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ABSTRACT: The scattering of CO molecules from a graphite surface has been characterized by
exploiting molecular dynamics simulations, based on a chemical state-to-state semiclassical collisional
method, and adopting a new reactive potential energy surface that considers the proper treatment of
long-range noncovalent interactions promoting the physisorption. Carbon monoxide molecules impinge
the surface in well-defined initial rotovibrational states and with the collision energy varying from
subthermal up to hyperthermal values. The simulations predict that scattering events occur through
both single- and multi-bounces and the initial vibrational state is preserved. In the multibounces
instance, molecules tend to be trapped in the physisorption well, especially for collision energies lower
than the thermal one. For medium—high collision energies, the scattering occurs mainly via a single-
bounce mechanism. The heteronuclear character of the molecule brings out a new intriguing
stereodynamic effect, in addition to those highlighted for homonuclear molecules: due to the
anisotropic physisorption attraction, the molecule C-end bends toward the surface while approaching
this latter. This effect produces evident propensities in the final rotational distributions of the CO

scattered molecules.

1. INTRODUCTION

Over the last decades, atom/molecule-surface interactions have
increasingly attracted interest as they trigger processes
concerning many and different applicative and technological
fields. This great attentiveness was also accompanied by the
contemporary developing and setting-up of increasingly
sophisticated and accurate investigation techniques, exploiting
both theoretical—computational and experimental methods. In
this scenario, graphite and graphite-based materials have drawn
great attention, playing a significant role in the chemical
physics that controls both formation and interaction of
astrobiological molecules (see for instance refs 1, 2), as well
as technological processes of interest for ion sources (see for
instance refs 3, 4), fusion devices (see for instance refs S, 6),
and sensors (see for instance refs 7, 8). In all of these fields, the
energy content of molecules is crucial since it can improve or
dampen the efficiency of the elementary step of each reaction
and, consequently, of the entire process in its whole.

For this reason, we have undertaken the study of the
interaction of light molecules, with well-defined internal
energy, with a graphite surface. In the previous investiga-
tions’ ' some selectivity and peculiarities, together with
stereodynamic effects, have been pointed out for H, (and its
isotopologue molecules'®), O,, and N, molecules using
chemical molecular dynamics (MD) simulations in conjunc-
tion with an accurate formulation of the interaction potential
energy surface (PES), which drives the collision dynamics. In
particular, the adopted formulation exploits an improved
Lennard-Jones (ILJ) model'® that represents the long-range
interaction, playing a key role in the trapping of gaseous
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molecules on surfaces, with a high degree of accuracy based on
the intrinsic physical properties of interacting species. Proper
treatment of long-range interactions appears necessary, as these
latter affect all of the basic features of the precursor state that
promotes the subsequent evolution of surface processes. Thus,
under such conditions, meaningful chemical MD simulations
can be performed, by exploiting a state-to-state semiclassical
collisional model,"* to determine the internal energy of the
molecule and the energy exchanged with the surface during the
trajectory propagation.

In this work, we adopt this well-tested computational setup
that has given results consistent with both experimental
observations'¥'® and theoretical simulations, conducted with
different methodologies for 0,'7"® and N,,""*° to investigate
the interaction of CO molecules with a graphite surface.

Experimental information on the dynamics of collisions
between gaseous CO molecules and a graphite surface is
somewhat limited. Angular distributions of CO molecules
scattered from graphite have been determined in ref 21 for the
collision energy from 0.275 eV up to 0.6 €V and for the surface
temperature from 150 to 400 K. The experimental results have
been analyzed using a molecular scattering model based on
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classical mechanics, leading to the conclusion that the
scattering occurs basically through a single collision, to
which a large cooperative motion of carbon surface atoms
contributes. Except for the paper of Oh et al,”' to the best of
our knowledge, there are no other studies in the literature
concerning the characterization of CO scattering from graphite
probing a wide range of collision energies and different initial
rotovibrational states. However, in dated experimental studies,
the CO adsorption properties have been investigated. Temper-
ature-programmed results have been reported, in ref 22 for
desorption of CO molecules on graphite at room and higher
temperatures by underlying the reactive and kinetic properties
of CO after adsorption. The sticking probability for CO on
graphite resulted very low, as already stated in ref 23.

Furthermore, a detailed picture of elementary processes
promoted by collisions and adsorption of CO on metallic and
nonmetallic surfaces, of general great relevance both for the
control of catalytic reactions and their application for the
production of ecofriendly devices and for the industrial
Fischer—Tropsch synthesis, can be found in the literature
(see for instance refs 24—27).

Therefore, the present study is mostly addressed to define an
accurate PES, which controls the interaction of the carbon
monoxide molecule with the graphite surface, and to determine
the peculiarities of the final results of this interaction, for
different and well-defined initial molecular states and different
collision energy regimes. The influence of the molecular
heteronuclear feature on the reaction dynamics will also be
highlighted and discussed.

The present article is organized as follows: In Section 2, the
adopted computational setup is described with particular focus
on the formulation and features of the PES for the interaction
under study. In Section 3, the main obtained results will be
presented and discussed in detail. Finally, in Section 4, some
conclusions are drawn.

2. COMPUTATIONAL METHODS

The basic features of the scattering of carbon monoxide
molecules in well-defined initial rotovibrational states (j, v;)
from a graphite surface have been studied by exploiting MD
calculations. The used method treats collision events semi-
classically'* and has been successfully applied over the last
years to highlight the main selectivity and peculiarities of
hydrogen, oxygen, and nitrogen molecules interacting with the
same graphite surface.” " In the past, it has been adopted to
describe the dynamics of elementary gas-surface processes
involving atoms/molecules with different surfaces (see for
instance refs 28—30 and references therein). The method,
based on the assumption that each collision event can be
characterized by solving the relevant three-dimensional (3D)
Hamilton’s equations of motion self-consistently with the
dynamics of the lattice phonons, also includes the evaluation of
the molecular state-to-state transitions associated with the
internal degree of freedom rearrangement. The complete
Hamiltonian for a diatomic molecule interacting with the
surface is given by

p2
= Z ;‘ + V(re_o) + AEy, + Vglt, Ty),

(1)
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where P; is the momentum of the ith atom having a mass m;
of the impinging molecule, V(rc_o) is the intramolecular
potential of CO molecules in the gas phase, and AE,, is the
energy exchanged with the surface phonons. V.g(t, Ts)
represents the effective potential of the mean field type,
depending on the interaction time (t) and the surface
temperature (Tg), and obtained as the expectation value of
the phonon wave function on the interaction potential, Vi,
given by the next eq 3:

Veff(tr Ts) = <y(t, Ts)lvinth//(t) TS)> ()

W(t Ts) being the total wave function of the phonon modes
given as a distribution of quantum states at a fixed surface
temperature Tg. The time evolution of |¥(t, Ts)) is obtained
by solving the time-dependent Schrodinger equations of
motion for a set of (3N — 6) independent harmonic oscillators,
N being the total number of atoms in the lattice, perturbed by
the external forces exerted between the gas-phase species and
the surface. Vi, is expanded up to the linear term in the
phonon normal mode coordinates so that the linearly forced
harmonic oscillator (LFHO) analytical solution of the
quantum equations of motion for the lattice phonons can be
assumed. The interested reader can find in refs 14, 28 more
details on the evaluation of the terms in eqs 1 and 2.

The adopted method treats the molecular translational
motion classically, whereas populated rotational and vibra-
tional degrees of freedom (the latter, represented as Morse
oscillators®") of scattered molecules are assessed in terms of
the action-angle variables using the semiclassical quantization
rules.”” Accordingly, the internal energy of the interacting
molecule is partitioned, at each trajectory time step, into
vibrational and rotational contributions using equations that
include rotational angular momentum and related spectro-
scopic constants. Thus, this treatment does not enable us to
predict some features coming from quantum effects and
selection rules.

Before proceeding in the integration of Hamilton’s equation,
it is necessary to determine both the dynamics of phonons for
the considered graphite 3D crystal and an accurate PES driving
the reaction under study. Here, we consider the same graphite
crystal and, consequently, the same phonon frequency
distribution of refs 9—11. Therefore, the graphite 3D crystal
lattice used in the calculations consists of 186 carbon atoms,
disposed on three layers according to the appropriate lattice
symmetry.”” Instead, the PES is formulated according to the
following expression

k=1 i=1
Vi(rc_oy R) = Z Z Vco—graphite(Rki)*fsw (rc-0)
N 2
N

+ Z ( VC —graphite (Rk) + VO —graphite (Rk) )
k=1

*(1=f, (re=0)) (3)

where VCO—graphite) VC—graphite! and VO—graphite represent the
interaction potential among the CO molecule, C atom, and O
atom, respectively, with the adopted surface model, obtained as
a sum of pairwise interaction contributions. R is the distance
between the kth carbon atom in the lattice and C(i = 1)/0 (i =
2) atom in the molecule, for the first term on the right side of
eq 3, or the distance between the kth carbon atom in the lattice
and the C/O atom, for the second term. f,,,(rc_o) is a weight
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function that switches the interaction potential between
Veo-graphite 30d Ve/o_graphie @ c—o, the intramolecular
distance, increases. The analytical expression of f,, (rc_o) is
the same used in the building up of reactive PES in the
previous study on the interaction of the molecules with
graphite.'”"" This weight function is chosen to provide a quick
switching between 1 and 0, preserving the values of Vio_graphite
and V;o_graphite fOr 7c_o lower and higher, respectively, of the
intramolecular distance considered critical for CO molecule
dissociation (rg = 3.5 A).”* The potential is obtained as a sum
of both components, weighted according to the f,, (rc_o)
value, in the range of distances at which the switch occurs. For
its intrinsic formulation, the adopted PES is reactive, in the
sense that it allows us to consider all possible reaction
channels, including dissociation that can occur when the CO
molecule interacts with the surface.

The interaction of carbon monoxide molecules with
graphite/graphite-based surfaces gives rise to a physisorption
state whose binding energies have been determined using
different models and methods at different degrees of accuracy.
In ref 1, the interaction potential experienced by CO
molecules, adsorbed on the graphite basal plane has been
estimated using a Lennard-Jones (LJ) potential modified to
account for the anisotropic polarizability of the C atom in the
substrate to which have been added electrostatic and induction
contributions. From the resulting PES, it appears that the CO
molecule takes an equilibrium configuration when is in a nearly
flat orientation position with respect to the surface plane. This
configuration corresponds to a distance of 3.08 A above the
center of the graphite hexagonal unit cell and a minimum
energy value of —0.12 eV. Another relative energy minimum
(—0.107 eV) is found when the molecule is at a distance of
3.24 A on the carbon atom. Moreover, the PES exhibits a
saddle point in the diffusion path of the molecule on the
surface, when its center of mass (CM) is on the bridge site.
However, it should be noted that in ref 1, the Lorentz and
Berthelot combination rules have been used to determine the
L] pair interaction parameters, and it is widely recognized that
these rules should be used with great caution as they give
reliable results only for very similar pairs of partners interacting
through pure van der Waals forces.

Values of the interaction energy in the range [—0.11; —0.15]
eV and for equilibrium distances around 32 A for CO
interacting with coronene or graphene are reported by Rubes
et al.*® for the minimum configuration, in which the molecule
is parallel to the surface with the O atom on the center of the
six-membered ring. Therefore, a density-functional theory/
coupled cluster method has been adopted to describe weakly
bound molecular systems and to reduce the physisorption
energy overestimation provided by DFT calculations at the
MP2 level.

The adsorption energy and the corresponding distance
between CO and the graphene sheet have also been calculated
to be around —0.12 eV and 3 A in ref 36 using DFT
calculations with the plane-wave basis set and periodic
boundary conditions. On the contrary, Moller—Plesset ab
initio quantum chemistry methods have been used in ref 37 to
consider the effect of London dispersion energy that plays a
role in the interaction of molecules with surfaces. The obtained
minimum interaction energy value was nearly —0.080 eV,
corresponding to an equilibrium distance of 3.5 A. All of these
results highlight the difference in the data available in the
literature for the CO—graphite interaction potential. Alongside
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these values determined by various theoretical—computational
approaches, the binding energy value of 0.11 eV for the CO—
graphite interaction reported by Vidali et al.>® and determined
by a thermodynamic experiment’” should also be mentioned.”

Most of the elementary surface processes, promoted by
CO~—graphite collisions, are driven surely by the noncovalent
intermolecular interactions, dominant at intermediate and large
separation distances between the gas-phase species and surface
and that control the physical adsorption. However, for a proper
assessment of the collision dynamics, it is fundamental to
describe the interaction in the full space of permitted
orientations of the reagent molecule with respect to the
surface. Accordingly, in this investigation Vio_graphite 18
obtained as a sum of (effective atom)—(effective atom) pair
interaction contributions, each one represented by an
improved Lennard-Jones (ILJ) formulation,"” depending on
the pair distance R and having the following analytical

expression
m R, n(R) n(R R, \"
VELJ(R) - n(R) — m(?) B n(R§ —) m(?)
(4)
with
2
n(R) = § + 4[1%] o

The first term of eq 4 describes the size repulsion, while the
second one the attraction. The parameters & and R, which
represent the potential well depth and its location, respectively,
for the considered pair, define the strength of both terms in eq
4. f is an additional parameter depending on the “hardness” of
the two partners. For the neutral—neutral interactions, as the
present ones, m = 6 must be used: in these cases, the IL]
function provides for each interacting pair an asymptotic
dispersion attraction associated with a Cg4 coeflicient defined as
Cq = €R,C.

It should be noted that the IL] potential function removes
most of the inadequacies of the well-known, and widely used,
LJ model due to an excessive repulsion at short range and a too
strong attraction at long range. Therefore, the adopted
potential formulation appears suitable to fulfill the request
concerning the right description of noncovalent long-range
interactions in the full space of the relative configurations of
the interacting systems, above stressed. Since at large
separation distances the partners maintain most of their
individual properties, parallel efforts have been addressed to
the search of correlations among the strength, range, and
anisotropy of the interactions with basic physical properties of
involved partners, as the electronic polarizability™® (see also ref
41 and references therein).

Zero-order values of the parameters defining the CO-—
graphite interaction have been estimated (see refs 13, 40 and
references therein) by exploiting the polarizability of the single
C/O atom (1.76/0.80 A®) and the effective polarizability
values of C (in CO) and O (in CO) (1.3 and 0.65 A3,
respectively) and of the C atom in graphite (1.3 A*), which are
the fundamental physical properties controlling both the size
repulsion and the dispersion attraction. Such values have also
been fine-tuned, within limited ranges, to provide results
internally consistent with those previously obtained for O,-/
N,- graphite systems,'”"" as the correct description of the

https://doi.org/10.1021/acs.jpcc.1c00555
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long-range C; dispersion coefficient sequence. This latter
coefficient describes the asymptotic global dispersion attraction
of a gaseous species with all atoms of the surface having a
density p (0.1133 atoms/A? for graphite) and is given by the
well-known relation between Cy4 and Cy:** C, = (7Cyp)/6.
In Table 1 the values, so obtained, of parameters used in this
work are reported together with the C4 and C; dispersion

Table 1. ILJ Parameters Used in the Calculations and
Derived Dispersion Coeflicients

€ R, Cs Cs
(meV) (A) p (meV A%)  (meV A3)

Cc(co)-C 4.74 3.8 8.0 14271.84 846.66
interaction

0(CO)-C 3.85 3.64 8.0 8955.07 531.25
interaction

C—C interaction 5.83 3.8 8.0 17553.76 1041.35

O—C interaction 4.62 3.62 8.0 10396.65 616.77

coefficients. The results in Table 1 suggest that a total Cs
coefficient, equal to 1377.91 meV A3, can be associated with
the CO—graphite interaction. Unfortunately, in the literature,
to our knowledge, a value for this coefficient is not available.

However, some considerations based on the available data
lead us to be confident of the result determined here. Indeed,
we would expect for C; a value intermediate between those

known for the O, molecule (polarizability equal to 1.6 A*) and
the Kr atom (polarizability equal to 2.49 A%), considering that
the CO molecular polarizability is equal to 1.96 A’
Furthermore, it should also be considered that the CO
molecule has a small electric dipole moment and then, even if
minimally, an inductive term could also add to the Cj;
coefficient obtainable by considering only the dispersion.

The C; values for the O,—graphite and Kr—graphite
interaction, as reported by Vidali et al,,”® are 1157 and 1760
meV A’ respectively. Therefore, the C; coefficient here
determined for the CO—graphite interaction places well in the
range just predicted. Moreover, the C; value determined here
is also greater than that obtained for the O,—graphite
interaction'’ using the same interaction description.

The ILJ interaction potential, as obtained using the
parameters of Table 1, for the CO molecule interacting with
the molecular axis parallel and perpendicular on the three high
symmetry sites of graphite, namely, on top of a C atom (T), on
the bridge (B) site, and above the center of the hexagonal cell
(HC), is reported in Figure 1a—d as a function of the Cartesian
coordinate of the molecular center of mass (CM) normal to
the surface plane in the assumed reference frame (Zcy).

It appears that the IL] potential for CO impinging in the
parallel configuration (Figure 1a) is almost independent (with
differences of the order of some meV) of the surface site and
has a minimum physisorption energy of ~—0.125 eV

. 2 3 4 5 6 7 2 3 4 5 6 7 8
2
T 01r 0.1
k=
& 005} 0.05
g
T o 0
S
B -0.05} -0.05
&
Q
£ 01f -0.1
— -0.15 015
>
2 01} I lo.1
S 005F . 10.05
g
D? 0+ 1o
c
2 -005¢ 1-0.05
Q
3
& O1f 1-0.1
= (d)

-0.15 ‘ 21015

2 3 4 5 6 7 8
ZCM(A)
< 015 1 : : , . . ,
2 —T
s 01 05 ——HC
5 : —s
2 0.05}
05}

s O
8 005 il
8" 5] 0
= 0.1 L L L L L L L

2 3 4 5 6 7 8 0 1 2 3 4 5 6

Zo(A) Zo(A)

Figure 1. IL] potential for the CO molecule interacting on the three high symmetry sites of graphite in (a) parallel and (b)—(d) perpendicular
configurations. In panel (b)—(d) CO molecule impinges with the C-end (blue line) or O-end (red line) facing toward the surface. (e) IL]J for the C
atom interacting with the graphite surface. (f) Interaction potential determined in ref 10 for the O atom interacting with graphite, including short-

and long-range (ILJ) interactions.
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Figure 2. (a) Final rotational distribution for CO (0, 0) molecules scattered by the graphite surface for the three lowest E_; values and (b) same as

(a) but for higher collision energies.

corresponding to a bond length of 3.325 A. The main
difference occurs when the molecule impinges with the
molecular axis along the normal to the surface. In fact, in
this case, although the physisorption energy roughly assumes
the same values (see Figure 1b—d), a shift of the minimum
distance occurs according to the molecule approach with the
C-end or O-end toward the surface. Approximately, the
minimum energy is —0.09 eV for Zcy of 3.7/3.8 or 3.5/3.6 A,
depending on whether the molecule impinges with the C-end
or O-end facing the surface. The obtained values for the
minimum energy and bond length compare well with the
results obtained at the DFT level for the corresponding
configuration reported above.

Therefore, this finding and the partial contribution of the
two atoms (which differ by almost 50%) to the global C; (see
Table 1) would indicate that the molecule C-end is more
strongly attracted than the O-end by the surface. This
occurrence suggests the possibility that the molecule,
impinging in very low-lying initial rotational states (j;), even
in the parallel configuration, could tend to bend to have the C-
end toward the surface. But this effect can affect the trajectories
even at higher collision energies, also depending on the impact
site. To obtain a reactive PES, it is also necessary to include the
potentials for the C/O atom interacting with the surface; to
this end, we consider the second term on the right side of eq 3.

92078

Ve—graphite €Xpected to be of pure noncovalent nature, has
been fully represented by the ILJ potential and it is plotted in
Figure le, from which we can deduce that its values do not
differ for the C incident on T and B sites, while a small
deviation in the repulsive part and a bit greater physisorption
energy is obtained when the C atom impinges on the HC site.

Instead, Vi _graphice is the same potential determined by us in
ref 10 for the interaction of the O atom with the graphite
surface, including both short-*> and long-range ILJ inter-
actions, and it is reported in Figure 1f.

The simulations involve integrating the complete Hamil-
tonian of eq 1 describing the interaction for fixed initial
conditions. We propagate and examine 15 000 trajectories for
each considered set of initial rotovibrational states and
collision energy, assuming a fixed value for polar and azimuthal
angles of the impinging CM molecule (6 = ¢ = 0° define the
selected normal approach), while the azimuthal angle of the
molecular axis is randomly determined for each trajectory. The
surface temperature is fixed to Tg = 100 K. The initial
coordinates of both atoms in the molecule are chosen
randomly in an aiming area on the surface, large enough and
at the same time such as to prevent the edge effects during the
trajectory propagation. The integration step is 0.25 fs and the
accuracy required in the integration procedure is 107%.

https://doi.org/10.1021/acs.jpcc.1c00555
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Figure 3. Same as Figure 2 but for CO molecules impinging with the C-end toward the surface.

In the simulations, in addition to the ground state, we have
considered the medium excited vibrational state v; = S and
excited low—medium rotational levels 2 < j; < 5 and j; = 10,
1S. The CM collision energy (E.y) has been spanned on a
wide range of values, going from 0.01 eV (subthermal
conditions) up to 2.0 eV (hyperthermal conditions).

The adopted reactive PES enables us to describe and follow
the different elementary surface processes occurring when the
CO molecule impinges on the surface: molecular scattering,
molecular adsorption, dissociative adsorption with adsorption
of both atoms, dissociative adsorption that can be followed by
the desorption of one atom, while the other remains trapped
on the surface, or by the desorption of both atoms.

The criteria adopted in the present analysis, leading to the
assignment of a given trajectory to one of the previously listed
reaction channels, are similar to those used in refs 9—11. So,
molecular scattering occurs if, after the interaction with the
graphite surface, the intramolecular distance (rc_o) is lower
than ry and at the same time the distance between its CM
and the surface is larger than 8.0 A. On the contrary, if, after
the interaction with the graphite surface, the distance between
its CM and the surface is smaller than 5.0 A and r¢_q < 74, the
molecule is considered trapped in the physisorption well, while
if re_g > 7y the molecule is dissociated and the possible fate
of the trajectory is one of those mentioned above.

The maximum propagation time for the trajectories is very
long and fixed at 30 000 fs; the trajectory is discarded and not
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considered in determining probabilities if none of the previous
criteria are satisfied, elapsed this time.

As said previously, the method does not consider any
selection rule, and then the rotovibrational states are
determined as continuous variables.

3. RESULTS AND DISCUSSION

The behavior of the CO molecule, in different and well-defined
initial rotovibrational states (j, v;), impinging along the normal
direction on the graphite surface, has been investigated deeply.
The results reported in the following have been identified as
the most proper to emphasize basic selectivity and propensities
in the scattering mechanism. In the Supporting Information
(SI), additional details on the final distributions, corresponding
to the complete set of initial states considered in this study, can
be found. The results of simulations performed at v; = 0 and 5
predict that the initial vibrational state, as already observed for
O, and N, molecules interacting with the same graphite
surface, is also preserved for the CO molecule.

For the conditions simulated here, the analysis of the
trajectories reveals that the only two occurring processes are
molecular adsorption and molecular scattering. Molecular
adsorption is predicted only for v; = 0 and E_; < 0.1 eV, with
decreasing probabilities as both E.y and j; increases: the
maximum value (0.77) occurring for j; = 0 and E_q; = 0.01 eV.
Instead, its probability is zero for v; = S, even at the lowest
collisional energies. At the lowest E.y value, a significant
percentage of trajectories is practically not classifiable, despite
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Figure 4. Same as Figure 2 but for CO molecules impinging with the O-end toward the surface.

the allowed long propagation times (up to 30 000 fs), as found
in refs 10, 11. This is because the CO molecules remain in a
sort of “metastable” state, characterized by continuous bounces
on the surface due to the physisorption phenomenon,
controlled by the noncovalent interaction potential well,
located at an intermediate separation distance from the
surface. As a consequence, the interaction dynamics appears
to be mainly determined by the initial rotational state. Then, in
the following, the focus is on the analysis of the obtained
results for v; = 0, referring the interested reader to the SI where
the complete set of obtained results, including those for v; = §,
is reported. In this perspective, in Figure 2 the distributions of
final rotational levels (j;), obtained for CO molecules in the
ground rotovibrational state scattered from the graphite
surface, are shown. Moreover, while the complete set of final
rotational distributions for j; values higher than the lowest one
is reported in the SI, their relevant details are discussed below
in connection with those obtained for the ground state.

A careful examination of Figure 2 reveals that final rotational
distributions exhibit different features for E_,; lower and higher
than 0.3 eV, respectively. In particular, as E_; increases starting
from such a reference value, the distributions are characterized
by the gradual appearance of both the well-defined main peak
located approximately between jz = 3 and 5 and the tail
extending to higher j; values, where a relative secondary
maximum tends to emerge. For collisions under thermal and
hyperthermal conditions (E.y > 0.1 eV), the appearance of
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secondary maxima in the region of high j; has already been
observed for 0,'" and N,'' molecules and, there, related to
phenomena controlled by the rotational alignment and
rotational rainbow. On the other hand, for E_; = 0.01 eV
(subthermal conditions), the distribution exhibits a peak on j;
=j; + 1 for j; = 0, conversely for 0 < j; < S, the peak is always
placed on j = j;. For the two highest j; values considered in this
study (see the SI), CO molecules are most probably scattered
and deactivated in the rotational level immediately below j. On
the contrary, for E_,; = 0.1 eV and j; = 0, the distribution has a
peak in j = j; + 2 while as j; increases (up to S) the distribution
begins to widen and to exhibit a peak around j¢ = j; + 1.

To check that the transition in the features of the
distributions occurs linearly as the collision energy increases,
we considered, for low-lying levels, j; = 0, 1, 2, for which
differences in the inelasticity can be better highlighted, an
intermediate energy value of 0.06 eV. Obtained results confirm
the linear transition when increasing the E_y value. Indeed,
while for the lowest E_; value and j; = O the peak of the final
state distribution (see Figure 2a) is on j¢ = j; + 1, already at E
= 0.06 eV the distribution maximum occurs at j¢ = j; + 2. As j;
increases, the distribution peak tends to be shifted at je=j; + 1
(see the SI).

Since CO is a heteronuclear molecule, it is worth
investigating whether there is a link between the end atom
of the incident molecule facing/closest to the surface at the
beginning of the trajectory and the final rotational state in
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which it is scattered. Then, we distinguish molecules impinging
with the C-end or with the O-end facing toward the surface
and redetermine the final rotational distributions. In this way,
we obtain the results shown in Figures 3 and 4 for CO (0.0).

By comparing the distributions of Figures 2—4, we can
affirm that molecules impinging with the O-end facing toward
the surface give rise to the bell-shaped distribution in
correspondence with the low—medium j; region, instead
molecules impinging with the C-end are mainly responsible
for the long tails extending to the medium—high j; region and
for the relative secondary maximum. An opposite behavior is
observed in the distributions for the two highest values of j, in
the sense that, under these circumstances, molecules with the
C-end toward the surface mainly contribute to the main peak,
while those with the O-end affect the distribution tail (see the
SI).

The features of the final rotation distributions obtained in
the case of v; = S do not differ much from those just discussed
above for v; = 0, as can be seen in Table 2 where we reported

Table 2. Average Weighted Rotational Number for v; = 0
and v; = § (italics)

ji = 0 1 2 3 4 S 10 15
Ec (eV) <jp>
0.01 2 2 2 3 3 4 8 12
2 2 2 3 3 4 12
0.1 4 4 S S 6 6 10 14
4 4 N S 6 7 10 14
0.3 8 8 8 8 9 9 12 16
7 8 7 8 8 9 12 16
0.5 9 9 9 9 9 10 13 17
9 9 9 9 9 10 13 17
0.8 9 9 9 10 10 11 14 18
9 9 9 10 10 10 14 18
1.0 10 10 10 11 11 11 15 19
10 10 10 11 11 11 14 19
1.2 11 11 11 11 12 12 15 19
10 10 10 11 11 12 15 19
1.5 12 12 12 12 13 13 16 20
11 11 11 12 12 13 16 20
1.8 12 13 13 13 13 14 17 20
12 12 13 12 13 13 16 20
2.0 13 13 13 14 14 14 17 21
13 13 13 13 14 14 17 21

the weighted average rotational level (<j>) on the complete
set of scattered molecules, without distinguishing them
according to the end facing the surface, for the two considered
v; values. It appears, from the data in Table 2 that the rotational
energy content of scattered molecules depends on j; and
increases as E_, increases. The observed small differences (of
the order of 1 unit) can mainly be ascribed to the method used
in the determination of the rotational level alongside the
trajectory integration.

The microscopic mechanism underlying the interactions has
been investigated by performing a careful analysis of the
trajectories to better understand the peculiarities highlighted
for the scattered molecules, as already done in refs 9—11. First
of all, we found that the interaction of the CO molecule with
graphite occurs via both single and multibounce mechanisms,
with the former less efficient at low E_; and having increasing
probabilities of occurring as the collision energy increases.
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Again, this feature is independent of the initial vibrational
number.

In particular, in Figure S the probabilities for single and
multibounce mechanisms for different end atoms facing the
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Figure 5. Probabilities for (a) single- and (b) multibounce
mechanisms for CO molecules impinging with the C-end (blue
symbols) and O-end (red symbols) facing toward the surface for j; = 0
(full dots), 3 (open squares), and 10 (open diamonds).

surface and for the three different j; values are reported. It
appears that with j; increasing, the probability value for the
single-bounce grows and the increase is greater for E_; < 0.1
eV mainly for C-end molecules. An opposite and comple-
mentary behavior is observed for the multibounce probability.
This result is contrary to the single collision mechanism
predicted in ref 21 where the experimental findings have been
interpreted through the classical rigid molecular scattering
theory. Therefore, from the results of the present analysis,
emerges the importance of using a collision model enabling us
to consider in the simulations the individual motion of the two
atoms of the molecule during the interaction with the surface,
in conjunction with a reactive PES.

Furthermore, from the analysis of the trajectories, it emerges
that inelasticity manifests more efliciently when the molecule
approaches with the C-end facing the surface. This occurs
since the C atom is farther from the molecule’s CM and then
the resulting lever effect and consequently the acting torque
are stronger, providing a more efficient rotational excitation.
Moreover, as already underlined in the previous section, the C-
end molecule is more efficiently attracted by the surface and at
longer distances with respect to the O-end, and this selectivity
of the interaction generates a natural molecular bending
toward the surface. The influence of the molecule atom-end
facing the surface, induced by the potential anisotropy, on the
reaction dynamics of the CO molecule was already highlighted
in ref 27, although in that case it is due to stronger chemical
interactions.

Furthermore, as found in the case of 0,'" and N,,'' CO
molecules too impinging with a cartwheel-like motion are
scattered in high j; and mainly through a single bounce
independently from the atom facing the surface. Instead, the
CO molecule approaching the surface with a helicopter-like
motion undergoes distortion and, at the time in which the C-
end is facing the surface, realigns beginning to move with a
cartwheel-like motion with which it gets away.

This sequence can be observed by carefully looking at Figure
6 where the time evolution along a typical trajectory of the Z
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times in the dashed circle on panel (a).

coordinate (the distance along the normal direction) of both
atoms in the molecule, together with the CM translational
kinetic energy (Ecyy), is displayed. The time dependence of the
rotational level j of the energy exchanged with the surface
(AE,;,) and of the V4 potential (see eq 1) is also reported.
The main findings, obtained by the analysis of trajectories,
can be summarized in the following four points: (1) For the
CO molecule, due to the bending effect of the C-end, the
outgoing molecules almost always tend to rotate taking a
cartwheel-like motion, mainly if the collision is inelastic, with
the formation of medium—high j. (2) Single-bounce
trajectories are observed only for molecules that at the impact
time have both C and O atoms parallel or almost parallel to the
surface and for nearly elastic collisions (see Figure 7). (3)
Single rebound inelastic scattering can occur both if the
molecule impacts with the C-end and O-end. In any case, even
in this last circumstance, the molecule folds and reorientates so
that the C-end should be closer to the surface promoting the
molecular diffusion in the gas phase. This behavior is observed
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mainly for j; = 0 and E,; = 0.1 €V. (4) Multibouncing
scattering occurs with a greater propensity when the C-end
faces and is closer to the surface.

In particular, the case of E . = 0.1 €V is illustrated in Figure
7, where it is observable that a molecule starting at large Z with
the O-end faced toward the surface, during the approach tends
to be reoriented by the selective stronger attraction undergone
by the C-end atom. This selectivity becomes more effective in
the vicinity of the closest approach and manifests in reducing
the separation distance of the carbon atom from the surface.
However, during the motion inversion, the associated stronger
repulsion undergone by the C atom determines a faster
increase of its separation distance while the molecule escapes
from the surface, as displayed in Figure 7b in which snapshots
of the molecular configuration with respect to the first layer of
graphite are displayed for the interaction times highlighted by
the dashed circle in Figure 7a.

By examining Figures 6 and 7, it emerges that for CO
scattering from graphite also, the interaction is dominated
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mainly by the coupling between the rotational (R) and
translational (T) molecular internal motions. Indeed, a high
increment of the rotational excitation can occur when the
molecule approaching the surface is slowed. However, when it
is backscattered in the gas phase, the energy stored in the
rotational degree is given back mainly to the translational
motion while the energy exchanged with the surface phonons
is small according to the weak physisorption interaction
underlying the process.

Finally, in Figure 8, the angular distributions of reflected
molecules are displayed. By looking at Figure 8, it emerges that
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Figure 8. Angular distributions of backscattered CO molecules
impinging in the rotovibrational ground state.

the latter become narrower, as the collision energy increases,
around the peak placed in ¢ ~ 6°, in agreement with what is
measured in ref 21, predicting angular distributions with a peak
in a slightly supraspecular direction. However, our distribu-
tions show non-negligible values for final angles in the range 10
< 6 < 20°, mainly for the three lowest collision energies. The
deep investigation of the trajectories giving these larger values
of ¢ leads to assessing that most of these collision events occur
when the molecule O-end is facing the surface, undergoing
stronger interactions at shorter distances. Therefore, this
finding is still strictly related to the PES anisotropy.

4. CONCLUSIONS

The role of stereodynamic effects on the CO molecule
scattering from a graphite surface has been highlighted using a
new and accurate reactive PES, including proper analytical
treatment of long-range interactions in the full space of the
relative configurations, in conjunction with chemical state-to-
state molecular dynamics simulations.

As already stated for the scattering of O,'° and N,'' from
the graphite, CO molecules are also scattered from the surface
in excited rotational states if they impinge with an internal
cartwheel-like motion, while they preserve or slightly change
the initial rotational state if they collide with an internal
helicopter-like motion. In addition to these peculiarities, the
heteronuclear nature of the carbon monoxide molecule and the
resulting different attraction/repulsion of the C-end compared
to the O-end give rise to new stereodynamic effects, observable
especially at a low collision energy, when the collision times
become sufliciently long allowing for molecular reorientation
effects.
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In particular, significant differences between the chemical
(O-end) and noncovalent (C-end) interactions have been
emphasized, highlighting the C-end bending toward the
surface as the molecule approaches this latter. These
differences also appear in the final rotational distributions in
which peaks in the low j; values are mainly due to the
molecules impinging with the O-end closer to the surface,
while tails for higher j; values are primarily attributable to
molecules approaching with the C-end toward the surface.
This behavior is also tightly related to the observation that
inelastic scattering, through both single-/multirebound mech-
anisms, occurs with evident propensity when the C-end is
closer and facing the surface. Such behavior for CO
interactions with a metallic surface®>*® has not been observed.
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