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Elucidating the structure and dynamics of CO
ad-layers on MgO surfaces

Jefferson Maul, Giuseppe Spoto, Lorenzo Mino * and Alessandro Erba *

The combination of quantum-mechanical simulations and infrared
absorption spectroscopy measurements provides a clear picture for
a long standing puzzle in surface science: the actual structure and
vibrational dynamics of the low-temperature ordered CO mono-
layer adsorbed on (001) MgO surfaces. The equilibrium structure of
the commensurate (4 x 2) adsorbed phase consists of three CO
molecules per primitive cell (surface coverage of 75%) located at
two inequivalent sites: one molecule seats upright on top of a Mg
site while two molecules, tilted off the normal to the surface, are
symmetrically positioned relative to the upright one with anti-
parallel projections on the surface. This configuration, long
believed to be incompatible with measured polarization infrared
spectra, is shown to reproduce all observed spectral features,
including a new, unexpected one: the vanishing anharmonicity of
CO stretching modes in the monolayer.

The accurate description of the chemical or physical adsorption
of molecules on surfaces still poses several challenges to state-
of-the-art theoretical approaches as: (i) a balanced description
of all chemical interactions (including weak dispersive ones)
is often required; (ii) the actual structure of the surface and
therefore of the adsorption sites is seldom known, which
makes the direct comparison with experimental data difficult
and often not conclusive; (iii) structural models tend to grow in
size very quickly with the complexity of the system thus making
the corresponding calculations quite computationally demanding
even when periodic-boundary conditions are used instead of a
cluster approach.

In this context, the adsorption of CO molecules on the (001)
surface of solid MgO is one of the most studied processes as it is
considered the prototype of physisorption on a well-defined surface.
This system has been extensively studied both experimentally
and theoretically to benchmark different methodologies.
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CO monolayer on

In particular, great care has been taken in the characterization
of the CO binding energy and vibrational frequency shift upon
adsorption, in the low-coverage regime.'*

Despite its seemingly simple nature, the physisorption of CO
molecules on the clean (001) MgO surface is a complex process
whose structural and dynamical features are still far from being
fully characterized, particularly so in the low-temperature, high-
coverage regime. Low energy electron diffraction (LEED) experi-
ments first showed that, at low temperature (T O 40 K), the
adsorbed molecules form an ordered monolayer whose periodicity
is given by a commensurate (4 X 2) 2D lattice with three CO
molecules per primitive cell and six CO molecules per conven-
tional cell (i.e., corresponding to a surface coverage degree of
y = 0.75)."° A helium atom scattering (HAS) experiment con-
firmed the occurrence of the c(4 x 2) phase and, through the
analysis of the relative intensity of two Einstein modes, sug-
gested that the three CO molecules in the primitive cell would
be adsorbed on two inequivalent sites.'® A polarization infrared
spectroscopy (PIRS) study shed further light on the low-temperature
structure of the CO monolayer: the presence of three peaks with
p-polarization (i.e., normal to the surface, =) and one peak with
s-polarization (i.e., parallel to the surface, 8) suggested that one
CO molecule would be adsorbed upright while the other two
would be adsorbed at two energetically equivalent sites and
would be tilted with antiparallel projections on the surface.'’

The actual geometry of the CO monolayer on the (001) MgO
surface at low temperature has been the subject of extensive
theoretical work and yet a definitive picture is still to be
reached. Adsorption sites and orientations of the CO molecules
in the c(4>2) phase were first investigated by use of semi-empirical
potentials.'® Several configurations were reported with different
numbers of independent adsorption sites. The most stable
one (labeled as Ey) was characterized by two distinct sites with
one molecule lying almost flat above a bridge site between two
neighboring Mg atoms at the surface, and two molecules lying close
to two adjacent Mg sites and slightly tilted with respect to the
normal to the surface, with anti-parallel projections on the surface.
Thesecond moststable configuration (labeled Py) exhibits three
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distinct adsorption sites with one CO perpendicular to the
surface, one slightly tilted and one almost parallel to the surface
bridging two Mg atoms, and is therefore incompatible with the
PIRS experimental fingerprint. Their least stable configuration
(labeled Hp) is characterized by two independent adsorption
sites, where one molecule seats upright on top of a Mg site while
the two non-perpendicular molecules are symmetrically positioned
relative to the upright one. Periodic Hartree-Fock calculations
reported the Py and Hj configurations to be energetically equiva-
lent and overall more stable than Eo."° A dynamical model based
on semi-empirical potentials concluded that Eyshould be regarded
as the most convenient configuration for the low-temperature
c(4 x 2) phase.?’ A Monte Carlo simulation based on empirical
pair-wise potentials reported that the moststable low-temperature
configuration for the CO monolayer on the (001) MgO surface
should rather be the Hpone.?! Finally, semi-empirical potential
calculations combined with neutron diffraction suggested that the
observed structure of the system should be regarded as a mixture
of Ey, Hyand P, configurations.?

In the present study, we investigate the structure of the low-
temperature c(4 X 2) phase of the CO monolayer on the (001) MgO
surface by means of full structural relaxations within quantum-
mechanical calculations based on the density functional theory and
we find the Hp configuration to be the most stable one. Based on
configurational considerations and on semi-empirical potential
calculations, the Hystructure has long been considered to be
incompatible with the observed PIRS fingerprint.'® Here, we
compute quantum-mechanically the infrared spectrum of the
equilibrium structure, we compare to previously and newly
measured experimental infrared spectra, and we show instead
that all measured spectral features are reproduced by the Hy
configuration.

Furthermore, from the newly recorded infrared spectra,
an unexpected spectral feature emerges: the infrared peak
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corresponding to the first overtone of the in-phase stretching
of all CO molecules is recorded at a frequency thatis exactly
twice as large as that of the corresponding fundamental transition,
thus indicating a vanishing anharmonicity in the vibrational
potential of the adsorbed CO molecules in the ordered monolayer.
The application of a recently developed quantum-mechanical
scheme®***for the calculation of anharmonic vibrational states
through the description of high-order terms of the potential energy
surface (PES) and phonon-phonon couplings allows to show that
the optimized Hy structural model indeed imparts a vanishing
anharmonicity to the nuclear potential of the adsorbed monolayer.
Quantum-mechanical calculations are performed within
the density functional theory (DFT) with the hybrid B3LYP
exchange-correlation functional, asimplemented in the Crystal
program.?*=*’ All-electron triple-zeta quality basis sets are used
for the MgO substrate?®and CO molecules.?’ The MgO surface is
modeled as a three-layer slab. Convergence of all relevant quantities
with respect to the thickness of the substrate has been checked
against a five-layer slab model. The convergence in energy of each
self-consistent field process is set to 107'° Ha for all geometry
optimizations and harmonic frequency calculations. Reciprocal
spaceis sampled ona 3 X 3 mesh of points for the c(4 X 2) model.
The Fourier-transform infrared (FTIR) spectra were recorded
using a Bruker Equinox 55 FTIR spectrometer, equipped with
an MCT cryogenic detector, with the sample compartment
modified to accommodate a Oxford CCC 1204 cryostat allowing
thestudyofspeciesadsorbedin controlled temperature (between
300 and 14 K) and pressure conditions.***! The investigated
sample is a Mg0O “smoke” sample constituted by nearly perfect
cubelets, which can be compared with the results obtained on the
(001) surfaces of single crystals.® The advantage of using powders
instead of single crystalsisthe higherspecificsurfaceareaofthe
samples (E10 m? g'), which ensures higher spectral quality,
also allowing for the observation of CO overtone modes.
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Fig. 1 Structural and spectroscopic characterization of the low-temperature CO monolayer on (001) MgO surfaces: (a) experimental FTIR spectra,
recorded at 60 K, of CO adsorbed at increasing coverages on MgO (the spectra have been vertically offset for clarity). The peaks are labeled based on
their polarization (= and/or 8) as determined in previous studies using PIRS;" (b) top and side views of the equilibrium configuration obtained from full
quantum-mechanical structural relaxations performed with the B3LYP hybrid functional of the DFT; (c) simulated infrared spectrum from quantum-
mechanical calculations and graphical representation of the normal modes of vibration associated to the three intense peaks (arrows of the same color
correspond to in-phase atomic motions). In the spectra, DR is the frequency shift with respect to the CO stretching in gas phase.



Results on the structure and vibrational dynamics of the low-
temperature CO monolayer adsorbed on (001) MgO surfaces are
summarized in Fig. 1. Panel (a) reports the experimental
infrared spectra recorded at 60 K at different CO coverages,
plotted as a function of the frequency shift DR with respect to
the CO stretching in gas phase (i.e, 2143 cm™?). At low CO
coverage, only one intense spectral feature is observed whereas
at higher coverage three intense spectral features appear
that match those originally reported to occur below 45 K by
Heidberg et al.'” The most intense peak is blue-shifted with
respect to gas phase CO while the two new peaks are red-
shifted. From PIRS experiments, the three peaks are observed
with p-polarization while only the third one is observed when s-
polarization is used, thus indicating also a change in the dipole
parallel to the surface in the latter case.!” Panel (b) of Fig. 1
shows top and side views of the equilibrium low- temperature
structure of the c(4 X 2) phase obtained from the quantum-
mechanical calculations. A 2D slab model has been set up, with
three layers in the MgO substrate and with six absorbed CO
molecules in the conventional (4 X 2) cell with no symmetry
constraints whatsoever. A full geometry optimization has been
performed where all structural degrees of freedom were free to
relax (atomic positions and lattice parameters). A quasi-
Newton algorithm for energy minimization has been used,?
based on the analytical evaluation of energy and forces at each
explored nuclear configuration, as combined with a Broyden-
Fletcher-Goldfarb-Shanno scheme for updating the Hessian.
Tight convergence criteria on both forces and atomic
displacements were used. Different initial adsorption sites and
orientations of the six CO molecules have been explored, which
all resulted in the same final optimized structure (given in
Fig. 1). Despite no symmetry constraints were imposed, the six
CO molecules in the optimized structure are symmetry equiva-
lent by two in the (4 X 2) cell (shown in blue in the top view). As
a consequence, the optimized structure can be defined in terms
of a smaller primitive cell containing only three CO molecules
(shown in black in the top view). Inspection of the two side
views of the equilibrium structure shows how the axes of all the
CO molecules lie in xz planes, with zero projections along y.
The equilibrium structure of the CO monolayer is characterized
by one upright CO molecule adsorbed on top of a Mg atom, and
by two tilted CO molecules adsorbed on two energetically
equivalent sites, slightly displaced from the top of two Mg
atoms, symmetrically distributed with respect to the upright
one, and with anti-parallel projections on the surface. The
equilibrium low-temperature structure found from the present
quantum-mechanical calculations therefore coincides with the
Hy nuclear configuration discussed above.

A true equilibrium chemical structure must be a minimum
of the PES and therefore the Hessian matrix of energy second
derivatives with respect to geometrical parameters must be
positive definite (i.e., all eigenvalues mustbe positive). We have
computed the Hessian matrix from numerical derivatives of
analytical forces evaluated at displaced atomic configurations.
A two-sided finite difference formula has been used to ensure a
higher numerical stability. The calculation, run in parallel over

80 cores, took 27 days. When mass-weighted and diagonalized,
the Hessian matrix provides the harmonicvibration frequencies
and normal modes. All of the 180 computed frequencies are
positive (the smallest being of just 5.5 cm™?), thus confirming
the nature of equilibrium chemical structure of the optimized
nuclear configuration to an unprecedented level of numerical
accuracy.

The computed infrared spectrum in the region of the CO
stretching modes is reported in Fig. 1(c) as a function of the
frequency shift DR with respect to the computed harmonic
frequency of gas phase CO. All spectral features of the experi-
mental spectra in Fig. 1(a) are qualitatively reproduced by the
quantum-mechanical calculations, including the high intensity
of the central peak that was reported to be vanishingly small
for the Hp configuration based on semi-empirical potential
calculations.'® In the inset of Fig. 1(c), we sketch the normal
modes of vibration corresponding to the three intense peaks
and show how they are fully compatible with the results from
previous PIRS measurements'’ (arrows of the same color
correspond toin-phase atomicmotions; thelength ofthe arrows
is proportional to the amplitude of the corresponding atomic
motion). The most intense peak corresponds to the in-phase
stretching of all CO molecules in the monolayer. Due to the
symmetry in the orientation of the two tilted molecules with
antiparallel projections on the surface, this motion produces a
change in the dipole only perpendicularly to the surface and is
therefore detected only when p-polarization is used. In the
central peak, upright and tilted molecules are stretched out-of-
phase. As for the previous motion, there is no change in dipole
parallel to the surface while the dipole changes normal to the
surface due to the difference in the amplitude of the stretching
motion of the upright versus tilted CO molecules (therefore this
mode is less intense than the first one). The third peak is the
only one where the two tilted CO molecules are stretched out-of-
phase with respect to one another. This produces a change in
the dipole parallel to the surface and indeed this is the only
peak detected when s-polarization is used. This peak has also a
perpendicular component due to the small (but not null)
amplitude of the stretching motion of the upright molecules.

Some aspects of the effect of a different degree of surface
coverage and/or of a different periodicity of the monolayer on the
structure and dynamics of the system are discussed in the ESLf

Now, let us discuss a new, unexpected feature of the vibra-
tional spectrum of CO adsorbed on (001) MgO surfaces: the
vanishing anharmonicity of the CO stretching vibration in the
monolayer. The CO molecule in gas phase is known to exhibit a
significant degree of anharmonicity in its stretching motion,*
the fundamental transition occurring at a frequency R°—! =
2143 cm™" and the corresponding first overtone at a frequency
R°—2 = 4259 cm™. This corresponds to an anharmonic coefficient
wa= 2B~ — B2 of 26 cm™". In Fig. 2, we show measured FTIR
spectra for CO physisorption on (001) MgO surfaces, recorded at
60 K, as a function of coverage, as in Fig. 1(a). The figure covers
the spectral region of the fundamental transition for the in-phase
stretching motion of all CO molecules (right panel) and of the
corresponding first overtone (left panel). The overtone occurs at a
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Fig. 2 Experimental FTIR spectra of CO molecules adsorbed on (001)
MgO surfaces, recorded at 60 K, as a function of surface coverage (spectra
are vertically offset for clarity) in the spectral region of the fundamental
transition for the in-phase stretching motion of all CO molecules (right
panel) and of the corresponding first overtone (left panel). The overtone

0 — 2 occurs at a frequency, IlD_z, that is twice as large as that, IlD_l, of the
fundamental transition, as would occur in a perfectly harmonic potential.

frequency, R°~2 = 4302 cm ™, that is exactly twice as large as that
of the fundamental transition, B®°—!= 2151 cm™}, thus yielding a
null anharmonic coefficientw, = 0, as would occur in a perfectly
harmonic potential.

Quantum-mechanical calculations confirm this feature and
provide further insight on its origin. We have applied a scheme
for the evaluation of cubic and quartic terms of the PES and for
the numerical solution of the vibrational Schrodinger equation
for an anharmonic potential (namely, the vibrational configu-
ration interaction method, VCI), as recently implemented in the
Crystal program.?®?* First, we studied the anharmonicity of the
stretching mode in the CO molecule in gas phase, which led to
an anharmonic coefficient w, = 22 cm™ . We then considered
the low-temperature ordered monolayer of CO molecules
adsorbed on MgO(001). When the sole anharmonicity of the
potential of the in-phase stretching mode is considered,
an anharmonic coefficient wa = 10 cm™! is obtained, which
decreases to w,= 0.7 cm ™! when phonon-phonon couplings are
explicitly taken into account among all of the six CO stretching
modes of the c(4 X 2) ordered phase (three of which are
infrared active). These findings are summarized in Table 1.
Therefore, the vanishing anharmonicity of the in-phase CO
stretching vibration in the c(4 X 2) phase is to be understood as

Table 1 Anharmonic coefficient wa = 2R°~* — B°72 (in cm™) of the
stretching mode of CO in gas phase and in the low-temperature ordered
c(4 x2) monolayer adsorbed on MgO(001) surfaces

Calc. Exp.
Gas phase CO 22 26
c(4 x 2) CO MgO(001) 1 0

a global effect in the CO monolayer where lateral interactions
and couplings among collective vibrations play a key role.
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