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Abstract

This work reports on quasi-classical dynamics simulations of the non-reactive
scattering of CO from a prototypical cubic ionic surface. We shed light on the
role of the incidence energy, the initial ro-vibrational state of impinging CO, and
the effect of surface atom motion on the scattering behaviour of the molecules.
Our results rely on a novel high-dimensional potential energy surface, which is
fitted using a modified reactive bond order force field to reproduce reference
energy data obtained from periodic embedding density functional theory. The
scattering process is found to be strongly influenced by the anisotropy of the
potential for CO impinging either from the C-end or O-end of the molecule. The
distinct scattering features are significant at low incidence energies when surface
atom motion is included in the simulations. This suggests that modelling energy
transfer to phonons is very important to describe the dynamics of such weakly
interacting systems.

Keywords: Diatom-Surface Scattering, Ionic Surfaces, Force Field, Molecular
Dynamics

1. Introduction

Reactions at surfaces play a major role in the chemical industry and, thus,
make up an important economic factor in modern societies.[1-3] Investigations
of elementary processes in heterogeneous catalysis, such as bond making and

s breaking, have therefore a long tradition in surface science. In order to under-
stand interfacial interactions, reactive and non-reactive scattering experiments
are often performed on gas-surface systems. In particular, molecular beam scat-
tering experiments have a long history as one of the most powerful techniques
to study reaction dynamics at the gas-solid interface,[4, 5] because they allow to
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investigate the dependence of a chemical reaction on the applied reaction con-
ditions in a well-defined manner. The importance of the initial ro-vibrational
state of the incident molecule on its reactivity has often been investigated on
systems including diatomic molecules.[6-8] State-to-state scattering experiments
performed at non-reactive conditions additionally raise the possibility to screen
the topology of the potential energy surface (PES) and to indirectly measure
energy transfer processes.[9] The latter are associated with energy redistribution
inside the scattered particle and energy transferred to the substrate, and they
can be mediated by two different dissipative channels: phononic and electronic.
For ionic surfaces, energy loss to phonons is the only available channel at low
incident energies.

For one, the catalytic oxidation of CO is an extensively studied reaction
because of its importance for converting toxic CO into comparably harmless
COa. It can be performed under various conditions and using a number of dif-
ferent catalysts. A possibly surprising — and rather exotic choice — is that of
gold nanoparticles supported by MgO surfaces, which have been reported to
efficiently catalyze this reaction, even in extreme conditions at temperatures
down to -70°C.[10] Surfaces serve not only as support material for the reaction
but can also modify the electronic properties at the reactive center by inducing
partial charge transfer.[11] In the absence of metallic nanoparticles, the MgO
support appears chemically inert for oxygen adsorption, and CO is found to have
only weak interactions with (001) and (111) facets of MgO.[12] From tempera-
ture programmed desorption experiments, the absolute CO-MgO(100) binding
energy was reported to range from E,gqs = 0.14¢V/[13] to 0.4eV[14]. These val-
ues correlate well with theoretical estimates obtained at the Hartree-Fock level
of theory (E,qs = 0.4€eV[15]) and with density functional theory (from 0 to
0.282¢€V, see ref. 16 and references therein).

From previous molecular beam experiments performed on non-reactive scat-
tering of CO from a bare MgO(001) surface,[17] quasi-elastic scattering is found
to dominate. This is expected due the weak CO-MgO interaction. The angular
scattering distribution takes a cosinus-like dependence[18] and its shape is not
much affected by an increase of the surface temperature up to Ts = 400°C. This
suggests a short residence time of CO on the surface upon collision, correlating
with the weak adsorbate-surface interaction. This is also in accordance with heat
of adsorption measurements, which confirms the weak CO-MgO(001) attraction
with contributions potentially arising from dipole-polar surface interactions.[19]

In this work, we present the first detailed theoretical investigation of the
non-reactive scattering of CO from an ideal MgO(001) surface from a dynami-
cal perspective. We investigate the scattering behaviour at normal incidence for
different incident energies and assess the impact of rigid versus movable surface
ions on energy transfer processes and internal energy redistribution. A first task
in this endeavour is the representation of the interaction potential between the
adsorbate and the substrate. This is challenging due to the weak interaction
energy and to the face centered cubic structure of the surface with alternat-
ing Mg?t and O? ions, which leads to important corrugation along the surface.
Here, we construct a high-dimensional PES adopting a reactive bond order force
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field ansatz, which is fitted to ab initio reference energy points obtained from
periodic electrostatic embedding density functional theory. Quasi-classical ini-
tial conditions for the state-to-state scattering dynamics are chosen by sampling
specifically, low-lying ro-vibrational states of the CO molecule in the gas phase.
Scattering simulations are the performed under various conditions to help un-
derstand the energy transfer process from the CO molecules to the MgO(001)
substrate, as a prototypical cubic ionic surface. This is achieved by a detailed
analysis of the angular scattering distributions and time-of-flight spectra, which
reveals the importance of surface atom motion and of the orientation during
impact on scattering properties.

The work is organized as follows: In the next section, the methods and mod-
els used in this work are presented. In the Results section, important features
of the PES are succinctly described, followed by a comparison of the proper-
ties of scattered molecules under different simulation conditions. Finally, the
results are summarized in the Conclusion section, with a brief outlook to future
research.
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Figure 1: Schematic representation of a CO molecule (red and black beads) approaching a
MgO(001) surface (green and red beads). The CO configuration is described by the cartesian
position of its center of mass ({X,Y, Z}), the internal bond length (R), the polar angle ©
relative to the surface normal (not shown), and the azimuthal angle ®. The surface is de-
scribed by a first layer of 16 movable ions with cartesian positions {x;,yi, z; } (area within the
blue box), embedded in a MgO(001) cluster with periodic boundary conditions. The initial
conditions for CO are defined by the incident kinetic energy Ej, as well as a quasi-classical
ensemble corresponding to the ro-vibrational quantum numbers {v,j,m;}. The molecule is
scattered at normal incidence in the surface area defined by the purple box.
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2. Methods and Models

2.1. Potential energy surface construction

The interaction of the molecule with the surface is described in full-dimension,
including surface atom displacements. Fig. 1 shows the coordinates used to de-
scribe the system dynamics: the cartesian positions of the surface ions subject
to periodic boundary conditions in the surface plane, the cartesian coordinates
of the CO center of mass (COM), the internal CO bond length R, and the polar
and azimuth angles © and ® of the CO adsorbate relative to the surface. Here,
we use a modified version of the Reactive Bond Order Force Field (REBO-FF)
for gas-surface interaction proposed by Busnengo and co-workers[20], which is
based on the potential by Brenner et al.[21] The REBO-FF expresses the elec-
tronic structure as the sum of repulsive and attractive pairwise atomic inter-
actions, with the chemical environment around the bond treated as three-body
terms, the so-called bond-order term. All pairwise interactions are weighted by
a smooth cutoff function depending on the distance between the atom pair. An
additive non-binding contribution further improves the description of the long
range Coulomb force. The simple form of the REBO-FF renders evaluation of
the PES efficient, which is important for MD simulations.

In the present work, the bond order term is re-written as a weighted sum
of Legendre polynomials for the angular dependency. The motivation for the
change is the overall improvement of the root mean square error (RMSE). For a
given system, the two-body parameters and the bond order term of the REBO-
FF are fitted to reproduce a set of ab initio calculations at different geometries
(see next section). This is done here by fitting a first set of parameters for the
two-body interaction of the individual atoms of the molecule with the surface
ions. These parameters serve as initial values for fitting sequentially the three-
body and two-body terms for the full molecular interaction with the surface. For
the interaction of the atoms of the molecule with those of the surface ions, the
pairwise potential is damped in the range from 6.0 A to 8.4 A. This accounts for
the long-range Coulomb interactions. We note in passing that using a distance-
dependent term with 1/7% dispersive asymptotic behaviour did not improve the
quality of the REBO-FF fit. The parameters for the intramolecular interaction
of CO are further constrained to reproduce the experimental anharmonic vi-
brational spectrum[22] with a weighting of 2:1 favoring the reproduction of ab
initio points. The interaction among surface ions is simplified to include only
the two-body terms. The Coulomb interaction between surface ions with the
same charge is simplified to its repulsive part only. The interaction among the
surface ions are smoothly damped in the region from 3.0 A to 4.7 A. The detail
of these modifications can be found in the Supplementary Information.

As a result of the fitting procedure described above, the PES reproduces
ab initio data up to an energy of 1.2eV above the minimum within chemical
accuracy (RMSE below 1kcal/mol on reference points). The PES reproduces
all topological features of the reference data, such as the two local adsorption
minima atop a Mg?* ion for CO pointing upwards (E.qs = 0.17eV) or down-
wards (Faqs = 0.08eV). We define upward CO as a molecule approaching with
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the C-end towards the surface, and downward CO as a molecule approaching
with the O-end towards the surface. The experimental adsorption energy for
CO on a bulk MgO(001) surface (E;Z’;p) = 0.14eV[13]) is also found to be close
to the value computed with the fitted REBO-FF.

2.2. Reference ab initio data set and sampling

The reference data set used to fit the parameters of the REBO-FF is calcu-
lated at the density functional theory level using the B3LYP hybrid functional.[23,
24] We refrain from using any dispersion correction because they overestimate
the binding energy of adsorbates in similar systems.[25] The interaction with the
surface is computed using the periodic electrostatic embedded cluster method
(PEECM).[26] The different structures represented in the data set are generated
using the Atomic Simulation Environment.[27] Gas phase carbon monoxide is
described by a 6-311+G* basis set of triple zeta quality, sampled by 120 ref-
erence points at different bond lengths between R € [0.8,9] A. The MgO(001)
surface is simulated by a Mgy;02; cluster centered around a Mg?*t ion, embed-
ded into a periodic array of point charges. Mg?* and O? ions of the substrate
are described using 6-311G and 6-314+G basis sets, respectively. Using a lat-
tice constant of L = 4.212 A results in a vertical ionic potential of the cluster
(I Peluster = 6.65¢V) close to the experimental value of I Pey, = 7.110€V.[28]

The potential for the surface ions is sampled by displacing two adjacent Mg?+
and O2 ions within the cluster in all three cartesian directions by up to 0.4 A
around the equilibrium geometry, amounting to 210 different configurations.
The combined system of CO and MgO(001) is sampled at the high-symmetry
points in the surface plane {X,Y} (Mg?*, O%, bridge, hollow). The molecule-
surface height is sampled in the range Z € [2.0,15] A, and the CO bond length by
R € [1.0,1.4] A. The orientation is varied from © € [0,180°] in steps of 30° with
an azimuthal angle ® at either 0 or 45°. All configurations with electronic energy
larger than 5eV above the global PES minimum were systematically discarded,
amounting to a total of 1500 reference points. A similar sampling strategy along
the {X,Y, Z} coordinates is used for the interaction of individual C and O atoms
on a MgO(001) cluster, leading to about 150 reference points in each case. All
electronic structure calculations are performed using the TURBOMOLE 7.1
program package.[29-31]

2.8. Dissipative molecular dynamics

The scattering of CO from MgO(001) is simulated by MD simulation us-
ing a full-dimensional analytic PES of the REBO-FF form, including motion
of selected surface atoms. Periodic boundary conditions are applied along the
directions parallel to the surface. In the dynamics, the surface is represented
by a 4x4x1 slab of length 16.848 A, which is twice as long as the cutoff limit in
the REBO-FF potential (8.4 A) This prevents any double counting of molecule-
surface interactions due to periodic boundary conditions. To reduced computa-
tional cost, only the top layer ions within the area of the central 2x2 unit cell (16
ions in total) are allowed to move as indicated in Fig. 1. To model irreversible
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energy loss to the MgO bulk phonons at 0K, the momentum p of the movable
surface ions is damped at each time step,

P =p-exp(—74 - At) (1)

This procedure is similar to a damping of the surface phonons through a gener-
alized Langevin oscillator at 0K[32-34]. The damping rates used in the present
work for Mg?™ (myg = 2.237 ps) and O (7o = 2.670 ps) are obtained by fitting
the dynamics of a displaced ion in a freely moving slab to a damped harmonic
oscillator (see Supplementary Information for details). The equations of motion
are integrated numerically using the velocity-Verlet algorithm with a time step
of At =0.05fs. The maximal total energy deviation for simulation with a rigid
surface remains below 1 meV during the whole propagation.

The system is prepared in a series of initial conditions representing differ-
ent initial translational energies (or incident energy, E;) for CO are sampled
(Ey = [0.05eV, 0.10eV, 0.30eV, 0.50eV]). For each incident energy, at least
10°000 trajectories are used to sample the quasi-classical initial conditions for
a chosen ro-vibrational state of CO. In all simulations, the impinging CO has
an initial internal energy, F, jm,, associated with the ro-vibrational quantum
state defined by the vibrational quantum number v, the total angular momen-
tum quantum number j and the total angular momentum projection quantum
number m;. The distribution is sampled as described in detail elsewhere.[35]
The initial orientation of CO in the ro-vibrational ground state (v = 0,j = 0) is
sampled by a spherical distribution, uniform with respect to the polar (©) and
azimuthal (®) angles. The probe molecule always starts at a height of 9.0 A and
with momentum at normal incidence directed towards the surface. The surface
temperature is set to Ty = 0K, without zero-point energy (ZPE), by optimizing
the ion positions to the minimum of the REBO-FF. All sampled trajectories are
distributed above the movable surface ions within the small purple area shown
in Fig. 1. Quantum numbers for the final rotational and vibrational states are
assigned to the trajectories in the asymptotic region according to a classical
binning procedure as used previously in ref. 35. At the incident energies inves-
tigated in this work, the weak interaction of CO with MgO(001) is found to be
insufficient to excite CO from its initial vibrational ground state.

3. Results and Discussion

8.1. Potential Energy Surface Topology

Figs. 2 and 3 show selected 2D cuts of the PES. The interaction energy
between the CO molecule and a MgO(001) surface is mostly determined by the
electrostatic interaction between the electron density of CO and the ionic charges
of the surface atoms. The typical molecule-surface distance in the interaction
region is found between a chemisorption and physisorption, as in the reference
ab initio data.

Figure 2 reveals a larger corrugation of the potential along angle © with
CO placed atop the O% surface ion (bottom left panel) and the bridge site
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Figure 2: Potential energy surface cuts in the Z©-plane. The center of mass of CO is placed
atop Mg? T (top left panel), O% (bottom left panel), at the bridge site (top right panel), and
at the hollow site (bottom right panel). A cut-out of the periodic surface with CO (Z = 3.0 A,
© = 45°) at the respective adsorption site is shown in the right top corner of each panel. The
polar angle © and associated azimuthal angle ® is also shown. The CO bond length R is
optimized at each point.

(top right panel) than the potential with CO atop Mg?* (top left panel). The
minimum positions of the PES atop O% and the hollow site are around a polar
angle O of 60° and 50°, respectively, representing a CO molecule pointing with
its C atom toward an adjacent Mg?t ion. For CO in the upright position, i.e.,
with C closer to the surface, the molecule is found in its global potential energy
minimum atop the Mg?™* ions, while it remains far from the surface above O
ions. In the downward conformation, a shallow potential minimum is found atop
the Mg?* and at the bridge site. The stronger interaction between C and Mg?*
ions leads to a preference for a Mg?t—C-O alignment, which explains that the
PES minimum at the bridge site is found at about 35° with the oxygen pointing
away (® = 0°).

Fig. 3 shows the potential surface of CO at different heights in Z along the
1D path in the XY-plane. The path is chosen to sample all important high-
symmetry points along the surface, going from Mg?* over the bridge site to O
and via the hollow site back to Mg?*. The potential cut shows a strong corruga-
tion when CO stands upright (top panel). At © = 45°, the PES minimum shifts
towards the bridge position, favoring the linear arrangement between Mg?*-C-
O. It is interesting to note that the well depth remains almost unchanged. This
is indicative of a relatively flat topology around Mg?* ions, as long as the pre-
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Figure 3: Potential energy surface along Z and a 1D path in the XY -plane of the surface for
different angles ©. The CO bond length R and the angle & are optimized at each reference
point.

ferred orientation can be adopted. For CO at © > 90°, the attractive interaction
with the surface becomes weak. The PES is almost flat in the XY -plane when
the CO lies parallel to the surface, with some small degree of corrugation when
the molecule points downwards. These topological features of the PES reveal a
strong orientational dependence and an important corrugation at the surface.
Both will be shown below to affect the properties of the scattered molecules in
the asymptotic channel.

8.2. Scattering from a Rigid Surface

Fig. 4 shows the translational energy loss (top panels), the rotational exci-
tation probability (central panels), and the scattering angle distribution (bot-
tom panels) for scattering of CO initially in the ro-vibrational ground state
(v = 0,7 = 0) from a rigid surface at normal incidence. Simulations for
CO(v = 0,5 = 1) show similar trends and will not be discussed further (see
Supplementary Information for detail). The translational energy loss increases
smoothly with higher rotational excitation and a larger energy transfer from
the translational degrees of freedom towards rotational ones. No vibrational
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excitation is possible due to the very weak molecule-surface interaction and the
low initial translational energy, which is much lower than the energy of the CO
internal stretch mode vibration (~ 2140hc/cm). As a consequence, all trans-
lational energy is converted to rotational motion in the case of a rigid surface.
This is confirmed by looking at the average translational energy loss ((AE})),
which is equal to the rotational energy gain ((AE;)) at all incoming energies,
within the accuracy of the present computational setup.

Ei= 0.05 eV Ei= 0.10 eV Ei= 0.30 eV
Ptrapped =12% Ptrapped =01% Ptrapped = 0.0%
0.4
(AEj) = 0.0133 eV (AE;) = 0.0198 eV (AE;) = 0.0429 eV
> 0-31 (AE) = 0.0133 eV 1(AEj) = 0.0199 eV 1(AEj) = 0.0430 eV
£02 1
T
< 0.1 1
0.0 __,_4#_'_ i J
0 5 10 15 0 5 10 15 20 0
Final rotational state j'
Tre = 183 K Tsir = 230K The = 523 K
=
T
0 5 10 15 0 5 10 15 20 0 10 20 30
Final rotational state j'
o’

0 30 60 90 0 30 60 90 0 30 60 90
Scattering angle in °

Figure 4: Scattering of CO(v = 0,5 = 0) from a rigid MgO(001) surface at different initial
translation energies Ej. The trapping probability of CO, Pirapped; is given in the header of
each column. Top panels: State-resolved translational energy loss. The average translational
energy loss ((AFE;)) and average rotational energy gain ((AEj;)) are given in red and blue,
respectively. Central panels: Rotational excitation probability, P(0,;’), and best fit to a
Boltzmann distribution (red line). Bottom panels: Scattering angle probability distribution.

Although the translation energy loss increases as a function of the initial
translational energy, its relative importance decreases. This is due to the weak
interaction with the surface and the reduced contact time at higher velocities.
The final rotational state and scattering angle distributions in the central and
bottom panel in Fig. 4, respectively, reveal a weakly distinct double peak struc-
ture at the lowest incident energy. This phenomenon is known as rainbow
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scattering and it is here only observed at the lowest incidence energy. The small
features in the final rotational state distribution disappears at higher incident
energies, as the distributions yield a better agreement with a Boltzmann fit. Two
peaks around ~ 20° and ~ 40° can be distinguished from the broad scattering
angle distribution at E; = 0.05eV. While the distribution becomes narrower and
the peaks disappears in the intermediate case at E; = 0.10eV, it gets unimodal,
smooth, and narrow at F; = 0.30eV. Because of the weak molecule-substrate in-
teraction, the effect of the potential topology on the scattering products vanishes
rapidly with increasing incident energy. Steering of the molecule to a more fa-
vorable orientation upon impact originates from translation-rotation coupling.
It is more effective at low collision energies and it can affect reaction proba-
bilities. The trapping probability, Pirapped, Observed on the rigid surface at
E; = 0.05eV due to this type of steering is already very low (1.2%), and it
completely vanishes at higher incidence energies.

To understand the final rotational probability and scattering angle distribu-
tions, the role of the impact site and of molecular orientation during impact is
investigated. To this end, the surface is divided in areas belonging to Mg?*, to
0%, and to hollow sites, using the effective ionic radii given by Shannon.[36] The
effective ionic radii of Mg?t (rionic(Mg?T) = 0.86 A) and 0% (Tjpnic(0%) = 1.22
A) are scaled by a factor of 0.993, such that the sum of both diameters cor-
responds to the lattice parameter of the unit cell, L = 4.212 A. We count an
impact to occur at the first moment when a trajectory yields a sign change in the
translational momentum p, along the z-direction. In the following discussion,
this is also referred to the first turning point.

Fig. 5 shows rotational excitation probabilities and scattering angle distribu-
tions for trajectories at different impact sites, together with the angular orien-
tation © of CO upon impact. At low incident energy (E; = 0.05eV, left panels)
the two peaks observed in the rotational distribution originate from different
orientations of CO at the moment of impact. For molecules impinging and
scattering from Mg2™ ions (top left panels), the peak at lower scattering angles
is caused by trajectories where CO is in upward direction, while CO pointing
downwards is mostly responsible for the peak at higher angles. At low incident
energies, the CO molecule has more time to reorient adiabatically towards an
energetically favorable orientation. Guiding the molecule towards the optimal
Mg?*-C-0O alignment effectively minimizes the force along the angle ©, as can
be seen from the potential curves in Fig. 2. This results in lower rotational ex-
citation and smaller scattering angles for trajectories colliding with Mg2* ions
than with O% ions (central left panels) or on hollow sites (bottom left pan-
els). CO pointing downwards shows a peak at larger scattering angle despite
the flat potential topology (bottom panels of Fig. 3). The different scattering
angle distributions between the two CO alignments upon impact decreases at
larger incident energies (top right panels). While the scattering angles of up-
right CO slightly increases, downward CO becomes narrower and shifts to lower
scattering angles. At the Mg?t impact site, the proportion of upright to down-
wards collisions remains approximately constant (35% and 65%) at all incident
energies.

10
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Figure 5: Influence of the impact site and of molecular orientation (© of incident CO at
the moment of impact) on the j-resolved rotational excitation probability (P(0,;’)) and the
scattering angle distribution Ps. CO(v = 0,7 = 0) is scattered from a rigid surface at different
initial translational energies E; = {0.05,0.30} eV. Results for areas belonging to Mg?*, 02,
and hollow sites are depicted correspondingly from top to bottom.

The trajectories at the O? impact site (central panels of Fig.5) show a
more uniform, non-thermal distribution of the rotational excitation probabil-
ity (P(0,;)). Similar to dynamics at the Mg?™ impact site at low incident
energies, CO molecules impinging in upright orientation yield lower scattering
angles, whereas downward CO molecules scatter at larger angles. Molecules ori-
ented parallel to the surface also tend to scatter at larger angles and to become
rotationally more excited. This is a consequence of the PES topology: The
coupling between rotational and lateral motion causes larger scattering angles
despite the flat potential around O% (central panel of Fig. 3). At higher incident
energies, this effect vanishes and both the rotational excitation probability and
the scattering angle distribution become narrower due to the reduced contact
time with the surface.

Trajectories of CO molecules impinging at the hollow site show a similar
but broader rotational excitation probability as those at the O? impact sites.
On the other hand, the scattering angle distribution is found between that of
the two ionic sites. The azimuthal angle ® has a large impact on the surface
topology for non-perpendicular CO molecules at the hollow site. The potential
character changes from strongly attractive if CO aligns towards two Mg?* (i.e.
® = 45° as shown in the bottom right panel of Fig. 2) to weakly bound when
aligning towards an O% ions (i.e. ® = 135°). At higher incident energy (bottom

11
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right panels in Fig.5), the scattering angle distribution becomes narrower and
the rotational excitation probability becomes almost indistinguishable from that
at the O site. All subtle effects stemming from the PES corrugation are lost,
while they are still visible at the Mg2™ site.

3.8. Influence of Surface Ion Motion

Ei= 0.05 eV Ei= 0.10 eV Ei= 0.30 eV
Ptrapped =83% Ptrapped =05% Ptrapped =0.0%
0.4
(AE;) = 0.0180 eV (AE;) = 0.0279 eV (AE;) = 0.0649 eV
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Figure 6: Scattering of CO(v = 0,5 = 0) from a MgO(001) surface including surface atom
motion at different initial translation energies E;. The trapping probability of CO, Pirapped,
is given in the header of each column. Top panels: State-resolved translational energy loss.
The average translational energy loss ((AE;)) with standard deviation and average rotational
energy gain ((AEj)) are given in red and blue, respectively. The standard deviation for the
binning is shown as black bars. Central panels: Rotational excitation probability, P(0,j’), and
best fit to a Boltzmann distribution (red line). Bottom panels: Scattering angle probability
distribution.

Fig. 6 shows the rotational excitation probability and scattering angle dis-
tribution for different incident energies F; including surface ion motion. Un-
surprisingly, the loss of initial translational energy is larger for scattering on a
movable surface. On the other hand, the average rotational energy gain gets
smaller than on a rigid surface and amounts to about half of the translational
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energy loss for all incoming energies studied. The remaining translational energy
goes into the surface ion motion. Consequently, excitation probability of lower
rotational states becomes more likely and the distribution is shifted to the left
(see central panels). This observation remains valid at larger incident energies.
The excitation probability distributions deviate more strongly from the ideal
Boltzmann case (red curve), but the associated temperatures are much lower
than for scattering from a rigid surfaces. As a novel feature, a shoulder in the
rotational distributions can be observed at higher js for all initial translational
energies. Such a shoulder is not observed in the scattering angle distributions,
which is also broader at low incident energies when surface ions are allowed to
move. The distribution for F; = 0.30eV is close to the scattering angle distri-
bution on a rigid surface. This is possibly due to the diminishing contact time
and the long lifetime of surface phonons, as can be inferred from the ion damp-
ing rate in Eq.(1). The trapping probability Pirappea is only significant at low
impinging energies (8.3 % at E; = 0.05eV). The steering effect on a surface with
movable ions appears to significantly increase the trapping probability at such
low incident energies. While it is also increased at E; = 0.10eV compared with
rigid surface simulations (0.5 % versus 0.1 %), energy loss to phonons does not
significantly enhance trapping. This result can again be understood from the
damping rates in the cluster. They operate on the few picosecond regime, which
is much longer than the contact time during the scattering event. Note that the
trapping probabilities should be taken with caution, since they are computed
classically and neglect the zero-point energy of the system.

To shed light on the origin of the structure of the distributions, the left
panels of Fig. 7 show rotational excitation probability and scattering angle dis-
tribution for different impact sites at the surface. The probabilities are further
decomposed according to the CO orientation © upon impact. As opposed to
Fig. 5 the scattering angle distribution (black) at the Mg?* impact site exhibits
an intense and narrow peak at small angles. According to the impact angle
(green colormap), it is associated with CO approaching the surface in an up-
right orientation. This is associated with a rotational distribution (blue) that
is markedly skewed towards low js, with an important dip at j° = 0. This
strong localization can be explained as follows: as CO approaches the surface
at low incident velocities, it is dragged towards the Mg?* surface ion, which is
pushed below the first surface layer upon impact. This constrains the motion of
the CO projectile by creating a stronger confinement potential than on a rigid
surface. This cone-shaped potential and large loss in translational energy of CO
prevents deviation of the scattered products from normal incidence. It further
restricts rotational motion and confers a large degree of orientation to the scat-
tered molecules. The lower adsorption minimum for CO pointing downwards
lead to a lower degree of localization. Consequently, the associated rotational
excitation probability and scattering angle distribution behave more thermally.
Simulations at higher incident energies behave similarly and are shown in the
supplementary material.

The trajectories scattering around the O?" impact site (central left panels)
also exhibit rotational cooling as compared to simulations on the rigid surface.
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Figure 7: Site-resolved scattering of CO(v = 0, j = 0) from a surface with movable surface ions.
Left panels: Rotational excitation probability and scattering angle distribution at different
impact sites. (top: Mg2t, centre: 02", bottom: hollow) for an incident translational energy of
FE; = 0.05eV. The decomposition according to the CO orientation © at the moment of impact
is shown in the green density maps. Central and left panels: Time of flight spectra (ToF,
purple) and position of the Z turning point upon impact (Zr) at different incident energies
(E; = {0.05,0.30}eV).

Upright CO is more strongly represented at low js. As on the rigid surface,
rotational excitation is lower for downward CO upon impact, while a parallel
alignment results into larger values in j. Trajectories with low scattering angles
correlate well with the energetically optimal © angle of CO at the moment of
impact, corresponding to the minimum structure at the bridge and O site (see
Fig.3). As it is also observed at the Mg?* site, surface ion motion leads to a
more efficient reorientation of CO towards the energetic minimum structures.
This subsequently increases the probability of excitation to low rotational states
and small scattering angles due to a larger energy transfer from the impinging
CO molecule towards the surface. The influence of the impact orientation on
the rotational transition probability and scattering angle distribution remains
otherwise qualitatively similar to the rigid surface simulations. The same obser-
vation can be made for the remaining trajectories around the hollow site. The
general trends are thus strongly dominated by the topology of the potential,
despite the low interaction energy.

Further information about the energy transfer to the surface can be obtained
from the time of flight (ToF) spectra, which are inversely proportional to the
translation kinetic energy of the scattered molecules. It is shown in the central
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and right panels of Fig.7 (purple), along with the position of the Z turning
point upon impact (Zr, brown). The ToF spectra reveal an important loss of
translational energy when CO molecules hit the surface pointing upwards. This
observation holds for all simulated incident energies and impact areas, and it
is a signature of internal energy redistribution. Scatterers adopting another
orientation upon impact are less thwarted in their motion and retain more ki-
netic energy in the exit channel. Consequently, they should be observed first in
a ToF spectrum. While all impact sites have a relatively similar profiles, the
separation between upright and downwards orientations is larger for collision at
the Mg?* site. This confirms that scattering in the downwards orientation is a
more direct and more adiabatic process. CO scattering in upright orientation
is a more inelastic process and the large kinetic energy loss towards the surface
enhance the rotational cooling and lower the scattering angle deviation.

At low incidence energies, the turning point Zr indicates that scattering
happens further away from the surface for the downwards orientation, while
scattering closer to the surface is observed for CO molecules incoming in an
upright orientation. This can be understood from the topological feature of the
PES (see Fig. 2). CO reaches a more repulsive potential later at lower distances
Z from the surface around hollow and O? impact sites when it is pointing ap-
proximately upwards. Adopting a ©® < 90° orientation, CO goes through a
potential minimum valley with a late repulsive potential. Impinging molecules
in a downward orientation (© > 90°) have either a shallow or no potential
minimum and reach the repulsive wall of the PES at higher Z distances from
the surface, which amounts to a second peak in the distributions. This trend
is reversed at higher incident energies (right panels of Fig.7) for trajectories
impinging at the Mgt site, when CO has less time to adopt an optimal orien-
tation. While the distribution of orientations upon impact becomes narrower
for the hollow and O? impact sites, the two peaks can still be distinguished
at the Mg?* site due to deeper PES minima. At higher incident energies, CO
molecules approach closer to the surface without significantly transferring en-
ergy to the long-lived phonons due to the reduced contact time and the weak
interaction with the surface. The molecules thus fly above the interaction po-
tential and reach, almost undisturbed in their initial orientation, the repulsive
potential wall. The latter is found to be slightly closer to the surface for CO in
the downwards orientation. The low turning point and later scattering of CO
molecules in the upright orientation is in contradiction with experimental find-
ings in other systems, where a narrow scattering is observed for early scattering
trajectories.[37] We presume that this difference is at least in part due to the
fact that MgO(001) presents two types of surface ions.

Translational energy transfer from the impinging molecule to the surface de-
pends on the mass of the projectile and the impact site. In the Baule model[3§],
translational energy loss A is cast as a function of the adsorption energy and of
the mass ratio © = Mads/Msite between the molecule and associated the surface
atom A

A= 7M2 (El + Eads - 1kBTs> (2)
(14 p) 2
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The prefactor for the collisions at the O site is slightly smaller than on Mg2*
(0.926 vs. 0.995). At low incident energy, this can be compensated by the
small adsorption energy in the different conformations. For CO on MgO(001),
stable adsorption minima are observed on Mg?™ in both the upright (0.17 eV)
and downward (0.08 eV) orientations. CO atop O adopts a meta-stable ad-
sorption state (0.09 eV) by keeping the favorably tilted Mg?*—C-O alignment.
For CO in the upright orientation impinging on the Mg?" site, Eq. (2) predicts
the largest translational energy loss (Amg—co = 0.21€eV at E; = 0.05¢V, and
Ang_co = 0.46€V at E; = 0.30¢eV). The ToF spectrum confirms that the en-
ergy loss for CO molecules adopting an upright orientation is much larger than
for the downward orientation. The mass ratio being equal, this finding is in
agreement with the higher adsorption energy for the upright orientation. At
low incident energy, the Baule model further predicts a minimally larger trans-
lational energy loss for upright CO at the O% site (Ag_co = 0.13eV) than
for CO molecules impinging downwards at the Mg?™ site (Amg—co = 0.12eV).
This effect is visible in the broader rotational distribution and in the longer ToF
at the O% site (see left and central panels of Fig. 7). As the incident energy FE;
increases, these differences rapidly become smaller, since the contribution of the
adsorption energy in Eq. (2) diminishes. Consequently, the trends are almost re-
versed due to the larger prefactor for the collision on Mg?* (Ao_co = 0.361eV
vs. Amg—co = 0.358¢eV at E; = 0.3eV). Similar findings were made by Kondo
and coworkers from scattering experiments of CO on LiF(001).[39] LiF has the
same rock salt surface structure as MgO but lower ionic charges and shows a
gas-surface potential with comparably shallow adsorption minima. They con-
clude, that scattering of downwards CO experience a more elastic scattering,
where the scattering induces only a small transfer of translational energy to the
surface. Scattering of upwards CO results more often in trapping and multiple
collisions on the surface. The latter is in agreement with our simulations, which
reveal a large translational energy loss for upwards CO, independently of the
impact site.

4. Conclusion

This works reports on simulations of state-resolved CO scattering from an
ionic MgO(001) surface at normal incidence, as a case study for weakly in-
teracting gas-surface system. A new global potential energy surface for the
CO/MgO(001) system is adjusted to a modified reactive bond order force field
form, which is parameterized to new reference energy values from periodic clus-
ter embedding DFT-calculations. The shallow adsorption minimum of perpen-
dicular CO atop a Mg?* ion is close to the experimentally observed result. The
optimized force field is accurate, capturing the subtleties of the weak gas-surface
interaction up to potential energies of 1.2 eV above the potential minimum. The
impact of energy transfer to the surface phonons on the scattering behaviour of
impinging CO is investigated by further parametrizing the force field to include
surface ion motion. Irreversible dissipation of the surface energy is included by
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damping the motion of the surface atoms, which are found to have relatively
long lifetimes on the order of the picoseconds.

The scattering behaviour of CO molecules is found to depend strongly on
the orientation of CO upon impact, especially for collisions around Mg?*. An
energetically more optimal Mg?t-C-O alignment results in lower rotational ex-
citation and smaller scattering angles. Parallel and downwards CO molecules
shows larger rotational excitation and higher scattering angles. Energy transfer
to the surface ions increases the probability of lower rotational excitation and
smaller scattering angles, which correlates with the additional translational en-
ergy loss of CO towards the surface. This allows the thwarted CO molecules
to adopt an energetically more optimal alignment during impact, leading to an
even narrower distribution at lower final rotational states and scattering an-
gles. At incident energies larger than the adsorption depth, energy transfer to
the surface becomes less efficient and scattering behaves as though on a rigid
surface.

The observed energy transfer is well rationalized using the Baule model,
as a subtle interplay between weak adsorption and energy transfer efficiency
factors. While the mass ratio between CO and both surface ion types have
a minor influence on the energy transfer rate, the potential depth for the dif-
ferent impact orientations mainly determines the energy transfer. The case of
CO scattering from MgO(001), a surface with similar mass ratios for different
impact sites, shows the importance of the potential energy topology on the scat-
tering behaviour. An energetically optimal impact orientation amounts to late
scattering with larger CO energy loss, lower rotational excitation, and smaller
scattering angles. Early scattering for other orientations results in a larger
energy transfer towards rotational and lateral movements. The findings demon-
strate that the CO scattering from MgO(001) at low incidence energies would
provide a rich, yet challenging test systems for experimental measurements of
weakly interacting gas-surface systems.
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