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Abstract

A high dimensional and accurate atomistic neural network potential energy surface (ANN-
PES) that describes the interaction between one O, molecule and a highly oriented pyrolitic
graphite (HOPG) surface has been constructed, using the open source package aenet. The vali-
dation of the PES is performed by paying attention to static characteristics as well as by testing
its performance in reproducing previous ab initio molecular dynamics simulation results. Sub-
sequently, the ANN-PES is used to perform quasiclassical molecular dynamics calculations of
the alignment dependent scattering of O, from HOPG. Results are obtained for 200 meV O,
molecules with different initial alignments impinging with a polar incidence angle respect to
the 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 to recent
experimental results on this system. Our results show that the scattering of O, from the HOPG
surface is a rather direct process, that the angular distributions are alignment dependent, and
that the final translational energy of end-on molecules is around 20% lower than that of side-
on molecules. Upon collision with the surface, the molecules initially aligned perpendicular to
the surface become highly rotationally excited, whereas a very small change in the rotational
state of the scattered molecules is observed for the initial parallel alignments. The latter con-
firms the energy transfer dependence on the stereodynamics for the present system. The results
of our simulations are in overall agreement with the experimental observations regarding the

angular distributions shape and the alignment dependence of the in-plane reflected molecules.

1 Introduction

The interaction of O, with graphite surfaces has been used as a model for understanding the behav-
ior of carbon-based materials in different applications, such as, processes of burning phenomena
in nature, coal gasification, reactions at nuclear reactor walls, and the degradation mechanism of

the spacecraft vehicles shielding, among others. In this respect, several experimental '~ and theo-
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have been performed. Particularly interesting, among the latest publications on this system, is the
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studies focused on the interaction of O, with highly oriented pyrolytic graphite (HOPG)



first experimental results on alignment-resolved O, scattering from HOPG published by Kurahashi
et al.'> The authors report a marked alignment dependence of the scattering features associated
mainly with the surface roughness seen by the scattered molecule. This work is part of the grow-
ing interest that the interaction of aligned molecules with surfaces is receiving in the last few
years. 1>22 It is thanks to the tremendous advances in experimental setups that it is now possible to
know how the stereochemistry and spin state of molecules influence the interaction dynamics and
reactivity on different surfaces.

Recently and in order to contribute to the theoretical understanding of the observations by Ku-
rahashi et al, !> some of us have published a theoretical study?® using ab initio molecular dynamics
(AIMD) calculations on the O,-HOPG system. The use of AIMD allowed us to describe with
accuracy the molecule-surface interaction and obtain new information about the effect of the align-
ment of the impinging O,. Even if the alignment of the molecular axis of the side-on molecules
in our simulations?* was not exactly the same one used in the experiments (see below), the results
were meaningful to understand the experimental observations regarding the alignment dependence
of the in-plane scattering probabilities and the energy loss of the reflected molecules. In particu-
lar, the AIMD simulations showed that molecules initially aligned parallel to the surface are more
likely to scatter in plane than those initially aligned perpendicular to the surface. Additionally, we
found that the final translational energy of end-on molecules was around 10% lower than that of
side-on molecules.

The great advantage of having used AIMD was that there was no need to obtain first a contin-
uous representation of the potential energy surface (PES) because the energies and forces during
the dynamics are determined on the fly at the density functional theory (DFT) level. In addition,
AIMD allows to treat both the molecular and surface atom degrees of freedom (DOF) on equal
footing without adding difficulties to the modelization, as compared to traditional simulations in
which only molecular DOFs were considered.?>>% However, it is well known that the main short-
coming of AIMD is the statistical accuracy, due to its computational cost. The limited number of

trajectories that can be performed and the restriction in the initial conditions that must be imposed



to simulate the experiments, make it difficult to determine accurately some dynamical quantities,
for example, to elucidate small shifts in computed angular scattering distributions and to obtain,
with better precision, the amount of energy exchange in the collision process.

In the last few years the irruption of machine learning (ML) algorithms has allowed to construct
analytic high dimensional PESs (HD-PESs), that based in atomistic neural networks (ANN),*
have been used to perform molecular dynamics (MD) studies taking into account all the DOF of
the system. %%’ This approach has a considerably smaller computational cost than AIMD, allowing
for a higher statistical accuracy of the results. The ANN-PES concept was developed by Behler
and Parrinello in 2007 with the aim to obtain DFT-based PESs without losing the accuracy of the
DFT results itself and capable of describing all types of bonding. The main concept in this model
was the representation of the total energy of the system as the sum of the energy contributions
from each atom depending of its chemical environment. The atomic individual energy is obtained

39.43,48-54 5_called atomic environment

using continuous and differentiable mathematical functions,
descriptors, that form a vector that is used as input layer of the neural network of the corresponding
atom. They are defined within a sphere centered on the atom position, and of radius (R.). The
descriptor vector introduced by Behler and Parrinello®® to describe the chemical environment of
each atom is defined in such a way that results invariant under symmetry operations of the full
system, e.g., rotations, translations, and permutations of equivalent atoms.

This work is focused in the development of an ANN-PES for the O,-HOPG system using
existing DFT data from our previous AIMD study.? Once the ANN-PES is obtained, it allows
us to integrate a large number of trajectories for the different initial alignments probed in the
experiments, significantly increasing the statistic of our results and, hence, improving the accuracy
of the description of the dynamical properties relevant to the scattering process.

The manuscript is organized as follows. Section 2 describes the methods used to construct
and validate the ANN-PES and also, the practical implementation of the ANN-PES dynamics

simulations on the present system. The methodology is applied in Section 3 to check the quality of

the ANN-PES and to study the alignment effect on the scattering of O, from the HOPG surface at



110 and 300 K, where a description, analysis and comparison of our results with the experimental
observations by Kurahashi and Kondo is presented. Finally, a summary of the results and the main

conclusions of this work are provided in Sec. 4.

2 Computational details

2.1 Neural Network Potential Energy Surface

To obtain the ANN-PES, we used the open source software Atomic Energy Network (aenet)>® that
implements the Neural Network approach developed by Behler and Parrinello.* The total energy,
E,., 1s expressed as the sum of the energy of each atom in the system, E;, i.e., E,,, = >; E;, where
the energy of the i-th atom E; is modeled by a species-dependent Neural Network whose output
energy E; depends on the atom environment.* In this work we used the Chebyshev descriptors that

were first introduced by Artrith et al>?

and were implemented in the aenet code. These descriptors
use two sets of invariant coordinates that separately encode the atomic position and species. The
structural descriptor is defined as the expansion coefficients of the radial and angular distribution

functions (RDF and ADF, respectively) in a complete basis set ¢@,,:

RDF(r) = ) cP¢u(r) for0O<r<r,, (1)

a

ADF(0) = Z D, (0) for0<o<n. )

a
The compositional descriptor is given by the expansion coefficients of the same distribution
functions but with atomic contributions that are weighted differently for each chemical species.
The chosen basis functions is the first kind Chebyshev polynomials and the expansion coefficients

are given by:
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where R;; is the distance between a central atom i and its neighbor j and 6, is the angle between
the vectors R;; = R; — R; and Ry = Ry — R;, with R; being the position vector of atom i. The
cutoff function f.(R;;) = 0.5[cos(R;jw/R.) — 1] smoothly decays to zero at the cutoff radius R. and
the weights, w,;, and w,, are equal to 1 in the structural descriptor and depend on the species in
the compositional descriptor. Further details on the derivation of the equations can be found in the
work by Artrith et al.>?

The data set to train, test, and validate the ANN-PES was obtained from our previous AIMD
calculations>* performed with the DFT based Vienna Ab Initio Simulation Package (VASP).%>7 In
those calculations we used the Perdew-Burke-Ernzerhof (PBE)>® exchange-correlation functional,
together with the DFT-D3(BJ) dispersion correction*® in order to account for the van der Waals
(vdW) interaction relevant to the O,-HOPG system. The PBE-D3(BJ) guarantees an adequate de-
scription of important system parameters, such as, the HOPG lattice constants (a = b = 2.47 A,
¢ = 6.70 A vs the experimental® a = b = 2.46 A, ¢ = 6.70 A), the O, binding energy (5.92
eV vs the experimental®? 5.12 ¢V), bond length (1.23 A vs the experimental®® 1.21 A) and ph-
ysisorption energy (0.11 eV vs the experimental®* 0.10 eV). These calculations performed for a fix
initial kinetic energy and incidence angle consisted of 1200 trajectories, 200 for each of the three
different initial alignments (see below) and each of the two surface temperatures (110 and 300 K)
considered.

The whole data set contains around 2 millions configurations of the O,-HOPG system with
their corresponding DFT energies. Such a huge data set must be carefully sampled in order to
reduce the number of structures to introduce in the training data set, while describing correctly the
system’s configurational space. In our case, the data selection procedure was as follows: First, we
randomly chose 100 trajectories of each initial alignment at each surface temperature, reducing to

600 trajectories the initial data set. Second, for each of these selected trajectories, we extract snap-

shots every 25 fs during the first 300 fs of the dynamics and every 10 fs in the time interval lasting



from 300 fs to the end of the trajectory. This procedure is thus assuring that we do not include
in the training set very similar configurations and that we give more importance to the region in
which the molecule-surface interaction is stronger. Third, from the resulting set of configurations
we selected randomly around 1650 for the different initial alignments at both surface temperatures,
resulting in a final data set containing 10000 configurations. Finally, 12400 additional config-
urations were added to the previous data set: 400 are extracted from the O, dissociation curves
calculated at different distances from the frozen HOPG surface (2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0,
7.0 A), 9000 from the approximation of O, with its molecular axis parallel and perpendicular to
a frozen HOPG surface at three different fix internuclear distances (1.18, 1.23, 1.28 A), and 3000
from calculations in which the first two layers of the HOPG surface are moved along the Z direc-
tion, while keeping the X, Y positions of the 36 atoms in the displaced layers fixed. In the end, the
resulting training data set contains 22 400 configurations.

For the training procedure, each atom of the system was described by a NN with 16 radial and
12 angular Chebyshev descriptors 3 with cutoff radius R, = 6.5 A. We used two hidden layers of 30
nodes each, the hyperbolic tangent with linear twisting as the activation function, and the limited-
memory BFGS (Broyden-Fletcher-Goldfarb-Shanno) method® as the optimization algorithm. At
the beginning of the training process, 10% of the training data set was randomly selected by aenet
as test data and the remaining 90% of the original data set as training data. The training process was
stopped when the desired convergence of the energy predictions for the training set was reached
(RMSE < 0.2 meV/atom) and not over-fitting was observed. A validation of the resulting ANN-
PES was carried out by predicting the energies of 20 000 configurations. These configuration were
selected from the 600 remaining trajectories that were not used in the training process, using the

same methodology explained to build the training set.

2.2 Molecular Dynamics

Molecular dynamics (MD) calculations were performed using the Gas-Surface Reaction Dynam-

ics (GSRD) code. The code was previously developed by some of us to simulate the reaction



dynamics of CH4_,D, on Pt(111) and Ni(111),% CH,4 on Ir(111),% and CH, on Pt(110) and CO
on Cu(110).%” Here it was extended and adapted to the use of ANN-PESs.

Molecular dynamics on the O,/HOPG ANN-PES were carried out for incidence conditions
corresponding to a (translational) kinetic energy of 0.2 eV with the velocity vector of the O, center
of mass (CM) 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 a random (x,y) position of the molecule
center of mass and located at 7 A from the surface in order to assure negligible molecule-surface
interaction at the beginning of the trajectory. Using these common incidence conditions, two
different simulations were performed in which the O, zero point energy (ZPE) was or was not
initially included.

The first MD simulations study was aimed to validate the ANN-PES. Hence, we used exactly
the same initial conditions as in our previous AIMD calculations,?® that is, the O, ZPE was ne-
glected and the initial O, internuclear distance was set to the theoretical equilibrium bond length
re=123 A, Concerning the initial molecular alignment, we should mention that, as we communi-
cated in the erratum?* to our previous publication, during the preparation of the calculations for the
present work we found that the initial molecular alignments denoted as Py and Py and used in our
AIMD calculations?® were not defined as we wrote and as are defined by Kurahashi and Kondo. '3
It is true that, in both cases, the molecular axis was aligned parallel to the graphite surface. How-
ever, the molecular alignment named by us Py and Py in our AIMD publication were referred to
the graphite directions (zigzag and armchair), and not to the scattering plane. The correct definition
is the following. The alignment named Py in ref. 23 (denoted from here on as P in the present
work) corresponds to the O, molecule with its axis parallel to the HOPG surface and initially ori-
ented in the graphite zigzag direction. The alignment named Py in ref. 23 (denoted from here on
as Pagy in the present work) corresponds to the O, molecule with its axis parallel to the HOPG
surface and initially oriented in the graphite armchair direction. The definition for P, alignment
is unchanged and corresponds to the O, molecule with the molecular axis perpendicular to the

surface. For this validation we integrated 1200 trajectories (200 for each alignment at each surface



temperature) using the same thermalized (110 and 300 K) surface configurations previously used
in the AIMD calculations. Each MD trajectory was integrated up to a maximum propagation time
of 4 ps with a time step of 0.2 fs.
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Figure 1: Top (left panel) and side (right panel) views of the initial alignments (Pz;G, Parm, Pz)
used for the first set of ANN-PES MD simulations of one O, molecule impinging over the HOPG
surface. The molecular axis is initially oriented parallel to the surface along the zigzag and along
the armchair directions for Py and Py, respectively. For P, the molecular axis is initially oriented
perpendicular to the surface. The incidence velocity vector of the O, center of mass is represented
by a blue arrow in each case. Note that the polar incidence angle 6; is fixed at 22.5° for the three
alignments, while the azimuthal incidence angle ¢; is randomly generated within the range marked
by the blue shaded areas (left panel).

For the second study, after checking the quality of the ANN-PES, we performed quasi-classical
trajectory calculations (QCT) including the O, ZPE. Therefore, the initial O, internuclear distance
and internal momentum were randomly selected for each trajectory according to semi-classical
initial conditions corresponding to the (v=0, j=0) ro-vibrational state of the O, molecule. In this
case, we used the molecular alignments that correspond exactly to those used by Kurahashi and
Kondo!® to rationalize their results, namely Py, Py, and P,. These molecular alignments are
referred to the scattering plane, which is defined in each trajectory by the surface normal and the
velocity vector of O, as shown in Figure 2. Specifically, Py corresponds to the O, molecular axis

aligned parallel to the surface and perpendicular to the scattering plane, Py to the molecular axis
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aligned parallel to the surface and within the scattering plane, and P, as in the previous study,
to the molecular axis aligned perpendicular to the surface. Under these new incidence conditions
10000 QCT trajectories per initial O, alignment (P, Py, Pz) and per surface temperature (110

and 300 K) were carried out using the GSRD MD code. The maximum propagation time was 5 ps

with a time step of 0.2 fs.
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Figure 2: Top (left panel) and side (right panel) views of the initial alignments (Px, Py, Pz) used
for the second set of ANN-PES MD simulations of one O, molecule impinging over the HOPG
surface. The molecular axis is initially oriented referred to the scattering plane, the graphite direc-
tion is undefined because the molecule is initially aligned in function of the initial velocity vector
that is random generated in the azimuthal direction (¢;). For Pz, the molecular axis is initially
oriented perpendicular to the surface. The incidence velocity vector of the O, center of mass is
represented by a blue arrow in each case. Note that the polar incidence angle 6; is fixed at 22.5°
for the three alignments. In the right hand panel the velocity vectors that end in a point (Py and Py

alignments) go out of the plane of the page.

Similarly to the AIMD calculations we performed in ref. 23, the surface temperature was de-
scribed in this second study with energy-conserving MD simulations by selecting randomly the
initial positions and velocities of the moving HOPG surface atoms (those in the two topmost lay-
ers) from a canonical set of configurations. For each surface temperature (110 and 300K), the latter
was generated by running a canonical trajectory for 20 ps with a time step of 0.2 fs on the ANN-

PES. In these canonical trajectories, the HOPG surface is equilibrated to the desired temperature

using the Nosé-Hoover thermostat®®%° implemented in GSRD. Let us remark that this procedure,

which is commonly used in gas-surface dynamics simulations,”® is a reasonable approximation
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for the usual short simulation times of interest, as shown in ref. 74.

In both sets of simulations, the possible outcomes of the trajectories were either scattering or
molecular trapping. The molecule was considered scattered when the distance from the HOPG
surface to the O, center of mass exceeded 7 A and the projection on the surface normal (z axis) of
the O, CM velocity vector points to vacuum. It was considered trapped if after reaching the maxi-
mum integration time, the previous condition was not met. The total energy was well conserved in
the trajectories with a maximum average error of ~0.2 meV.

Reflected trajectories were discriminated according to the final angle of the center of mass ve-
locity vector with respect to the surface normal (outgoing polar angle (6,)) and its deviation with
respect to 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 distri-
butions of the reflected O, were calculated using constant intervals of 2° for both the azimuthal
and polar angles. The probability errors were calculated by the usual formula for binomial dis-
tributions. The final energy distribution of the reflected molecules was obtained after a standard

semi-classical determination of the vibrational, and rotational energies.

3 Results and Discussion

3.1 Atomistic Neural Network Potential Energy Surface Quality

In order to check the accuracy of the obtained ANN-PES, we compare the total energy values
that it predicts with those obtained in our previous AIMD calculations for 20 000 configurations
(validation set). In Figure 3 we show the correlation obtained between the ANN-PES and AIMD
results (left panel) and the histogram of the error distribution (right panel). The good correlation
between the ANN-PES and the DFT data is manifested by the fact that all the points on the left
hand panel are very close to the perfect correlation line (black line). This is confirmed by the
histogram of errors that shows that in the 90% of the tested configurations the absolute value of the

error is below 25 meV. It is worth to mention that the total RMSE is 17 meV, which is below the

11



1% of the variation of the potential energy explored by the system during the dynamics (~ 2 eV).
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Figure 3: Correlation of the total energy values (left panel) and the distribution of errors (right
panel) obtained by the ANN-PES prediction of the DFT validation set. The bin size used in the
errors histogram is 0.05 eV.

Although the aenet code does not use the forces in the fitting process, since our aim is to use the
ANN-PES to perform molecular dynamics simulations, it is very important to check the accuracy
of the ANN-PES to predict the forces. For this reason, we have computed the forces on each
atom of the system for the configurations included in our validation set using the ANN-PES and
compared them to the DFT data. In Figure 4 we show the correlation diagram for the modulus
of the force and the histogram of errors for this quantity for two selected representative atoms:
one of the atoms of the O, molecule (O1) and one of the C atoms located in the topmost layer of
the HOPG surface (C50). Indeed, the figure shows that the ANN-PES is also able to describe the
absolute value of the forces. The correlation diagram shows a slightly larger relative dispersion for
the absolute value of the forces predicted for the O atom than for the C atom. Still, most of the

errors are below 0.5 eV/A and the obtained total RMSE is below 0.2 eV/A in both cases.
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Figure 4: Correlation of the absolute value of the force (top panel) and distribution of errors (bot-
tom panel) obtained by the ANN-PES prediction of the DFT validation set. Left panels show the
results for one of the atoms of the O, molecule and right panels show the results for one of the C
atoms in the topmost layer of the HOPG surface. The bin size used in the errors histogram is 0.05
eV/A.

Not only the absolute value of the forces but, importantly, also the direction of the forces is
well predicted by the ANN-PES. This is shown in Figure 5, in which the distribution of errors
for the direction of the forces is shown in terms of the angle between the ANN-PES and the DFT
forces, for the two representative atoms of Figure 4. The figure shows that for the O atom the
ANN-PES describes correctly the direction of the forces acting on it. In fact, for the 80% of the
tested configurations the errors are below 5° respect to DFT reference. The same result is obtained
for the other oxygen atom (not shown here). For the C atom the predicted direction is correct too,

with 90% of the configurations with errors below 15°. Similar results are obtained also for the rest
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of the C atoms present in the system.

In summary, both the absolute value and the direction of the forces are adequately described
by the ANN-PES. In particular, this is specially true in the case of the O atoms of the impinging
molecule. This constitutes a strong indication of the validity of our ANN-PES to perform accurate

molecular dynamics simulations.
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Figure 5: Histogram of the error in the direction of the forces obtained in terms of the difference
between the ANN-PES prediction and the DFT results for one of the atoms of the O, molecule
(left panel) and one of the C atoms in the HOPG topmost layer (right panel). The bin size is 5°.

We have also checked the accuracy of the ANN-PES to reproduce some interesting static fea-
tures of the O,-HOPG interaction. In particular, we have analyzed the predictions of the ANN-PES
for the O, dissociation curves (the dependence of the potential energy on the internuclear distance
r at different distances of the O, CM from the surface Zcy). Additionally, we have also studied
the dependence of the potential energy on Zcy for three different values of r and two different
molecular orientations (parallel and perpendicular to the surface). The left panel of Figure 6 shows
the comparison between the dependence of the potential energy on r predicted by the ANN-PES
(lines) and the one obtained using DFT (symbols) for O, parallel to the surface at three different
distances from it Zcy = 3, 5 and 7 A. It is seen that the agreement with the DFT data is almost
perfect. The RMSE in the configuration space represented is below 5 meV, which constitutes less
than 5% of the O, molecule ZPE. This guarantees the correct description of the molecular vibration

in our simulations. On the other hand, the right panel shows also the excellent agreement between
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the ANN-PES predictions and the DFT results for the potential energy as a function Zcy. The
RMSE obtained in this comparison is 2 meV, which is ~2% of the physisorption energy wells for

0O,-HOPG obtained in our calculations.
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Figure 6: 1D PES for O, parallel to the HOPG surface as a function of the interatomic distance r for
three different distances from the surface Zcy (left panel). 1D PES for O, on HOPG as a function
of Zcy, for three different O, internuclear distances » and two different molecular orientations,
perpendicular and parallel to the surface (right panel). The symbols and lines describe the DFT
and the ANN-PES data, respectively.

Finally, as a last validation test for the ANN-PES, we checked its performance in reproducing
the outcome of dynamical simulations. To this end, we integrated 1200 MD trajectories (200 for
each initial alignment at each surface temperature) with the same initial conditions used in our
previous AIMD calculations.? The O, molecule, without ZPE, was initially set with a kinetic
energy of 0.2 eV and velocity vector defined by 6,=22.5° and ¢,=random. The initial molecular
alignments used for these simulations were defined in section 2.2: Py that corresponds to the O,
molecule with the molecular axis parallel to the HOPG surface and initially oriented in the graphite
zigzag direction, Pagy that corresponds to the O, molecule with the molecular axis parallel to the
HOPG surface and initially oriented in the graphite armchair direction and P that corresponds to

the O, molecule with the molecular axis perpendicular to the surface.
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Figure 7: Total and in-plane scattering probabilities (%) for the three molecular initial alignments
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and the two surface temperatures considered in the ANN-PES and AIMD simulations.

In Figure 7 we compare the total and in-plane scattering probabilities obtained with the ANN-
PES simulations and previous AIMD calculations. The results obtained show that the overall
agreement between both simulations is good. Only small differences are appreciable for the Py
alignment at 300 K, with probabilities obtained by the ANN-PES calculations 10% smaller than

the AIMD ones. For the other alignments at both surface temperatures the results can be considered

statistically equivalent.
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Figure 8: Outgoing azimuthal angle (¢;) distributions (top panel) measured from the scattering
plane of the total reflected O, molecules and polar angle (6;) distributions (bottom panel) of in-
plane 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 10°, the symbols are located at
the central angle of the bins. The solid lines represent the ANN-PES results and the dot lines the
AIMD results. The black dotted line in the polar angle distributions represents the specular angle
position (22.5°).

The comparison between ANN-PES (solid lines) and AIMD (dot lines) simulations for the
angular distributions at 110 and 300 K represented in Figure 8, also shows that the ANN-PES cor-
rectly captures the main features observed in the AIMD simulations. In the case of the outgoing
azimuthal angle distributions (top panels), we observe quite the same behavior. First, the peaks
of the distributions are located close to 0° (scattering plane), independently of the surface temper-
ature. Second, almost all the side-on aligned molecules are reflected with a maximal azimuthal

deviation ¢ of +£20°. Finally, it is clearly seen that the angle distributions for the P, alignment

17



are appreciably wider than for Py and Py. Regarding the polar angle distributions of the in-plane
reflected molecules (bottom panels), the same similarity between distributions is observed. In this
case, the maximum value is located in the 25 + 5° bin that contains the specular reflection angle of
22.5°. Additionally, the distributions exhibit an asymmetrical shape around the maximum with a
marked preference for angles 6; > 6;.

All in all, the excellent results obtained in the quality check of the ANN-PES and the overall
good agreement with the previous AIMD calculations, indicates that the ANN-PES is able to ac-
curately describe the scattering dynamics of O, molecules on HOPG surfaces, taking into account
all the degrees of freedom present in the system with a much lower computational cost. Also, the

possibility of running many more trajectories allows us to achieve a much better statistic.

3.2 Quasi-classical molecular dynamics using ANN-PES

Using the validated ANN-PES, we run 60 000 trajectories (10000 for each alignment at each sur-
face temperature) under new initial conditions. The O, initial kinetic energy is 0.2 eV and the
velocity vector is oriented at fixed polar direction defined by 6;=22.5°. In these new simulations,
we take into account the O, ZPE, making the simulation more realistic and allowing a better de-
scription of the energy transfers that may occur during the collision with the HOPG surface. Also,
for these simulations, the initial O, alignments is set to reproduce exactly the alignments used
by Kurahashi and Kondo !’ to rationalize their experimental results'> namely Py, Py, P, which
are referred, as described in section 2.2, to the scattering plane as follows: 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 P, to the

molecular axis aligned perpendicular to the surface.

3.3 Scattering probabilities and angular distributions

Table 1 summarizes the total and in-plane scattering probabilities obtained from our ANN-PES

MD simulations for each incidence alignment and surface temperature. Total probabilities are
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calculated considering all the reflected trajectories (i.e., irrespective of the outgoing polar () and
azimuthal (¢,) 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,
approximately out 9 of 10 molecules are reflected, most of them after a single binary collision with
the HOPG surface. These results point out that the scattering of O, from HOPG can be viewed
as a rather direct process and are in perfect agreement with previous theoretical and experimental

2,3,13-15,23

reports about the system .

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

T(K) Py Py Py

110 total  85.8+0.5(60.9) 85.7+0.4 (60.6) 86.3+0.3 (58.6)
in-plane  42.5+0.5 (36.7) 26.2+0.4 (21.2) 30.4+0.5 (23.3)

300 total  89.9+0.3 (68.5) 89.8+0.3 (67.9) 91.3+0.3 (63.9)
in-plane  47.0+£0.5 (41.1) 29.4+0.5 (24.5) 34.6+0.5(26.9)

Table 1 shows that there exist differences for the in-plane scattering probabilities between
molecules with different alignments. Specifically, the probability of detecting in-plane scattered
molecules coming from Py alignment is ~(1.3-1.6) times greater than from the other cases (Py,
P;). The results indicate that when the O, molecular axis is initially contained in the scattering
plane, which is the case for Py and Pz, the molecules are more likely to be reflected out of the
scattering plane. The major proportion of out-of-plane molecules obtained in our simulations for
these two alignments was previously observed by Kurahashi and Kondo.!®> They rationalized this
effect by the fact that molecules with its axis in the scattering plane are more sensitive to the cor-
rugation of the surface perpendicular to the scattering plane, which is the property that generates
out-of-plane scattering.

Also, the fact that the total number of reflected molecules hardly depends on their initial align-

ment means that the alignment dependence of the in-plane probabilities is not caused by an increase
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in the number of trapped molecules. The reason must be related to a more efficient deviation from

the scattering plane of the Py- and Pz-aligned molecules.
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Figure 9: Outgoing azimuthal angle (¢;) distributions (top panel) of the reflected O, molecules and
polar angle (6,) distributions (bottom panel) of in-plane reflected O, molecules at two surface tem-
peratures (110 and 300 K). The dotted line in the polar angle distributions represents the specular
angle position (22.5°). The distributions are normalized to the total number of impinging O, the
bin size is 2°, the symbols are located at the central angle of the bins.

The outgoing azimuthal angle distributions plotted in the top panels of Figure 9 for the reflected
O, confirm that this is actually the case. The distributions for Py and P, alignment are wider, par-
ticularly in —20° < ¢, < 20° interval, while in the in-plane range defined as —5° < ¢, < 5° clear
differences exist between Py and the other alignments. The peak intensities for the angular distri-
butions, at both surface temperatures, are ~1.5 higher for Px than for Py and P, alignments. Also,
independently of the surface temperature, almost all the molecules are reflected with a maximal

azimuthal deviation ¢ of +£30°.
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In the case of the polar angle distributions of the in-plane reflected molecules (bottom panel),
for all the studied alignments the distribution peaks are located very close to the specular angle
22.5° (dotted line). The Py distributions at both surface temperatures are appreciably wider and
higher than the Py and P, ones. 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 behavior suggests that there is larger energy loss in the perpendicular than
in the parallel degree of freedom as we previously observed in AIMD calculations using slightly
different molecular alignments. The increase in the number of trajectories that can be calculated
using the ANN-PES respect to the AIMD simulations, allows us to obtain statistically meaningful
information on some dynamical aspects that cannot be captured in the latter simulations due to
the poorer achievable statistics. In particular, this is the case of the alignment dependence of the
in-plane scattering probabilities at the specular scattering angle, which can be compared to the
experimental observations. Certainly, as shown in Figure 9, the heights of the Py, Py, and P in-
plane distributions at the specular angle decrease following this order at both surface temperatures.
At 110 K (300 K) surface temperature, the values of the scattering probabilities at the specular
angle are 0.017 (0.016), 0.015 (0.012), and 0.011 (0.011) for the Py, Py, and P, alignments,
respectively.

To compare the obtained in-plane polar angular distributions with the experiments by Kura-
hashi and Kondo ' it is necessary to take into account some considerations. In the experimental
incidence conditions 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 direc-
tion 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
0; + 6, = 45°. Thus, the reported angular distributions as a function of §; were obtained varying 6,.

For these ANN-PES calculations we used a single angle of incidence (6; = 22.5°) and the az-
imuthal direction was varied randomly in the different simulations. Also, a bigger acceptance angle

(5°) to define the in-plane scattering detection was used and we were able to detect all the scattered

21



molecules (out and in-plane). The use of a bigger acceptance angle with respect to the experiments
is related to statistical reasons. The number of trajectories integrated in the present simulations
significantly improves the statistics obtained in our previous AIMD calculations but it is still in-
sufficient to allow us to use a smaller acceptance angle. When we tested an acceptance angle of
1.5° we obtained in-plane scattering probabilities ~ 3 times lower for all the alignments, which
considerably limited the statistics of the results. Note, that with the incidence conditions chosen
by us the experimental detection condition (6; + 6, = 45°) is fulfilled at the specular direction
0, = 22.5° which is highlighted in Figure 9 with a dot line. At this detection angle, our results for
the alignment dependence of the scattering probabilities (see above) are in qualitative agreement
with the experimental values obtained by Kurahashi and Kondo (Figure 3 in ref. 15) at a similar
incidence energy (0.18 eV). As in our case, the values of the experimental scattering probabilities,
from the higher value to the lower one, follow the order Py, Py, P;. Moreover, they find that the
scattering probability for the P, alignment is noticeably smaller than that of Py, whereas the one
for Py is only slightly smaller.

In addition, in our simulation we reproduce a very interesting feature observed by Kurahashi
and Kondo!® concerning the shape of the Py angular distributions. The full width at half maximum
that we observe for these distributions are, as in the experiments, narrower than the distributions
for the other two alignments. The reason for this particular behavior should be related, as was
previously suggested by Kurahashi and Kondo,!®> with the corrugation felt by the O, molecule
inside the scattering plane. It is expected that Py molecules feel a smaller corrugation within the

scattering plane which explains their calculated and measured narrower 6-angle distributions.

3.4 Energy transfer and rotational distributions

Figure 10 shows how the final energy of the in-plane reflected molecules is distributed between the
internal and translational degrees of freedom (DOF). For these simulations, where the ZPE was
considered in the initial conditions we are able to separate the components of the internal energy

in vibrational and rotational modes.
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The results at 110 and 300 K are similar with small differences of around 30 meV respect to
the final average translational energies of the molecules and the energy exchange with the surface.
Our simulations show that at 110 K around 20% of the translational energy is transferred to the
surface. At 300 K the transfer occurs mainly between translational and rotational modes and in

average no energy is delivered to or received by the surface.
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Figure 10: Partition of the final energy of the in-plane scattered O, molecules into rotational (erot),
vibrational (evib), total internal (eint) and translational energy (ekin), and the energy transferred to
the surface (esurf).

Regarding the dependence on the initial alignment, the main differences appear when com-
paring the rotational energy values of P, with Py and Py in-plane scattered molecules. The final
rotational energy for head-on molecules is 5 times greater than for the side-on ones. In contrast,
the final vibrational energy is almost the same for all the alignments. It remains unchanged respect
to its initial value, corresponding to the energy value of the vibrational ground state (v=0) of the O,

molecule. Also, we observe that the molecules with perpendicular orientations are more likely to

23



lose translational energy. For the present calculations we estimate an average translational energy
lost of ~ 30% for the P alignment and ~ 10% for the Py and Py ones. In addition, the translational
energy loss is enhanced at lower surface temperature.

Taking into account that all the in-plane molecules detected, independent of their initial align-
ments, keep their initial vibrational state unaltered, it is possible to summarize that for head-on
molecules the energy transfer occurs mainly from translational to rotational modes upon collision
with the surface. In contrast, the side-on molecules are weakly rotational excited. Additionally, the
results seem to indicate that side-on molecules transfer energy more efficiently to the surface. The
present results are consistent with the dependence of the energy transfer on the stereodynamics
reported by Rutigliano and Pirani'* and by some of us using AIMD? for the studied system.

For further details we present in Figure 11 the rotational distributions of in-plane scattered
molecules obtained for the two surface temperatures considered. The distributions corresponding
to parallel orientations (Px and Py) are very similar, showing two peaks located at j=1 and j=7 ro-
tational states and decaying very fast towards higher rotational levels (j=17). The first peak (j=1)
corresponds to scattered molecules that keep their initial vibrational and rotational state almost
unaltered, being barely influenced by the interaction with the surface and experimenting rather
elastic collision. This molecules represent around 15% and 12% of detected O, at 110 and 300 K
respectively. Interestingly, slight differences, mainly at 110 K (~4%), can be observed between Py
and Py distributions, pointing out that the microscopic interaction mechanism could be very sen-
sitive to the initial molecule alignment. The second peak (j=7), corresponds to the most probable
rotational level that can be populated given the average available internal energy of the molecules
detected in our simulations and is a clear signature of inelastic collisions with the surface. Also,
when representing only the rotational distribution for the side-on scattered molecules that experi-
ment more that one collision with the surface (not shown here), we obtain a bell shaped rotational
distribution with a single peak at j=7.

On the other hand, the P, distributions show almost equally populated rotational levels up to

a high excited rotational state (j=35). The shape of the distributions clearly indicate that a very
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efficient rotational energy redistribution takes place after the interaction of the P, molecules with

the surface and that rotational excitation is a fingerprint of head-on collisions.
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Figure 11: Rotational distribution of the in-plane scattered O, molecules. The distributions are
normalized to the total number of in-plane reflected O,, the bin size is 1.

4 Conclusions

In summary, we have obtained a High Dimensional Atomistic Neural Network Potential Energy
Surface capable of describing accurately the O,-HOPG interaction for all the relevant degrees of
freedom of the system. This allows us to perform molecular dynamics studies at a much lower
computational cost than AIMD calculations. The ANN-PES has been validated comparing its pre-
dictions with a large DFT reference data set and performing a molecular dynamics study. The
results showed low errors for the energy and forces predicted by the ANN-PES, as well as, an
overall agreement with our previous AIMD study. The current ANN-PES inside the GSRD-code
is ~ 700 time faster computing a single point (energy and force) than our previous AIMD calcula-
tions.

Using the validated ANN-PES, we have performed a molecular dynamics study of the align-
ment resolved O, scattering from HOPG with initial conditions that reproduce the alignments used

by Kurahashi and Kondo!® to explain their experimental results. Scattering probabilities, angu-
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lar distributions, energy transfers, and rotational distributions at two surface temperatures (110
and 300 K) of aligned molecules (Pyx, Py and Pz) with an incidence energy of 0.2 eV have been
computed.

Our new results confirm that the trapping on this system is rather minor and that depends
very weakly on surface temperature and initial alignment of the molecules. Roughly, 10% of the
molecules remain trapped after the 5 ps simulation time and also most of the reflected molecules
are scattered after a single collision. Regarding the in-plane scattered molecules, we found that the
probability of detecting molecules coming from Py alignment is greater than for Py and P ones.
Also, at the specular outgoing direction (6, = 22.5°), we observed clear differences between the
intensity for the angular distributions corresponding to Py and P alignments, while, an incipient
intensity order (P(Pyx) > P(Py) > P(Pz)) appears, in qualitative agreement with the experimental
observations. 1

We have also performed an analysis of the alignment dependence of the final energy of the in-
plane scattered molecules and its distribution among the different degrees of freedom. The results
can be summarized as follows: (i) The transfer of energy to the surface is almost independent of
the initial alignment at 110 K and is negligible at 300 K, (ii) the rotational excitation upon collision
with the surface is much more favorable for P, molecules than for Py and Py molecules,(iii) the
scattered molecules keep their initial vibrational state, (iv) the final outcome is that ~ 20 % more
of translational energy is lost in the case of end-on molecules as compared to side-on molecules.

All in all, the use of the ANN-PES allowed us to run a huge number of trajectories (10 000 for
each alignment at two different surface temperatures) improving the statistical accuracy of our cal-
culations. The obtained results are in good agreement with the experimental results of Kurahashi
and Kondo !> reproducing the shape of the angular distributions and the alignment dependence ob-
served in the experiments. They also provide important information about the underlying physics
involved in the scattering process and answer open questions from the experiments, (i) the align-
ment dependence of the in-plane probabilities is not caused by an increase in the number of trapped

molecules but by the increase of the direct out-of-plane scattering depending on the initial molecule
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orientation, (ii) the lower final translational energy of head-on molecules is not due to an increased
energy lost to the surface but to a more efficient energy transfer from the translational to the ro-
tational degrees of freedom. The present ANN-PES is able to accurately reproduce the scattering
process of O, on HOPG surfaces, at lower computational cost, and can be used to perform sim-
ulations for multiple initial conditions, such as, changing the incidence conditions and detection

geometry, molecule impinges along specific directions of the benzene ring, among others.
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