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The reactions of GP) with CH,, CH;CHs, and CHCH,CHs at center-of-mass collision energies in the range

of 2.8—3.9 eV have been investigated with crossed-beams experiments and with direct dynamics calculations.
The experiments and calculations both provide evidence for previously unobserved reaction pathways which
principally lead to O-atom addition and subsequent H-atom elimination-6€ Gond breakage: CR) +

RH — RO + H or RO + R". In addition, the expected H-atom abstraction reaction to form OH has been
observed. The H-atom abstraction reactions have modest barriers in the~ariged.3 eV, whereas the
addition pathways have barriers greater thah.8 eV. Nevertheless, theory predicts that abstraction and
addition reactions occur with similar probabilities at the collision energies of these studies. Although high
barriers prevent the addition reactions from occurring in most thermal environments, such reactions might be
important in low-Earth orbit, where spacecraft surfaces and exhaust gases suffer high-energy collisions with
ambient atomic oxygen.

I. Introduction ous studies of the dynamics of the reactions of low energp)0(
Spacecraft in low-Earth orbit (LEO) collide with ambient with small alkane$,® experimental and theoretical studies of

oxygen atoms (assumed to be in the groun#Pgtate) at high ~ the corresponding gas-phase dynamics of hypertherni&)O(
relative velocities 8 km s3).1 These hyperthermal collisions ~ réactions do not exist. However, a recent theoretical calculatlorl
result in erosion of hydrocarbon polymer surfécesd in has been performed on the transition state structures and energies
chemiluminescent emissions from thruster exhaust strédims. ~ for C—C bond breaking channels in the reaction ofR)(with
regime of collision energies allows high reaction barriers to be small alkanes.For the OfP) +- CHsCHs reaction to form CHO
surmounted:; therefore, the gasurface and gas-phase reactions + CHs, the barrier to reaction was found to be approximately

of OCGP) even with relatively simple (saturated) hydrocarbons 2 eV. This theoretical result suggests that a variety of exotic
may involve many more reaction pathways than the well-studied reaction pathways might become accessible at the high collision
H-atom abstraction reactiénAlthough there have been numer- ~ energies that exist between ambient O atoms and a spacecraft
in LEO. In addition, the opening of additional reaction pathways
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Experimental studies of G®)-atom reactions with saturated energy gradients are computed as the trajectory is evolved (“on
hydrocarbon surfaces have revealed much about thesyaface the fly”) with the use of different levels of electronic structure
interaction dynamics, but they have not verified the suggested theory. Density functional calculations (B3LYP/6-31&*vere
direct attack on a carbon atom. Many experiments have used for the highest level of theory, but the tremendous
investigated surface oxidation resulting from O-atom bombard- computational expense involved when using this method limited
ment of hydrocarbon polymers, whereas others have probed theour total number of trajectories to around 300 for each of the
volatile species that are ejected from the surfaC® and CQ three systems considered. More extensive calculations (about
are believed to be important volatile species that carry mass 10 000 trajectories per system) were carried out with the use of
away from the surface during steady-state bombardment by Othe MSINDO semiempirical Hamiltonial, which furnishes
atoms? but the importance of other volatile carbon-containing reaction energies and barriers noticeably closer to density
species is currently unknown. Initial interactions/reactions have functional calculations than do those obtained with standard
been shown to involve atorsurface energy transfer and semiempirical Hamiltonians such as PM3 or AM1. The close
H-atom abstraction to form ORiThe dynamical behavior of  agreement between MSINDO and B3LYP/6-31G* results that
the OH product indicates a gas-phase-like process where thewe find establishes the legitimacy of the semiempirical calcula-
incident hyperthermal oxygen atom is viewed as interacting with tions, and the reduced computational cost allows us to analyze
a localized region of the surface. This result suggests that adetailed aspects of the microscopic reaction mechanisms with
detailed study of model gas-phase reactions at hyperthermalreasonable accuracy.
collision energies will be representative of both gas-phase and
gas-surface reactions between ] and spacecraft in LEO. IV. Experimental Results

We have undertaken a detailed investigation of the model ) . .
reactions of OP) with small hydrocarbon molecules, G Hs- The reaction, Gf) + CHsCH,CHs, exhibits basic pathways
CHs, and CHCH,CHj, at collision energies comparable to those that are analogous to the reactions offWwith CH, and Ch-
encountered in LEO. This letter, which combines the results of CHs (although the reaction with CHdoes not have the
crossed-beams experiments and direct dynamics calculationsP0SSiPility for C-C bond breakage). As the reaction with

reports the first identification of the reaction pathways in these Propane serves to illustrate all of the different types of reaction
model hyperthermal-atomic-oxygen reactions. mechanisms that have been observed for the hyperthermal

reactions of O{P) with these small alkanes, only the details of
IIl. Experimental Details the results for the propane reaction are presented'pere.
) Time-of-flight (TOF) distributions were collected at lab angles
The experiments employed a crossed molecular beamsgqm —3¢¢ to +50° following the interaction of the O-atom

apparatu$'® equipped with a laser detonation sodfcehat and propane beams. Representative TOF distributions, collected
produces a pulsed hyperthermal beam containing atomic oxygeny; 4 |ap angle of 10for miz = 16, 17, 29, 30, and 31, are

in its ground electronic state, &)." This O-atom beam was  ghoun in Figure 1. Weak signals (not shown) were also observed
crossed at right angles by a pulsed supersonic alkane beam. Ay, vz = 43 (GH30"%), 56 (GH4O"), and 57 (GHsO™).
synchronized chopper wheel was used to select a narrow pomo”AIthough the TOF distributions indicate a propensity for
of the hyperthermal beam pulse. The average (laboratory) honreactive scattering (note the large signahit= 16), there
translational energy of the hyperthermal O atoms was 5.4 eV, s 150 significant reactive scattering to produce the OH radical
and the energy spread (fwhm) wad eV. The fraction of O (1y; = 17) and other oxygen-containing hydrocarbon species
atoms in the hyperthermal beam wa§0%. The only other (detected at ionizer fragments’z = 29, 30, 31, 43, 56, and
component in the beam was molecular oxygen, which had an 7).
average trahslational energy and width r_oughly double those The structure in the TOF distributions collectechalz = 29
of th_e alltonluc _;:_omp?ré%r(l)t. ;ghoe sugeﬁ%rgcwglsl;ane beams hadand 30 suggests the occurrence of multiple reaction pathways.
nominaf velocilies o ’ ; an or propane, Signals aim/z = 29, 30, and 31 may arise from formation (and
ethane, and methane, respectively. Center-of-mass (c.m.) col; = ° fragmentation) of @45 (m/z= 29 only), CHO, GHsO,
Ilcsgogﬁnergle; \év%re 3‘9 8\-/|- (%HCHSEHZCFS)' 3.5 gv t(o+ q C3H-0, or GHeO (propanone or propanal). The long flight time
3 5), an 2o € ( 4). Reaction products an of thenyz = 31 signal (peak near 14%) suggests that its origin
elastically (or inelastically) scattered products were monitored lies in the same product that gives rise to the slow peaks in the

with a mass spectrometer detector, which can rotate about the ,_ e
. i ' O m/z= 29 and 30 TOF distributions. Of the;@roducts, GH;O
crossing point of the two beams. The number density distribu- is considered to be most likelyifle infra). ?he GH/O (arnd

tti)ons of productﬁ sia'étered ffrom tthe crfotshsing re.giolrl[.of the m’o perhaps gHsO) product is undoubtedly responsible for the weak
cams were cotlected as a function of their arfival ime In € qjqha1s observed atvz = 56 and 57. Figure 2 shows TOF

electron-bombardment ionizer of the detector. These time-of- ycyip ions formiz = 29 at three different lab angles. Lines
flight (TOF) distributions were collected ata variety of pletecnon, drawn on the distributions indicate the minimum possible flight
or laboratory, angles. (The O-atom beam. Q|rectlon is tqken. 10 4ies at which CHOICoHs, CHsO, and GHO/CsHGO products

be a laboratory angle of zero, and the positive angular direction are expected to arrive at the detector, given the nominal c.m.
is defined by a rotation from the O-atom beam toward the alkane collision energy of 3.9 eV. (Note that éB/C2H5 and GH;0/

beam.)tC denter-t%f-n;gsts_t\)/ etl_ocny fﬂuxl r?aps hlav<_at_not yeltl_b_een CsHgO indicate pairs of potential products that can be detected
generated, as the distribution of relative velocities (collision atm/z = 29 and that should have similar velocities, within each

energies) pro_vides poor velocity rc_esolu_ti_on._The focus of t_he pair, because the products in each pair have similar masses and
current experiments is thus on the identification of the reaction will thus have similar arrival times if the release to product
pathways. translation is similar.) In reality, there is a spread in the TOF
distributions resulting from the time width of the O-atom beam
pulse. This spread may lead to detected signals at times shorter
The OEP)-atom reactions with the three alkanes were than the position of each line by approximately.d$6 The very
investigated with the quasiclassical trajectory method where the slow signal, with flight times longer than125us, is believed

Ill. Computational Details



g

Letters J. Phys. Chem. A, Vol. 107, No. 23, 200885
5| CH,0/C,H, C,H:O C,H,0IC,H,0
4
3 m/z =29
2 }fs O =10°
1
0

st

N
o
-
— X
° - 8
- (/)] 4
X §2)
< ; c 3
") 4 m/z =29 (CHO") 3 )
2
e 3 £
3 2 = o
= !
3] 1 e
- Z
: 0 B 5
b
> 4
3
2
1
0 RoearedH
[To~="0o
25 75 125 175

Flight time / us

0.05
Figure 2. TOF distributions for fragments detectednalz = 29 in the
0.00 reaction, OFP) + CsHs, collected with the three detector angles shown.
0 50 100 150 200 The solid, dashed, and dastiot—dashed lines represent the minimum
expected flight times for the products, @M{C;Hs, C;HsO, and GH;O/
Flight time / us CsHgO, respectively.

Figure 1. TOF distributions of products detectedralz = 16, 17, 29,
30, and 31 from the reaction, &) + CsHsg, collected with a detector
angle of 10 with respect to the O-atom beam. Broad signals at long

Summary of Reaction Pathways

Identified by Identified by

flight times in themyz = 16 and 17 TOF distributions arise from slow Expt. and Theory _Theory Only_
transport of gases from the beam source chambers into the detector.  O(P) + CH, —22~ OH +CH; 001 . CH.O+2H
The peak at short times in tle'z = 31 TOF distribution comes from Eme=28eV _048 , oy 04} 2
mass leakage of elastically scattereg Whereas the peak near 146 Econmeo = 3.0 eV
arises from ionizer fragmentation of theHzO (or possibly GHsO) O(*P) + C,H; —%&4~ OH + C,H, 002
product. Eonpe=358V 025 CHO+H C,H,0 +2H
Econheo = 3.3 eV 278 o001, C,H,+H,0
: . CH,0 + CH 22
to arise mostly from gH;O products that crack tovz = 29 in s s
the ionizer. (The gH;O products may also crack to give the O(P) + C;H; 28—~ OH +C;H, 0% . cHO+H
slow signals seen in thevz = 30 and 31 TOF distributions.) Fepe =399V 021, C.H,0 +H 001 C’H°+ H c;
The faster signal is not resolved into two components, but at ™™ 0. CHO+CH, T 3
least some of it arrives too fast to be the result of #i4D 003, + —— C,H,0+CH;+H
CH,0 + C,H,

product, indicating a reaction that leads to {H+ C,Hs. In

. ; . L Figure 3. Summary of experimentally and theoretically observed
all of the reactions studied, products with the empirical formula 9 Y P y Y

: ) » reaction pathways for the reactions offBYwith methane, ethane, and
CH;O, might represent a mixture of GB and CHOH, as propane. Theoretical relative cross sections (branching fractions) based
theory indicates that the initial G is produced with sufficient ~ on the MSINDO calculations are indicated as numbers over the reaction
internal energy for rapid isomerization despite the 1.3 eV arrows.

barrierl® Considering the large time range of the faster signal
detected atn/z = 29 and its peak flight time, which is greater
than the minimum flight time for the ££1s0 product, it is likely fragments that scatter over a large angular range in the sideways
that both CHO/C;Hs and GHsO products are contributing to  direction with respect to the c.m. direction of the O-atom beam.
the signal at this mass-to-charge ratio. Further evidence for theThe GH;O (or GHgO) product scatters with small c.m.
production of GHsO product comes from the observation of a velocities, making it impossible to resolve the angular (or

breaking channels yield G&/CHs and CH/C;HsO radical

signal atm/z = 43 at large detector angles 80°), which can
only be interpreted as ionizer fragmentation aHgO to the
stable CHCO" ion.

translational energy) distribution for this product and thus draw
any conclusions about its predominant scattering direction in
the c.m. frame.

Preliminary angular distributions (integrated TOF distributions A summary of the reaction pathways for © methane,
as a function of laboratory angle; not shown) provide further ethane, and propane for which we have experimental (and
data upon which to base inferences about the reaction mechatheoretical) evidence is presented in Figure 3. Only empirical
nisms. In the c.m. frame, the OH products appear to scatterformulas are written for the radical products, because the
predominantly in the forward direction (i.e., the same direction velocity resolution of the data does not permit resolution of the
as the incoming O-atoms in the c.m. frame). The@bond various isomers, whose heats of formation differ relatively little.
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The basic mechanisms that can be inferred from the experimentsscattering is mostly sideways, indicating saddle points having
are (1) H-atom abstraction to form OH, (2) O-atom addition a bent G-C—C' angle (C-C' being the bond that breaks). As
resulting in H-atom elimination, and (3) O-atom addition with H-atom exchange, there are two saddle points fe1CC
resulting in C-C bond fission. The relative yields shown in breakage, but because the experimental collision energy is much
Figure 3 are based on the theoretical results that are discussethrger than the reaction barrier, the distributions are quite broad.

below. Energy is primarily released as translation, and the energy that
goes into internal energy of the fragment that bears the oxygen
V. Theoretical Results atom is larger than that in the coproduct.

. . . Comparison of the present ®) results with earlier beam
Figure 3 contains the major(1%) products that we have gy gies of low energy @) reactions with alkands® allows
observed in our direct dynamics studies ofR)(+ CHa, CoHs, us to examine the possible role of intersystem crossing in the
and GHs at the exp«_erlmenta_l energies, including MSINDO hyperthermal reactions of €R). For O{D) + methané' it was
values of the branching fractions. (The B3LYP products and ¢J,\nd that the dominant reaction was H abstraction 77%),
branching fractions agree within statistical uncertainty.) These ¢ owed by H elimination (18%), and then,80 formation

results indicate products that can be inferred from the experi- moqy These results show more abstraction and less elimination
mental measurements presented above and that are not observgflan, the theoretical results shown in Figure 3, but our

at low collision energies. In the reaction involving methane, gyherimental branching fractions are currently not quantified
substantla! reactivity to OC§—|+_ H is observed, such that the enough to be distinguished from the singlet results. More
cross section for this product is comparable to that for ®H 5 maric differences between singlet and triplet results are found
CHs at a c.m. collision energyeo, of 3.0 eV. Other products ¢4 gthanéand propanéwhere G-C bond breakage dominates
such as formaldehyde plus two hydrogen atomsATH 2H) over abstraction or H elimination in the singlet results but not
are also seen in the callculat|ons, although o a much lower iy oy triplet (theory) results shown in Figure 3. The experi-
extent. In the reaction with ethane, ethoxy radmalg—@p + . mental product yields are again currently too poorly quantified
H) are abundantly generated, although the cross section for thisyy make a clear conclusion; however, there is evidence for
process aEqy = 3.3 eV is smaller. than that for apstractlon enhanced €C bond breakage compared to what theory
(OH + CpHg). C—C breakage to give OCHH CHs is also  pregicts, which could be taken as evidence for singlet participa-
substantial, confirming the earlier predictions, based on ab initio ;o on the other hand. the angular distribution for-C
calculations, of the barrier for this procesNote, however, that ) eayage is found to have forward/backward peaks in the singlet
the predicted relative yield for this product is well below that - 6 55yrements, whereas our experimental results clearly show
for ethoxy radical formation. Minority produpts include acetal- sideways scattering of-€C bond breakage products. Although
dehyde (GH,O + 2H), as well as water with a hydrocarbon niersystem crossing effects in the reaction otR)@with Chyl

diradical as coproduct (¢ + CoHa). For OFP) + CaHs at are known to be importani theory has demonstrated a minor
Econ = 3.9 €V, the abstraction product (GHCsHy) is the most 61619 tr the more closely related reaction, ) + Hy, and a
favorable one, but products involving the formation of a@ recent theory/experiment compari$dthat ignored intersystem

bond are still observed with ;ignificant probability. Among the crossing was quite good. Nevertheless, the importance of singlet
latter products, propoxy radicals 4870 + H) are the most  giate in these hyperthermal reactions remains unclear.
probable, followed by CkD + C,Hs and GHsO + CHs, both

of which involve C-C breakage. In addition, there are several
minority products that are analogous to those encountered in O
+ CzHe, including propanone or propanal formation plus two ~ New experiments on the model hyperthermal reactions of
hydrogen atoms and water plus diradicaHe. OCP) atoms with CH, CHszCHs;, and CHCH,CHs; show
The trajectory calculations also allow us to examine details evidence for direct interaction between oxygen and carbon
of the microscopic reaction mechanisms. There is a clear atoms, in addition to the H-atom abstraction channel to produce
difference between H-atom abstraction to give OH and the other OH. The reaction GP) + CH, yields signals at mass-to-charge
reaction pathways. Abstraction to give OH closely approximates ratios, m/z, of 29, 30, and 31 suggesting an addition reaction,
a stripping mechanism, as would be expected by analogy with CH;O + H, which is confirmed by trajectory calculations.
other direct gas-phase reactidig.hus, there is preference for ~ Atomic-oxygen reactions with C4#€Hz; and CHCH,CH; yield
high impact parameters, where the angular distributions aresignals atm/z = 29, 30, 31, 43, 56 (propane only), and 57
predominantly forward scattered (in agreement with experi- (propane only), which again implies the production of radical
ments), and most of the available energy goes into relative fragments that contain carbon and oxygen. Various reaction
translation. Generation of alkoxy products through H-atom pathways have been identified in the experiments with ethane
elimination proceeds through smaller impact parameters, as isand propane: C§O + CHz, C;Hs0 + H, C;Hs + CH30, CH;
required for an oxygen atom to interact directly with a carbon + C,HsO, and GH;O + H. The pathways other than H-atom
atom. Near the saddle point, the-G@—H' geometry (M being abstraction have not been observed previously in the reaction
the H atom that exits) can be either collinear or bent by of ground-state GP) with small alkanes. Although near-thermal
approximately 108 corresponding to two different saddle reactions of OP) atoms with gaseous alkanes are known to
points. The angular distributions that stem from these reaction produce exclusively OH, the analogous hyperthermal reactions
paths are strongly overlapped for the translational energy apparently proceed often (depending on the initial translational
considered here, as a result of the similar height of reaction energy and the target hydrocarbon) through addition reactions
barriers and the large cone of acceptance for both processesto give C-C bond fission or H-atom elimination. Theory
As a result, the angular distributions are nearly isotropic. The predicts that the H-atom abstraction and O-atom addition
kinematics of this product channel dictate that most of the channels have comparable probabilities. In addition, oxy radical
available energy is channeled into the internal energy of the formation is predicted to be more important tharC bond
oxy product. Small impact parameters are also involved in breakage, which is a result that was not anticipated in earlier
reaction paths that give rise to<C bond breakage. The studies’

VI. Conclusion
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Because the newly identified reactions have high barriers,  (4) Lin, J. J.; Shu, J.; Lee, Y. T.; Yang, ¥. Chem. Phy200Q 113
; : of. iainn 5287.
they I|I§ely become important only when center .of mass c_oII|S|on (8) Shu, J.: Lin, J. J: Lee, Y. T.. Yang, . Chem. Phy=2001 115
energies exceed2 eV. Center-of-mass collision energies of guqg
gas-surface and gas-phase O-atom reactions associated with  (6) Shu, J.; Lin, J. J.; Lee, Y. T.; Yang, ¥. Am. Chem. So@001,
spacecraft in low-Earth orbit do exceed 2 eV; therefore, the 123 ?226 duvie. A M L Banks. B. A- Rutledge. S. KPh
mechanisms that have been inferred from this new work Che(m). 22000 Y Sore o L Banks, B. A Rutledge, 3. K.Phys.
probably play a significant role in the O-atom-induced degrada- (8) Minton, T. K; Zhang, J.; Garton, D. J.; Seale, J.Migh Perform.
tion of hydrocarbon materials on spacecraft and in the reactionsfglysnigoﬂ 12, 27. Zhang, J.; Minton, T. KHigh Perform. Polym2001,
_of hydroce_trbons in thruster exhaust plumes with atomic oxygen ~> ©) zhang, 3: Garton, D. J.: Minton, T. K. Chem. Phy<2002 117,
in the orbital environment. 6239.
(10) Lee, Y. T.; McDonald, J. D.; LeBreton, P. R.; Herschbach, D. R.
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