JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 43, No. 2, March—April 2006

Hyperthermal Collisions of O (*S3/,)
with Methane at 5 Electron Volts

Lipeng Sun* and George C. Schatz'
Northwestern University, Evanston, lllinois 60208

Preliminary studies were carried out for the 0*(*S32) + methane reaction, which serves as a benchmark for
developing the theory of polymer erosion by O* under low Earth orbit conditions. Ab initio electronic structure
calculations show that the interaction of O* with CHy4 can lead to a large number of reaction products such as
charge transfer, hydride abstraction, and H elimination. Based on the information obtained from these quantum
chemistry calculations, a direct dynamics classical trajectory simulation was carried out at 5-eV relative translation
energy and the chemical reaction channels predicted by the ab initio calculations are confirmed.

1. Introduction

HEN space vehicles travel in low Earth orbit (LEO) or

geosynchronous Earth orbit (GEO), their surfaces are under
constant bombardment by energetic atoms/molecules, ions, elec-
trons and various sources of electromagnetic radiation. Among these
collision processes, atomic/molecular ions are responsible for space
vehicle charging and atmospheric drag. In the LEO and GEO envi-
ronments, ions may have kinetic energies ranging from 1 to 10° eV
(Refs. 1 and 2). As a consequence, various chemical processes that
carry mass away from the surfaces can be induced and enhanced
due to ion/surface collisions that cause chemical reaction, energy
transfer and surface ionization. Therefore, it is important to under-
stand ion/surface erosion mechanisms at the microscopic level and
to evaluate the relative importance of ions compared to neutrals
(such as atomic oxygen) in producing erosion. Although there have
been extensive studies of O(*P) erosion mechanisms on the surfaces
of spacecraft,* surprisingly, the microscopic reaction mechanisms
of the O (*S) ion, the most abundant ionic species in LEO (with
a LEO abundance that is roughly 10~ of the O abundance), are
mostly unknown.> Recent experimental work has been carried out
for the reaction of O with small alkane molecules in the gas phase
using the guided-ion beam time-of-flight technique® and for O* re-
acting with decanethiolate/Au(111) self-assembled monolayers.”:3
These experiments provide important details concerning reaction
mechanisms, but leave open a number of important questions, in-
cluding the following: 1) What is the relationship between charge
transfer (the most important process when O™ interacts with organ-
ics) and reaction? 2) What is the relationship between the gas phase
experiments, in which a broad range of positive ions (OH*, H,O™",
CH;0%, H,CO™, HCO*, CO™, CHJ, CH{, CH}) are produced,
and the gas/surface experiments, in which a few negative ions (O™,
OH™) dominate the ion yield? 3) Is the relative efficiency of O
compared to O in the degradation of polymers such that O can
play an important role in degradation despite its lower abundance?
4) Is O degradation similar enough to O degradation so that one
can use O gas/surface experiments to learn about O degradation?
Answering these questions is going to be difficult, but it will be
significantly aided if we have good theoretical models of the O
reaction dynamics. However, extensive theoretical characterization
of these reaction systems was not done until very recently.’!?
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In an attempt to develop theory that will assist in answering these
questions, in this paper we report both ab initio electronic structure
theory and classical trajectory simulations of the O + CH, reac-
tion mechanisms and dynamics. Although the focus of this work is
on the gas-phase dynamics, this study will provide detailed infor-
mation about the formation/cleavage of C-O, O-H, C-H, and H-H
bonds, which should be useful for understanding the closely related
polymer erosion mechanisms in O*/surface collisions. In addition,
this work will establish the level of theory needed to study the more
complicated gas/surface processes.

1L

A. Ab Initio Calculations

In the LEO environment, the kinetic energy of O* is about 5 eV
relative to the traveling space vehicle. With this energy, a large
number of reactions are energetically accessible. To evaluate the re-
action energies, ab initio electronic structure calculations were per-
formed using the quantum chemistry software package GAMESS.'!
The calculated structures and energies are shown in Fig. 1. It turns
out that second-order perturbation theory with a modest basis set,
MP2/6-31G**, gives reasonable energetics and geometries. The 0-K
heats of reaction calculated with MP2/6-31G** for the energetically
accessible reaction channels show a mean absolute deviation com-
pared with available experiments'? of 0.35 eV, which is acceptable
given the 5-eV available energy.

Charge transfer can be viewed as a simple type of chemical re-
action in which one or several electrons move from one chemi-
cal species to another. For the [O-CH4]" system, charge transfer,
O"+CH; — CHI + O, is exothermic and can be described by a
near-resonant electron-transfer mechanism. In this scenario, charge
transfer occurs at primarily large impact parameters with negligi-
ble momentum transfer between the colliding species. The recently
measured experimental charge-transfer cross section supports this
picture.” The large charge-transfer cross section (about 80 A2) al-
lows us to model the subsequent chemical processes by studying the
O + CH collision system. The equilibrium structures of the charge
transfer intermediate CH; have been extensively studied in the past
20 years.'3~16 Its symmetry, due to Jahn—Teller effects, is reduced
from T, to Cy,, D4, and C3,, with C,, as its most stable structure,
as depicted in Fig. 1.

After charge transfer, many processes can take place in the several
accessible electronic states. In the lowest quartet electronic state, the
primary products that are thermodynamically favorable are found to
be CH; +OH*, H,CO* + 2H, H,O" + CH,, and CH;0" + H. All
of these reactions are exothermic. In addition, when O approaches
the CH}' ion a reaction intermediate is formed, and the stable struc-
ture due to the ion—molecule electrostatic interaction, as shown in
Fig. 1, is the configuration formed when O approaches the ver-
tex of CHI. The CH4 moiety of the reaction intermediate is very
close to the C3, symmetry of CH; with the charge located on the
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Fig. 1 Energy diagram for O*+ CHy4. Energies were calculated at
MP2/6-31G** level of theory.

CH, moiety. It is interesting to notice that there is no reaction bar-
rier for [H;CH—O]* — CH; + OH™, which indicates that direct
dissociation should readily occur. With such a strong electrostatic
interaction (—1.01 eV) between CH; and O, a complex-mediated
reaction mechanism is expected in which O and CHJ first form
the [H3CH—O]" complex and then this is trapped in a deep po-
tential energy well for a certain period of time. Subsequently this
either directly dissociates to OH" + CHj; or undergoes further chem-
ical reactions such as OH" + CH; — CH, + H,O™". These mecha-
nisms should be especially important for low collision energies at
which all these exothermic reactions are expected to occur. With
increased collision energy, however, this complex-mediated mech-
anism becomes less and less important. Instead, a direct reaction
mechanism becomes more important. For example, for the [H;CH—
O]* — CH; + OH" reaction, the incoming O atom can directly grab
one H atom from CH; without exchanging much of its kinetic en-
ergy. This mechanism is usually referred as a stripping mechanism.
There are also endothermic reactions, such as CH;r +H+ 0 and
CHI + H, + O, possible on the quartet potential energy surface.
Because the available energy for the reaction (5 eV) is much larger
than the dissociation threshold (0.8 eV for CHf — CHY + H and
1.7 eV for CHI — CHZ+ + H,), these reactions can occur with a
collision-induced dissociation (CID) mechanism in which the CHZ’
cation receives enough internal energy from the collision with O to
dissociate into CH} + H or CHI + H,.

The Ot + CH, reaction can also occur on doublet surfaces that
are accessible from the initial quartet surface via intersystem cross-
ing. The doublet surfaces generally give products that are more
exothermic than their quartet counterparts, so spin-forbidden reac-
tion mechanisms could be important, in spite of the fact that the
spin-orbit coupling in this system is weak. However, our recent
calculations show that the reaction cross sections obtained using
quartet-only trajectories are in good agreement with experiment for
energies above 1 eV (Ref. 8). Thus at least at high energies, at
which direct mechanisms should be dominant, intersystem crossing
is apparently not very important. At low energies, where reaction
through a complex should dominate and there are more opportuni-
ties for accessing the quartet/doublet crossing seams, it is possible
that the reactions on the doublet surface play a role. In the present
work we ignore spin-forbidden processes.

Because a majority of the energetically accessible reaction
channels are exothermic, at high impact energies, the primary
products such as CH;O" and H,CO" can further isomerize to
H,C — OH" and HC — OH™ or dissociate directly to HCO*. In ad-
dition, H,C — OH*, HC — OH", and HCO* may further dissociate
to CO™ product. These products are also shown in Fig. 1.

B. Direct Dynamics Simulation
Energetics calculations in the preceding section provide qualita-
tive information about which reactions can occur, but quantitative

information about the reaction dynamics can be revealed only by
performing dynamics simulations. To provide a further understand-
ing of the [O - CH4]" reaction dynamics, direct dynamics classical
trajectory simulations were performed in which the energy gradient
was obtained directly from a semiempirical Hamiltonian (PM3) on
the quartet potential energy surface.!” Although the mean absolute
deviation between PM3 and MP2 is 0.45 eV (Ref. 10), it can provide
accuracy thatis adequate at 5 eV collision energy, as shown in the fol-
lowing results. In fact, at higher energies, even better agreement can
be achieved.!” Trajectory initial conditions were chosen by a quasi-
classical sampling method for the CH . The colliding O atom has a
translational energy of 5 eV relative to CH} . The reactive trajecto-
ries were integrated for 500 fs to monitor secondary monomolecular
dissociation processes. This means that slower secondary chemistry
than this is not included, so the yields of less stable ions, such as
H,CO™, must be regarded as upper bounds to what would be seen
in experiment. The products found from the simulation and their
branching fractions are shown in Table 1. Many reaction products,
especially the oxygenated species, are found. Snapshots of several
representative trajectories are depicted in Fig. 2 for illustration.
All the possible products predicted by the quantum chemistry cal-
culations are found in the trajectory simulation. The reactants pro-
ceed to products within a few hundred femtoseconds, so long-lived

Table 1 Reaction products, branching fractions,
and their cross sections?®

Product Branching fraction  Cross section (A2)
OH™ + CHj3 12.4% 1.67 (£0.15)
CH;’ +H+0 7.0% 0.94 (£0.11)
CH;’ + OH 12.4% 1.66 (£0.14)
HCO* + 3H 29.5% 3.97 (£0.22)
H,CO* +2H 2.3% 0.32 (£0.07)
CH; +H+0O 24.8% 3.35 (£0.20)
H,O0" +CH, 6.2% 0.83 (£0.1)
CO* +H, +2H 5.4% 0.73 (£0.1)
Other < 1% <0.14
2Results are based on PM3 calculations on the lowest potential-energy
surface.
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Fig. 2 Snapshots of four reactive trajectories for OH*, H,O*, HCO*,
and CO" ionic products.
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complexes are notimportant. The CHf + H+ Oand CH; +H, + O
products are the result of a collision-induced dissociation reaction
mechanism. The appearance of CH; + OH™ is in agreement with the
expected stripping mechanism (as shown in Fig. 2) on the quartet
potential energy surface. As illustrated in Fig. 2, H,O™ is formed,
at a collision energy of 5 eV, from a direct double-pickup mecha-
nism. Both of the CHY + OH" and H,O" + CH; reactions are direct
processes, as clearly shown in Fig. 2. This is in contrast to their reac-
tion mechanisms at low collision energies.'® HCO* is a secondary
product that comes from H,CO™. The small fractional population
of the H,CO™ cation radical indicates that when it is formed the
energy transferred to H,CO™ is sufficient for its dissociation. For
the particular trajectory shown in Fig. 2, it takes several rotational
periods for H,CO™ to dissociate, whereas the dissociation of the
first two C—H bonds happens very fast and almost simultaneously.
Therefore, at 5 eV, it is often hard to distinguish the primary and
secondary reactions due to rapid energy transfer. Similarly, this is
also observed in the OCP)+- ethane reaction.'® Interestingly, a CO™*
product is also found with a nonnegligible branching fraction. The
multistep mechanism in Fig. 2 for the CO* trajectory indicates that
there exist complex microscopic reaction pathways for its forma-
tion. Comparison of the cross sections in Table 1 with experiment
has been discussed in our earlier work,'® where it was noted that
the cross sections for families of products, such as CHY 4+ CH;
and H,CO* + HCO" + CO™, agree with experiment semiquantita-
tively, but some of the individual results do not, due to inaccuracies
in the potential surface. For example, experimental cross sections
for CHJ and CHJ are about 7.5 and 0.7 A%, whereas the trajec-
tory calculation gives 2.6 and 3.4 A2, respectively. For other ions
such asQI;ICOﬂ H,0%, and H,CO™ the difference is much smaller
(~0.2 A%).

III. Conclusions

Opverall, quantum chemistry calculations and classical trajectory
simulations have shown that the reaction of O* and CHy, is efficient
at a collision energy of 5 eV. The total cross section for the reactive
channels is about 13.5 A2. Many reaction products were found on
the quartet potential energy surfaces. Charge transfer happens via
a quasi-resonant mechanism at large impact parameter and is the
dominant process. Chemical reactions including the formation of
C-0O and O-H bonds occur at smaller impact parameters, and we
have interpreted these results by an intermediate-mediated reaction
mechanism at low collision energy and a collision-induced disso-
ciation/direct reaction mechanism at high impact energy. Because
of the low energy barriers and large exothermicity of these reaction
channels, subsequent secondary reactions involving unimolecular
dissociation mechanisms are also efficient. This is in contrast to the
O + CH, reaction.® This may suggest that for OF colliding with
surface materials (e.g., alkylthiolate self-assembled monolayer sur-
face), volatile products such as H,CO™*, HCO™, and CO™ from the
degradation of the RO cation radical may also be more efficient
than those from the O reaction.

Perhaps the most important conclusion from this work is that it is
possible to use direct dynamics simulation with the PM3 semiem-
pirical method to provide a semiquantitative description of the high-
energy dynamics of O" interacting with methane. With this under-
standing, our future work will focus on O% reactions with alkyl
thiol selfassembled monolayer surfaces and other types of material
surfaces.
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