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The O(3P) + C2H6 reaction has been studied at two levels of theory. First, we have carried out high-levelab
initio calculations of the various asymptotes and stationary points that are relevant to collision energies
associated with low Earth orbit (LEO) conditions. CCSD(T)/cc-pVTZ calculations indicate that C-C breakage
can occur with energies well below those encountered in LEO and that the barrier for this reaction is the
lowest energy other than that for H abstraction to generate OH. Second, we have performed extensive direct
dynamics calculations employing the MSINDO semiempirical Hamiltonian and density functional theory
(B3LYP/6-31G*) at various collision energies relevant to LEO. OH abstraction is the dominant process at all
energies, but other products are also important. Among these, H-atom elimination to give OC2H5 + H is the
most important, although other products such as H2O + C2H4, OC2H4 + 2H, and OCH3 + CH3 are also
generated at high collision energies. Analysis of product energy distributions reveals the expected trends for
H abstraction and H elimination, with the behavior for OCH3 + CH3 being closer to that for abstraction.
Angular distributions for OH under LEO conditions show forward scattering, whereas those for H elimination
and C-C breakage are sideways and backward peaked, respectively. Detailed analysis of the dynamical
information will hopefully lead to a better understanding of the microscopic reaction mechanisms of the
fundamental processes that contribute to LEO materials erosion.

I. Introduction

Although there have been intense efforts devoted to the
simulation of materials erosion in low Earth orbit (LEO),1,2 the
microscopic details whereby materials degrade in this environ-
ment are largely unknown. Ground-state atomic oxygen is the
dominant species in the 200-700 km LEO altitude range,3 so
often it has been assumed that reactions caused by O(3P) with
hydrocarbon surfaces are similar to those that occur under
thermal or low collision energy conditions, leading to the
formation of OH radicals.4 However, LEO conditions are
remarkably harsher than those in thermal experiments, and the
available collision velocity is roughly 7.4 km/s,5 corresponding
to an O atom with∼4.5 eV of translational energy striking the
ram surface of a spacecraft. At such high energies, new reaction
pathways are open, but information about these high energy
reaction channels is not available. From an experimental
standpoint, only very recently has it become possible to generate
a beam of O(3P) in the laboratory with velocities comparable
to those in LEO and with a reasonably narrow spread of
velocities.1,2b,6,7From a theoretical perspective, O(3P) reactions
with hydrocarbons are difficult to investigate, mainly due to
the high dimensionality and large number of open reaction paths.
This makes it difficult to use accurate molecular dynamics
calculations in combination with high quality electronic structure
energies and gradients.

In a parallel study,8 we carried out dynamics studies of the
O(3P) reaction with the shortest chain alkane, methane, at high
collision energies. One of the main conclusions was that even
though OH is the dominant product under low collision energies,
other products such as H atom elimination take over at higher
energies. In this paper we consider a study of the reaction of
O(3P) with the second-shortest-chain saturated hydrocarbon,
ethane. This reaction is particularly important because it is the
simplest atomic oxygen-saturated hydrocarbon reaction where
breakage of a carbon-carbon bond may occur. C-C breakage
is supposed to be one of the fundamental processes involved in
materials degradation in LEO. As a result, understanding the
microscopic mechanism of C-C breakage is of crucial impor-
tance to developing a mechanism for the erosion of hydrocarbon
polymeric materials. We use gas-phase ethane as a model here,
as more accurate theoretical techniques may be utilized for this
system than can be used for the polymeric simulations that we
will consider later.

An important step in the study of C-C breakage by O(3P)
atoms was presented recently by Massa and co-workers,9 who
performed a quantum chemistry study of the barriers for C-C
breakage in the reaction of oxygen atoms with several saturated
hydrocarbons including ethane, where the C-C breakage barrier
calculated with the complete basis set extrapolation model CBS-
QB310 was reported to be 1.782 eV. We greatly extend those
studies here and consider several other barriers that may be
surmounted under LEO conditions and that also contribute to
materials erosion. In addition, we carry out molecular dynamics
simulations to calculate cross sections and analyze dynamics
properties of the various reaction paths, giving a more detailed
picture of the fundamental details of materials degradation.
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O(3P) + C2H6 is also of fundamental interest in combustion
chemistry.11 Thermal rate constants for the lowest barrier
reaction, O(3P) + C2H6 f OH + C2H5, have been known for
a long time,12-14 and the recommended expression for the 298-
1300 K interval is (1.8× 10-31)T6.5 exp(-140/T) cm3 molecule-1

s-1.15 However, there is very little information regarding the
dynamics of this reaction. Only recently, McKendrick and co-
workers were able to detect the nascent rotational distributions
of the OH product coming from the title reaction using O(3P)
atoms generated from NO2 photolysis at 337, 308, and 248
nm.16,17Theoretically, most of the efforts have been devoted to
characterizing the lowest barrier stationary points employing
quantum chemistry calculations. Jursic employed Moller-
Plesset fourth-order calculations with complete basis set ex-
trapolation (MP4/CBSB4) to estimate the reaction barrier,
reporting a 0.742 eV value.18 The reaction energy was evaluated
using a higher accuracy model also with complete basis set
extrapolation, CBS-Q,19 and the resulting value (-0.039 eV) is
in good agreement with experiments (-0.074 eV). Hase and
co-workers20 carried out CCSD(T)/cc-pVTZ calculations of
reaction energy and barrier (0.082 and 0.434 eV, respectively),
that were used to reparametrize a PM3 Hamiltonian which was
subsequently used in dynamics calculations of O(3P) atoms with
alkanethiolate self-assembled monolayers.

In this work we characterize the reaction energies and barriers
of not only the lowest energy reaction but also all of the channels
that are open under LEO conditions. In addition, we present a
detailed dynamics study employing quasiclassical trajectory
calculations, in which the energy gradients are computed on
the fly by means of density functional theory (DFT), B3LYP/
6-31G*, and using an improved semiempirical Hamiltonian
known as MSINDO.

The rest of this paper is structured as follows: section II
describes the quantum chemistry calculations, while section III
presents the direct dynamics study. Conclusions are presented
in section IV.

II. Quantum Chemistry Calculations

As mentioned above, earlier studies of the title reaction have
focused only on the lowest energy reaction channel and the C-C
breakage saddle point. However, a complete description of all
of the product channels open under LEO conditions is still not
available. To study these processes, we have used several
electronic structure methods including PM321 and MSINDO22-24

semiempirical calculations, B3LYP25/6-31G* DFT calculations,
and UMP2/cc-pVTZ and CCSD(T)/cc-pVTZab initio calcula-
tions. The PM3 calculations have been carried out using
GAMESS,26 MSINDO calculations have been developed using
the standard MSINDO code, and DFT andab initio calculations
have been conducted utilizing the Q-Chem27 package of
programs.

Table 1 presents reaction energies for the reactions that may
take place under LEO conditions. Only reactions having overall
triplet multiplicity have been considered. These reactions include

abstraction to give OH, H elimination to give ethoxy, C-C bond
breakage to give methoxy plus methyl, double H abstraction to
give water plus a triplet diradical C2H4, and double H elimina-
tion to give acetaldehyde. The table shows that semiempirical
calculations always overestimate the exoergicities. The more
recently derived MSINDO Hamiltonian systematically improves
upon the PM3 results, reducing the error by about 50%, which
is a trend very similar to what we saw for O(3P) + CH4.
Considering the OH+ C2H5 products, the more accurate
techniques overestimate the experimental reaction energy28 by
a few tenths of an electronvolt. Note that our calculations are
done at 0 K, but the measurements correspond to room
temperature. However, entropic considerations make the 298
K CCSD(T) reaction energy 0.039 eV more endoergic,20

deviating even more from experiment. Thus, although CCSD-
(T) calculations are usually expected to be accurate within
chemical accuracy (0.045 eV),29 the deviations pointed out in
Table 1 are substantially larger than this value. We note that
we have used the structures optimized at the UMP2/cc-pVTZ
level to carry out single point CCSD(T)/cc-pVTZ calculations.
To see the effect of the basis set, we have carried out a CCSD-
(T)/AUG-cc-pVTZ calculation of the O(3P) + C2H6 f OH +
C2H5 reaction energy. Inclusion of diffuse functions in the cc-
pVTZ basis set30 provides the desired effect, and the 0 K
reaction energy lowers to-0.039 (0.144) eV. The necessity of
a very large basis set to accurately describe the lowest barrier
reaction energy can also be inferred from Jursic’s calculations,
where QCISD(T)/6-31+G(d) results gave a very large 0.481
eV 0 K reaction energy, whereas complete basis set extrapolation
(CBS-Q)19 calculations furnished a-0.074 eV value, in good
agreement with what we have calculated.

The deviations between theory and experiment for the rest
of the reaction energies where measurements are available are
analogous to those mentioned above for the lowest reaction
energy. The ethoxy+ hydrogen asymptote is overestimated by
ourab initio calculations, B3LYP fortuitously being in excellent
agreement with experiments. The products of C-C breakage
(methoxy+ methyl) are satisfactorily described by DFT and
ab initio calculations, although we can infer that the basis set
is not large enough to provide chemical accuracy. Apart from
H abstraction, H elimination, and C-C breakage, there are also
several other products possible. Water can also be generated,
as has been seen in recent measurements of O(3P) + squalane,6

with the C2H4 diradical being formed as coproduct. Although
H2O + C2H4 is the lowest energy product that we report here
for the title reaction, we shall see later that the dynamical barrier
for this process is large enough to inhibit its formation.
Acetaldehyde (CH3CHO) is also possible upon elimination of
two hydrogen atoms. The differences between semiempirical
and more accurate theories seem to be reduced for this specific
channel.

Table 2 shows the calculated barriers for H abstraction, H
elimination, and C-C breakage, and the corresponding saddle
point optimized geometries have been plotted in Figure 1. As

TABLE 1: Reaction Energies for the Different O(3P) + C2H6 Product Channelsa,b

PM3 MSINDO B3LYP 6-31G* UMP2 cc-pVTZ CCSD(T)c cc-pVTZ expd

OH + C2H5 -1.203(-1.043) -0.758(-0.589) 0.040(0.234) 0.014(0.196) 0.042(0.223) -0.08
H + OC2H5 -0.499(-0.257) -0.209(-0.007) 0.329(0.563) 0.435(0.654) 0.608(0.827) 0.36
OCH3 + CH3 -1.254(-1.038) -0.720(-0.516) -0.199(0.032) 0.181(0.393) 0.132(0.344) -0.03
H2O + C2H4 -1.965(-1.804) -1.415(-1.224) -0.044(0.135) -0.591(-0.430) -0.365(-0.204)
OC2H4 + 2H 0.297(0.806) 0.644(1.160) 1.082(1.610) 0.612(1.148) 1.163(1.699)

a Energies referred to the O(3P) + C2H6 asymptote in eV.b Energies in parentheses indicate classical energies, i.e., without zero point energies.
c CCSD(T)/cc-pVTZ single point calculations using UMP2/cc-pVTZ equilibrium geometries and frequencies.d ∆H298K obtained from the experimental
heats of formation.28
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is well-known, the lowest energy barrier corresponds to OH
formation.4 The calculations of this barrier are in better
agreement with each other than those for the corresponding
reaction energies, and noticeably, MSINDO and PM3 show
reasonable agreement with more accurate calculations. Figure
1a depicts the DFT andab initio optimized saddle points for

abstraction (TS1), showing the nearly collinear O-H-C ar-
rangement typical of H abstraction reactions. To provide an
experimental estimate of the barrier height, we have calculated
the slope of the Arrhenius plot, based on data from ref 11 in
the 298-1000 K range. This gives an activation energy of 0.286
eV, so the barrier height is likely 0.045 eV or so higher. The

TABLE 2: Energy Barriers for the O( 3P) + C2H6 f OH + C2H5, H + OC2H5, and OCH3 + CH3 Reactionsa,b

PM3 MSINDO B3LYP 6-31G* UMP2 cc-pVTZ CCSD(T)c cc-pVTZ

abstraction (TS1) 0.195(0.360) 0.370(0.513) 0.115(0.297) 0.484(0.641) 0.415(0.571)
H elimination (TS2) 1.701(1.879) 1.857(2.037) 2.302(2.441) 2.191(2.330)
H elimination (TS3) 1.122(1.186) 1.671(1.792) 2.110(2.252) 2.533(2.689) 2.457(2.612)
C-C breakage (TS4) 1.645(1.693) 1.692(1.763) 2.278(2.352) 2.062(2.136)
TS5d 1.344(1.452) 2.031(2.144) 2.225(2.333) 2.708(2.837) 2.624(2.754)

a Energies referred to the O(3P) + C2H6 asymptote in eV.b Energies in parentheses indicate classical energies, i.e., without zero point energies.
c CCSD(T)/cc-pVTZ single point calculations using UMP2/cc-pVTZ optimized geometries and frequencies.d See text.

Figure 1. Calculated saddle point structures for O(3P) + C2H6 reactions: (a) saddle point for O(3P) + C2H6 f OH + C2H5 denoted as TS1; (b)
SN2-like saddle point for O(3P) + C2H6 f H + OC2H5 that we term TS2; (c) near-perpendicular saddle point for O(3P) + C2H6 f H + OC2H5

that we term TS3; (d) SN2-like saddle point for O(3P) + C2H6 f OCH3 + CH3 that we term TS4; (e) TS5. See text. Numbers correspond to
UMP2/cc-pVTZ calculations, and numbers in parentheses correspond to B3LYP/6-31G* calculations.

O(3P) + Ethane Reaction J. Phys. Chem. A, Vol. 107, No. 37, 20037163



most accurate calculations carried out here are somewhat higher
still, as also found by Hase and co-workers for the same level
of theory.20 To see if basis set incompleteness is important in
this comparison, we have carried out a very demanding (roughly
5 times longer than the corresponding cc-pVTZ calculation)
single point calculation of the UMP2 optimized saddle point
structure at the CCSD(T)/AUG-cc-pVTZ level, obtaining a
barrier of (using the notation of Table 2) 0.318 (0.482) eV. This
improves the agreement with the experimental activation energy
and reinforces the idea that an enormously large basis set is
needed to describe the title reaction within chemical accuracy.
It is notable that the MSINDO barrier is in very good agreement
with the highest level ofab initio theory used in this work,
which means that whereas direct dynamics MSINDO calcula-
tions of product energy disposal might reflect the wrongly
overestimated reaction energy, the cross sections should be
accurate.

For H atom elimination to give ethoxy radical, we observe
that there are two possible saddle points. This possibility was
initially suggested by our earlier calculations on the analogous
reaction using methane, where two different saddle points for
H atom elimination to give methoxy radicals were identified
and shown to contribute to the reactivity under LEO conditions.8

The lowest energy structure, that we denote TS2 (see Figure
1b), is a SN2-like saddle point, where the oxygen atom and the
exiting hydrogen atom are in a nearly collinear arrangement
with the carbon atom that experiences exchange of H for O.
The rest of the bonds around the carbon atom are in a quasi-
planar arrangement. The reaction barrier for this process is about
2.2 eV, and we note that MSINDO estimates are reasonable
compared with higher accuracy calculations. For the second H
elimination saddle point, that we denote here as TS3 (see Figure
1c), the incoming oxygen atom and the exiting H atom are no
longer in a collinear arrangement but form a rather bent (quasi-
perpendicular) angle. The energy of this saddle point is about
0.22 eV above the SN2-like saddle point in the DFT andab
initio calculations, but MSINDO predicts that this structure is
0.17 eV below TS2. For the sake of comparison, we have also
calculated the TS3 barrier using standard PM3 calculations, and
this shows that MSINDO predictions seem to be much more
reliable than PM3 predictions, which for the TS3 saddle point
are about 1 eV off compared to more accurate calculations.

As mentioned above, C-C breakage is thought to be one of
the fundamental processes leading to materials erosion in LEO.
Table 2 also shows the barrier heights calculated in this work
for C-C breakage. Drawing inspiration from the two different
saddle points possible for H atom elimination, we have looked
for the corresponding two stationary points that lead to C-C
breakage. Thus, there is a C-C breakage SN2-like saddle point
that we denote here as TS4 (see Figure 1d), in which the exiting
group upon O attack to one of the carbon atoms is the whole
methyl group bonded to that carbon atom. This is the stationary
point also located by Massa and co-workers,9 whose best
estimates based on complete basis set extrapolation10 and G231

models (CBS-QB3) 1.782 eV; G2) 1.930 eV) are in good
agreement with our CCSD(T)/cc-pVTZ calculations. However,
there is a second possibility for C-C breakage that may also
take place under LEO conditions. We denote this structure as
TS5 (see Figure 1e), and we note that the barrier height for this
reaction pathway is 0.45-0.65 eV larger than that for TS4. In
Figure 1e it can be seen that the oxygen atom, the carbon atom
with which the O-C bond is being formed, and the exiting CH3

group are in a perpendicular geometry, resembling the TS3
saddle point for H atom elimination. This structure is also

reminiscent of an insertion process, which has been traditionally
attributed to O(1D) species.32,33 Indeed, some of the insertion
chemistry observed in LEO erosion has been used as justification
for the importance of crossing between the triplet and the singlet
potential energy surfaces in the reaction mechanism. Results
presented here indicate that O(3P) insertion in C-C bonds may
occur in the absence of triplet-singlet crossing for conditions
relevant to LEO.

However, it should be noted that TS5 can lead to two different
products depending on the electronic structure method used.
Intrinsic reaction coordinate (IRC) calculations that start from
the optimized saddle point and go toward the products with a
0.03 a.u. step size lead to CH3 + OCH3 in B3LYP/6-31G*
calculations but to OC2H5 + H with the rest of the methods
noted in Table 2. No other nearby saddle point leading to the
other product could be located. However, this apparent differ-
ence between B3LYP/6-31G* and the other methods is not
important to the reaction dynamics as we find that collisions
that pass through the TS5 region lead to both C-C breakage
and H elimination irrespective of the electronic structure method.

MSINDO gives a TS4 energy barrier that is in good
agreement with B3LYP calculations, although slightly smaller
than is predicted byab initio techniques. Comparisons between
PM3 and MSINDO methods are indicated in the table for the
saddle point in which the oxygen atom approaches nearly
perpendicular to the C-C bond (TS5). The energies obtained
with both techniques differ much as they do for the rest of
calculations, and whereas the MSINDO barrier height is rather
close to the B3LYP calculations, and about 0.65 eV smaller
than the higher accuracyab initio calculations, PM3 noticeably
underestimates all of the values.

Overall, the MSINDO method consistently improves upon
the PM3 calculations, showing its more refined algorithm and
parametrization. One of the most common procedures used to
carry out dynamics calculations using PM3 has been to
reparametrize the PM3 Hamiltonian according to the reaction
under consideration.34 This specific reaction parametrization was
indeed applied to the O(3P) + C2H6 f OH + C2H5 reaction by
Hase and co-workers in their QM/MM studies of O(3P) reaction
with hydrocarbon self-assembled monolayers.20 They were able
to successfully reduce the exothermicity provided by standard
PM3 calculations by about 0.9 eV, subsequently improving the
agreement with experiments. However, the improvement in the
reaction energy bore the expense of a smaller reaction barrier,
which diminished from 0.178 to 0.078 eV at 0 K. It is also
easy to infer that the PM3 parameters optimized for O(3P) +
C2H6 f OH + C2H5 may not be adequate for the rest of the
stationary points and channels we are interested in. Thus, we
prefer to use the standard MSINDO semiempirical Hamiltonian
that has been shown to be consistently better than the standard
PM3 one, rather than reparametrizing the PM3 Hamiltonian to
improve the reaction energies at the expense of likely diminish-
ing the accuracy of some of the reaction barriers. Of course,
reparametrization can also be done for the MSINDO Hamilto-
nian, but this is out of the scope of this paper.35

III. Dynamics

We have carried out dynamics studies of the title reaction
by means of the quasiclassical trajectory (QCT) method. The
evaluation of the energy gradients has been done on the fly,
that is, while the trajectory is evolved. If the oxygen atom has
a 5 eV lab kinetic energy, the collision energy in the center of
mass of O+ C2H6 is 3.26 eV. Batches of 10 000 MSINDO
trajectories have been run atEcoll ) 0.65, 1.50, 2.36, 3.26, 3.92,
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and 5.75 eV, while 300 B3LYP/6-31G* trajectories have been
calculated at 3.1 eV. The reduced number of B3LYP/6-31G*
trajectories is a consequence of the computational expenditure
demanded for this kind of calculation in comparison with
MSINDO. The cpu time ratio for gradient calculations is
MSINDO/B3LYP/6-31G*≈ 1:3100. The 3 orders of magnitude
difference in computation time is further increased when the
distance between the oxygen atom and the ethane center of mass
or between the product centers of mass is large, because SCF
convergence of the B3LYP wave function is more complicated.
This has forced us to reduce the initial and final distances of
the B3LYP trajectories from 12 au in the MSINDO calculations
to about 8 au in B3LYP calculations. The integration time step
used in the calculations is also biased for this reason. In the
B3LYP calculations, the computational bottleneck is in achiev-
ing SCF convergence of the wave function. Therefore, a good
initial guess of the orbitals diminishes the overall computation
time. In trajectory calculations this can be done by reducing
the integration time step, so that the system does not experience
large geometry changes from one step to the next and the
optimized wave function of a given integration step is close to
that of the next point along the trajectory. When doing
semiempirical calculations, the SCF convergence/gradients ratio
is not so favorable to the gradient calculations and longer
integration steps can be used without losing accuracy. Therefore,
we have used a 5 auintegration step for the B3LYP/6-31G*
calculations and 10 au in the MSINDO calculations.

We have utilized the leapfrog algorithm in the DRC subrou-
tine of GAMESS36 to solve the equations of motion involving
B3LYP/6-31G* gradients, whereas we have interfaced MSINDO
with a standard fifth-order predictor sixth-order corrector
integrator that we have extensively used in our group.37,38

Maximum sampled impact parameters have been set to 7.5 au
for all of the energies butEcoll ) 0.65 eV, where we set it to
6.5 au. The reactive impact parameter was never larger than 6
au. Ethane initial conditions have been randomly sampled from
zero point energy motion.

III.A. Cross Sections.Calculated excitation functions (cross
sections vs collision energy) are plotted in Figure 2. The figure
shows that the process with the largest cross section throughout
the whole interval of translational energies computed is abstrac-
tion to give OH, the lowest barrier process. Even under LEO

conditions, the OH cross section is larger than the sum of the
other possible processes, and only at very high collision energies
does the sum of processes other than H abstraction have a larger
cross section. This is in contrast to what we learned from
analogous calculations on O(3P) + CH4,8 where the H elimina-
tion cross section was dominant over abstraction at high
energies. The H abstraction cross section increases monotoni-
cally up toEcoll ) 3.26 eV and then the rate of increase slows
at larger collision energies. The threshold for H atom elimination
to give H+ OC2H5 is placed at about 2 eV. This is in agreement
with the classical barrier (i.e. not including zero point energies)
obtained from MSINDO (∼1.8 eV, see Table 2) and even in
better agreement with the energy of the adiabatic maximum
(1.97 eV). The H elimination cross section increases for the
whole range of collision energies considered. Comparison
between MSINDO and B3LYP/6-31G* calculations suggests
overestimation of the reactivity by the semiempirical technique.
The MSINDO/B3LYP ratio for the abstraction cross section is
about 1.5, while that for H elimination is about 2; these
deviations are consistent with those found in O(3P) + CH4.8

Apart from the different accuracy of the electronic structure
methods, an additional source for the discrepancy may be in
the small number of total trajectories calculated with the DFT
gradients. Indeed, only 25 reactive trajectories for abstraction
and 9 reactive trajectories for H elimination were obtained.
Hence, the one standard deviation error bars that we display
for the B3LYP results are large, and two standard deviations
would eliminate much of the difference between B3LYP and
MSINDO.

Figure 2 also shows the MSINDO cross sections for C-C
breakage, water formation (H2O + C2H4), and acetaldehyde
formation (CH3CHO + 2H). We have observed all of these
minority channels in our B3LYP/6-31G* calculations, but only
for one individual trajectory in each case, and thus we omit
B3LYP cross sections in the graph. Of these minority channels,
C-C breakage is the most important, although the cross sections
under LEO conditions are not as large as that for H elimination.
C-C breakage includes several possible products (OCH3 +
CH3, CH2O + CH3 + H, and CH3OCH2 + H), of which
methoxy+ methyl is the most important under LEO conditions.
It is notable that although the lowest energy barriers for C-C
breakage and H elimination are within 0.45 eV for both the
MSINDO and more accurateab initio calculations, H elimina-
tion is dynamically more favored than C-C breakage. This can
be understood on the basis of statistical considerations, since
when an oxygen atom directly adds to a carbon atom in ethane,
there are three hydrogen atoms that can be eliminated but only
one CH3 group that can exit to produce C-C breakage. The H
elimination/C-C breakage cross section ratio is 2.7, 3.0, 3.5,
and 3.3 forEcoll ) 2.36, 3.26, 3.92, and 5.75 eV, respectively,
which is very close to the value 3.0 that would be expected
from statistical considerations.

Acetaldehyde is the fourth most favored product, with a
steady increase in cross section throughout the collision energy
interval explored. Cross sections for H2O formation are the
smallest and do not seem to increase markedly with collision
energy. This is in agreement with recent crossed molecular
beams experiments carried out for O(3P) + methane, ethane,
and propane reactions, where products coming from H abstrac-
tion, H exchange, or C-C breakage were abundantly found but
evidence for H2O formation was harder to obtain.2b It is also
noteworthy that the two hydrogen atoms abstracted in the
generation of water almost always come from the same carbon
atom of ethane. Only atEcoll ) 5.75 eV, a collision energy much

Figure 2. Excitation functions (cross section vs translational energy)
for the O(3P) + C2H6 reaction giving OH+ C2H5, H + OC2H5, H2O
+ C2H4, CH3CHO + 2H, and C-C breakage. Lines connected with
hollow symbols are from MSINDO calculations. Filled symbols are
for the respective channels using B3LYP/6-31G* calculations.
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larger than the average associated with LEO conditions, have
we observed a reactive trajectory in which an oxygen atom
abstracts two hydrogen atoms originally bonded to the two
different ethane carbon atoms.

III.B. Energy Distributions. We begin our analysis of energy
distributions in the products by focusing on the most abundant
and lowest energy barrier product, OH+ C2H5. As mentioned
above, the OH rotational distributions were recently measured
to be cold for OH(V′ ) 0), peaking in theN′ ) 1-3 range
depending on the O(3P) precursor photolysis wavelength.16 The
reagent oxygen atoms generated in these experiments have a
quite broad energy distribution, and therefore, the translational
energy is not unique, but the average (∼0.3 eV for 337 nm
photodissociation) is lower than the reaction barrier. Our lowest
energy MSINDO calculations have been carried out atEcoll )
0.65 eV, and therefore, comparisons cannot be done at a
quantitative level. Irrespective of this, MSINDO calculations
give much hotter OH(V′ ) 0) rotational distributions, peaking
at j′ ) 15. This difference between theory and experiments is
analogous to what was previously seen for O(3P) + CH4. There,
the MSINDO potential surface was shown to have a looser
dependence on the O-H-C bending angle than in theab initio
calculations. Looser saddle point bending angles have been
demonstrated39 to increase rotational excitation in the newly
formed diatomic, and this seems to apply likewise here for O(3P)
+ C2H6 f OH + C2H5. For the OH vibrational distributions,
the experiments showed that OH(V′ ) 1) is produced, although
the OH(V′ ) 0)/OH(V′ ) 1) ratio was not reported due to the
poor signal-to-noise ratio for OH(V′ ) 1). Our MSINDO
calculations show a 0.63( 0.03:0.33( 0.02:0.04( 0.01 OH-
(V′ ) 0)/OH(V′ ) 1)/OH(v′ ) 2) ratio, which is substantially
more excited than what can be inferred from experiment. These
OH vibrational distributions for O(3P) + C2H6 are indeed more
excited than those calculated for O(3P) + CH4 for the same
translational energy (0.93( 0.05:0.07( 0.02:0.0( 0.0), a trend
that is in agreement with experiments. Although the excess
rotational excitation in the calculations seems to be tied to
inaccuracies in the MSINDO Hamiltonian, the apparently hotter
calculated vibrational distributions are not so straightforwardly
connected with the approximations in MSINDO. In our earlier
QCT calculations of O(3P) + CH4 we saw that the abstraction
reaction was not vibrationally adiabatic, so the threshold for
reaction is smaller than the barrier due to the coupling between
the initial zero point energy put in the methane molecule in our
QCT calculations and motion along the reaction path.8 Reducing
the initial energy given to methane to half the zero point value
gives trajectories in which OH was always in OH(V′ ) 0), in
agreement with experiments.16 Giving half the zero point energy
(0.25 quanta in each normal mode) to the reagent C2H6 in the
present work yields colder product OH vibrational distributions
(0.73( 0.08:0.27( 0.05:0.0( 0.0 for 9000 trajectories atEcoll

) 0.65 eV) than when considering trajectories initiated with
the usual zero point energy motion of C2H6 (0.5 vibrational
quanta in each mode). The results with reduced initial zero point
energy in the QCT calculations are, in principle, closer to the
experimental measurements. We also should bear in mind that
the collision energy of the calculations is larger than that in the
experiments. Therefore, it seems that the quasiclassical trajectory
procedure, in which reagents are given zero point energy for
ground-state calculations, is not the most appropriate way of
defining initial conditions for systems in which the molecules
involved have a large zero point energy content. This problem
has been noted before by Hase40 and can be traced to excessively

rapid intramolecular vibrational redistribution associated with
the classical mechanical description of large molecules.

Fortunately, the deficiencies in the electronic structure and
dynamics techniques pointed out here are probably less impor-
tant for the high energies that are of primary interest in this
paper. Figure 3 shows the evolution of the average fractions of
energy in the product degrees of freedom as a function of initial
translational energy for the abstraction reaction. Here we find
that energy is released preferentially to translation, much as it
was seen in O(3P) + CH4,8 and the average fraction of product
translation increases with collision energy. The average fraction
of OH vibrational energy decreases with kinetic energy at low
energies and remains somewhat constant at higher energies. OH
rotation is the second most excited degree of freedom after
translation, and the average fractions decrease with increasing
collision energy. The ethyl group is noticeably excited, having
energy that is substantially above the zero point. This is in
contrast with the case of O(3P) + CH4, where the energy content
of the methyl product was barely above the zero point at all
energies studied.8 Therefore, unlike O(3P) + CH4, where the
CH3 fragment is thought to have a near-spectator behavior, in
O(3P) + C2H6 substantial energy is released into the ethyl
degrees of freedom.

Figure 3 also shows that the B3LYP/6-31G* results are in
fairly good agreement with MSINDO results, with average
fractions of product translation and OH vibration within
statistical uncertainties. However, the B3LYP/6-31G* fraction
of OH rotation is smaller than is predicted by MSINDO, likely
indicating the higher accuracy of the DFT calculations. As a
consequence, the energy release to ethyl is larger in B3LYP
calculations. This behavior is identical to what was found in
studies of O(3P) + CH4.8

Now let us consider the energy release to H+ OC2H5. In
this case, we only distinguish between product translation and
the internal energy of ethoxy. Figure 4 shows the evolution of
the respective average energy fractions as a function of collision
energy. Here we see that the average fraction of ethoxy internal
energy at the smallest collision energy is below the average
fraction of product translation, but the fraction of internal energy
becomes larger than that of translation at high energies, and
the difference between the two fractions increases with increas-
ing initial translational energy. This is a trend anticipated in

Figure 3. MSINDO and B3LYP/6-31G* average energy fractions in
product translation, OH vibration, OH rotation, and C2H5 internal energy
as a function of collision energy for the O(3P) + C2H6 f OH + C2H5

reaction. Lines connected with hollow symbols are from MSINDO
calculations. Filled symbols are for the respective fractions using
B3LYP/6-31G* calculations.
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our studies of O(3P) + CH4,8 and it demonstrates behavior
opposite to that of H abstraction, where energy is preferentially
released to translation. Although B3LYP/6-31G* and MSINDO
calculations agree, we cannot draw solid conclusions about the
accuracy of MSINDO in this case, given the large error bars in
the B3LYP/6-31G* results.

To finish the analysis of product energy disposal, we have
plotted in Figure 5 the average fractions of energy for OCH3 +
CH3. Here it can be clearly seen that energy is mainly channeled
to product translation, which receives about 80% of the available
energy at all translational energies. Interestingly, energy release
to internal energy of OCH3 is larger than that to CH3. Only the
OCH3 result is presented in the figure, as the CH3 energy is
2-5 kcal/mol below the zero point. Comparing the energy
disposal to OCH3 + CH3 with that to OH+ C2H5 and OC2H5

+ H, it can be seen that the trends obtained for C-C breakage
are akin to H abstraction and differ from H atom elimination.
Based on well-known results for triatomic reactions following
a direct microscopic mechanism,41-44 we can characterize the
dynamics of O(3P) + C2H6 f OH + C2H5 using a heavy-
light-heavy (HLH) model, whereby most of the energy is
released to product translation due to the propensity of the

attacking atom to keep its angular momentum (initial orbital
angular momentum (l) f final orbital angular momentum (l′)).
O(3P) + C2H6 f OC2H5 + H can be pictured as a heavy-
heavy-light (HHL) process, where most of the energy appears
in the product that contains the incoming heavy atom, since
little of the initial orbital angular momentum is converted into
product orbital angular momentum. Typically, one would expect
that the initial translational energy would end up as the angular
momentum of the product molecule that carries the attacking
atom (l f j ′); however, we have not decomposed the OC2H5

internal energy into rotational and vibrational contributions to
verify this. O(3P) + C2H6 f OCH3 + CH3 cannot be
straightforwardly associated with either of these models, but
the analysis of product energy disposal gives evidence that this
process is definitely closer to HLH kinematics than to HHL
ones.

III.C. Angular Distributions. Figure 6 shows angular
distributions for the H abstraction reaction as a function of
translational energy expressed as normalized differential cross
sections. There is a clear evolution in the scattering from
backward to forward with increasing collision energy, as is to
be expected for a direct reaction with a near-collinear saddle
point.41,45 This behavior was also pointed out in our previous
study of O(3P) + CH4. We also note that, in our studies of the
influence of the reagent ethane vibrational energy, we see an
angular distribution atEcoll ) 0.65 eV for reaction with half
the zero point energy in ethane that is more backward peaked
than the one plotted in Figure 6 and which compares better with
measurements for homologous reactions with larger hydrocar-
bons at comparable excess energies above the barrier.46,47 So,
it seems that the quasiclassical enforcement of the initial zero
point energy in C2H6 has the effect not only of vibrationally
exciting the OH product but also of broadening the cone of
acceptance, leading to a less backward angular distribution at
low collision energies, trends that seem to veer from what is
measured in the experiments. B3LYP/6-31G* angular distribu-
tions at 3.1 eV are not reported, as the bins generated with 25
reactive trajectories have error bars that are too large to make
useful conclusions.

Figure 7 presents the angular distributions for H atom
elimination. At the lowest collision energy, there are two peaks
that correspond to the two different stationary points described
in Figure 1b (TS2) and Figure 1c (TS3) and Table 2. The saddle
point TS2 is the SN2-like structure, and it is responsible for the
backward peak atEcoll ) 2.36 eV (the H atom is scattered in

Figure 4. MSINDO and B3LYP/6-31G* average energy fractions in
product translation, and OC2H5 internal energy as a function of collision
energy for the O(3P) + C2H6 f OC2H5 + H reaction. Lines connected
with hollow symbols are from MSINDO calculations. Filled symbols
are for the respective fractions using B3LYP/6-31G* calculations.

Figure 5. MSINDO average energy fractions in product translation
and OCH3 internal energy as a function of collision energy for the O(3P)
+ C2H6 f OCH3 + CH3 reaction. The average fraction of CH3 internal
energy is zero in all cases. See text.

Figure 6. Angular distributions expressed as normalized differential
cross sections (DCS, 2π/σ dσ/dΩ′) for various collision energies for
the O(3P) + C2H6 f OH + C2H5 reaction.
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the same direction as the incoming oxygen atom) due to the
collinear arrangement of the saddle point. Trajectories reacting
via saddle point TS3 result in a sideways scattering direction
due to the bent arrangement of the incoming oxygen atom, the
carbon atom being attacked, and the exiting hydrogen atom.
These patterns were also seen in the analogous reaction with
methane,8 and similar to the O(3P) + CH4 reaction, the distinct
contributions from the two saddle points fade at larger energies,
and although the majority of the flux seems to be confined in
the backward hemisphere, the distributions are significantly
broader.

Angular distributions for C-C breakage have been depicted
in Figure 8. As with H elimination, at the lowest collision energy
plotted the two peaks in the angular distribution can be related
to the two principal reaction pathways possible for C-C
breakage. The backward peak corresponds to the SN2-like TS4
saddle point, whereas the sideways peak emerges from collisions
involving the TS5 region. We do not show in the graph the
angular distributions for this process obtained atEcoll ) 1.5 eV
due to the low reactivity (cross section) 0.04( 0.01 au, with
12 reactive trajectories out of 10 000 calculated), but the results
are worth mentioning. 11 of the 12 reactive trajectories fall in
the most backward bin, centered at cos(kk ′) ) -0.9, and the
other goes to the second most backward peak. This is direct
evidence obtained in our dynamics calculations that the lowest

energy C-C breakage reaction path involves the TS4 saddle
point. The geometry of this SN2-like saddle point leads to
backward scattering in which the exiting H atom is scattered in
the same direction as the incoming oxygen atom. Trajectories
with Ecoll ) 1.5 eV have enough energy to surmount the lowest
energy barrier (TS4) but not more repulsive bent barriers,
thereby resulting in purely backward scattering. As with H
elimination, the distinct contributions of the two reaction paths
fade with increasing collision energy. Interestingly, the angular
distributions seem to shift toward more forward scattering than
is the case in the H atom elimination processes. Animation of
high energy trajectories reveals that the mechanism associated
with C-C breakage is similar to a pure atom abstraction, and
the O(3P) strips off a whole methyl group from the ethane
molecule, with very little change in its initial momentum.

IV. Concluding Remarks

We have carried out an extensive study of the O(3P) + C2H6

reaction, involving all of the relevant reactive channels that are
present under LEO conditions, which include OH+ C2H5, H
+ OC2H5, OCH3 + CH3, CH3CHO + 2H, and H2O + C2H4.
In the first part of the paper, we present the details of the
quantum chemistry of this system, reporting reaction energies
and barriers at different levels of electronic structure theory,
including PM3, MSINDO, B3LYP/6-31G*, UMP2/cc-pVTZ,
and CCSD(T)/cc-pVTZ. Basis sets larger than the standard
correlation consistent polarized Dunning triple-ú basis set are
necessary in order to achieve chemical accuracy for the reaction
energy and barrier of the minimum energy H abstraction process.
Two saddle points for H atom elimination have been identified,
one corresponding to a SN2-like collinear reaction and other to
a slightly higher barrier, although also surmountable under LEO
conditions, in which the incoming oxygen and the exiting H
are arranged nearly perpendicular. Analogous reaction paths are
possible for C-C breakage, with energies that are not very
different from those for H elimination. MSINDO noticeably
improves over PM3, particularly in the reaction barriers,
although the predicted reaction energies are noticeably more
exoergic than they should be.

Notwithstanding the approximate nature of the MSINDO
Hamiltonian, we have conducted the first molecular dynamics
study ever reported for the title reaction utilizing the QCT
method with MSINDO gradients. B3LYP/6-31G* trajectories
have also been computed at a translational energy relevant to
the LEO environment. The deficiencies of the MSINDO and
QCT methods are evident in the comparison of our calculated
product energy disposal with experiments at low kinetic energy,
but these errors are likely less important for energies important
in LEO, where we focus most of our efforts. Abstraction to
give OH is the dominant reactive pathway at all energies, with
a threshold below 0.4 eV. The thresholds for the rest of the
channels are all very similar (around 2 eV), indicating similar
reaction barriers, and H atom elimination to give ethoxy+ H
is the second most important product. We also report substantial
C-C breakage by fast oxygen atom impact, a process crucial
to understanding materials degradation in LEO. This result was
anticipated in pioneeringab initio calculations of the energy
barrier,9 and the present dynamics studies show that C-C
breakage and H elimination are both competitive with abstrac-
tion at high collision energies.

Our studies of energy release behavior show results that in
many cases match the predictions of simple kinematic models.
Whereas H abstraction to give OH resembles heavy-light-
heavy triatomic reactions, H elimination concurs with heavy-

Figure 7. Angular distributions expressed as normalized differential
cross sections (DCS, 2π/σ dσ/dΩ′) for various collision energies for
the O(3P) + C2H6 f OC2H5 + H reaction.

Figure 8. Angular distributions expressed as normalized differential
cross sections (DCS, 2π/σ dσ/dΩ′) for various collision energies for
the O(3P) + C2H6 f OCH3 + CH3 reaction.
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heavy-light dynamics, and C-C breakage to give methoxy+
methyl is closer to abstraction than to elimination. However, it
should be noted that these triatomic models are not perfectly
suitable for the H abstraction reaction, as there is a substantial
fraction of energy released into C2H5, which is a product
molecule whose bonds are not being formed.

The OH angular distributions are markedly forward under
LEO conditions, shifting from backward at low collision energy,
as expected for a direct reaction mechanism with a collinear
saddle point. In the H elimination angular distributions, we see
separate contributions from two saddle points, which fade at
high collision energies. The C-C breakage angular distributions
are similar to H atom elimination, but we are able to selectively
isolate the contribution of the lowest energy reaction path by
tuning the translational energy to a value that is sufficient to
surmount the lower energy barrier but not higher energy ones.

Comparison with B3LYP/6-31G* calculations, and the knowl-
edge gained in earlier calculations for O(3P) + CH4 give
credibility to the present MSINDO calculations. Although it is
clear that the MSINDO results should not be considered
quantitative, the trends reported here should provide a first
approximation to the mechanisms involved in materials degra-
dation in LEO.
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