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Abstract

We present ab initio molecular dynamics simulations based on density functional theory
to study the alignment dependent scattering of O, from highly oriented pyrolytic graphite
(HOPG). Results are obtained for 200 meV O, molecules with different alignments impinging
with an angle of incidence measured from surface normal of 22.5° on a thermalized (110 and
300 K) graphite surface. The choice of these initial conditions in our simulations is made in
order to perform comparisons with recent experimental results on this system. Our results
show that a lower number of molecules initially aligned normal to the surface is reflected in
the scattering plane than of molecules initially aligned parallel to the surface. This is not due to
an increase of the trapping of end-on aligned molecules, but due to the fact that a large amount
of them are scattered out of plane. Additionally, we find that the final translational energy
of end-on molecules is around 10% lower than that of side-on molecules. We show that this
is due to a more efficient energy transfer from the translational degree of freedom to internal
degrees of freedom for end-on molecules, and not due to a more efficient energy transfer to
the surface. The results of our simulations are in overall agreement with the experimental
observations regarding the alignment dependence of the in-plane scattering probabilities and

the energy loss of the reflected molecules.

1 Introduction

The study of gas/surface dynamics is relevant to understand chemical reactions at surfaces with
applications in heterogeneous catalysis.' In this respect, it is crucial to gain knowledge on the
characteristics of the molecule-surface interaction, for which molecular beam experiments con-
stitute an invaluable tool.* In particular, by controlling the geometry of the incident molecule,
information can be obtained of the so-called steric effects and the anisotropy of the interaction
potential.’ For heteronuclear diatomic molecules this has led to the investigation of the orientation
effect, i. e., differences between the head and tail orientations of the molecules respect to the sur-

face. Typically, these heteronuclear molecules present an attractive and a repulsive end with the



subsequent anisotropy of the interaction potential, which induces an orientation dependent reactiv-
ity and affects the measured angular distributions of the scattered molecules. Since the pioneering
experiments by Kleyn and coworkers for the NO/Ag(111) system,® various experimental and theo-
retical works have been devoted to the study of the orientation effect in the scattering and reactivity
of molecules such as NO and CO at different surfaces.”!! In the case of homonuclear molecules
the alignment effect is measured which distinguishes the side-on and end-on collisions. Though not
so intensively studied as the orientation effect, in the last years the interaction of aligned molecules
with surfaces is increasingly receiving much attention thanks to recent advances in the experimen-
tal setups that allow to know how the stereochemistry and spin state of molecules influence the

interaction dynamics and reactivity on different surfaces. !>-1¢

1'7-21 and theoreti-

Regarding the specific system studied here, there are several experimenta
cal?>?Y studies focused on the interaction of O, with highly oriented pyrolytic graphite (HOPG).
The reason is the importance of this model system for understanding the behavior of carbon-based
materials in different applications, such as, processes of burning phenomena in nature, coal gasifi-
cation, reactions at nuclear reactor walls, and the degradation mechanism of the spacecraft vehicles
shielding, among others. However, new information about the effect of the alignment of the inci-
dent O, could contribute to elucidate the involved mechanisms on the molecule-surface interaction
that take place in the non-reactive scattering process. In this respect, recently, first experimental
results on alignment-resolved O, scattering from HOPG have been published by Kurahashi et al, '®
reporting the molecule alignment dependence of scattering distributions, energy loss and trapping
probabilities at surface temperatures of 110 and 300 K and incident O, beam with translational
energies between 0.08-0.25 eV. The experimental setup used by Kurahashi et al ' allows to detect
the intensity of O, molecules scattered or desorbed from the HOPG surface with a fixed angle
of 45° relative to the incidence beam. The authors report a marked alignment dependence of the
scattering features associated mainly with the surface roughness seen by the incident molecule.

In order to contribute to the theoretical understanding of these experiments we have performed

ab initio molecular dynamics (AIMD) calculations. The use of AIMD has the advantage that



1s not necessary to obtain a previous potential energy surface (PES) because the energies and
forces during the dynamics are determined on the fly at the density functional theory (DFT) level.
Also, allowing surface atom movement, a better description of the molecule-surface interaction,
including molecule-surface energy exchange and temperature effects can be effectively achieved.
The paper is organized as follows. Section 2 describes the theoretical method and the practical
implementation of the AIMD dynamics simulations on the present system. The methodology is
applied in Sec. 3 to study the alignment effect on the scattering of O, from the HOPG surface at
100 and 300 K. An extensive comparison of our results and the recent experimental observations
by Kurahashi and Kondo is presented at the end of Sec. 3. Finally, a summary of the results and

the main conclusions of this work are provided in Sec. 4.

2 Computational details

Spin polarized ab initio molecular dynamics (AIMD) calculations were performed with the DFT
based Vienna Ab Initio Simulation Package (VASP)3!*? using the Perdew-Burke-Ernzerhof (PBE)*
exchange-correlation functional, together with the DFT-D3(BJ) dispersion correction 3> that amends
the inadequacy of PBE to describe van der Waals (vdW) interactions. The ionic cores were de-
scribed with the projector augmented wave (PAW) method*® implemented in VASP.3” A gaussian
smearing of 0.05 eV was used for the electron occupancies and the plane wave expansion was cut
at a kinetic energy of 430 eV.

The lattice parameters calculated for bulk graphite using a (16x16x8) Monkhorst-Pack sam-
pling3® of the Brillouin zone are a = b =2.47 A and ¢ =6.70 A. Next, the graphite (0001) surface
was described by a three layer (3x3) supercell (54 atoms of C) separated from its periodic image
by 16 A of vacuum along the surface normal. In all the calculations performed with this supercell,
the Brillouin zone was sampled with a (5x5x1) Monkhorst-Pack mesh. After surface relaxation
the interlayer distance remains as 3.35 A. These values are in agreement with experimental®* and

previous theoretical DFT-D3(BJ)**#! results (3.34 and 3.41 A, respectively). Also the binding en-



ergy of 5.92 eV and bond length of 1.23 A calculated for the O, molecule aligned parallel to the
surface and located at a height of 7 A agree reasonably well with the experimental values (binding
energy of 5.116 eV and 1.21 A, respectively).*2

Scattering of O, from the HOPG surface thermalized at 110 and 300 K is simulated with
classical trajectories using constant-energy AIMD calculations. The O, incidence conditions, in
which the zero point energy is neglected, correspond to a (translational) kinetic energy of 0.2 eV
with the velocity vector of the O, center of mass defined by a fix polar angle §,=22.5° and a random
azimuthal angle ¢; that is sampled within the —90° to 90° interval. All trajectories start with the
center of mass of the molecule at 7 A from the surface in order to assure negligible molecule-
surface interaction at the beginning of the trajectory. The initial O, internuclear distance was set
to the theoretical equilibrium bond length r,=1.23 A. The molecular alignment angles (6, ¢) were
referred to the scattering plane, which is defined in each trajectory by the surface normal and
velocity vector as shown in Figure 1. Three different initial alignments of the O, molecule were
used: Py (6=90°, ¢=90°), Py (6=90°, ¢=0°), and P; (6=0°, ¢=0°). In other words, Py corresponds
to the molecular axis aligned parallel to the surface and perpendicular to the scattering plane, Py
to the molecular axis aligned parallel to the surface and inside the scattering plane, and finally, P,
to the molecular axis aligned perpendicular to the surface.

Following a standard procedure in gas-surface dynamics simulations,*-° the surface temper-
atures were described within our constant energy AIMD calculations by selecting the initial po-
sitions and velocities of the moving HOPG surface atoms (those in the two topmost layers) from
a large set of configurations that constitute a canonical ensemble. This procedure is a reasonable
approximation for the usual short simulation times of interest (4 ps in our simulations).*’ In our
case, the initial HOPG configurations are selected for each surface temperature and trajectory,
from a canonical AIMD calculation that was run for 10 ps with a time step of 1 fs using the Nosé-

Hoover thermostat’'?

implemented in VASP. This procedure guarantees that the initial surface
temperature in the simulations coincides with the experimental temperature, within the statistical

uncertainty due to the limited number of trajectories.
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Figure 1: Coordinate system and sketch of the three initial alignments (Px, Py, Pz) used in the
AIMD simulations of one O, molecule impinging over the HOPG surface. Blue arrows and sym-
bols refer to the incidence velocity vector of the O, center of mass.

Finally, under these conditions 200 AIMD trajectories per initial O, alignment (Px, Py, Pz)
and per surface temperature (110 and 300 K) were carried out using the Beeman algorithm?>?
implemented in our modified version of VASP.#*¢ The maximum propagation time was 4 ps
with a time step of 1 fs. Two possible exit channels were observed, namely, scattered and adsorbed
molecules. We estimated that the dissociative adsorption of O, is endothermic by ~1.89 eV. Thus
this channel is not open under our simulation conditions. The molecule was considered reflected
when the distance from the HOPG surface to the O, center of mass exceeded 8 A and trapped
if after 4 ps the previous condition was not reached. The total energy was well conserved in the
trajectories with a maximum average error of ~20 meV.

Reflected trajectories were discriminated according to the final angle of the center of mass
velocity vector respect to the surface normal (outgoing polar angle (6,)) and its deviation respect
the scattering plane (outgoing azimuthal angle (¢,)). Molecules for which the deviation ¢; from
the scattering plane is equal or smaller than 5° were considered in-plane. Angular distributions of
the reflected O, were calculated using constant intervals of 5° and 10° for the azimuthal and polar
angular distributions, respectively. The probability errors were calculated by the usual formula for

binomial distributions. The final energy distribution of the reflected molecules was obtained after



a classical determination of translational, vibrational, and rotational energies.

3 Results and Discussion

3.1 Scattering probabilities and angular distributions

Table 1 summarizes the total and in-plane scattering probabilities obtained from our AIMD sim-
ulations for each incidence alignment and surface temperature. Total probabilities are calculated
considering all the reflected trajectories (i.e., irrespective of the outgoing polar (6,) and azimuthal
(¢y) angles), while in-plane probabilities refer to molecules reflected with an azimuthal deviation
from the scattering plane ||¢;|| < 5°. The results show that the total scattering probability is almost
independent of the initial alignment of the molecule and surface temperature. In all cases, ap-
proximately 8 of 10 molecules are reflected, while the other 2 remain trapped on the surface after
4 ps of simulation time. The analysis of the reflected trajectories reveals that most of the scattered
molecules suffer a single collision with the HOPG surface. The percentage of trajectories that are
reflected after one rebound is also presented in Table 1. In addition to this direct scattering, there
are few trajectories in which the molecule is clearly trapped on the surface, experiencing multiple
collisions before being finally reflected.

Considering the small percentage of both the trapped and the multiple-scattered events, the
scattering of O, from HOPG can still be viewed as a rather direct process. In this respect, our
results are both compatible with the analysis of the experimental scattering distributions (based on

18,19 and the small

a hard cube model) suggesting that the process is dominated by direct scattering
amount of trapping reported in recent experiments by Kurahashi and Kondo. !® From the theoretical
side, trapping of O, on the HOPG surface was also obtained in molecular dynamics simulations
performed on a Lennard-Jones PES? for incidence energies of around 90 to 650 meV and 300 K
of surface temperature. The larger percentage of trapped molecules in that work (~ 27 — 70 %)

is attributable to the larger incidence angle of 45° used in those simulations. Our percentage of

~20% would be consistent with the trapping decrease observed by these authors when increasing



Table 1: Total and in-plane scattering probabilities (%) for the three molecular initial align-
ments and two surface temperatures considered in the AIMD simulations. The percentage of
trajectories that are reflected after one single collision with the surface is within parenthesis.

T(K) Px Py Pz

110 total  82.5+2.7 (71.0) 84.5+£2.6 (71.0) 81.5+£2.7 (62.0)
in-plane 42.5+3.5 (38.0) 36.0+3.4 (35.0) 27.0+3.1 (23.5)

300 total  80.5+2.8 (60.5) 84.5+£2.6 (60.0) 79.0+£2.9 (51.0)

in-plane  43.0+£3.5 (35.5) 44.0+3.5(35.0) 26.5+3.1(19.0)

the incidence energy. More recently, molecular dynamics simulations performed on an improved
Lennard-Jones PES predict the existence of trapping under normal incidence conditions also, but
for incidence energies up to 0.1 eV.?* Considering all these recent calculations and our new AIMD
results, the lack of trapping in the molecular simulations of Moron et al.?® is possibly due to the
limitations of their DFT+RPBE PES in describing both the physisorption well and the overall PES
corrugation caused by the van der Waals interaction. It is worth to mention that the physisorption
well (0O,-HOPG) obtained in our DFT calculations (~ 0.11 eV for Px, Py and ~ 0.09 eV for P,
alignments) are in agreement with most recent experimental reported values (~ 0.10 eV).5’
Focusing now on the in-plane scattered molecules, Table 1 shows that the difference in the
scattering probabilities between molecules with parallel (side-on) and normal (end-on) alignment
is enhanced. Specifically, the probability of detecting in-plane scattered molecules coming from
Py and Py alignments is ~1.3—1.7 times greater than from P. The fact that the total number of
reflected molecules hardly depends on their initial alignment means that the alignment dependence
of the in-plane probabilities is not caused by an increase in the number of trapped P, molecules.
The reason must be related to a more efficient deviation from the scattering plane of the P-aligned
molecules. The outgoing azimuthal angle distributions plotted in Figure 2 for the reflected O,
confirm that this is actually the case. Independently of the surface temperature, almost all the side-
on aligned molecules are reflected with a maximal azimuthal deviation ¢, of £20°. In contrast,
the azimuthal angle distributions for P alignment are appreciably wider, particularly at 110 K. At
300 K, the differences seem to attenuate, but not in the in-plane range defined as —5° < ¢, < 5°.

These results point out that end-on collisions of the molecule with the surface facilitate the transfer



of kinetic energy along the normal to the scattering plane. As a final remark, note that all the
distributions are almost symmetrical as expected, indicating a reasonable statistics in our AIMD
simulations. In this respect, we interpret the minimum at —7.5° for the P, alignment at 110 K as a

statistical artifact.
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Figure 2: Outgoing azimuthal angle (¢,) distributions of the reflected O, molecules at two surface
temperatures (110 and 300 K). The distributions are normalized to the total number of impinging
O,, the bin size is 5°, and the symbols are located at the central angle of the bins.

Additional information on the gas-surface interaction can be extracted from the polar angle
distributions of the reflected molecules. Figure 3 shows our results at 110 and 300 K for all (left
panels) and in-plane (right panels) reflected molecules. All the distributions are qualitatively sim-
ilar. In each case the maximum value is located in the 25 + 5° bin that contains the specular

reflection angle of 22.5°. Furthermore, the distributions extend up to large outgoing angles of 70°-



80° and exhibit an asymmetrical shape around the maximum with a marked preference for angles
6, > 6;. This behaviour suggests that there is larger energy loss in the perpendicular than in the
parallel degree of freedom. The analysis presented in section 3.2 confirms that this is the case.
Both the total and in-plane angular distributions are wider at 300 K than at 110 K. A similar effect
was observed in experiments performed for the same system at an incidence angle of 45° and sur-
face temperatures varying between 150 and 500 K. '® The authors explained the broadening of the
angular distribution in terms of the velocity distribution of the surface atoms. At higher surface

temperatures the velocity distribution is broader and leads to a major dispersion of the scattered

molecules.
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Figure 3: Outgoing polar angle () distributions of all (left panels) and in-plane (righ panels)
reflected O, molecules at two surface temperatures (110 and 300 K). The distributions are normal-
ized to the total number of impinging O,, the bin size is 10°, and the symbols are located at the
central angle of the bins.

Accompanying the broadening in the angular distributions, we also observe how the alignment

dependence that exists around the specular angle in the total and in-plane distributions attenuates

10



as the temperature increases from 110 to 300 K. For instance, the heights of the Py, Py, and P,
in-plane distributions at the 25 + 5° bin decrease following this ordering at 110 K, but at 300 K the
differences between the Px and Py incident molecules disappear. Additionally, we observe that the
in-plane P distributions are wider than those of the Py and Py alignments.

Different factors can contribute to the attenuation of the alignment dependence at 300 K. The
aforementioned broadening of the surface atoms velocity distribution and concomitant dispersion
of the colliding O, can effectively mask the initial alignment effects. Also an increase in the inter-
action time —associated to scattering after multiple collisions— can cause a partial initial-alignment
memory loss. In our calculations we do observe an increase of the multi-collision scattering events
from approximately 10% at 110 K to 20% at 300 K. Nonetheless, the angular distributions obtained
when only single collisions are taken into account (not shown) are very similar to the ones showed
in Figure 3.

Another factor we can consider is a possible reduction in the corrugation of the forces felt by
the molecule in its approach to a hotter surface. The reason would be the larger and more rapid
displacements of the surface atoms as the temperature increases. In order to indirectly explore this
possibility, we have analyzed at what point along the AIMD trajectory the molecule deviates from
the scattering plane. Figure 4 shows the time evolution of the fraction of molecules that remain
in-plane (|l¢,|| < 5°) together with the average distance of the O, center of mass to the topmost
layer of the HOPG surface. Since most of the scattered molecules are detected during the first
1000 fs, the figure focuses on this interval from which we can extract the relevant information.
During the first 300 fs, all the molecules remain in the scattering plane. At 350 fs, i.e., when
the O, center of mass reaches heights of ~3.5 A, the P, molecules start to deviate from it, while
for the incoming Px and Py molecules this deviation starts at 400 fs (i.e., heights of ~3.0 A).
Obviously these are the distances at which the molecule-surface interaction starts to present a non-
negligible corrugation along the x, y directions. The first collision with the surface takes place at
~425 fs (~3.0 A) for the P, molecules and at ~475 fs (~2.5 A) for the Py and Py molecules.

The figure highlights that the deviation from the scattering plane occurs mainly in the part of the

11



trajectory close to the (classical) turning point, i.e., at surface distances at which the corrugation
is the largest. The reduction in the fraction of the in-plane molecules during this first impact is
stronger at 110 K than at 300 K, suggesting that the molecule-surface interaction is less corrugated
at high temperatures, as hypothesized above. It is important to note that during this incoming part
of the trajectory the initial alignment of the molecule remains nearly unchanged, which emphasizes
the role of the initial alignment in governing the deviation from the scattering plane. In the cases
of side-on approach, the small differences that are appreciable only at 110 K in the fraction of Py
and Py in-plane molecules are originated just after the first collision with the HOPG surface. All
in all, Figure 4 remarks that the decrease in the alignment-dependence with increasing temperature
is an effect that appears already during the first collision with the surface and, therefore, it must
be caused mainly by the reduction of the effective corrugation at higher temperatures rather by an

increase of the interaction time.
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Figure 4: Time evolution of the average O, center of mass distance to the surface (solid lines, left
Y axis) and fraction of molecules that remain within the scattering plane (dashed lines, right Y
axis) during the first 1000 fs. Results presented for the different incidence alignments and surface
temperatures.

3.2 Energy transfer

Figure 5 shows how the final energy of the in-plane reflected molecules is distributed between the
internal and translational degrees of freedom (DOF). The results at 110 and 300 K are very similar.
Regarding the dependence on the initial alignment of the molecules, the main differences appear
when comparing the results of the P, geometry to the ones of the Py and Py geometries. Whereas
for the P, geometry the translational energy loss is ~ 43%, it is a 10% lower (~ 33%,) for the

Px and Py geometries. Remarkably, this is due to the efficient energy transfer from translational
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to internal DOFs (rotational and vibrational) of the P, molecules upon collision with the surface
and not due to the energy transfer to the surface. In fact, the Py and Py molecules transfer more
efficiently energy to the surface than P, molecules (28% of the initial energy for Px and Py vs 8%
of the initial energy for P,). However, the internal energy of the outgoing P, molecules is around
7 times larger than that of Py and Py molecules (specifically 35% of the initial translational energy
is transferred to internal DOFs for P, molecules and only 5% for Py and Py molecules).

In addition, the lower panel of Figure 5 shows the partition of the initial and final translational
energies into their perpendicular and parallel to the surface components for in-plane scattered
molecules. The results show that, independent of the initial alignment, in the collision of the
O, molecule with the thermalized HOPG surface, the component parallel to the surface of the
translational energy remains practically constant. In other words, parallel momentum conservation
is fulfilled, which is the assumption made by the experimentalists in order to estimate the energy
transfer'® (see below). This means that only the perpendicular translational energy is efficiently
lost upon collision with the surface. Interestingly, for P, molecules, the perpendicular translational
energy loss (~0.10 eV) is very close to their internal energy gain (~0.07 eV). This indicates that
for end-on molecules the energy transfer takes place between the perpendicular component of the
translational energy and the internal degrees of freedom. Contrarily, for side-on molecules the loss

of perpendicular energy almost equals the energy transferred to the surface.
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represented by a black bars.

The energy transfer values obtained in our AIMD calculations, although not directly compara-
ble due to the different initial conditions used, are globally in agreement with the results of recent
dynamics simulations?® performed on a Lenard-Jones based PES. In that work, it is observed a
linear relationship between the initial energy of the molecule and the fraction of this energy trans-
ferred to the surface. They reported that 37% of the initial energy was transferred to the surface in
the case of a 0.32 eV beam of O, molecules with an incident angle of 45° impinging on a 300 K

HOPG surface. Interestingly, following the model postulated by Majumder et al,? the predicted
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translational energy loss for a 0.2 eV beam of O, molecules with an incident angle of 45° imping-
ing the HOPG surface would be approximately a 35% of the initial energy. This value is close to
the average energy loss obtained in our calculations taking into account the three studied align-
ments, which is 38+5%. The small increase in the energy loss with smaller incident angle (45° vs
22.5°) is in agreement with the hard cube model predictions. Furthermore, our simulation condi-
tions allow us to observe the differences between the ways that the energy is transferred depending
of the initial alignment. These differences were not studied in the work mentioned?® where initial
molecule alignments were randomly obtained. Moreover, recently, a similar dependence of the
rotational excitation on the alignment of O, molecules scattered from HOPG has been pointed out
by Rutigliano and Pirani*° using a PES calculated in terms of an improved Lennard-Jones (ILJ)
model. Their simulations showed that molecules initially aligned perpendicular to the surface are
efficiently rotational excited. However, for parallel alignments they obtained a very small change
in the rotational state of the scattered molecules. Indeed, our AIMD results are consistent with the

dependence of the energy transfer on the stereodynamics reported in* for the studied system.

3.3 Comparison with the experiments and discussion

To compare our results with the experiments by Kurahashi and Kondo!'¢ it is necessary to take
into account some considerations. These experiments were performed with a single spin-rotational
state-selected [(J, M) = (2, 2)] O, beam. The rotational axis of the molecules was controlled
varying the direction of the applied magnetic field. This technique allows the authors to perform
measurements for helicopter and two nonequivalent cartwheel geometries. In the helicopter ge-
ometry with the rotational axis perpendicular to the surface, the molecules rotate parallel to the
surface (side-on collisions). The cartwheel geometries with the rotational axis parallel to the sur-
face contain contributions of perpendicular and parallel alignments i.e., end-on and side-on col-
lisions. They are denoted cartwheel(x) when the rotational axis is parallel to the scattering plane
and cartwheel(y) when it is perpendicular to the scattering plane. Subsequently, in order to clarify

the origin of the measured alignment effects, the authors decomposed the obtained spectra into the
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contributions coming from Py, Py and P, molecular alignments. These are the initial alignments
in our AIMD simulations. The decomposition was performed in terms of linear combinations of
the measured spectra (helicopter  Px + Py, cartwheel(x) = Py + Pz and cartwheel(y) = Px + Py)).
It is worth to mention that the rotational energy of the molecules amount to just 0.36 meV, much
lower than the translational energy, so that rotational motion is almost frozen while the molecule
approaches to the surface. This allowed the experimentalists to conclude that the alignment of the
molecules is much more important than their rotational motion.

Regarding the experimental incidence conditions in ref. 16, the ranges of initial translational
energy and incidence polar angle (measured from surface normal) were 0.08 — 0.25 eV and 6; =
0° — 45°, respectively. The azimuthal direction of the molecular beam was chosen randomly. The
experimental set-up only detects molecules scattered in the scattering plane (acceptance angle of
1.5°) and reflected with angles 6, such that 8; + 6; = 45°. Thus, the reported angular distributions as
a function of ; were obtained varying 6;. It is worth to mention that the maxima of the experimental
angular distributions vary in a range 6, ~ 24°—28° that corresponds to §; ~ 21°—17°, depending on
the molecular alignment, initial translational energy, and surface temperature. This implies small
shifts from the specular direction of ~ 3° — 11° that are ascribed to the loss of translational energy
upon collision with the surface.

The large computational cost of AIMD imposes some limitations to our calculations. We are
restricted to use a single angle of incidence (6; = 22.5 °) and to use a bigger acceptance angle (5°)
to define the in-plane scattering detection. Also, as said above, when generating the 6, angular
distributions, bins of size 10° were used. In order to reproduce the experimental conditions the
azimuthal direction was varied randomly in the different simulations. For this incidence geometry,
the experimental detection condition (6; + 8, = 45°) is fulfilled at the specular direction 6, = 22.5°.
In our case, this corresponds in Figure 3 to the 25 + 5° detection conditions. This is also the
outgoing angle for which our in-plane distributions reach the maximum value. Note that this is
consistent with the experimental observations because, due to the used 10° bin size, the small

angular deviations from the specular direction found in the experiments cannot be resolved in our
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calculations.

The first thing to note is that, as in the experiment, in our simulations clear differences ex-
ist between the scattering probabilities and angular distributions of the P, geometry when com-
pared to Px and Py cases. In qualitative agreement with the experiment, the AIMD results also
exhibit wider polar angle distributions for the P, alignment and a reduction on the alignment de-
pendence of the scattered O, as the surface temperature increases from 110 to 300 K. In fact,
our results are in agreement with the intensity order reported by Kurahashi and Kondo for 110 K
(P(Px) > P(Py) > P(Pz)). At 300 K we were not able to reproduce the small differences between
P(Pyx), P(Py) observed in the experimental distributions but this can be attributed to the restrictive
initial conditions employed in our calculations (only one incidence angle) and also to the statistical
limitations of the AIMD.

In the experiments, the final energy of the molecules was not measured. However, indirect
information on the final translational energy was obtained from the measured angular distributions.
Assuming parallel momentum conservation, it was estimated that the loss of translational energy
was ~54%. Note that, as explained in section 3.2, the parallel momentum conservation assumption
is supported by our dynamics simulations. Our results reported above (43% for P, and 33% for Py
and Py) are reasonably close to the experimental estimation. Moreover, the measured shift of 1°
in the P angular distributions respect to the Py and Py ones was associated to differences in the
energy loss experienced by the different molecular alignments. As mentioned above, our limited
statistics does not allow us to resolve such small angular shifts. However, our calculations do show
that the final translational energy is 10% smaller for the P, than for the Py and Py geometries,
in good agreement with the experimental difference in the final translational energies for end-on
and side-on geometries deduced from the angular shifts at a somewhat lower initial energy. In this
respect, it would be very interesting to perform measurements of the final rovibrational energy of
the outgoing molecules to test our prediction that the reduction of the translational energy of end-
on molecules is mainly governed by a more efficient excitation of the internal degrees of freedom

of the molecules.
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Finally, the quite good agreement obtained between the AIMD simulations and the results
reported by Kurahashi and Kondo ' for aligned molecules constitutes a strong support for the in-
terpretation of the experiments presented in that work. More precisely, it shows the correcteness of
the decomposition of the measured data for helicopter and cartwheel molecules into contributions

coming from Py, Py, and P, aligned molecules.

4 Conclusions

In summary, we have perfomed an ab initio molecular dynamics study of the alignment resolved O,
scattering from highly oriented pyrolytic graphite. Scattering probabilities, angular distributions,
and the energy transfer at two surface temperatures (110 and 300 K) of aligned molecules (Py, Py
and P) with an incidence energy of 0.2 eV have been computed.

Our results show that trapping on this system is rather minor and that depends very weakly
on surface temperature and initial alignment of the molecules. Roughly, 20% of the molecules
remain trapped after the 4 ps simulation time. Additionally, most of the reflected molecules are
scattered after a single collision. Regarding the in-plane scattered molecules, and in qualitative
agreement with the experimental observations, we obtain a greater probability for detection of Py
and Py molecules than Pz molecules. Importantly, our results demonstrate that this is not due to an
increased trapping of P, molecules. Instead, the main cause for this alignment dependence is the
more efficient out of plane scattering of P, molecules. It is also worth to mention that, at 110 K
surface temperature, we obtain a somewhat larger probability for scattering of Py molecules than
Py molecules at the specular direction, which is also in qualitative agreement with the experimental
observations. In general, we obtain that the alignment dependence is less pronounced at the higher
300 K temperature than at 110 K. Our analysis shows that this is due to an effective reduction of
surface corrugation at higher temperatures.

We have also performed an analysis of the alignment dependence of the final energy of the

scattered molecules and its distribution among the different degrees of freedom with the following
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results: (i) independent of the initial alignment, parallel momentum conservation takes place and,
roughly, only the perpendicular component of the translational energy is modified upon collision
with the surface, (ii) the Pz molecules transfer a small amount of energy to the surface and acquire
a large amount of internal energy, (iii) the Px and Py molecules transfer much more energy to
the surface but do not gain much internal energy, (iv) the final outcome is that 10 % more of
translational energy is lost in the case of end-on molecules as compared to side-on molecules,
which is in reasonable agreement with the experimental results.

All in all, the use of AIMD allows us to obtain a quite good agreement with the alignment
dependence observed in the experiments. The inclusion of independent movement of the surface
atoms during the dynamics is essential to describe accurately the effect of the surface corrugation in
the scattering of the molecules. The main shortcoming of AIMD simulations is their computational
cost that imposes limitations to the achieved statistical accuracy. In this respect, the atomic config-
urations and corresponding DFT energies obtained in these simulations can be used as input data
to generate multidimensional neural network potential energy surfaces. In this way, the number of
calculated trajectories could be greatly increased improving the statistical accuracy. Additionally,
this will also allow to reproduce more accurately the experimental conditions of Ref.!'® such as
the incidence and detection geometry and also perform simulations for helicopter and cartwheel
molecules. It will be also possible to perform simulations for specific azimuthal incidence con-
ditions. In this way, it could be investigated the difference of the scattering behavior when the
molecule impinges along zigzag or armchair directions of the benzene ring. The results obtained

in the present work constitute a strong support to overtake such program of research.
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