal dissociation. At 640
K the time scales for the C2H5 decay and the thermal dissociation
of ethylperoxy are comparable leading to the nonexponential
time profile. At temperatures of 750 K and higher, thermal
dissociation is much faster and a quasi equilibrium is established
at early reaction times. Thus the observed rate constant is again
exponential.

In summary, our model reproduces the overall rate constant
for the reaction of ethyl with O2 over a large temperature and
pressure range reasonably well. To achieve this good agreement,
we used in the kinetic analysis a collision cross section that is
substantially larger than one would expect from commonly used
estimations. Because an accurate reproduction of the overall
rate constant is a prerequisite to accurately predict individual
reaction channels, we kept this adjustment for all further
calculations.

B. Ethylene Yields.Ethylene is a major product of the C2H5

+ O2 reaction at elevated temperatures and sufficiently low
pressures. Its yield has been investigated by many investiga-
tors11,15,17,18,20at various conditions. In his most recent study,
Kaiser20 reported ethylene yields relative to ethyl chloride for
a temperature range of 298-680 K. C2H5Cl is produced by the
competing reaction of C2H5 with Cl2. The isothermal experi-
ments were carried out with mixtures of C2H6, O2, and Cl2 at a
constant density of 6.74× 1018 molecules/cm3. Ethyl radicals
were generated in the reaction of Cl atoms with ethane and Cl
atoms in turn were produced via continuous UV photolysis of
Cl2. We used different mechanisms to predict these data. The
shortest mechanism contained, besides the reaction set given
in Table 4, only three additional reactions:

The rate constant of the irreversible chlorine dissociation
reaction was adjusted to reproduce the reported ethane con-
sumption. We verified that the predictions are not very sensitive
to moderate variations of this rate constant. For rxn-2a we used
the same rate expressions as Kaiser; for rxn-3a we used the
value discussed earlier, which is very similar to that used by
Kaiser. As has been done in the experiments we extracted the
C2H4:C2H5Cl ratios from extrapolations of the predicted species
profiles to low ethane conversion.

An inspection of Figure 4 shows that this basic mechanism
fails to predict the measured C2H4/C2H5Cl data in terms of the

TABLE 5: Importance of the Stabilization and HO 2
Elimination Channels at 640 K as a Function of Reaction
Time

contribution to C2H5 depletion in %

1 ms 2.5 ms 5.0 ms 7.5 ms 10.0 ms

C2H5O2 channel 41.4 38.7 34.2 29.8 25.8
C2H4 + HO2 channels 57.2 59.7 64.1 68.4 72.3

Figure 4. Comparison of predicted temperature dependences of
ethylene production (lines), given as the ratios of ethylene to ethyl
chloride, to the experimental results (symbols) reported by Kaiser.20

See text for details.

Cl2 f 2Cl (rxn-1a)

Cl + C2H6 h HCl + C2H5 (rxn-2a)

C2H5 + Cl2 h C2H5Cl + Cl (rxn-3a)
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location of the rapid increase as well as the quantitative values.
On the other hand, good agreement between predictions and
experiment was observed if we used our expanded mechanism
for the calculations. This clearly indicates the importance of at
least some secondary reactions. Similar to the findings for the
total rate constant, the cause for these differences between both
mechanisms is that the basic mechanism does not allow primary
products, in this case stabilized ethylperoxy radicals, to react
with other species in addition to thermal dissociation. This
conclusion was verified by adding the following four reactions
to the basic mechanism listed in Table 4:

With these additional reactions we got almost the same results
as with the complete expanded mechanism, indicating the
importance of these specific secondary reactions under these
experimental conditions.

The effect of temperature on the C2H4:C2H5Cl ratio may be
rationalized as follows: At low temperatures most of the
chemically activated adduct is stabilized by collisions, but a
small fraction yields C2H4 + HO2. This “direct” product channel
increases slowly with temperature. Between 450 and 500 K, a
sharp increase of the C2H4:C2H5Cl ratio from ∼1 to 3.5 is
observed and this increase is captured by the model. The sudden
increase is due to the onset of thermal dissociation of ethyl-
peroxy, or, more precisely, due to the fact that its thermal
dissociation becomes competitive to the consuming bimolecular
reactions (recombination with itself or HO2, rxn-5a to rxn-7a).
Kaiser20 also reasoned that the sharp increase was due to the
opening of a new reaction channel. If the temperature is further
increased, the ethylene yield starts to decline because the rate
constant for redissociation of the stabilized adduct back to
reactants increases. It can be seen that our model slightly over-
predicts the peak value and the following decline of the C2H4:
C2H5Cl ratio with temperature. As it turns out, the predicted
ethylene yields are extremely sensitive to the barrier height of
the concerted elimination channel and a minor change in the
barrier height, within the uncertainties of the ab initio calcula-
tions, could improve our predictions. However, given the already
good agreement and the uncertainties in the rate constant for
C2H5 + Cl2 and the secondary reactions, we chose to leave the
input parameters unadjusted.

Figure 4 also contains predictions of an expanded mechanism
that contained the C2H5 + O2 subset reported by Sheng et al.5

This group performed the kinetic analysis of the C2H5 + O2

reaction prior to the date that the experimental data became
available. Their model clearly captures the overall temperature
dependence on the ethylene yield well, though its predictions
are generally below the data. One reason for these deviations
is the use of a lower high-pressure rate constant for the C2H5

+ O2 entrance channel in their analysis.
B1. Pressure Dependence of the C2H4 Yield at Room

Temperature.Studies by Plumb et al.11 and Wagner et al.15 and
the earlier work of Kaiser et al.17,18 addressed the pressure
dependence of the ethylene yield at room temperature. Plumb
et al. and Wagner et al. determined ethylene yields relative to
the initial ethyl concentrations using mass spectrometric detec-
tion. Kaiser et al. measured final ethylene and ethane concentra-

tions with a gas chromatograph and calculated the ethylene
yields from the ratio of ethylene over consumed ethane. We
focus here on the results by Wagner et al. and Kaiser,17 which
combined cover a pressure range from nearly 0.001 atm to 1
atm with He or N2/O2/air as bath gas (Figure 5). As expected
from the relative collision efficiencies, higher ethylene yields
were observed in He. The yields decrease from about 24% at
0.0013 atm to 0.14% at 0.92 atm. The low-pressure results from
Plumb et al. (not shown) are comparable to those from Wagner
et al. with He as collider but show more scatter and are omitted
for clarity.

As before, we performed calculations with either the basic
mechanism given in Table 4 (complemented by the reactions
rxn-1a to rxn-3a) or with the expanded mechanism. A com-
parison between both predictions then will reveal any sensitivity
of the pressure dependent C2H4 yield measurements to secondary
reactions. The top plot in Figure 5 contains the results for He
as main collider. We notice that the predictions with the
expanded mechanism agree very well with the experimental data
whereas the use of the submechanism leads to clear deviations
at higher pressure. This can be explained with the reaction

in the expanded mechanism. We estimated the rate constant for
rxn-8a by analogy to the H abstraction from ethane prior to
modeling the ethylene yields. The lower part of Figure 5
contains the predictions for N2 or O2 as collider. In this case
the predictions are less accurate, especially at low pressures,
where the model predicts a higher ethylene yield than observed.
Obviously, N2 and O2 are more effective colliders than assumed.
Another difference between the He and N2/O2 cases is that the
two mechanisms show less deviations. Although we did not
analyze the cause in detail, it is possible that the higher collision

HO2 + HO2 f H2O2 + O2 (rxn-4a)

C2H5O2 + HO2 f C2H5OOH + O2 (rxn-5a)

C2H5O2 + C2H5O2 f C2H5O + C2H5O + O2 (rxn-6a)

C2H5O2 + C2H5O2 f C2H5OH + CH3CHO + O2 (rxn-7a)

Figure 5. Comparison of the predicted and measured pressure
dependence of the ethylene yield at 298 K. Filled symbols represent
experimental data by Wagner15 (squares), Kaiser17 (circles), and
Clifford21 (triangles, inferred from HO2 yields). Lines represent
predictions with our mechanisms (cf. text), and the open diamonds are
calculated with C2H5 + O2 rate parameters from DeSain et al.9

Cl + C2H5O2 f HCl + C2H4 + O2 (rxn-8a)
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efficiency leads to higher concentrations of C2H5O2 radicals,
which then probably recombine predominantly with themselves
and with HO2 radicals instead with Cl atoms. Figure 5 also
includes predictions based on C2H5 + O2 rate parameters from
DeSain et al.9 (open diamonds in the upper plot). The ethylene
yields for He as collider calculated with their rate constants are
consistently above our predictions (and especially at low
pressures above the experimental data). Because we use a higher
collision stabilization rate than DeSain et al., this difference is
expected.

Ethylene and HO2 are always produced together as coprod-
ucts, so that the HO2 yield in the C2H5 + O2 reaction should be
identical to the ethylene yield. This allows us to include the
experimental HO2 yields from Clifford et al.21 at 294 K and
various pressures in Figure 5. At room temperature stabilized
ethylperoxy does not dissociate thermally on the experimental
time scale, and the “prompt” HO2 yield is equal to the total
HO2 yield. Surprisingly, we find that the reported HO2 yields
are about a factor of 2-3 higher than the corresponding ethylene
yields. In other words, the sets of ethylene and HO2 data are
inconsistent at room temperature, if the basic assumption is valid
that the HO2 yields originate exclusively from the C2H5 + O2

reaction. We will come back to this issue when we take a closer
look at the HO2 measurements.

B2. Pressure Dependence of the C2H4 Yield at EleVated
Temperature.Wagner et al.15 and Kaiser18 also measured the
pressure dependence of the ethylene yield at temperatures above
298 K. In experiments with He as bath gas, Wagner et al.
performed direct measurements of ethyl and ethylene time
profiles up to 25 ms using a mass spectrometer. Ethylene yields
are reported as the ratio of ethylene to the initial ethyl
concentration. Kaiser, on the other hand, performed endproduct
analysis experiments using a gas chromatograph. He measured
the amounts of ethylene produced and ethane consumed at long
reaction times (greater than 100 s) to calculate ethylene yields.
The ethylene yields were corrected for the small amounts of
C2H5 consumed in the reaction with Cl2 using the measured
amounts of C2H5Cl. Comparisons of predicted ethylene yields
to both data sets are shown in Figure 6. (The absolute C2H4

yields at higher temperatures calculated for Kaiser’s experi-
mental conditions are sensitive to the assumed Cl2 photolysis
rate constant. Only the trends are meaningful.) The overall
agreement is encouraging, because both the temperature and
the pressure dependence of the ethylene yield is well captured.
Furthermore, the two types of experiments performed by Wagner
et al. and Kaiser et al. probe essentially two different aspects
of the C2H5 + O2 reaction. Due to the short reaction time and

low pressures in Wagner et al.’s experiments, ethylene mainly
originates from the “direct” chemically activated concerted
elimination channel. On the other hand, Kaiser’s endproduct
results at relatively high pressures reflect the total ethylene yield
(“direct” and “delayed”) from both chemically and thermally
activated channels. This also explains why the ethylene yields
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-
lecular reaction rates are still too slow to be relevant under the
conditions of Wagner et al.’s experiments.

In summary, we find overall good agreement between the
experimental data shown in Figures 4-6 and predictions with
our mechanism. This indicates that our model properly accounts
for the temperature and pressure dependence of the ethylene
production from both the “direct” and “delayed” channels.
Although the experimental C2H4 yields are affected by second-
ary reactions (assuming that our expanded mechanism is
reasonable), they nevertheless present a good test set for the
C2H5 + O2 reaction system.

C. Ethylene Oxide Yields.Ethylene oxide (C2H4O) has been
measured as a minor product of the C2H5 + O2 reaction at
moderate temperatures and subatmospheric pressures.19,20In the
most recent study Kaiser investigated the formation of ethylene
oxide as a function of ethane consumption in the temperature
range∼500 to 650 K. The experimental conditions are the same
as those for the temperature dependent ethylene yield study.
Kaiser observed a linear relationship between the ethylene oxide
concentration and the ethane consumption, and he used the
slopes to determine temperature dependent ethylene oxide yields.
In an earlier study, Baldwin et al.19 used the thermal decomposi-
tion of tetramethylbutane (forming isobutyl radicals) in a C2H6/
O2 mixture to study the reaction products of C2H5 + O2 as a
function of temperature (673-813 K) at mainly 0.076 atm.
Isobutyl radicals react with O2 to produce HO2 (+ isobutene)
radicals, which either directly attack C2H6 to generate C2H5

radicals or they form OH radicals (via 2HO2 f H2O2 + O2

followed by H2O2 f 2OH), which then abstract H atoms from
ethane. Despite this rather complicated method to generate C2H5

radicals, the authors were able to obtain reproducible C2H4O:
C2H4 product ratios via gas chromatographic detection. On
average, the C2H4O:C2H4 ratio was found to be∼1:100 with a
tendency to increase with increasing temperature. Additional
experiments at 0.66 atm did not reveal any obvious pressure
dependence of this ratio, and results from separate experiments
with H2/O2 mixtures as a radical source yielded very similar
results compared to the tetramethylbutane/O2 experiments.

The observations of Baldwin et al. that (1) C2H4 and C2H4O
are the only two important product channels in their study and
(2) the results are independent of pressure and composition
(collider gas) allow us to convert their ratios to absolute ethylene
oxide yields and to combine this data with that of Kaiser to
expand the temperature range. As can be seen from Figure 7
agreement between both sets of data is not perfect: Kaiser
reports an ethylene oxide yield approximately twice that of
Baldwin.

We performed three sets of calculations to model the data.
Besides the use of the basic and the expanded mechanism, we
also employed a modified expanded mechanism in which we
removed the reaction

The idea behind removing rxn-9a is that HO2 radicals might
undergo fast secondary reactions in Baldwin et al.’s experiments,

Figure 6. Comparison of the predicted and measured pressure
dependence of the ethylene yield at several temperatures. Filled symbols
represent the experimental data from Kaiser18 using O2 as collider, and
open symbols represent the experimental data from Wagner et al.15

(collider: He). Lines represent the predictions using the expanded
mechanism.

C2H4 + HO2 (+M) f C2H4O + OH (+M) (rxn-9a)
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which would keep their concentration low and make contribu-
tions by rxn-9a unimportant. Because our extended mechanism
does not contain species such as isobutene, we might overpredict
the ethylene oxide yield with the expanded mechanism. All
calculations are essentially done in analogy to Kaiser’s experi-
ments, and for most conditions they confirmed an approximately
linear relationship between ethylene oxide yield and ethane
consumption. However, the slopes were smaller than those seen
by Kaiser, so that all calculations underpredicted his reported
ethylene oxide yields. On the other hand, the predictions with
all three mechanisms are above the data by Baldwin et al. Below
about 625 K differences between the mechanisms are rather
small indicating that the C2H5 + O2 subset captures the
formation of ethylene oxide. Above this temperature the
expanded mechanism predicts the highest ethylene oxide yields
due to significant contributions from rxn-9a. This can be seen
from the predictions with the modified expanded mechanism.
This mechanism leads to the lowest ethylene oxide yields, which
agree well with the data by Baldwin et al.

At this point our mechanism appears to provide support for
Baldwin et al.’s lower ethylene oxide yields. But, given the
straightforward nature of Kaiser’s experiment, one might also
ask what changes of our expanded mechanism would be needed
to better predict his data. Because the isomerization from
ethylperoxy to hydroperoxyethyl is the limiting step in the
formation of ethylene oxide, this barrier would have to be
adjusted. We found that decreasing the barrier by 1.0 kcal/mol
leads to a good reproduction of the measurements (but obviously
would lead to larger discrepancies with Baldwin’s data). This
variation is within the expected uncertainty of the CBS-QB3
method.

In summary, the two experimental data sets bracket our
predictions. Secondary reactions such as rxn-9a or the reaction
sequence

contribute to some extent to the ethylene oxide formation, which
explains the “bumpy” temperature dependence. But the major
source for ethylene oxide is the C2H5 + O2 system and its yields,
especially at lower temperatures, provide good test sets to
validate our understanding of this reaction.

D. HO2 Yields.HO2 is the coproduct of C2H4 in the reaction
of C2H5 with O2, and complementary HO2 measurements can
be used to validate conclusions drawn from the ethylene data.
However, experiments involving HO2 are difficult to perform
and to analyze; HO2 is a reactive radical that easily undergoes

secondary reactions. Detection of HO2 requires relatively high
concentrations, which makes it impossible to suppress the HO2

+ HO2 self-reaction. Because of the second-order character of
the self-reaction and other side reactions, the evaluation of HO2

experiments requires knowledge of its absolute concentration.
Clifford et al.21 took on the difficult task of measuring HO2

yields from the reaction C2H5 + O2. In their experiments, C2H5

radicals were generated via the reaction of C2H6 with Cl atoms,
which in turn were produced via pulsed laser photolysis of a
suitable precursor. HO2 was detected via multipass IR absorp-
tion. The reaction

was used to convert the measured absorption signals into
absolute concentrations. Recognizing the importance of second-
ary reactions, Clifford et al. corrected their observed yields for
consumptions via reactions rxn-4a and rxn-5a. This was
demonstrated in detail for a particular measurement at 648 K,
and we used this data set as starting point for our modeling.
Figure 8 shows the results of our attempt to reproduce the
methodology used by Clifford et al. to correct the HO2 signal
for secondary reactions. The initial chlorine concentration from
the photolysis is unknown and has to be determined from the
reference reaction by adjusting its value so that the observed
time profile is reproduced. This profile essentially depends only
on rxn-4a as the top plot of Figure 8 demonstrates. Once the

Figure 7. Comparison of experimentally observed19,20 and predicted
temperature dependent ethylene oxide yields at a total density of 6.8
× 1018 molecules/cm3.

Cl + C2H5OOH f HCl + C•H2CH2OOH (rxn-10a)

C•H2CH2OOH f C2H4O + OH (rxn-11a)

Figure 8. Modeling of the experimental HO2 time profiles atT ) 648
K and 0.066 atm (conditions: 85.9% He, 13.3% O2, 0.67% CH3OH or
C2H6, and 0.13% Cl2). Top: uncorrected and corrected profiles in the
reference reaction. Bottom: uncorrected and corrected HO2 profiles in
the C2H5 + O2 system. The HO2 traces were scanned from Clifford et
al.21 (Figures 3 and 4). See text for details.

C‚H2OH + O2 h CH2O + HO2 (rxn-12a)
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initial chlorine concentration is determined, we can use this value
to model the C2H5 + O2 reaction. As can be seen from the
bottom plot of Figure 8, we achieved excellent agreement with
the uncorrected experimental HO2 profile. This is encouraging
for at least two reasons: (1) Being able to reproduce the rising
part of the HO2 time profile, including the contribution of
“direct” HO2, confirms our treatment of the chemically activated
C2H5 + O2 reaction system at this temperature. (2) The
agreement of the decay suggests that the extended mechanism
is complete with respect to the important HO2 consuming
reactions. Because both the production and consumption rates
are well reproduced, the absolute HO2 yield is necessarily
captured as well.

The additional profiles and plots in Figure 8 make clear how
difficult it is to calculate the HO2 yields in the C2H5 + O2

reaction from the measurements. Clifford et al. used a rather
complicated mathematical approach to account for the experi-
mental contributions of reactions rxn-4a and rxn-5a. On the other
hand, such corrections are much easier to achieve in the
modeling study by simply removing the reactions in question
from the mechanism. Surprisingly, we find significant differ-
ences in the corrected profiles although we used the same rate
constants. In particular, our calculations suggest that the HO2

recombination reaction reduces the HO2 concentration signifi-
cantly more than expected by Clifford et al. This difference is
in part compensated by the second correction step, which deals
with the impact of reaction rxn-5a. Nevertheless, we arrive at
a slightly higher corrected HO2 yield than Clifford et al., despite
the good initial agreement with the observed profile. In addition,
our rate analysis revealed that several other reactions such as

play a role in HO2 consumption, and, although these reactions
yield OH radicals which will largely reproduce C2H5 radicals,
we observed a clear increase of the HO2 yield after removing
these reactions from the mechanism (cf. the plot marked
“additional HO2 rxns removed” in Figure 8). As a result, our
calculations predict approximately 10% higher corrected HO2

yield than Clifford et al. for the 640 K experiment. To complete
this discussion, we should mention that HO2 production at longer
reaction times is also impacted by reactions other than C2H5 +
O2. The most obvious one is the reaction

because ethoxy radicals are rapidly formed via ethylperoxy
recombination. Given all these secondary reactions, it becomes
clear that the HO2 data have only a limited value as test case
for the C2H5 + O2 reaction per se, but they provide a good
opportunity to validate the complete mechanism.

Having realized that our analysis leads to a slightly different
interpretation of the raw data, one would expect small deviations
over the entire temperature range covered in the study by
Clifford et al. Figure 9 presents a comparison of the reported
corrected total HO2 yields with our predictions. Our MSC
mechanism accurately captures the sharp increase in the HO2

yield near 550 K. As seen previously for ethylene, it is the onset
of thermal dissociation of ethylperoxy that is responsible for
this behavior. Figure 9 also contains predictions with the steady-
state QRRK/ME mechanism. Clearly, a change of the energy
transfer model from MSC to ME has a minimal impact on the
predicted total HO2 yields.

Both collision models yield room-temperature HO2 yields that
are clearly below the reported value. These differences are,
however, consistent with the observations that the HO2 yields
by Clifford are about a factor of 2-3 higher than one would
expect from complementary C2H4 yield data (cf. Figure 5).
Because we could reproduce the ethylene data well, our model
must differ from the corresponding HO2 measurements. A
second discrepancy is the exact location (temperature) at which
the sharp increase in HO2 occurs. Our model predicts this
transition to happen at a slightly lower temperature than
experimentally observed. Some of this difference might be
attributed to the fact that our predicted HO2 yields are expected
to be slightly higher than those reported, as discussed above.

The rapid increase of the total HO2 yield near 550 K is similar
to the increase seen for the ethylene yield (Figure 4) at around
450 K. The shift in temperature for the onset of thermal
dissociation of ethylperoxy can be explained by differences in
the conditions for which the HO2 and C2H4 experiments were
performed: Clifford et al. conducted their experiments at a
significantly lower pressure,∼1/6th that of Kaiser. At any given
temperature, lowering the pressure outside the high-pressure
region has two effects: (1) it reduces the amount of stabilization,
and (2) it reduces the rate constant for thermal dissociation of
the stabilized adduct. The first effect influences the ratio between
prompt and delayed HO2 yields. If substantial amounts of
ethylperoxy are produced, then the second effect determines
how fast “delayed” HO2 is formed and thus whether it
contributes to the HO2 signal detected at 17 ms reaction time.
Therefore the amount of detectable “delayed” HO2 produced
via the thermal activation channel of ethylperoxy shows a shift
toward higher temperature as the pressure is reduced. Not only
did Kaiser use a higher total pressure in his experiments, but
also the ethylene yields were measured at much longer reaction
times. Therefore one expects that the thermally produced
ethylene would contribute at much lower temperatures to the
measured total ethylene yields. These arguments are augmented
by our previously made observation that secondary reactions
have an impact on the location of the sharp increase because
thermal dissociation competes with bimolecular consumption
reactions.

In conclusion, our model accurately predicts the total HO2

yields over a wide temperature range. It also allows us to explain
the temperature shift seen for the sharp increase of HO2 yields
compared to the C2H4 results by Kaiser. From the detailed
analysis of measured HO2 time profiles we conclude that the
HO2 measurements are significantly impacted by secondary
reactions, which makes it difficult to use these data as stringent
test set for the C2H5 + O2 reaction itself. Difficulties in the

C2H5 + HO2 f C2H5O + OH (rxn-13a)

CH3O2 + HO2 f CH3OOH + O2 (rxn-14a)

C2H5O + O2 f CH3CHO + HO2 (rxn-15a)

Figure 9. Comparison of the predicted temperature dependence of
the “total” HO2 yield to that measured by Clifford et al.21 at a constant
density of 1.1× 1018 molecules/cm3.
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interpretation of the experiments might be the cause for the
apparent inconsistency of the HO2 and C2H4 yields at room
temperature.

E. OH Time Profiles.OH is a coproduct with both ethylene
oxide and acetaldehyde in the C2H5 + O2 reaction, and OH
profiles could in principle provide complementary information
for these channels. In fact, because it is difficult to separate
acetaldehyde formed in the C2H5 + O2 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 for HO2. DeSain et
al.9,41 have recorded OH time profiles over a time scale of 2
ms at low pressure and several temperatures between 296-700
K. The OH profiles were quantified by comparing them to
signals from the reaction of HO2 (from C•H2OH + O2, rxn-
12a) with NO under similar conditions. To analyze the
experimental data, DeSain et al. developed short reaction
mechanisms for the reference and the C2H5 + O2 systems. Their
C2H5 + O2 mechanism includes several reactions of the chlorine
precursor (CFCl3) and of the photolysis fragment CFCl2, which
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 C2H5 + O2 system.9,41

When we applied our expanded mechanism, augmented by
the CFCl2 and CFCl3 reactions provided by DeSain et al., we
observed that the model failed to predict the observed OH decay
at longer times. We observed similar problems when we used
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 of C2H5 radicals (via rxn-16a) or the
formation of CH3 radicals (via the thermal dissociation of ethoxy
radicals, rxn-17a).

Because the HO2 concentrations are relatively high, the alkyl
radicals as well as the photodissociation fragment CFCl2 can
react directly with HO2 to yield OH.

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
resolve this issue. Clearly, a more detailed mechanism needs
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
question whether the experimental OH peak concentrations can
be related to the OH yield from the C2H5 + O2 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 initial C2H5

provides us with the OH yield. In Figure 10 we present a
comparison of the experimental peak OH concentrations (nor-
malized to the initial Cl atom concentration) to the OH yield
expected from our kinetic analysis of the C2H5 + O2 system.

The agreement is surprisingly good, suggesting that the mea-
surements by DeSain et al. indeed captured the OH yield of
C2H5 + O2. 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
the temperature increases. For example, if we assume that the
[OH]peak/[Cl] 0 ratio of 1.2 reported by DeSain et al. for 700 K
corresponds to the total OH yield in C2H5 + O2, then we would
expect an ethylene oxide yield of 0.9% at this temperature. The
data by Baldwin et al.19 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 C2H5 + O2 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 CFCl3) is needed, but this is outside of the
scope of this work.

F. Final Products.In the previous sections we extensively
used our C2H5 + O2 submechanism in connection with an
extended mechanism. The purpose was to probe whether the
experimental data were mainly sensitive to the C2H5 + O2

reaction or whether secondary reactions play a significant role.
Although the extended mechanism is provided as Supporting
Information, we did not discuss it in detail nor did we so far
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 studies20,42,43of the C2H5 + O2 reaction.
At room temperature the major products are acetaldehyde,
ethylhydroperoxide, and ethanol, whereas at higher temperature
other product such as ethylene, formaldehyde, CO and CO2 are
produced as well.

F1. Predictions of Room-Temperature Product Yields.Final
products from the reaction of ethyl radicals with molecular
oxygen have been reported by Niki et al.,42 Wallington et al.,43

and Kaiser.20 Kaiser reports the product composition for the

OH + C2H6 f H2O + C2H5 (rxn-16a)

C2H5O f CH3 + CH2O (rxn-17a)

R + HO2 f RO + OH R ) CH3, C2H5, CFCl2
(rxn-18a)

Figure 10. Comparison between predicted and measured9 temperature
dependent OH yields in the C2H5 + O2 reaction at a total density of
3.25× 1017 molecules/cm3. See text for details.
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C2H4 yield experiments that were discussed earlier (cf. Figure
4). He found about 63% acetaldehyde (obtained by extrapolating
to zero ethane conversion), small yields of ethylene and ethyl
chloride and nonquantified amounts of ethanol. The third major
product expected in these experiments, ethylhydroperoxide,
could not be identified. Acetaldehyde is not directly produced
in the reaction of C2H5 + O2 (the high barrier makes this channel
at room temperature unimportant), but mainly in the recombina-
tion reaction of ethylperoxy radicals (rxn-7a). Ethylhydroper-
oxide will be produced similarly via the reaction of ethylperoxy
with HO2 (rxn-5a). A possible explanation for the missing
ethylhydroperoxide is that it might have decomposed on the
wall or in the GC. This problem and the consequently
incomplete carbon mass balance make it difficult to use this
most recent study for quantitative comparison. Instead we focus
here on the earlier FTIR studies by Niki et al. and Wallington
and co-workers. Niki et al.42 observed all three major products
in experiments of Cl initiated oxidation of ethane in O2-N2

mixtures at 0.92 atm and 298 K. Very similar experimental data
are reported by Wallington et al.43 at 295 K and 0.92 atm.
Because Wallington et al. report detailed experimental condi-
tions, we were able to apply our model to exactly the same
conditions. The results are shown in Figure 11, in which we
also included the results from Niki et al.’s study. To arrive at
the plotted normalized yields, we assumed that the three products
add up to 100% (the calculations suggest that these three
products contribute to> 96% of the products). This procedure
removed much of the scatter, which is largely caused by the
low accuracy of the ethane consumption values. In the original
work, Wallington reports an average acetaldehyde yield of 54
( 14% and the large error margin reflects the uncertainties
mentioned above. After the normalization procedure we find
an acetaldehyde yield of 51.2%. Similarly the results for ethanol
and ethylhydroperoxide differ slightly from the original work.
An inspection of Figure 11 shows that our predictions (also
normalized as described above) agree to within a few percent
with Wallington’s measurements. For example, the predicted
average acetaldehyde yield is found to be 50.7%, and for
ethylhydroperoxide we predict an average yield of 38.5%
compared to 37.8% from experiment (originally reported: 36
( 10%). Niki et al.’s data in general are consistent with
Wallington’s, although the absolute values differ by a few
percent.

A possibly important discrepancy between measurement and
prediction is in the dependence of the product yields on ethane
consumption. The measured acetaldehyde yields appears to
slightly decline with increasing ethane consumption, but the
model predicts a small increase. The opposite is true for

ethylhydroperoxide. The acetaldehyde yields in Kaiser’s work
support Wallington’s measurements, hence confirming the
problem. These observations could be used in the future to
further improve the mechanism.

F2. Predictions of Product Yields at 577 K.Figure 12 shows
selected product profiles of Kaiser’s C2H5 + O2 experiment at
577 K. The product spectrum at this temperature is drastically
different for the room-temperature case. For example, ethylhy-
droperoxide is no longer stable, and hence the problems
discussed for the 298 K experiments do not arise here. The
higher temperature leads to two important changes: (1) the onset
of the thermal dissociation of the stabilized adduct CH3CH2-
OO• leads to higher ethylene yields as can be deduced from
the high C2H4/C2H5Cl ratios seen in Figure 4, and (2) the overall
rate constant is in the falloff region and consequently the reaction
of C2H5 with Cl2 becomes more competitive. This explains the
high concentration of ethyl chloride. Agreement between our
prediction and these two major products is reasonable but not
perfect. More specifically, the model predicts an ethylene yield
of 54-58% depending on the degree of ethane consumption.
In contrast, the experimentally observed yield is around 49%
and constant. For ethyl chloride we calculate at 10% ethane
conversion a yield of∼17.5% compared to 14% measured.
Given these differences one might ask why we observed in
Figure 4 such a good agreement between calculated and
measured C2H4:C2H5Cl ratio. The reason is that these ratios were
determined at low conversions (as done in the experiment) and
because the model overestimates both yields in a similar way,
the predicted and measured product ratios become similar. It
should also be noted that the experimental C2H4:C2H5Cl ratios
presented in Figure 4 show significant fluctuations which
indicates that the product profiles shown in Figure 12 have
possibly significant error margins as well.

At 577 K, both the predicted and measured acetaldehyde
yields are much lower than those at 298 K, with the predictions
slightly below the data. For clarity we did not include the yields
of formaldehyde in the plot. Measured formaldehyde concentra-
tions exceed at this temperature those of acetaldehyde by 7-8%
percent at low conversion. Although the model captures this
observation, the predicted difference is only about 5%. Finally,
we compare the yields of CO and CO2. As can be seen from
the plot, the agreements are very good with the exception that
the experimental data suggest a slight decline in CO2 with ethane
consumption whereas our model predicts a steady increase.

In addition to the comparisons shown for room temperature
and 577 K we also performed calculations for Kaiser’s measure-
ments at 425 K. The quality of the predictions is similar to that
at 577 K, although a rigorous quantitative comparison is not

Figure 11. Modeling of the final products observed in the C2H5 + O2

experiments by Wallington et al.43 and Niki et al.42 Symbols present
normalized experimental data and lines show the results of the
calculations.

Figure 12. Modeling of the final product yields measured by Kaiser20

at 577 K. Filled symbols represent the experimental data and lines
represent predictions using the expanded mechanism. Kaiser also reports
15-20% formaldehyde and 2.4% methyl chloride.
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possible, because Kaiser detected but did not quantify ethanol.
Nevertheless, we found good agreement in the relative product
yields. To conclude, we feel confident that our expanded
mechanism is able to describe all important observations well.
This enabled us to make extensive use of it to test for impact
of secondary reactions on the primary products in the C2H5 +
O2 reaction.

Discussion

Our ultimate goal to obtain a good understanding of the low-
temperature oxidation of ethane requires a reliable description
of the C2H5 + O2 reaction. In the preceding sections, we
reported an approach to calculate apparent rate constants for
this system, and these allowed us to satisfactorily reproduce a
wide range of experimental data on the overall rate constant
and direct products. For every case we investigated the impact
of secondary reactions and showed that most of the data depend
predominantly on the C2H5 + O2 reaction. Because our kinetic
analysis is based on a PES similar to those used by Sheng et
al.5 and Miller et al.,6 one obvious question is what subtle
differences are responsible for the improvements seen in this
study. Specifically, we are interested in the significance of the
following changes: (1) small variations in the PES, (2) the
incorporation of tunneling, and (3) the increased stabilization
rate. In addition, we will discuss the appropriateness of the
kinetic analysis methods used, and finally we discuss implica-
tions of this study on future work.

Impact of PES Features.Results for the most significant
stationary points on the PES from Miller et al., Sheng et al.
and this work generally agree within 1 kcal/mol or better. This
magnitude of error reflects the limits of many current ab initio
studies. Some of the reasons for this limitation follow. (1) The
commonly used ab initio methods are based on Hartree-Fock
theory, which uses a single determinant wave function. Although
the combination of subsequent steps at higher level of electron
correlation and the extrapolation to an infinite basis set recovers
most of the lost electron correlation, such an approach is still
deficient. For example, it may miss spin-orbit coupling (at the
CBS-QB3 level, a correction is only implicitly made for atoms)
and contributions from other electronic states (multi-determinant
contributions). (2) Contributions to the thermal energy are
mainly calculated within the framework of the harmonic
oscillator rigid rotor assumption. Although contributions from
hindered rotors are treated separately in this study, coupling of
these rotors to other internal or external rotors is only roughly
accounted for (via the method chosen to calculate reduced
moments of inertia). (3) We use bond additivity corrections to
reduce systematic deviations between calculated and experi-
mental enthalpies of formation. These corrections generally
improve the absolute enthalpy values for stable species, but they
may introduce new uncertainties with respect to relative enthalpy
differences between reactants and transition states. The reason
is that forming or breaking bonds in transition states cannot be
corrected. This leaves us with an imbalance of bond corrections,
which may lead to errors in the barrier height if the ignored
bonds substantially contribute to errors of the electronic energy.

Given all these error sources the question arises how sensitive
our predictions are to these uncertainties. In Figure 13, we
present comparisons of the predicted temperature dependence
of ethylene yields (relative to ethyl chloride) as a result of
changing the barrier height for the concerted elimination by(0.2
kcal/mol. All other parameters were kept constant. The results
clearly demonstrate a high sensitivity of the ethylene yields to
the size of this barrier. In this light the good accuracy of our

C2H4 and HO2 predictions based on our CBS-QB3 PES must
be regarded as fortuitous. In other words, it is not surprising
that other researchers had to make small adjustments to improve
their predictions. Although less extreme than for the concerted
elimination, predictions of the C2H4O + OH channel (as shown
in Figure 7 and Figure 10) also depend on an accuracy of the
barrier height for the isomerization of ethylperoxy to hydrop-
eroxy ethyl, which can hardly be achieved with the CBS-QB3
method used here. The good agreement between predictions and
experimental data must be seen, at least in part, as a fortunate
cancellation of errors.

Impact of Tunneling Corrections. In Figure 13 we included
predictions of the ethylene yields obtained with and without
tunneling corrections for the high-pressure rate constants listed
in Table 3. The incorporation of a tunneling correction clearly
has an influence on the results, and this impact is largest around
500 K. At first glance, one might have expected that corrections
for tunneling would be most important at the lowest tempera-
tures, as is known to be the case for elementary reactions with
activation barriers. But such an expectation does not take into
account the fact that the recombination of C2H5 with O2 proceeds
on a surface without a barrier, and that the barrier for the
concerted elimination is below the energy of the reactants.
Because at low temperatures ethylene is produced via the
“direct” chemically activated channel, the overall process does
not experience any barrier and tunneling effects have little
impact. With increasing temperature, contributions from the
thermal dissociation of ethylperoxy become more important.
Such contributions are small below 400 K, but by 500 K the
“delayed” ethylene production starts to dominate. Because the
thermal dissociation proceeds via a barrier, corrections for
tunneling increase the overall rate constant and therefore the
ethylene yield. At even higher temperatures, the impact of
tunneling declines again as expected.

Wigner’s analytic formula,30 which was used in this study,
is the simplest method to approximate tunneling effects because
it requires at a given temperature only one input parameter, the
imaginary frequency. Another frequently used method is based
on the more realistic Eckart potential.44 Schwartz et al.45

demonstrated, on the basis of the reactions of OH radicals with
CHxF4-x, that tunneling contributions calculated with Eckart
potentials are very sensitive to PES features at and around the
transition state. We performed preliminary calculations with a
nonsymmetric Eckart function describing the barrier for the
concerted elimination. These calculations resulted in correction
factors that were only slightly higher than those obtained with
Wigner’s method. Although the differences were more severe
for the isomerization reaction (e.g., at 600 K,κ ) 2.22 andκ )
2.62 with Wigner’s and Eckart’s methods, respectively) they
are still within 20% of each other. Therefore we believe that

Figure 13. Impact of various modifications of the model on predicted
temperature dependent ethylene yields (relative to ethylene chloride).
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the use of Wigner’s correction formula is appropriate. Results
obtained by Louis et al.46 in their study of the reaction of OH
radicals with CH2Br2 support this conclusion, as they found that
TST predictions with Wigner’s tunneling corrections actually
agreed better with the experimental data than those done with
Eckart potentials.

Impact of an Increased Stabilization Rate.An important
outcome of this study is that the falloff at 298 K can only be
predicted with an increased stabilization rate. This finding
deserves additional discussion. As was explained in the results
section, we were not able to reproduce the experimentally
observed apparent C2H5 consumption rate constant at lower
pressures when we used Lennard-Jones (LJ) parameters obtained
from commonly used estimation methods. At this temperature
the C2H5 + O2 reaction is essentially a dual channel reaction:
The first channel is the redissociation back to the reactants, and
the second channel is the formation of stabilized CH3CH2OO•

radicals. (The C2H4 + HO2 channel contributes, even at the
lowest pressures, less than 3% to the consumption of chemically
activated ethylperoxy and can be ignored in the context of this
discussion.) Therefore the main cause for the discrepancies
between the observed and predicted rates must be related to
the stabilization process, or, more precisely, to the ratio of the
collision stabilization and redissociation rates. This ratio depends
basically on four factors: (1) the recombination rate constant,
(2) the CH3CH2OO• well depth, (3) the collision cross section,
and (4) the energy transfer parameters.

The recombination rate constant was discussed earlier and
appears to be rather well defined in terms of matching the higher
pressure data. Changes in the well depth will affect the
equilibrium constant, which in turn for a given recombination
rate constant will affect the rate constant for redissociation. Such
changes are only reasonable within a very restricted range,
because the results from the ab initio calculations on one hand
and the experimental observations on the other hand define its
value accurately. Substantial changes of the well depth would
have a profound impact on the predictions of product yields, in
particular the temperature dependent yields of ethylene and HO2.
Our investigations showed that a variation of the well depth
within these constraints could not reconcile the deviations
between our predicted and the reported C2H5 consumption rates.
This led us to consider adjusting the stabilization rate constant,
either by increasing the number of collisions (meaning an
increase of the collision cross section) or by making the
collisions more efficient (increase the amount of energy
transferred per collision).

The collision cross section is usually calculated on the basis
of the Lennard-Jones (LJ) parametersσLJ andεLJ for both CH3-
CH2OO• and the collider molecule. LJ cross sections have been
used for many years, e.g., Fletcher et al.47 A justification was
given by Troe,48 who showed that collision cross sections
calculated from LJ parameters are very similar to kinetic cross
sections deduced from trajectory calculations. But there are also
a few cases known that indicate that the use of LJ cross sections
is not always appropriate. Durant and Kaufman49 for example
demonstrated for the reactions of NO2 that reactants with a
permanent dipole moment seem to have a larger cross section
than expected. A similar effect is believed to increase the
collision efficiency of H2O in the reaction of H+ O2.50 CH3-
CH2OO• also has a permanent dipole moment, calculated to be
∼3 D, and if we compare our estimated LJ collision cross
section with that obtained with Durant and Kaufman’s estimation
method, we find that the second method yields a∼25% larger

cross section. This increase, however, is not large enough to
explain the observed differences with the experiments.

The energy transfer probability within the framework of the
modified strong collision (MSC) assumption is given by the
collision efficiency factorâc (which, in turn, is related to〈∆Eall〉).
We calculated this parameter in this study with the improved
procedure given by Gilbert et al.51 Essentially theâc value is
defined in such a way that the MSC method reproduces results
of detailed master equation analysis as closely as possible. In
the results section we verified this for the predictions of the
total rate constant and for the temperature dependence of HO2

yields. The results obtained with the ME and MSC methods
showed no indication that theâc values used in this study leads
to unreasonable predictions. In addition to our own steady-state
codes, we employed MultiWell,40 a program that solves the
master equation stochastically. In these calculations we used
the exponential down model for energy transfer together with
a 〈∆Edown〉 value of 200 cm-1; the same value was used by
DeSain et al.9 in their calculations. The MultiWell results also
underestimated the overall rate coefficient; hence the deviations
must be due to a more fundamental problem than an unfortunate
choice ofâc. Nevertheless, one might ask the question what
value of〈∆Eall〉 would be needed to obtain the desired increase
in stabilization. We found that a〈∆Eall〉 value of approximately
-350 cm-1 (4 times higher than our initial value) for He leads
to a good match to the experimental data. However, this value
appears to be unusually high. For example, we found that〈∆Eall〉
) -96 cm-1 successfully predicted the thermal dissociation data
for ethoxy as measured by Caralp et al.52 Therefore we decided
to keep the energy transfer parameters at their regular values
and multiply the stabilization rate by a correction factor of 2.4.
This value was used in all our calculations and for all colliders.
We emphasize that we cannot distinguish whether an increase
in collision cross section or an increase in the energy transferred
per collision is a more appropriate approach to increase the
collisional deactivation rate to the value that is needed to fit
the falloff data.

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 this2A′ state
was already discussed by Pilling et al.,53 Reinstra-Kiracofe et
al.3, and Andersen et al.,54 although these authors focused on a
possible role of the2A′ state in the concerted elimination
reaction. On the basis of a few trajectory calculations, Andersen
et al. conclude that vibronic couplings between the two low-
lying electronic states exist close to the transition state of the
concerted elimination but also in the vicinity of the C2H5 + O2

entrance channel. These couplings could provide an effective
mechanism to convert the2A′′ ground state to the2A′ electroni-
cally excited state. Ethylperoxy in its2A′ state may remain
trapped in it, because this state only correlates with the
endothermic C2H5 + 1O2 channel. The effective stabilization
rate would be higher. Stark55 uses similar arguments to explain
the high yields of epoxides in the addition of peroxy radicals
to alkenes.

Transitions from one electronic state to another are well-
known in the literature (e.g., for CH2 56). If these transitions
require collisions to induce the necessary coupling of the
involved states, one can find a strong collider mass dependence
on the transition rate. This might explain why O2 appears to be
a stronger collider compared to He than usual as we saw in the
pressure dependent C2H4 yield studies. Nevertheless, the
suspicion that the second electronic state is involved is just a
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hypothesis and a more detailed characterization of both elec-
tronic states, including possible couplings between them, is
needed to verify this idea.

Another potential explanation is that the density of states close
to threshold is not described properly with our QRRK model.
It has been shown by Barker et al.57 that changes in transition
state models, which affect the state density, can dramatically
affect the value of the energy transfer step size required.
However, the fact that our models, based on estimating the
density of states based on heat capacities, gave very similar
results to Multiwell, which uses a direct count method, suggests
that our estimate is consistent with the direct count method. A
similar conclusion was reached previously.58 At this stage we
only note that with the adjustment of the stabilization rate, we
observed good agreement with most experiments, not only for
the overall rate constants but also for individual product channels
at different temperatures and pressures.

Effect of the Analysis Methods onk(T,P). Most of the
calculations described in this study were done with a steady
state QRRK/MSC code. The choice to describe the stabilization
process with the modified strong collision (MSC) method leads
to a bimodal distribution function of each isomer involved in
the reaction. The isomer is either excited or stabilized. The
stabilized species are thermalized products of the chemically
activated reaction, which are formed, possibly after a series of
isomerization steps, via deactivating collisions with the bath
gas. The excited states of the isomers are treated as transient
species, and they will exist after a short initial period in a steady
state concentration. The steady state concentration depends on
the rates of formation and consumption and can easily be
determined from thek(E) information. We use QRRK theory
to calculatek(E) andF(E) for all species and reaction channels.
The results of the analysis described above are apparent rate
constants for the reaction of the reactants to the stable isomers
or to the bimolecular products. We conceptually separate these
reactions from subsequent thermal dissociation reactions of the
isomers. By doing so we generate reactions on two different
time scales: (1) Chemically activated processes proceed on a
fast time scale because they include collisional deactivation
channels, which proceed on the order of the collision frequency.
We refer to these reactions as “prompt” or “direct” channels.
(2) Unimolecular reactions of stabilized adducts occur on a
longer time scale. We call products from these reactions
“delayed”.

Despite its successes,59,60 the use of QRRK/MSC theory to
analyze chemically activated reactions has been criticized in
the past. Therefore it is appropriate to address its weaknesses
and the validity of the assumptions made. This will be done in
the following few paragraphs by focusing on individual aspects
of the method: (a) the QRRK theory, (b) the MSC assumption,
and (c) the steady-state approach.

The calculation ofk(E) is central to any analysis method of
pressure dependent reactions. The most accurate method to
calculate this function within a statistical framework is the
RRKM theory. However, RRKM calculations rely on accurate
detailed molecular information for all reactants and transition
states. At low temperatures, the results depend largely on the
accuracy of individual low-frequency modes and internal
rotations. Because calculated frequencies of large amplitude
vibrations often have significant errors, they can easily jeop-
ardize the reliability of RRKM calculations. QRRK calculations
are in principle less accurate than RRKM calculations, but they
have the advantage that they require only representative
frequencies as input; these are readily obtained from heat

capacities. Therefore QRRK results depend far less on the
accuracy of individual low-frequency modes than RRKM
results. Although we do not want to argue that QRRK theory
is the more appropriate choice for this study, we feel that its
use will not necessarily introduce flaws in the final kinetic
analysis presented here. As discussed previously, the calculated
k(E) and F(E) in this study yielded room-temperature falloff
curves that are quite similar to those predicted using the
stochastic method40 based on a inverse Laplace transform to
calculatek(E) and direct counting to computeF(E).

A more severe approximation is the use of the MSC approach
to describe energy transfer. This approach leads to the bimodal
distribution mentioned above. In the case of the C2H5 + O2

reaction, excited ethylperoxy is distributed at an energy above
the reactants and stabilized ethylperoxy is deep in the well. A
more realistic view of the stabilization process would envision
that weak collisions first deactivate these excited ethylperoxy
radicals below the entrance energy, and consecutive collisions
later lead to thermalized ethylperoxy. Because the barrier for
the concerted elimination is below the energy of the reactants,
this channel would still be open after the first few collisions.
Thus it appears that the MSC and the ME approach should yield
clearly different product distributions. One would expect that
the ME treatment yields higher prompt ethylene and HO2 yield
than the MSC analysis. Our HO2 results at low temperatures
(Figure 9) support this analysis, but they also show that the
differences between both models are surprisingly small. One
reason for such a small difference may be that the concerted
elimination barrier is only “a few collisions” below the entrance
channel, so that the lifetime of chemically activated ethylperoxy
with an energy below the entrance channel but above this barrier
may be too short to significantly alter the product yields in the
ME analysis. In other words, the MSC approximation appears
to be a reasonable model for this reaction system. Because the
energy transfer parameters (〈∆Eall〉 or 〈Edown〉, respectively) used
in these calculations are estimated values, with little direct
connection to experiment, we believe that the uncertainties in
these values have a larger impact on the results than the choice
of the energy transfer model itself. Going back to the room-
temperature HO2 yields (Figure 9), it is important to note that
the differences between the calculated and measured values are
far too large to be explained by the choice of the energy transfer
model.

The ability to describe complex reaction systems in terms of
time independent rate coefficients is a crucial requirement to
build conventional reaction mechanisms. Time independent rate
coefficients can only be obtained if energy relaxation is fast
compared to the chemical processes, so that the later can be
separated in time from energy transfer. This can easily be seen
from

Herek(E) represent an effective energy dependent rate constant,
andg(E,t) is the time dependent distribution function. Because
only g(E,t) is a function of time, we immediately notice that a
constant distribution function (g(E)) directly leads to a time
independent rate constant. Any attempt to describe the C2H5 +
O2 reaction with time independent apparent rate constants
therefore automatically assumes that the distribution is in steady
state. The major question is how fast the steady-state condition
can be achieved, or, in other words, how much of the chemistry
happens prior to reaching the steady-state condition.

Miller et al. investigated the reaction of C2H5 + O2 by solving
the time dependent master equation. They converted the

k(T,t) ) ∫E0

∞
k(E) g(E,t) dE
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solutions to time independent rate constants and found that
predictions with both sets agree well with each other (cf. ref 9,
Figure 4). A second indication that time independent rate
constants provide an adequate description of the reaction can
be seen from our results. We are able to predict the “prompt”
and “delayed” ethylene yields reasonably well over a wide range
of temperatures and pressures. We are also able to accurately
predict the time profile of HO2 at 624 K. These varying
conditions lead to changes in the stabilization and reaction rates
by many orders of magnitude, but we did not see any indication
for a breakdown of the steady-state assumption in any case.

Implications for Future Work. The starting point for this
work was the assumption that the wealth of experimental data
of the C2H5 + O2 reaction provides a stringent test set that will
allow us to thoroughly validate our kinetic analysis of this
system. Although this assumption proved to be largely fulfilled,
we realized the impact of secondary reactions on many of these
data sets, even those that involved stable products such as
ethylene or ethylene oxide. The extended mechanism that we
used to account for secondary chemistry performed well for all
species but OH. Our failure to predict the longer time OH
profiles measured by DeSain et al. is disturbing. Although we
have reason to believe that the measurements of the peak OH
concentrations confirm our kinetic description of the OH
producing channels in the C2H5 + O2 reaction, the inability to
predict the longer time behavior of OH implies that our extended
mechanism is not satisfactory, at least as far as reactions of
OH are concerned. One reaction type that warrants additional
attention is that between alkyl radicals and HO2. Not only do
these reactions play a significant role in the experiments of
DeSain et al., but also they have a broader importance in the
low-temperature oxidation chemistry because they effectively
convert less reactive HO2 radicals into reactive OH radicals.
At the same time the alkyl species is converted to an alkoxy
radicals, which in its reaction with excess oxygen, regenerates
HO2 and a reactive aldehyde. Although some limited information
about these reactions exist,61,62 additional experimental and
theoretical efforts are necessary. It would also be worthwhile
to investigate the impact of the precursor molecule and
photodissociation fragment on the OH profiles. In this context
new experimental profiles obtained with a different source for
C2H5 would be very helpful.

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 O2. This
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 (600-800 K) to form OH and alkoxy
radicals. In the case of ethane ignition, the isomerization step,
which is the prerequisite step of the first chain branching
sequence, has a significantly higher barrier than the barrier for
concerted elimination. But even if isomerization occurs, at lower
pressures most of the initially formed excited hydroperoxyethyl
radicals will directly dissociate to the products C2H4O + OH
and C2H4 + HO2 and only small concentrations of stabilized
hydroperoxyethyl are available for the second oxygen addition
step. Our results thus suggest that the formation and subsequent
dissociation of ethylhydroperoxide is the only effective source
for chain branching. We are in the process of updating our rate

expressions for CH3CH2OO• abstraction reactions63 to provide
improved estimates of the production rate of ethylhydroperoxide.
With these updates in place, we plan to address the issue of
low-temperature ethane oxidation. The good agreement of our
mechanistic predictions to the various data on different aspects
of the C2H5 + O2 system makes us confident that this
submechanism is now well established.

Conclusion

We have calculated the PES for the C2H5 + O2 system at
the CBS-QB3 level. Further improvements are achieved by
incorporating bond additivity corrections to the energies. Tun-
neling was included in high-pressure rate constants using
Wigner’s formula. The reaction was analyzed using steady state
QRRK/MSC as well as QRRK/ME methods. Results from both
methods are comparable. The collision cross section was
increased to better predict the falloff data. The resulting pressure
dependent reaction mechanism accurately predicts a wide range
of experimental results on overall rate constants and direct
products such as ethylene, ethylene oxide, HO2, and possibly
OH. By using an extended mechanism, we showed that
secondary reactions have an impact on the products in the C2H5

+ O2 reaction. However, in most cases these corrections were
small.

Our kinetic analysis of the C2H5 + O2 system confirmed our
suspicion that the concerted elimination reaction effectively shuts
down chain branching via the “second oxygen addition mech-
anism”. Consequently, to maintain sufficient reactivity of ethane/
oxygen systems at low temperature, new chain branching
reactions need to be identified. One possibility that warrants
further consideration is hydrogen abstraction by RO2 radicals
(rxn-2) as one additional source of chain branching. Finally,
we feel that the success in predicting so many aspects of the
C2H5 + O2 system accurately makes this subset suitable to be
incorporated into a model of ethane oxidation at low temper-
atures.
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