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Hyperthermal collisions (5 eV) of ground-state atomic oxygenJ@)](with a liquid-saturated hydrocarbon,
squalane (gHsz), have been studied using QM/MM hybrid “on-the-fly” direct dynamics. The surface structure

of the liquid squalane is obtained from a classical molecular dynamics simulation using the OPLS-AA force
field. The MSINDO semiempirical Hamiltonian is combined with OPLS-AA for the QM/MM calculations.

In order to achieve a more consistent and efficient simulation of the collisions, we implemented a dynamic
partitioning of the QM and MM atoms in which atoms are assigned to QM or MM regions based on their
proximity to “seed” (open-shell) atoms that determine where bond making/breaking can occur. In addition,
the number of seed atoms is allowed to increase or decrease as time evolves so that multiple reactive events
can be described. The results show that H abstraction is the most important process for all incident angles,
with H elimination, double H abstraction, and-C bond cleavage also being important. A number of properties

of these reactive channels, as well as inelastic nonreactive scattering, are investigated, including angular and
translational energy distributions, the effect of incident collision angle, variation with depth of the reactive
event within the liquid, with the reaction site on the hydrocarbon, and the effect of dynamics before and after
reaction (direct reaction versus trapping reactidesorption).

I. Introduction appeared. However, for gasurface collisions, there are still
important gaps in our understanding of the dynamical processes.
Understanding the dynamics of reactions between gaseous
species and polymeric condensed phases has many areas of
gapplication, including chemical etching, adhesion, and biocom-
patibility enhancement, and this has stimulated a number of

therefore, there has been much interest in developing materialsrealllgt!on dyfnamlcs st_ukc]hesl In th_e lpas.:j fve y%a..srz involving
that are resistant to this degradation. Since space-based studie&'S/ons of atoms with polymeric liquid surfacesAmong

are difficult and expensive, there has been interest in alternatives,.t ese, because of its low vapor pressure, squalane is particularly

including the use of theoretical simulations, to study these :mp(l)rtar;)t. Nathtan(;on etf al. te)lmployed s”qu_alane_ forht_hehlrtwo-
problems. In addition, the theoretical methods can be used for ecular beam studies of noble gas collisions in whic 0
studying polymer degradation more generally and thus are limiting processes, for e.xample, direct inelastic collision land
relevant to studies of cracking, embrittlement, delamination, thermal trapping-desorption, were observé@iRelated experi-

discoloration, and other processes that are important in daily ments were performed by Minton and co;workers involving a
life. molecular beam of hyperthermal oxygenr! These measure-

The reaction of oxygen with saturated hydrocarbon polymers ments observed the production of O, OH, arDtoming off

is one of the simplest examples of a polymer degradation in the gas phas'e, and it was propos.ed that inelastic collision
process. It also is closely connected with reactions that are well-2nd H abstraction proceed predominantly by a nonthermal

known in combustion and atmospheric chemistry. However, in Eley—Rideal pathway._ In recent experimetsC—C bond .
the hyperthermal energy regime, there are many more OIOencleavage, the evaporation of intact squalane, and the abstraction

reactive channels than in combustion or atmospheric reactions,Of H_ _by molecular Q@ was observed_ L_mder hypertherm_al
and many of these reaction mechanisms are not familiar from conditions. For lower energy oxygen collisions, the McKen_drlck
earth-based studies. Furthermore, even the characteristics of low3r0UP performed laser-induced fluorescence (LIF) studies to

energy barrier processes can be significantly altered by hyper-?heterpine q tti:]e trovlitl?]ratiorr:azlh statez oftthe OH r?oli.ééﬁ ﬁmd it
thermal conditions. In the past few years, several studies (botnh"€Y found that, aithougnh the products were rotationally quite

experiment and theory) of hyperthermal reactions between cold, there was nonnegligible vibration excitation. These results

atomic oxygen and gaseous spetidand between oxygen and were.in gqod agreement with theoretical studies of oxygen
surface® 12 have been carried out. These studies have been'€acting with an alkanethiol self-assembled monolayer (SAM)

2,19 i i ;
enabled by recent advances in both experimental techniques an urfa’\cel, where it was foundothat the bra_nchlng ratid €
computational capabilitie’s;4 and for gas-phase processes, a )/(v' = 0) was as large as 10%. They attributed the detected

detailed picture of the dominant reaction mechanisms hasvibrationally hot OH radical to H abstraction from. secondqr_y
and tertiary carbons on the squalane. To support this proposition,

* To whom correspondence should be addressed. E-mail: schatz@chem McKendrick conducted a complementary classical molecular
northwestern.edu. dynamics (MD) simulation to determine the surface structure
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Ground-state atomic oxygen [GR)] is the most abundant
species in low Earth orbit (LEC)Since a spacecraft in LEO
travels at~7.4 km/s? the collision energy between an oxygen
atom and the spacecraft surface is about 5 eV. This leads to th
degradation of polymeric materials coated on the vehitfes;
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TABLE 1: Comparison of Predicted Reaction Energies and Barriers for Representative Product Channels of the @ Methane
and O + Ethane Reactions Using MSINDO and CCSD(T3%7

reaction energy reaction barrier
MSINDO CCSD(TY MSINDO CCSD(TY

O + Methane
H abstraction —0.342(-0.151) 0.152(0.288) 0.564(0.699) 0.497(0.635)
H elimination 0.081(0.284) 0.778(0.950) 1.869(1.986) 2.096(2.204)

O + Ethane
H abstraction —0.758(-0.589) 0.042(0.223) 0.370(0.513) 0.415(0.571)
H elimination —0.209¢-0.007) 0.608(0.827) 1.701(1.879) 2.191(2.330)

1.671(1.792) 2.457(2.612)

C—C breakage —0.720(-0.516) 0.132(0.344) 1.645(1.693) 2.062(2.136)

a All of the values are in eV, and the values in parentheses are evaluated without zero-point energy cdrfeatitie O+ methane reaction,
the CCSD(T) values are evaluated from the CCSD(T)/aug-cc-pVTZ single-point calculation at UMP2/aug-cc-pVDZ-optimized geometries and
frequencies, and for the @ ethane reaction, they are from the CCSD(T)/cc-pVTZ single-point calculation at UMP2/cc-pVTZ-optimized geometries
and frequencies. See refs 6 and 7.

of squalane and a Monte Carlo (MC) tracking simulation to 400 K and for 0.6 ns more at 298 K for the equilibration and
estimate the accessibility of each type of carbon atom to O data accumulation to determine the density. The pressure was
attack?® These results, which did not actually simulate reactive maintained at 1 atm throughout the simulation. The bulk density
collisions, suggested that secondary carbons are as accessiblef squalane for each force field was compared with the
as primary carbons to the incoming O atom. They also found experimentally observed value, 0.815 gfecrand it turns out

that the recoiled products are likely to undergo secondary that the OPLS-AA force field gives a better result (0.796 gjcm

collisions. than MM3 (0.696 g/cr¥). Therefore, we decided to use the
Despite this earlier theoretical work related to the reaction OPLS-AA force field for the surface structure of squalane in
of atomic oxygen with hydrocarbon surfacég??the simula- subsequent simulations.

tion of reactive collisions with squalane has not been previously  To simulate the liquid interface, the last configuration of the
reported. In this paper, we report such a study, with emphasishomogeneous liquid simulation was selected, and the box size
on characterizing the dynamics of the inelastic scattering, H was adjusted on the basis of the density obtained (39.3
abstraction, H elimination, and-€&C bond breakage processes. 39.3x 27.7 A3). This structure was then used to define a slab
In addition, we investigate the accessibility of the incoming O of |iquid by adding empty regions above and below the slab
to each type of carbon in squalane. Our calculations use a novekych that the total simulation box was elongated by a factor of
quantum mechanics/molecular mechanics (QM/MM) approach 3 in one direction (39.3x 39.3 x 83.1 A%). As a result, the

to determine forces for molecular dynamics calculations in squalane molecules at the top and bottom surfaces of the liquid
which the partitioning of atoms treated by quantum mechanics did not interact when PBCs were applied; therefore, we can
and by molecular mechanics is allowed to vary as the collision mimic a realistic gasliquid interfacial structure. An NVT
proceeds. This allows us to describe reactions in which there gnsemble simulation was then performed at 400 K for 0.6 ns

are several bond breaking/forming events and where there isand then continued for 2 ns at 298 K for equilibration and data
significant restructuring of the liquid such that a partitioning gccumulation.

based on the initial locations of the atoms (as is usually done)
is not effective. Details of the QM/MM calculations are given
in section 2, while the results and discussion are in section 3
and the conclusion is in section 4.

B. Dynamics Calculations.To investigate the dynamics of
hyperthermal O%P) atoms colliding with squalane, molecular
dynamics calculations are performed in which a portion of the

atoms are treated by direct dynamics (DD) quantum mechanics
. (electronic structure) calculations and another portion are treated
II. Theoretical Methods with empirical molecular mechanics potentials. There are several

A. Structure of the Squalane Surface.Prior to the QM/ ways to define the interface between the reactive QM part and
MM calculations, we need to determine the surface structure nonreactive MM part. Since our system is electrically neutral
of liquid squalane for a temperature and density that is relevantand charge transfer or interactions between the charges of the
to the experiments. Although there have been several theoreticaPtoms can be assumed to be negligible, a simple mechanical
studied?22-28 of squalane including studies of the liquid surface €mbedding approaéhshould be reasonable.
structure?®28all of them have been carried out utilizing a united For the QM calculations, we used the MSINDO (modified
atom model where the-CH3, —CH,, and —CH fragments in symmetrically orthogonalized intermediate neglect of differential
squalane are treated as a single particle. However, since theoverlap) semiempirical Hamiltoniaf.A key reason for this
reactions of interest in our study involve-E1 bond cleavage, choice is that MSINDO has been successful in predicting
C—C bond breakage, and other processes, it is essential toreaction energies and barriers for gas-phase reactions between
include all atoms in our description. Therefore, we need to find O (3P) and short hydrocarbofs’ However, since we deal with
an appropriate all-atom model force field for the simulation of reactions involving a liquid hydrocarbon, where there are a
squalane. larger number of reaction energies and barriers than there were

Two widely used empirical force fields have been considered, studied for the gas-phase reactions, it is useful to review both
MM327 and OPLS-AAZ?8 hoth within the TINKER package of  the advantages and disadvantages of the MSINDO method.
programs?® As a preliminary step, we ran isobarisothermal Table 1 compares reaction energies and barriers for tHeP) (
(NPT) ensemble simulations for a homogeneous liquid of 48 + methané and ethane reactiohas obtained from MSINDO
squalane molecules with periodic boundary conditions (PBCs) and CCSD(T) calculations. The table shows that the agreement
in three dimensions. The simulation was run for 1.2 ns at of the reaction barriers from both methods is remarkable. Since
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between atoms in the QM region. When reaction occurs, the C
atom which loses one of its H atoms is chosen to be a new
seed atom since this atom is now open-shell and can serve as
a site for further reaction. The O atom is also retained as a seed
atom, as the OH radical is also open-shell and can undergo

el £=500 a. further reactions. However when the OH leaves the surface,
atoms that are inside of the associated sphere will move outside
l of this sphere, and the atoms will change from being QM to
MM.
s £ 2 ; One issue associated with this procedure is that when an atom
;@fiﬂw is moved between QM and MM regions, there will be a
fq:.x*‘»m discontinuity in the force for atoms near that atom. This effect

could, in principle, lead to nonphysical behavior; however, we
£= 2000 a.u. £= 1500 a.u. f=750au. find that as long as the radius is chosen to be large enough, the
Figure 1. lllustration of the modified direct dynamics method. The €ffects are not significant. To determine this radius, we require
spheres indicate the QM region around the QM seed atoms. As thethat the force between C, O, and H atoms and methane located
incoming O approaches the surface, the QM sphere gradually includesat the boundary of the sphere be smaller than 10-7 hartree/
a portion of the surface atoms. After that, the C atom whose H is hohr, This leads to radii of 10, 12.0, and 12.5 bohr for O, H,
?rgfrtwrtak?éesdurbfgctgerecl)eetl):i(r:lont]r?: 3,\;‘:‘:‘(’) ;ie:ro{ﬁﬂ[dni't It_c?:ﬁg 'fm gHin‘i’é'tSand C, respectively, and we have used these values for all further
' 9 9'Me.- calculations. Obviously, the success of this procedure depends
on the ability of the QM and MM forces to be similar in value

reactivjty is typically determjned by ba.rrier height, we expect for geometries where the atoms get relabeled. These geometries
that this aspect of the reaction dynamics should be accuratelyare far away from the reactive region, and so, the MM and QM

determined from the MSINDO calculat_|ons. Howeve_r, the table potentials should be similar; however, some discontinuity in
also shows that MSINDO systematically overestimates the : .
. - .~ force is unavoidable.
reaction exoergicities compared to those from CCSD(T). This )
could lead to incorrect evaluation of the product energy disposal 1 Nere have been concerns in past work about the effects of

behavior (for gaseous products). This point will be examined discontinuities in the potential energy and forces in dynamic
later in the paper. partitioning schemes such as those that we have developed, and

The fact that squalane is a liquid raises a concern that the Several sophisticated algorithms have been devised to remove
incident O atom is likely to penetrate the surface easily, these discontinuitie® 34 A recent study showed that to remove

interacting with a large number of atoms both before and after all discontinuities in potential energy and force, trajectories
reaction. Recent simulations of the €P) + SAM? system should be integrated with ®lf or O(2V) multilevel calculations

indicate that it is possible for the O atom to be trapped for even at each time step, depending upon the algorithm, whenever there
~60 ps, enabling transfer from one channel formed by the areN atoms or groups of atoms in the buffer between the QM

alkanethiol chains to another. In fact, we find that some gaseous2Nd MM regions* In the simulation of a system consisting of
species cannot be confined to a squalane slab that has a radius /1 argon atoms, for example, the average number of argon
of 18 A and a height of 20 A, even though this contains atoms in the buffer zone was 2.4; thgrefore, 3.3 0'r8..8 multilevel
approximately 2000 atoms. In addition, in contrast te-GAM calculations were needed in each time step. In I|qg|d squalane,
collisions where the alkanethiol chains are aligned periodically W& have more carbon atoms4.4) at the QM/MM junction,

such that the QM region is spatially distinct, liquid squalane is @1d in the case where reaction occurs, the number of QM
amorphous and the molecules diffuse. Thus, a QM/MM spheres linearly increases as a function of the number of broken

partitioning based on fixed atoms will require a large QM part bonds such. that the appquation of one of the refined algorithms

and thus large computational costs to produce reliable results.S COmPputationally prohibitive. We also note that the past Work
To deal with this, we modified the conventional QM/MM has demonstrated that the results from using the discontinuous

method to allow at(;ms to be moved back and forth between method do not severely deviate from those of more sophisticated

QM and MM regions while the trajectory is being integrated. ?Igorithrq:s and, inzf_act, pehave even better than the so-_called
The standard link atom meth#dis used at the QM/MM hot spot methoa in Whlch the force (but not the potential)
boundary for atoms that are in the QM region. To identify the ©N the atoms in the buffer is smoothed.

QM atoms, we assume that QM atoms are within the boundary ~ To test the importance of discontinuities in the force, we have
of a sphere whose center is located at a seed atom. The seeompared trajectories in which the partitioning between QM
atom is typ|ca||y Open_she” so that it serves as a site where and MM atoms is not allowed to Change with those where it iS,
reaction can occur. We also allow for the poss|b|||ty that there |00king SpeCifically at inelastic collisions where the initial and
might be several spheres and several seed atoms whose numbdifpal partitionings are same. We find that the variable partition-
might change with time. The radii of the spheres are chosen toing trajectory shows energy conservation behavior that is
be large enough so that all bond breakage and formation takescomparable to that of fixed partitioning trajectories.

place within the spheres, while atoms moving between QM and  In a previous study® the influence of excited states and
MM regions are close to minimum energy structures where the triplet—singlet intersystem crossing on the excitation function
QM and MM force fields are similar. In addition, we want to  of the hyperthermal O°P) + methane reaction was discussed.
make the QM spheres as small as possible to reduce compuit was found that intersystem crossing has a negligible effect
tational effort. Figure 1 shows how this works for a trajectory on the excitation function. However, the first excited triplet state
that leads to H abstraction. Here, the initial seed atom is taken contributes substantially to the cross section at energies well
to be the O atom. As the atom approaches the surface, some oabove the reactive threshold. Including the triplet excited states
the surface atoms move within the QM sphere such that theis prohibitive in the present simulation; therefore, the overall
reactive event involves breaking and making bonds only reactivity is expected to be underestimated. However, the
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Figure 2. Schematic picture of the system. The core round box depicts

the regime in which atoms move, and the peripheral shell region defines
the atoms which are fixed. The arrows above the surface shows the
incident angleg.

qualitative aspects of the reaction dynamics are not expected
to be different. Note that we have not factored in the electronic
degeneracy factor of 1/3 in the reaction probabilities that we
present.

The dynamics calculations are conducted by considering those,
squalanes in the slab defined above that are within a cylindrical
region whose radius is 18 A and height is 20 A (Figure 2) to be
mobile. Since we do not apply PBCs, we divide the cylinder
into two regions, a peripheral buffer layef®A thickness and
a core part. The fragments of squalane in the buffer are fixed,
while those in the core region are allowed to move during the
collision. The incident O3P) atom is launched with an initial
translational energy of 5 eV and starting 15 au above the surface.
The components of the velocity vectors of the®@)(atoms are
determined by the anglé;j between the incident velocity vector
and the surface normal and the azimuthal ang)e \(Ve select
five different squalane structures randomly from the previously
described NVT simulation at room temperature (298 K) for our
collision dynamics studies, and all of the results have been

averaged over these structures. Results are generated for thre!

incident anglesd; = 30, 45, and 69 and four azimuthal angles,

¢ = 0, 90, 180, and 270 In contrast to a SAM surface, the
azimuthal angle has no relation to a specific structure of
squalane. Thus, all results are averaged over the azimuthal ang|
A total of 1400 trajectories have been generated by impacting
the O at 25 different points on the surface from each of 12
different values of); and ¢ for each squalane structure.

Trajectories are terminated if products from the reaction
including inelastic scattering exit from the surface and reach
20 au above the surface. Trajectories are generally terminate
at 3 ps duration if the products are confined in the squalane at
that point. However, in cases where the products are close to
being desorbed at 3 ps, the integration is continued until the
product has escaped. This usually takes less than a totat of 5
6 ps.

It should be noted that some hyperthermal oxygens penetrat
so deeply that the 20 A-thick squalane slab used in the presen
studies cannot prevent these atoms from completely penetratin
the slab. Increasing the size of the squalane slab, however,
entails more computational cost, which is prohibitive at the
moment. Fortunately, these trajectories are of low probability.

I1l. Results and Discussion

A. Reaction Statistics. Table 2 shows the reaction prob-
abilities for different incident angle®)(= 30, 45, and 69 at
a collision energy of 5 eV. This shows that H abstraction to

N

eigeometry is still important in the squalane case. For example,

g
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TABLE 2: Probabilities of Inelastic and Reactive Process
for the Hyperthermal Collision of O (3P) with Liquid
Squalane at 5 eV for Different Incident Angles;2

i 30° 45° 60°
inelastic collision 0.20 (0.69) 0.18 (0.83) 0.31(0.84)
H abstraction 0.41(0.71) 0.41 (0.80) 0.41 (0.83)
double H abstraction 0.16 (0.76) 0.22 (0.69) 0.08 (0.80)
H elimination 0.14 (0.95) 0.12 (0.92) 0.14 (0.96)
C—C bond cleavage 0.06 (0.62) 0.06 (0.71) 0.06 (0.60)
et® 0.01(1.00) 0.00(0.00) 0.00 (1.00)

2 The values in parentheses represent the probability that the reaction
product exits from the liquid surface and is in the gas phagae
extra cases include combinations of the primary reaction mechanisms,
for example, H abstraction by eliminated H or detached,@ékulting
in H, and the CH molecule, respectively.

give OH is the dominant reaction process regardless of the
incident angle. Inelastic scattering, double H abstraction gen-
erating BO, and H elimination to produce an alkoxy radical
are the three next most important processesC®ond cleavage

is also observed, but this is a minor process. As found in the
earlier study of O+ SAM,'2 multiple reaction steps can occur

in a single collision, including double H elimination, H
elimination + C—C bond cleavage, and double—C bond
breakage. These can occur either concurrently or sequentially.
The probabilities of these processes are included separately from
the aforementioned reactions. In addition, although the cases
are very rare and thus are categorized into “etc”, secondary H
abstraction by a species other than the O atom is also seen, for
example, Hand CH, are produced through H abstraction by H
and CH radicals, respectively.

While reactivity appears to be independent of the incident
azimuthal angle, as mentioned in the previous section, the
variation in reactivity with incident polar angle is important, as
associating it with the geometric features of squalane at the
surface provides a physical picture of the reaction dynamics.
For example, the probability of H abstraction is independent of
incident angle, although the trapping fraction afee 3 ps
i@tegration time depends on it. In addition;-C bond scission
IS also independent of incident angle, but inelastic scattering
varies with angle such that the highest probability i®at
60° and the smallest is fa#; = 45°. On the other hand, double
H abstraction varies inversely to inelastic scattering, that is, it
appens the most at 4and the least at 60In the case of H
elimination,8; = 30 and 60 show similar probabilities, with a
slightly lower probability at 45.

These trends in reactivity with incident angle are quite
different from what was observed in the © SAM studies!?

dwhere it was found that reactivity was strongly dependent on

geometry, as determined by the cone of acceptance of the
incident oxygen atom at the point of impact at the first carbon
atom encountered. This dependence was tied to the fixed
orientation of the SAM molecules relative to the gold substrate
of the SAM,; therefore, it is perhaps not surprising that these

trends are not found for squalane. However, incident impact

most H elimination reactions occur when the incoming O

mpinges directly on a carbon near the surface. Since the
orientation of bonds around this carbon is largely random for
squalane, this explains why the reaction probability is not

sensitive to the incident approach direction. Another issue that
plays a role in collisions with squalane is the mean residence
time, <7>, during which the projectile travels under the surface.

This time and the probability of not penetrating the surface to
the point where the density is half of its bulk vali&z = 0),

for inelastic collisions and H abstraction are listed in Table 3.
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TABLE 3: The Mean Residence Time,<z>, and the
Probability of = = 0 for Inelastic Scattering and H

Abstraction?
0

30°

30° 45°

Inelastic Collision
7054 106 2764+ 61
0.18 0.51

H Abstraction |
<r> 571+ 61 4204 49 2054 40 *
P(zr =0) 0.20 0.34 0.61

aThe <7> is in femtosecondP(r = 0) represents the probability
that the incoming O or the product OH scatters off the 50% density
dividing surface without penetrating it.

60°

<Tt>

P(r =0)

95+ 39
0.74 Mo

E,(0)/eV

For 6; = 60°, direct scattering off of the surface is important,
and<t> is the smallest. In the case of H abstraction, the product
OH does not generally have sufficient time to encounter another
object and abstract another H atom. Therefore, although the 1
probability of H abstraction fof; = 60° is similar to that for
the other incident angles, there is a much smaller probability
of generating HO. In addition, the projectile experiences a
smaller number of impacts fék = 60°, and thus, the likelihood
of inelastic collision is high. On the other hand, #r= 30°,
we see increased probability of double abstraction and a smaller
probability of inelastic collision. Also, the O atom spends a
longer time in the liquid; therefore, it is more likely to react
and more likely to give a trapped product, and there is more
energy transfer to the hydrocarbon. Thus for,3@e find
enhanced probabilities of trapping for inelastic collisions and
H abstraction.

Similar to the previous studieé;2®we have also counted the
number of encounters of the incoming O with liquid squalane Nenc.
to delve further into the mechanism of energy transfer F_igure 3._ S_catter plots ofEr versusNenc. for inelastic scattering at
(Figure 3). Encounters are counted when the maximum in the different incident angles.
instantaneous force exerted on the projectile or on the product . . | N o
center-of-mass is larger than 0.5 eV/A. It turns out that below Variation in the G-C bond cleavage probability with incident
this amount, the projectile or product hardly changes its @ngle is minor.
trajectory, and hence, energy transfer is not important. A graph McKendrick and co-workers showed in their recent study that
showing the final product translational enerBy versus the  the accessibility of the incident O atom to each type of hydrogen
number of encounterdlenc. for inelastic collisions is presented  is qualitatively in accord with relative abundari®en their
in Figure 3. In this figure, significant energy transfer from the report, however, the relative reactivity of each type ofi€
incoming O is observed for the first few encounters (for bond was not taken into account. In addition, they focused on
example, £5) for the smaller incident angle. As the incident the first impact in their model of H abstraction, even though
angle increases, the distribution of transferred energy in the first they mentioned the possibility of H abstraction in secondary
few collisions becomes broader. collisions. We consider the accessibility to each type of carbon

For 6; = 45°, the projectile spends more time under the rather than hydrogen because the spectrum of reactions (includ-
surface than that fof; = 60°, and therefore, it is more likely ~ ing H elimination, C-C bond breakage) is more closely
to undergo a reactive collision. On the other hand, when it connected with impacts on carbon atoms (including the pos-
escapes from the liquid, the newly formed OH projectile has Sibility of a O—H—C— conformation at the transition state).
lost less energy than that f6r = 30° such that the product has We mentioned that the surface structure of squalane is very
a smaller probability of being trapped and is more likely to disordered. However, statistically, there are distinct character-
experience secondary reaction. As a result, we see a smalleiistics in terms of the distribution of each carbon segment with
probability of inelastic collision and the highest likelihood of respect to distance beneath the surfééFigure 4 shows the
double H abstraction. number density (beads?fof primary, secondary, and tertiary

In case of C-C bond cleavage, no distinct variation with the carbons at the squalane interface, with a vertical line denoting
initial conditions is observed. The reason seems similar to the the position where the density is half of its bulk value (which
case of H elimination. The reaction barriers between O and can be thought of as the nominal interface location). In the bulk

E (0)/eV
ceoe o

6 o o @0 wewm ooe
W [eeese

o o
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.
e

o
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—_
(=}

E;(0)/eV

25

ethane for H elimination and -©C bond scission are similar
(1.67-1.70 eV for H elimination and-1.65 eV for C-C bond
scission) based on MSIND&Hence, it is more likely that EC

region, we see ratios of primary to secondary to tertiary carbons
which match their expected statistical values (Pri./Sec./Fert.
8:16:6). However, the abundance of primary C is similar to that

bond scission takes place in the first few impacts between the of secondary C for locations at or above the vertical line,
impinging O atom and squalane so that the O atom will have indicating that the methyl groups are preferentially located in
sufficient energy to overcome the barrier. Since there is no clearthe interfacial region. The accessibility of each type of carbon
geometric ordering of squalane near the surface except the slighto reaction is listed in Table 4, and this indicates that when
tendency of the methyl groups to point out toward vacydéas, summed over all reactive channels, the fraction of reaction is
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Figure 4. Segment number density profile for squalane as function of posifjoalgng the surface normal.

TABLE 4: Reaction Probabilities at Primary, Secondary,
and Tertiary Segments for the Hyperthermal Collision of O
(3P) with Liquid Squalane at 5 eV for Different Incident
Angles

30° 45° 60° total
First H Abstractiof
primary 0.18 0.24 0.26 0.23
secondary 0.56 0.49 0.49 0.51
tertiary 0.26 0.28 0.25 0.26
Second H Abstractidn
primary 0.17 0.21 0.22 0.20
secondary 0.53 0.51 0.47 0.51
tertiary 0.30 0.28 0.31 0.29
Subtotal for H Abstraction
primary 0.18 0.23 0.26 0.22
secondary 0.55 0.49 0.49 0.51
tertiary 0.27 0.28 0.26 0.27
H Elimination
primary 0.46 0.40 0.51 0.46
secondary 0.50 0.48 0.36 0.45
tertiary 0.04 0.12 0.13 0.09
C—C Bond Cleavage
primary 0.15 0.14 0.28 0.19
secondary 0.55 0.32 0.32 0.40
tertiary 0.30 0.54 0.40 0.41
Subtotal for O Impacton €
primary 0.37 0.32 0.44 0.38
secondary 0.52 0.43 0.35 0.43
tertiary 0.11 0.15 0.21 0.19
Total Statistics
primary 0.23 0.25 0.31 0.26
secondary 0.54 0.48 0.44 0.49
tertiary 0.23 0.27 0.24 0.25

aThe first H abstraction includes both single H abstraction and the
first H abstraction of the double H abstractiéiThe second H
abstraction represents H abstraction by OH radical-generaty@y H
¢Ilmpact on C includes reactions which generate alkoxy radicals or
ketones.

in fair agreement with the statistical values (0.27:0.53:0.20) for

TABLE 5: The Average Position of the Incoming O at the
Moment of Reaction with Respect to the Gibbs Dividing
Surface, <zy,>, in Terms of the Reaction Channel and Type
of Counterpart Carbon Segment for Different Incident
Anglest

0 30° 45° 60°
total —2.56+0.15 —2.08+0.12 —1.30+0.15
Reaction Type
inelastic collisiofi —7.23£0.29 —3.30+0.13 —2.48+0.16
H abstraction —2.87+0.18 —2.27+0.14 —-1.60+0.20
H elimination —1.23+0.27 —-0.97+0.23 —-0.50+0.17
C—C bond cleavage —2.65+ 0.37 —2.16+0.42 —0.89+ 0.20
Type of Carbon
primary —0.76+ 0.27 —0.54+0.19 —0.07+0.20
secondary —3.394+0.20 —2.65+0.17 —1.73+0.25
tertiary —2.43+0.25 —2.51+0.22 —2.06+ 0.24

aAll of the values are in AP For inelastic collisions,<zx.> is
defined as the deepest point of penetration of the projectile.

abstraction, the reaction probabilities are closer to the carbon
statistical abundances than to the hydrogen statistical abundances
(0.39:0.51:0.10). However, for H elimination, which is induced
by bond formation between O and C, the probabilities are more
in accord with the hydrogen abundances. This somewhat
surprising result can be understood based on the fact (shown
below) that H elimination tends to occur at the squalane surface
where primary carbons are more abundant (Figure 4), while
abstraction occurs more in the interior where bulk statistics are
appropriate. Both of these reactive channels arise from the first
few impacts where the oxygen still has high translational energy,
and the barrier to reaction is less important.

For C—C bond breakage, we see results that are more in
accord with the number of €C bonds for each type of carbon
(0.14:0.55:0.31) than to the other statistical measures, especially
for 6; = 30° where the agreement is remarkable. Presumably,
for 6; = 30°, the incoming O penetrates deeper during the first
several impacts so that bulk statistics are more relevant.

To understand how penetration depth correlates with incident
angle, in Table 5, we present the average position of the O atom

the carbon abundances. However, a slight preference for tertiary(using the coordinate defined in Figure 4) at the moment of

carbon is observed that will be discussed below. For H

reaction as a function of reaction type, carbon atom site, and
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TABLE 6: Average Translational Energy of the Incoming O On the other hand, since the tertiary carbons are shielded by
at the Moment of H Abstraction® three adjacent carbons, the probability of reaction in the first

0; 30° 45 60° total impact is smaller, and reaction therefore occurs deeper into the

primary  2.93+ 038 2.80+ 028 2.97+032 2.89% 0.06 surface. _Another consequence i_s that the incoming O atom loses

secondary 2.8%0.10 2.52£0.06 2.91+0.11 2.73+0.06 more of its energy before reaction occurs. Table 6 provides an
tertiary 2.15+0.14 255+0.07 1.95+0.19 2.24+0.10 inkling of this, showing that for all incident angles, in the case

total 2.65+0.08 2.60+0.06 2.70+0.08 of H abstraction, the average kinetic energy of O at the moment
a Al of the values are in eV. of the reaction is higher for primary carbons than that for tertiary

carbons.

incident angle. This shows that, when averaged over reaction
type, the average values are-2.56,—2.08, and—1.30 A for
30, 45, and 69 respectively. The data also indicate that reaction
with primary carbons take place closer to the surface, while
those with secondary and tertiary carbons occur deeper unde
the surface. It is also apparent that since the incoming O atom
reacts in the first several collisions and the incoming O atom is
able to penetrate the surface into bulk more effectively prior to ) . . o
the reaction when the incident angle is close to the surface tertiary site, a”d.th‘? barrier to reaction Is lower; therefore, the
normal, secondary carbons are more accessible. dependence on incident angle '§ weak. ]
Interestingly, reaction with tertiary carbons occurs around 2~ 1he average product translational energr>, and final
A deeper on average than with primary carbons. This occurs Scattering angle<6;>, for several representative processes
despite the fact that the depth profile distributions of primary including experimental valuésare presented in Table 7. Since
and tertiary carbons are very similar due to the fact that every the pfO_dUCtS have .only been detected for forward' az!muthal
primary carbon is attached to a tertiary carbon in squalane @ngles in the _experlmeﬁ‘i,avergge values for scattering in the
(Figure 4). To judge the significance of ¢ A difference, we forward dII_’eCtIOI’] are also provu_:led for the comparison of theory
investigated the relative position of the primary carbon with and experiment. These theoretical results are in good agreement
respect to its adjacent tertiary carbon along the surface normalWith experiment. For inelastic scattering and H abstraction,
(Figure 5). In the outermost interfacial region, primary carbons <Er> and<6;> decreases as the incident angle becomes closer
tend to point out to the vacuum such that they are located abovel© Normal, and on the other hand, these quantities are largely
their binding tertiary carbons. However, this tendency disappears'nfjepe”d?”t of initial condltlons forH ehmma‘uqn. These results
abruptly even at the nominal surface (vertical line in Figure 5), Will be discussed later. It is also worthwhile to note that
and finally, there is no position difference for tertiary carbons including only the forward azimuthal angles tends to give higher
in the bulk. Furthermore, the maximum difference appears not ~Er> and <6:> values, indicating that the products recoiling
to exceed 1 A, and thus, &r2 A difference, which may seem backward have I'e.ss energy and exit closer to the surface normal
meaningless, has some significant implication. Apparently, steric than those recoiling forward.
hindrance prevents the O atom from approaching the tertiary In the following subsections, we examine more details of the
carbon, and this leads to the difference in depth of reaction. dynamics for the most important reaction channels.
Primary carbons are relatively open to O-atom attack, and B. Inelastic Scattering. When hyperthermal O strikes the
therefore, the reaction probability with surface atoms is high. surface of liquid squalane, one of the most important processes

For secondary carbons, Table 5 shows that the average
reaction position moves deeper into the liquid as the incident
angle decreases. This tendency is somewhat weakened for
rprimary carbons, which presumably reflects their relative
abundance in the interfacial region and their availability to
collision. As for the reaction with tertiary carbons, the projectile
typically undergoes multiple collisions before reaction at a
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TABLE 7: Average Values of the Product Translational
Energy, <Er>, and the Final Scattering Angle, <6:>, for
Representative Reaction Channels as a Function of Incident
Anglest

30° 45° 60°
Inelastic Scattering
<Er>/eV theory  0.63+0.06 1.24+0.11 1.98+ 0.12
(0.75+0.11) (1.48+0.16) (2.39£0.13)
expt. 0.95 1.49 2.15
<@:>/° theory 38.7+2.3 46.8+ 2.2 53.2+£ 2.0
(37.3+4.2)  (52.3£3.2) (57.9+2.1)
expt. 35.9 454 50.4
H Abstraction
<Er>/eV theory 0.74+ 0.06 1.03+0.07 1.30+ 0.09
(0.84+0.10) (1.41+0.14) (1.76+0.13)
expt.  1.02 1.40 1.97
<6¢>/° theory 38.1+1.6 401+ 1.4 457+ 1.9
(40.3+ 2.5) (42.8+2.2) (49.4+ 2.3)
expt. 43.8 42.2 45.2
H Elimination
<Er>/eV theory  1.31+0.09 1.31+0.08 1.21+0.07
<@;>/° theory 40.6+2.3 40.0+ 2.6 38.9+ 2.6

aThe6; is the angle between the velocity vector of the product and

the surface normal. The theoretical values in parentheses are generated

from products with forward azimuthal angles. The experimental results
are obtained from ref 37.
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Figure 6. Product angular distribution for inelastic scattering at
different incident angles.

is inelastic scattering. Figure 6 shows the angular distribution
of the exiting O, where6; is the incident angle and
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Figure 7. Product translational energy distribution for inelastic
scattering as a function of the incident angle.

desorption, contribute to the angular distribution, the distribution
of long-lasting products in the liquidr(> 150 fs) is also
depicted. Note that all possible azimuthal angles have been
included in calculating this angular distribution. The figure
shows important variation of the angular distribution with
incident angle that reflects the interplay between the trapping
desorption and direct scattering mechanisms. Trappileg
sorption is expected to give a c8sdependence (and therefore
a peak at = 0), while direct scattering should give a peak in
the specular direction. A#; = 60°, the distribution is quite
broad, and the contribution of the long-lasting products is small
and concentrated close to the surface normal. Presumably, the
absence of a strong specular peak is due to the fact that even
the experimentally observed “direct” processes usually involve
several encounters due to the surface roughness of liquid
squalane such that they can give significant nonspecular
scattering. Fop; = 45°, the distribution is similar to that faf;
= 60°, but the angular distribution is slightly more concentrated
close to the specular angle and surface normal, which is due to
the increased contribution of the trappindesorption mecha-
nism. Forg; = 30°, the dominant flux escaping from the surface
is detected near the surface normal, which is consistent with a
more dominant trappingdesorption mechanism. However, it
should be noted that a peak from direct scattering is still present.
The product translational energy distributid) for inelastic
scattering is presented in Figure 7. This shows a broad
distribution, with more significant intensity at low translational
energies as the incident angle decreases. As a result, the average

corresponds to the angle between the surface normal vector angbroduct translational energy<Er>, which we present in

the outgoing velocity vector. To gain insight into how much
the two different mechanisms, direct scattering and trapping

Table 7, shows the same trend. This means that there is greater
energy transfer to the liquid for collisions that have a higher
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TABLE 8: Comparison of Simulations of Hyperthermal 0.2
Inelastic Scattering: <Er> and <6:>
O + SAM? 0.15
QM/MM MD this work “
$p=0° ¢$=180C¢  ¢random ¢ random ng_ 01k
0 = 30°
<Er>/E®  0.068 0.11 0051  0.130.01 005
<0;> 22.3 27.3 39.2 38.£23
0; = 45° 0
<Er>/E 0.11 0.23 0.11 0.25 0.02 0
<> 28.0 38.8 42.2 46.8 2.2 0.2
0 = 60°
<Er>/E 0.23 0.43 0.30 0.48- 0.02 45°
<> 33.8 52.5 50.9 53.2 2.0 0151
a Simulations from Table 10 of ref 22.E for the QM/MM and _8' o1k
current study is 5 eV, and that for the MD calculation is 5.23 e¥;> £ A
is in degrees. 1"
0.05 - ,'\\_ B
normal velocity component, which is a result that connects with L’
our previous picture in terms of greater residence time in the 05 o f‘oz” o 05 1
liquid, and a larger number of encounters for smaller incident ’ ’ ’ ’
angles. Indeed, this conclusion is further supported by the results 02
in Table 3, which shows the mean residence time>. As o
expected, at an incident angle of°3the mean residence time 0.15 60
<> is 705 fs, and it decreases to 276 fsdat= 45° and to .
95 fs atg; = 60°. In addition, in Figure 3, we see that the @ 0.1F
collisions lead to a reduction in the final translational energy A~
of the recoiling O. The average number of encounters at 30 0.05 |
(5.4) is indeed larger than that at°4{.7) and at 60(2.7), and < .~
the fraction of trajectories with less than five encounters 0 AR hIANLT T,
increases with incident angle. 0 02 04 0.6 038 1
Compared with the earlier O- SAM studyi?2! energy cos (6p)

transfer appears to be relatively inefficient in collisions of Figure 8. Product angular distribution for H abstraction at different
O with liquid squalane; see Table 8. This inefficiency is more incident angles.

prominent for the smallef; where the trappingdesorption  identity of the target €H bond. For technical convenience,

process is substantial. This is not particularly surprising
since, for the alkane part of the alkanethiol chain, the SAM
(~1.02 g/cni)1238is approximately 25% denser than squalane
(~0.815 g/cm), and the SAM has a relatively sharp surface,
while squalane has a surface layer of low density with a
thickness of around 5 A. As a result, this relatively low density

we consider only the €H and O-H bond distances directly
involved in the reaction and assume that reaction occurs at the
moment when the ©H bond becomes shorter than the-B8
bond. The translational energy at that point is then used to
determine the change in translational energy before and after
reaction, and the resulting distributions of these energies versus

of squalane will lead to a smaller number of encounters before the number of encounters is presented in Figure 11. Although
the O atom can escape. the dynamics before and after the reaction occurs is apparently

C. H Abstraction. Figure 8 presents angular distributions independent of incident angle, we see several dynamics features
for the OH radical product. As with inelastic scattering, this to note. First of all, reaction dominantly takes place before the
distribution becomes more concentrated near the surface normalncoming O undergoes less than three major encounters. The
as the incident angle decreases, where trappilegorption is average number of encounters prior to the reaction is 0.75, 0.66,
increasingly important. This result is also evident in the and 0.74 for 30, 45, and 60of incidence, respectively. In
translational energy distribution (Figure 9), which shows in- addition, even when reaction occurs at the first major encounter
creasing intensity at low energies as the incident angle decreasegNen.. = 0), we see substantial energy reduction. While the
We find that, on the whole, trappinrglesorption is more  ignored minor encounters may play a role in this energy
important for the abstraction mechanism than for inelastic decrement, much of the energy loss arises from energy that is
collisions. Figure 10 shows the relationship between product used in climbing up the barrier to reaction. No significant
translational energy and the number of encounters. Here, wedependence of the results on incident angle is found.
see that not only do more collisions induce a larger reduction  On the other hand, we see an energy increment after the
in the product translational energy but also that the efficiency reaction in several trajectories where the product undergoes a
of energy transfer in the first several collisions depends upon relatively small number of encounters. This arises from energy
incident angle, although not as strongly as in inelastic scattering. released in climbing down the reaction barrier, which, as Troya
Again, the mean residence timer>, of the product diminishes et al. realized;” mostly is partitioned into product translational
as the incident angle moves farther from the surface normal energy. Interestingly, at 3Gncidence, this energy increment
(Table 3). is negligible compared to that at 45 and’ giddicating that the

It would be interesting to see how different the correlations efficiency of energy transfer in the first several collisions after
of the translational energy versi,c are before and after  reaction depends upon the incident angle. Therefore, the different
reaction. However, it is not easy to define a reaction point efficiency of energy transfer stems from dynamics associated
because the transition-state geometry varies depending upon th&vith the product OH rather than the reactant O. However, this
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) ) ) Figure 10. Scatter plots oEr versusNenc. for H abstraction at different
feature is not apparent for 45 and’6@nd thus, this seemingly  incident angles.

leads to less efficient energy transfer depending upon the
incident angle for H abstraction than that for inelastic scattering.  The OH vibrational distribution is best characterized in terms
We also see a difference in the distribution of a number of of the ratioP(y' = 1)/P(»' = 0), as excitation above = 1 is
encounters after the reaction, which shifts to smaller numbers minor. We find that this ratio is approximately 0.13 in our
of collisions as the incident angle increases. results, which is slightly higher than that for the experiments
We have also investigated the rotational and vibrational (for lower collision energyy-*® and also higher than earlier
distributions associated with the product OH radical. The estimates for the @ SAM systemt219The ratio is 0.07, 0.11,
quasiclassical histogram method is used to determine theseand 0.26 for abstraction at primary, secondary, and tertiary,
distributions wherein the rotational and vibrational actions are respectively. This clearly shows that abstraction of tertiary
rounded to the nearest integer to define quantum states. Herehydrogen is the main source of the high vibrational excitation.
we note that in past (SAM) work, it has been demonstrated that Considering only primary and secondary hydrogens drops the
rotationally cold products arise via trappindesorption, whereas ~ ratio to 0.10, which is in good accord with the previous
hot products arise from direct scatteriffg® This trend is also ~ theoretical studies for the SAM system where there are no
observed in the present study; see Figure 12. For smaller incidentertiary hydrogens.
angles, the population of rotationally cold OH is more important, ~ We note that zero-point energy is not included in the reactants
which is indicative of rotational relaxation associated with in our simulation. Doing so would likely lead to nonphysical
impacts after the OH is producé@iThe population of lowlop, behavior as the squalanes would end up with nonphysically high
however, is not as substantial as that found in+tOSAM temperatures after rapid intramolecular vibrational redistribution,
collisions at the same energy. This is consistent with the lessand this would lead to evaporation or even dissociation of the
efficient energy transfer that we noted earlier for inelastic molecules. Indeed, Lu and Hase pointed out that there is no
scattering. Direct comparisons of the present results with fundamental way to choose the fraction of zero-point energy to
experiment cannot be made, as the McKendrick work refers to add to each normal mode of the reactant to make the classical
lower collision energies where rotational excitation is lower, simulation describe quantum dynamics more accuréfely.
while the Minton experiments have not determined rotational Fortunately, these technical deficiencies can probably be ignored
excitation information so far. However, one point of caution at the high energy associated with LEO conditi&As#\ more
that we note is that MSINDO is likely to overestimate rotational important issue to the accuracy of the vibrational/rotational
excitation (as the enthalpies of reaction are overpredicted); distributions is the likely overestimation of the reaction exoer-
therefore, comparisons of these results with experiment will gicity due to flaws in the MSINDO energetics that we noted
likely find that the calculated rotational excitation is too hfgh. earlier.
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Figure 11. Scatter plots oAEr before (left column) and after reaction (right column) verblyg. for H abstraction at different incident angles.
For the left columnAE; is defined asEl™ — EJ (=5 eV), and for the right column, it iE" — EX",

D. H Elimination. Recently, Minton et al. attempted to detect
the eliminated H atom in studies of ® squalané! Unfortu- o
nately, however, the hydrogens that they observed seemingly o
resulted from some other process, such as secondary dissociation
of OH/H,0, and they could not obtain meaningful data for H 0.1
elimination due to the low detection sensitivity of H and the
high level of noise.

On the other hand, earlier theoretical calculatidagree with
our conclusion that H elimination is one of the important reactive
processes for hyperthermal collision energies. Table 7 lists the
average product translational energy and the average final angle
for H elimination. Unlike the other reactive processes, these
values do not show significant incident angle dependence. As

P (Jon)

0.05

previously mentioned, the H atoms are eliminated within the N T R B N B R B A BRI TSI L]
first several collisions before the incoming O loses a significant 001234567 8910112131415161718192021222324
amount of energy and memory of the initial conditions. In Jon

addition, once the O atom impinges on a carbon segment, thererigure 12. OH rotational state distribution.

are several hydrogens eligible for elimination (except for tertiary

carbons), and this might contribute to the randomized angular cleavage shows that the products are composed mostly of methyl

distribution. or methoxy radicals and their counterparts having 29 carbons,
E. C—C Bond Cleavage Figure 13 depicts the distribution  which is in accordance with experimental observatib@H,O

of the number of carbons contained in the product alkyl or produced via CHO dissociation or double -€C bond scission

alkoxy radical/ketone along with the corresponding reaction is also observed and is included in the methoxy radical count.

probabilities. The distribution of reaction products of C bond C—C bond cleavage adjacent to a tertiary carbe@H—CH—,
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wherex = 1 or 2) is the most prominent process (77.3%) despite
the steric hindrance for reaction with a tertiary carbon, producing
alkyl, alkoxy, and ketone fragments with 1, 6, 8, 11, 13, 17,
19, 22, 24, and 29 carbons. We assume that this is a consequenc !
of the interplay between the steric hindrance and the relative
abundance of €C bonds. For example,-&C bond breakage
is less likely at a primary site than at a tertiary site due to the
smaller number of available-6C bonds, even though collisions
are more likely with primary sites.

The average kinetic energies of gbland CH exiting from
the surface are 1.42 and 1.48 eV, respectively, and the average
internal energies are 1.56 and 0.26 eV, respectively, which
shows that the fragment that contains the incoming O always
has the higher internal energy. This is consistent with previous
studies> 814

Recent experiments by Minton and co-workérshow that
CHs0 and CHO are produced in @ squalane collisions. They
observed both hyperthermal and thermal species, implying that
they are ejected from the surface via both direct and trapping
desorption mechanisms. We found a few thermal methyl or
methoxy radicals, but considering that we truncated our simula-
tions at 3-6 ps and found trapped species more often than in
the gas, it is likely that some of the trapped §Hspecies will
contribute to the thermalized desorbed population in a longer
simulation. Secondary dissociation of &bin the gas phase  O-atom collisions. As seen in Figure 14, it is even possible that
is also seen in extended simulations for several randomly chosentwo squalane molecules are evaporated.
CH3O molecules. However, dissociation of trapped species is  While the second and third carbons beneath the surface are
not found in our limited time simulations. not very accessible to the incoming O in thedOalkanethiol

If 5 eV from the incoming O were distributed among all of SAM chain calculation$? alkyl and alkoxy fragments bigger
the degrees of freedom of the squalane molecules in the activethan CH or CH;O can be generated by<C bond cleavage in
region, the temperature rise would be small (roughly 10 K). A reactions between hyperthermal O and liquid squalane that occur
more significant rise (300 K) occurs if 5 eV is distributed to a well beneath the surface. This is presumably not only due to
single squalane molecule. Interestingly, Minton and co-workers the relatively low density of squalane but also because the
report the evaporation of squalane induced by impact of the arbitrarily oriented hydrocarbon backbone is more accessible
projectile with the surface. The evaporated squalane molecules(less shielded by the end methyls). Indeed, we find that alkyl/
are attributed to the elevated local temperature such that thealkoxy fragments with more than 10 carbon atoms are scattered
signals of alkyl/alkoxy radicals other than the &MHrelated into vacuum, and occasionally, both fragments that are produced
species become undetectable. While the squalane slabs remaineid a reaction are able to exit from the surface. Taking into
stable even for 3 ps trajectories in the absence of the oxygen,account that the evaporation of an intact squalane molecule can
evaporation of squalane occurred frequently in our hyperthermal be induced by collision with the hyperthermal incoming O

Figure 14. Snapshot of the squalane slab with a generated OH radical
and evaporating squalane molecules after 3.1 ps.
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(5 eV), it is not surprising that two carbon-containing reactive (7) Troya, D.; Pascual, R. Z.; Schatz, G. £.Phys. Chem. 2003

fragments can scatter from the surface. Nevertheless, the longef0” ;0497-\( . T+ Doubleday, C.: Hase, W. L Phys. Chern. /2004
fragments are more probable to remain in the liquid phase, andloa(g)ség? (b? Van T Hae W L D%Suetﬂledéy'n:.éﬁém.?Dhyszoo4

if the high-molecular-weight fragment escapes in a direct 120, 9253.

process, its kinetic energy is low. (9) (@) Garton, D. J.; Minton, T. K.; Alagia, M.; Balucani, N.;
Casavecchia, P.; Volpi, G. @. Chem. Phy2000 112 5975. (b) Garton,
D. J.; Minton, T. K.; Alagia, M.; Balucani, N.; Casavecchia, P.; Volpi, G.
G. J. Chem. Phys2001, 114, 5958.

We have investigated hyperthermal géisuid reactions by~ (10) zhang, J.; Garton, D. J.; Minton, T. . Chem. Phys2002 117

employlr!g QM/MM hyb”q direct dypamlcs calculations. The (11) Zhang, J.; Upadhyaya, H. P.; Brunsvold, A. L.; Minton, T.X.
results yield similar reaction dynamics features to those of the phys. ‘chem. 2006 110, 12500.

previous O+ SAM studies of inelastic scattering and H (12) Diego, T.; Schatz, G. Gl. Chem. Phys2004 120, 7696.
abstraction concerning the incident angle dependence of the (13) Jacobs, D. CAnnu. Re. Phys. Chem2002 53, 379.

probability for inelastic and reactive channels, for the relative 8‘5‘; (D')eaovt hT SChagv,&‘- gnt._gee;_.tphgs.v\?hemzoosl ? i‘% cE
. : : . : a) Nathanson, G. IVl.; Davidovits, P.; vorsnop, D. R.; Kolb, C. E.
importance of direct or trappirgdesorption mechgn!sms, and Phys. Cheml996 100, 13007. (b) Nathanson, G. Mnnu. Re. Phys.
so forth. On the other hand, there are several distinct featureschem.2004 55, 231.

of the reaction in squalane. The overall energy transfer in liquid  (16) (a) Saecker, M. E.; Govoni, S. T.; Kowalski, D. V.; King, M. E.;
squalane, for instance, is less efficient than that in the SAM gaﬂaﬁs‘(’;"ﬁfm M?ﬁ;i;‘géggg 275025 é421- (b) Saecker, M. E.; Nathanson,
system. We correlated this with t_he relatlve_densny of the_ (17) (a) Kelso, H.. Kbler, S. P. K.. Henderson, D. A.: McKendrick,
squalane and SAM systems, as this plays an important role ink. G. 3. Chem. Phys2003 119, 9985. (b) Kduler, S. P. K.; Allan, M.
determining the length of time that the oxygen atom, or nascentKelso, H.; Henderson, D. A.; McKendrick, K. G. Chem. Phys2005

IV. Conclusion

products, are trapped beneath the surface. This difference showd?22 024712.

(18) Kbohler, S. P. K.; Allan, M.; Costen, M. L.; McKendrick, K. G.

up in a variety of product attributes, such as in the distribution Phys. Chem. 2006 110, 2771.

of rotational states of the product OH.

C—C bond scission, through which the erosion of polymeric

(19) Li, G.; Bosio, S. B. M.; Hase, W. L1. Mol. Struct.200Q 556, 43.
(20) Kbohler, S. P. K.; Reed, S. K.; Westacott, R. E.; McKendrick, K.

materials in LEO takes place, is found to be slightly more G.J. Phys. Chem. 2006 110, 11717.

probable in liquid squalane than in the SAM. Despite the steric
hindrance, preference for-€C bond breakage at tertiary carbons

is significant. Although the major products of-© bond
breakage are C§1CH3O, and their Gy counterparts, reaction

(21) Tasic U. S;; Yan, T.; Hase, W. LJ. Phys. Chem. BR006 100,

(22) Mondello, M.; Grest, G. S]. Chem. Phys1995 103 7156.
(23) (a) Gao, J.; Luedtke, W. D.; Landman, ll.Chem. Phys1997,
106, 4309. (b) Gao, J.; Luedtke, W. D.; Landman, U.Phys. Chem. B

also occurs at other locations. All of these findings can be 1997 101 4013.

(24) Gupta, S. A.; Cochran, H. D.; Cummings, P.JI.Chem. Phys.

understood based on the tendency for penetration of the 9977107 10316.

projectile, the statistical structural features of the liquid, and

(25) Balasubramanian, S.; Klein, M. L.; Siepmann, J. Phys. Chem.

the relative barriers for reaction at primary, secondary, and 1996 100, 11960.

tertiary sites. Hyperthermal energy of the incoming O (5 eV)
also turns out to be sufficient to evaporate a couple of squalane

molecules.

(26) Wick, C. D.; Siepmann, J. I.; Schure, M. Rnal. Chem2002 74,

(27) Allinger, N. L.; Yuh, Y. H.; Lii, J.-H.J. Am. Chem. Sod. 989
111, 8551.

(28) Jorgensen, W. L.; Maxwell, D. S.; Tirado-RivesJJAm. Chem.
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