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In the last few years, infrared reflection—absorption spectroscopy (IRRAS) has become a standard techni-
que to study vibrational excitations of molecules. These investigations are strongly motivated by
potential applications in monitoring chemical processes. For a better understanding of the adsorption
mechanism of molecules on dielectrics, the polarization-dependence of an interaction of infrared light
with adsorbates on dielectric surfaces is commonly used. Thus, the peak positions in absorption spectra
could be different for s- and p-polarized light. This shift between the peak positions depends on both
the molecule itself and the dielectric substrate. While the origin of this shift is well understood for
infinite two-dimensional adsorbate layers, finite-size samples, which consist of 2D islands of a small
number of molecules, have never been considered. Here, we present a study on polarization-dependent
finite-size effects in the optical response of such islands on dielectric substrates. The study uses a multi-
scale modeling approach that connects quantum chemistry calculations with Maxwell scattering
simulations. We distinguish the optical response of a single molecule, a finite number of molecules, and
a two-dimensional adsorbate layer. We analyze CO and CO, molecules deposited on CeO, and Al,Osz
substrates. The evolution of the shift between the polarization-dependent absorbance peaks is first
studied for a single molecule, which does not exhibit any shifting at all, and for finite molecular islands,
where it increases with increasing island size, as well as for an infinite two-dimensional adsorbate layer.
In the latter case, the agreement between the obtained results and the experimental IRRAS data and
more traditional three/four-layer model theoretical studies supports the predictive power of the multi-
scale approach.

data for various molecules for virtually all metals in the
periodic table.>>” There is also a well-advanced theoretical

Infrared reflection-absorption spectroscopy (IRRAS) is one of
the most important experimental techniques for characterizing
molecular species on solid surfaces.'™ Its application to metal
surfaces is a rather mature field, with extensive experimental
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understanding through state-of-the-art ab initio calculations
concerning binding energies and vibrational frequencies.®°

In contrast, the application of IRRAS to oxides and dielec-
trics, in general, is much less developed. While experimental IR
data for numerous adsorbates on oxide powder samples are
widely available,'®'" IRRAS data for macroscopic single crystals
of these materials are limited.'®™"® This limitation originates
from the particular optical properties of dielectrics and has
hindered the experimental recording of IRRAS data on oxides
until recently. The key difference between metals and semi-
conductors is the screening of the electric field by metal
electrons, affecting the total infrared reflectivity and giving rise
to the so-called surface selection rule governing IRRAS on metal
surfaces.>™ This rule states that for metals, usually, only
vibrations with a component of the transition dipole moment
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(TDM) normal to the surface are detectable in IRRAS, while
those parallel are screened by the metal electrons. This restric-
tion does not apply to oxides and dielectrics in general, allow-
ing IRRAS data collection using both s- and p-polarized light.*
Notably, IRRAS data for dielectrics show unique, rather coun-
terintuitive characteristics, such as a splitting of peaks recorded
for different polarizations.">'®

For weakly absorbing adsorbates, the variation in absor-
bance peak positions between s- and p-polarized light is
minimal, often just a few wavenumbers. Reports on these
polarization-dependent shifts are limited due to experimental
challenges. Notably, Chabal and colleagues observed minor
shifts in Si-H on Si (100) substrates,"” while the first data for
oxides were reported by Yang et al.’®> demonstrating significant
effects of CO on ceria and another dielectric material, CaCOj.
Moreover, for strong absorbers such as N,O, this shift can reach
up to 20 cm™"."°

It is possible to study chemical processes by means of a
combination of in situ spectroscopic methods and theoretical
simulations. An instance is the investigation of metal nanopar-
ticle oxidation with plasmonic optical spectroscopy in ref. 18
and 19. Recent developments in infrared spectroscopy have
demonstrated the potential of IR spectroscopy, in particular
diffuse reflectance IR spectroscopy (DRIFTS) for monitoring
chemical processes on oxide powder surfaces,*® especially for
operando studies®® in the context of heterogeneous catalysis.
A crucial aspect is determining whether polarization-dependent
shifts observed for adsorbate vibrational frequencies on single
crystals are also present on smaller oxide particles, which could
impact the interpretation of powder data. Traditional theore-
tical models, such as the three-layer model,*® have successfully
replicated experimental findings on macroscopic single crystal
surfaces but are inadequate for studying finite-size effects, as
they assume a dielectric permittivity for a molecular layer being
infinitely extended into two dimensions. For a molecular island
which consists of only a small number of molecules, this
assumption does not hold.

To address this lack of understanding of finite-size effects,
we have adopted here a multi-scale ab initio modeling approach
which connects density-functional theory (DFT) calculations to
self-consistent scattering simulations based on Maxwell’s equa-
tions, enabling the examination of an extended 2D adsorbate
layer, or adlayer in brief, and finite-sized adsorbate islands.
This approach aims to better understand the polarization-
dependent shift and its relevance to different-sized particles,
enhancing the interpretation of experimental data in real-world
applications.

In ref. 15, it is explained on a macroscopic level that the
reflectance of s-polarized light is determined by the imaginary
part of the permittivity of the molecular film associated with
the molecular axis. In contrast, the reflectance of the electric
field component of the p-polarized light, which is vertical to the
film, is determined by the imaginary part of the inverse of this
permittivity. The difference between the maxima of both quan-
tities explains the shift between the curves. The electric field
component of the p-polarized light, which is vertical to the film,
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increases with the angle of incidence so that the reflectance of
p-polarized light is mainly determined by this component.

Chabal presented that the dielectric permittivity of a 2D
adsorbate layer can be phenomenologically modeled.** This
can be further used to compute the optical response of the
layer deposited on a substrate. While infinite systems can be
described using phenomenological means, as reported in
ref. 15, one cannot use material parameters such as the
dielectric permittivity for finite islands consisting of only a
few molecules. This is because, in an exact sense, the dielectric
permittivity can only be used to describe the optical material
properties for a spatially infinitely extended media, see eqn (1)
of ref. 23 for instance. While the materials of structures con-
siderably larger than the wavelength of illumination continue
to be well described by the dielectric permittivity, finite
islands that are much smaller than the wavelength consisting
of a small number of molecules do not cope with such assumptions.

Here, we demonstrate with our multi-scale ab initio model-
ing approach for CO and CO, molecules and two different
dielectric substrates that the shifts between the curves for s-
and p-polarized light, related to the different reflection condi-
tions for the s-polarized light and the vertical electric field
component of the p-polarized light, increase with increasing
size of the finite islands. In this regard, it is possible to explain
the origin of the shift and to observe the transition from the
shift for a single molecule and for small islands toward the
shift for the case of the infinite adsorbate layer.

This article is structured as follows. In Section 2, the DFT
simulations of the molecules are discussed. In Section 3, the
optical response of islands of CO and CO, molecules on
dielectric substrates is analyzed. The conclusions of the article
are presented in Section 4. Technical details are presented in
the following three sections that serve as appendices. In
Appendix A.1, the experimental measurements are described.
Appendix A.2 explains the T-matrix formalism, and Appendix
A.3 describes the three/four-layer model study.

2 DFT simulations of CO and CO,
molecules

We apply a dedicated multi-scale approach to study the optical
response of molecular islands on dielectric substrates. To this
end, we calculate the optical properties of individual molecules
at the quantum level using time-dependent density functional
theory. From these considerations, we assign a polarizability to
the molecules. By representing the individual molecule using
the polarizability, we use a full-wave Maxwell solver based on a
multiple-particle scattering formalism to study the optical
response of an infinite periodic arrangement of molecules on
a substrate or the response of a finite island of molecules. The
finite 2D islands are also periodically arranged into a super-
lattice, but only for numerical convenience. The lattice constant
of the superlattice will be sufficiently large to suppress inter-
action among the periodically arranged islands and sufficiently
small so that diffraction effects do not play a role. Comparing

This journal is © the Owner Societies 2024
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the simulations with experiments, on the one hand, permits us
to identify the microscopic origin of the different responses
between s- and p-polarized light at oblique incidence studied in
the past.">'”*! On the other hand, by comparing the response
between the infinite adsorbate layer and the finite islands, we
can pinpoint the spatial extent of an adsorbate island necessary
to consider it sufficiently representative of the bulk sample.

In our examples, we use DFT to initially optimize the
geometry of the molecular structure at the minimum on the
potential energy surface of the electronic ground state (pre-
sented in Fig. 1(a) and (b)). Once the structure is obtained, we
calculate the vibrational and electronic dynamic polarizabilities
of the CO and CO, molecules in the gas phase using a linear-
response approach within the time-dependent density func-
tional theory (TDDFT) framework. In the considered spectral
domain (mainly 2100-2200 cm " for CO and 2300-2500 cm ™"
for CO,), the vibrational dynamic polarizability is characterized
by a single resonance in the z-component of the polarizability
in the chosen coordinate system. The displacement vectors of
this vibrational mode are also visualized in Fig. 1 for each
molecule, along with an indication of its resonance frequency.

In the DFT calculations, performed with the development
version of TURBOMOLE,* we combined the hybrid PBEO
exchange-correlation functional®>*® and the def2-TZVP basis
set.”” The complete damped dynamic polarizability tensors are
calculated for the spectral range around the stretching vibra-
tional mode wavenumber for each molecule. In the case of CO,

(2) \ (b)

2152.76 cm™ 2361.52 cm™!

/

Fig. 1 (a) DFT optimized CO molecule with the displacement vector of
the stretching vibrational mode at 2152.76 cm ™. The calculated vibrational
wavenumber was scaled by 0.962 to match the experimental value. The
molecule is oriented along the z-axis in the calculation. (b) DFT optimized
CO, molecule with the displacement vector of the anti-symmetric stretch
vibrational mode at 2361.52 cm ™. The calculated vibrational wavenumber
was scaled by 0.962 to match the experimental value. The molecule is
oriented along the z-axis in the calculation.

This journal is © the Owner Societies 2024

View Article Online

Paper

we calculated all polarizability tensors using the DFT/TDDFT
method for the range 2180-2285 cm™ ' with a resolution of
0.1 cm ™. Calculations were done for all frequencies in the full
spectral range from 1 to 4000 cm™* for the CO, molecule with
the same resolution using the same methods. The damping was
set to 5 cm~ " for the half-width at half-maximum of the
Lorentzian line shape to simulate the broadening seen in the
experiments. Due to the known fact that DFT simulations of
single molecules in the gas phase overestimate the frequencies
of the vibrational modes of the molecules, all wavenumbers of
the spectra were scaled down by a factor of 0.962 to match
the experimental values.”® The scaling shifted the spectral
window for the CO molecule to the range covering 2097.16-
2198.17 cm ™" as visualized in Fig. 2(a). For the CO, molecule,
we focused only on the spectral part presented in Fig. 2(b) after
the scaling of wavenumbers was applied. The infrared absorp-
tion and the electronic background calculated by DFT in the
spectral domain of interest are presented in Fig. S1(a) and (b) in
the ESL

Finally, the obtained dynamic polarizability tensors are
used to construct the T-matrices of an individual molecule.
The T-matrix serves as the complete representation of the
optical properties of a molecule. This T-matrix can then be
used in a full-wave Maxwell solver to simulate the optical
response of an infinite or periodically arranged finite island
of molecules on a substrate. Please note that only the optical
interaction between the molecules themselves and between the
molecules and the substrate is considered in these simulations.
These multi-scale simulations rely on a previously published
workflow.>! The simulation of the optical response of the
system is performed using the T-matrix-based program suite
treams.>>*

Once the computational workflow is clear, we study the
optical response of individual molecules in the gas phase
and, afterward, the optical response from infinite or finite
islands on a substrate. The configurations, we consider, strictly
correspond to those considered in experiments already pre-
sented in the literature.’

3 Islands of CO and CO, on dielectric
substrates

We apply in this article, for the first time, a multi-scale optical
modeling approach®*' to study finite-size effects on the
optical response of molecular islands supported by a dielectric
substrate. The starting point for describing the optical response
of the molecules is their T-matrix.

3.1 Isolated molecules in the gas phase

The T-matrices of isolated molecules in the gas phase calcu-
lated with DFT express the vibrational T, and the electrical
Te response of the respective molecule in infrared wave-
length regions. Although the molecules do not show electro-
nic transitions in this spectral range, the less dispersive
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(a) Normalized absorption cross sections of a single CO and (b) of a single CO, molecule in the gas phase with respect to a plane wave with a z-

polarized electric field. Both molecules are aligned along the z-axis, so their associated absorption is resonantly enhanced only for a z-polarized incident

field.

contribution of transitions from the visible to UV range has to
be considered via

T =Tyip + Ter- 1)

It should be noted that translational and rotational mole-
cular movements are excluded from the molecular degrees of
freedom in the theoretical description. In Fig. 2(a) and (b), the
absorption cross sections of a single CO and CO, molecule with
respect to a plane wave with a z-polarized electric field are
shown, respectively. They are calculated from the extinction
cross section Cey and the scattering cross section Cgc,,

Cabs = Cext — Csca, (2)

with

] l * *
Cext = 7@ Z Re (alm,NClm,N + alnLMCInLM)v (3)

m=—1

see eqn (5.18b) from ref. 35, and

1 1
Csea = 2 Z (|Clm.N‘2 + |Clm,M|2)7 (4)

m=—1

see eqn (5.18a) from ref. 35. @y, n and a;,,m are the multipolar
expansion coefficients of the incident plane wave, while ¢y,
and ¢y, v are the multipolar expansion coefficients of the
scattered wave, see eqn (6). Moreover, we show the absorption
only in a relevant spectral domain close to their respective
absorption wavenumbers. We observe that a clear resonant
response emerges. Note that when excited with an electric field
along either the x- or the y-direction, the non-dispersive back-
ground causes a small but finite response. These are the low-
energy shoulders of electronic transitions occurring in the
ultraviolet part of the spectrum. Even though these contribu-
tions play the role of an almost constant background in the
spectral range where the vibrations are present, they need to be
considered to compute the intensity of the spectra correctly.

13686 | Phys. Chem. Chem. Phys., 2024, 26, 13683-13693

3.2 Islands of CO molecules supported on a substrate

Once we know the spectral properties of the individual mole-
cules, we can study the optical response after they are
deposited as islands on top of a substrate. In this subsection,
we discuss the case of CO, and in the following subsection,
we discuss CO,.

The numerical setup shown in Fig. 3(a) is constructed in
analogy to the experimental setup for recording IRRAS data for
adsorbates on oxide single-crystal surfaces.'®'" The substrate
with the molecular adsorbate islands is illuminated from above
with a plane wave under oblique incidence in the xz-plane. The
angle of incidence was set to o = 80°. The incident plane wave is
either s- or p-polarized. In our coordinate system, for normal
incidence, s- and p- correspond to a polarization of the electric
field along the y- and the x-axis, respectively. For oblique
incidence, the polarizations are correspondingly rotated.
It has to be noted that in the case of s-polarized light, the
electric field of the incident light is perpendicular to the plane
of the surface normal and the vector of incidence. In the case
of p-polarized light, the electric field consists of a component
E,, which is perpendicular to the surface, and a component
E,(, which is parallel to the surface, see Fig. 3(a).

We consider the adsorption of CO and CO, on two different
dielectric substrates: CeO,(111), characterized by a dielectric
permittivity of 5.31," and «-Al,05(0001), characterized by a
dielectric permittivity of 3.075.® These values correspond to
refractive indices of 2.30 and 1.75, respectively. We have
assumed constant optical properties for both substrates as
the frequencies are far off any resonances. For the value of
the dielectric permittivity of Al,O;, we have averaged the values
of the principal axes from ref. 36, since the anisotropy in this
frequency range is very small.

Fig. 3(b) schematically shows an infinite 2D adsorbate layer.
In ref. 15, the experimental details of CO molecules on top of a
ceria substrate were provided, and we consider here the mole-
cular details as discussed there. Specifically, average tilt
angles are assumed, namely 46° for CO, and of 60° for CO,.

This journal is © the Owner Societies 2024
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(a)

Fig. 3

(b)

(a) Setup of simulation and measurement. A plane wave, either s- or p-polarized, illuminates the finite molecular adsorbate islands on top of the

dielectric substrate under oblique incidence with an angle «. (b) Schematic representation of the infinite 2D adsorbate layer.

There might be two contributions to this tilt angle, a static tilt
and a ‘“dynamic” tilt caused by frustrated rotations that are
thermally occupied.'” The estimated tilt angle for CO, agrees
well with the values found in the three/four-layer model, as we
see in Appendix A.3. The azimuthal orientation of the molecule
is assumed to be random, in agreement with experimental
observations.'> To accommodate this random orientation in
our simulations, we average the T-matrix of the molecule across
all possible azimuthal angles to express a nominal molecule on
the substrate. We will first consider infinite 2D adlayers with a
square lattice and a lattice constant of 0.5 nm before consider-
ing finite islands. We set the distance between the center of
mass of the CO molecules and the surface of the substrate to
0.3446 nm and for the CO, molecules to 0.3581 nm. These
values were computed from the distance between the center of
mass and the atom attached to the surface and an estimate for
the distance between this atom and the substrate.

To discuss the spectral details, we define the absorbance A
for both polarizations as the difference of the negative loga-
rithms of the reflectance R of the molecules on the substrate
and the reflectance Ry, of the bare substrate:

R
A = —logo(R) +1og;o(Rsubs) = —logyy (T) (5)

subs

To validate our approach, we compare the optical response
of CO molecules with previous experimental results and with
theoretical work performed using a phenomenological three-
layer model." In Fig. 4(a) and (b), the experimentally measured
IRRAS data and the simulated spectra for CO molecules on the
ceria substrate are displayed. Here, we assume initially an
infinite periodic array of the molecule. This corresponds to
the situation sketched in Fig. 3(b).

In the experiment and the simulation, the optical response
is characterized by a resonance in both s- and p-polarization
that occurs in spectral proximity to the resonance of the
isolated molecules.

In IRRAS experiments for CO and other molecular species
adsorbed on metal surfaces, when the frequency of the IR light
matches that of the adsorbed species, the reflectivity always

This journal is © the Owner Societies 2024

decreases, leading to (positive) peaks in the absorbance
spectra.>® On dielectric substrates, the situation is different.
According to the three-layer model, for s-polarized light, the
reflectivity always increases when hitting the resonance condi-
tion, ie., in normal nomenclature, we would see “negative”
absorbance peaks. For p-polarized light, the situation is more
complicated, as the electric field consists of a component,
which is tangential to the surface, and a component, which is
vertical to the surface. The reflectivity can either reduce or
increase in resonance, depending on the experimental
conditions.’® It is important to note that our multi-scale
simulations correctly reproduce the absorbance sign for all
the cases studied in this work. In the following, we always refer
to the position and total intensity of these ‘“absorption peaks”.

We see a more intense absorbance peak (in the chosen
logarithmic scale) for p-polarization than for s-polarization in
both experiment and simulation. Generally, the spectra com-
puted using our new ab initio approach are in excellent agree-
ment with the experimental data. As the exact numbers are
significant, we have included the information on the spectral
position of the resonances in Fig. 4.

For CO molecules, the spectral difference between the
resonance positions in s- and p-polarization amounts to 3
cm . The agreement of the peak positions between the experi-
mentally measured spectra and the results obtained with our
multi-scale ab initio approach is almost perfect. We note that
the previous phenomenological description based on the three-
layer model™® relies on free parameters such as the layer
thickness and oscillator parameters, which are, to some extent,
estimated and represent average properties of the probed
region. In contrast to that, the present calculations rely on
single transition dipoles which are optically coupled to each
other via the multi-scale approach. To elaborate on this, in
contrast to the macroscopic explanations provided by the three-
layer model, the notion of bulk permittivity used to describe the
molecular film does not enter our consideration. Instead, we
consider the optical response at the level of an individual
molecule.

In the next step, we consider adsorbate islands of different
sizes to study finite-size effects. As noted in the introduction,

Phys. Chem. Chem. Phys., 2024, 26, 13683-13693 | 13687
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Fig. 4 (a) Experimentally measured IRRAS data and (b) simulated spectra of CO molecules on a ceria substrate. The agreement between the measured

and the simulated spectra is good. The less-intensive bands observed in the measurement originate from minority CO species adsorbed at defective
regions of the surface (oxygen vacancies, step edges). (c) and (d) Show the simulated spectra of a single molecule on the substrate and for increasing
island size, respectively. One observes that the shift between the p- and s-spectra shown in (e) increases from zero for one molecule to 2.6 cm™. In (d),
the p-spectra are solid lines, and the s-spectra are dashed lines. Fig. 4(a) is adapted with permission from ref. 15 under a CC BY-NC 3.0 Deed license.

Copyright 2020, The Royal Society of Chemistry.

such information is rather important for the interpretation of
IR data recorded for CO and CO, adsorbed on the facets
exposed by oxide powder particles with sizes down to the tenths
of a nm regime. We computed the optical response of finite
molecular islands supported on an infinite 2D substrate.
Within the variable-sized islands, the molecules continue to
be arranged on a quadratic grid with a distance of 0.5 nm
between neighboring molecules in the x- and y-directions,
containing between 1 and 441 molecules, with a maximum
size of 10 x 10 nm®. The T-matrix of the molecules is rotated by
the respective tilt angle relative to the z-axis and averaged with
respect to the xy-plane. For computational purposes, these
square islands on the dielectric substrate are arranged into a
periodic two-dimensional (2D) superlattice with a lattice con-
stant of 500 nm. The large separation from adjacent islands
guarantees, first, that the interaction between the islands can be
neglected such that each 2D island responds individually and,
second, that the s- and p-polarizations and their reflectance
continue to be well-defined as the substrate is still infinitely
extended. Please note that the chosen period of 500 nm continues
to be much smaller than the wavelengths of interest. Therefore,
only a zeroth diffraction order exists for the considered systems.
The simulated spectra for one molecule and for different
sizes of the island are shown in Fig. 4(c) and (d), respectively.
From these simulations, we extract the spectral position of the
absorbance peaks as a function of the island size, see Fig. 4(d).
We observe no shift in peak position between the s- and
the p-spectra for a single adsorbate molecule (Fig. 4(c)).
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The absorbance peaks are located precisely at the same spectral
position. When there is more than one molecule on the island,
a clear shift in the peak position occurs when going from
s-polarized light to p-polarized light (Fig. 4(e)). This shift
increases with the growing island size. For 2 x 2 islands
(containing four molecules) with a size of 0.5 nm x 0.5 nm,
the shift already amounts to 0.9 cm™*. For islands with 441
molecules, with a size of 10 nm x 10 nm, the shift is 2.6 cm ™.
This value is already relatively close to the results for the
infinite adlayer. Increasing the island size, which becomes
computationally more and more demanding, would lead to a
perfect match between the shift and the positions of the
peaks between the finite 2D island and the infinite system.
From this study, we conclude that on a microscopic level, the
interaction between the molecules is necessary to observe a
shift between the s- and p-spectra. For a single molecule, the
shift does not occur since this molecule does not interact
with another one. Based on these results, one can addition-
ally conclude the number of molecules on average contained
in an island by measuring the shift between the s- and
p-spectra.

3.3 Islands of CO, molecules supported on a substrate

In the following, we concentrate on CO, molecules. In Appendix
A.1, the experimental measurement is explained in more detail.
In Fig. 5, we compare the spectra for CO, molecules adsorbed on
Ce0,(111) and «-Al,05(0001) single-crystal surfaces, respectively.
In general, the results for ceria and Al,O; are very similar.
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Fig. 5 (a) Experimentally measured spectra of CO, adsorbed on CeO,(111) and (b) a-Al,O3(0001) single-crystal surfaces (the red, blue, and green curves

represent fits based on the four-layer-model). (c) Simulated spectra of the corresponding situations. Experimentally and phenomenologically, it is shown
in (b) that the exact position of the peaks and their difference depend on the amount of molecules used to cover the substrate. This can explain some
disagreements between the simulated and the measured results. (d) Islands with finite size on CeO, and (e) on Al,Os. The shift between the s- and
p-resonances is zero for one molecule. For increasing island sizes, the polarization-dependent shift increases.

In Fig. 5(a) and (b), the experimentally measured spectra are
shown. For comparison, Fig. 5(c) displays the simulation results
under the assumption of an infinitely extended lattice. The agree-
ment between the positions of the absorbance peaks in the
measured and simulated spectra is good. For the theoretically
simulated spectra, the polarization-dependent shift amounts to
15.87 cm™ !, which is considerably larger than that for CO mole-
cules (3 cm™"). This is expected, also the three/four-layer-model
in combination with dispersion theory predicts that for larger
coupling strengths the shift increases (see Fig. 5(b)).>> While the
position and the shifts of the peaks slightly differ between the
experimental and theoretical results, we observe the same trend in
the measured and simulated spectra for both CeO, and Al,O; for
which the s-peak is very close to the p-peak at lower wavenumbers.
The experiment and the phenomenological study for Al,O; shown
in Fig. 5(b) reveals that the change in the amount of used
molecules to cover the substrate shifts the peaks, explaining slight
disagreements between the experiment and theory. The phenom-
enological study is explained in more detail in Appendix A.3. In
comparison to the spectra for CO molecules, we observe here two
peaks for the absorbance spectra related to the p-polarized illumi-
nation. In ref. 10 and 11, it is explained that, in general,
one observes two peaks in the absorbance spectra of oblique
incident p-polarized light for molecules adsorbed on dielectric

This journal is © the Owner Societies 2024

substrates. One can be related to the vertical component, and the
other can be related to the tangential component of the p-polarized
electric field. The signs of the absorbance peaks depend on the
refractive index of the substrate and the angle of incidence. They
are always opposite to each other. We recall that the reflectance of
the vertical component of the p-polarized electric field is deter-
mined by the inverse of the molecular film permittivity, and the
reflectance of the tangential component of the p-polarized electric
field, and the s-polarized field is determined by the permittivity.
The permittivity and its inverse are, in general, shifted and their

1 a—ib
atib @+ bz)' There-
fore, the spectra related to the p-polarized fields have, in general,
two peaks, which are shifted from each other and have
opposite signs.

For CO,, we observe two peaks for the spectra related to the
p-polarized field. They are not observable for CO, as the shift
between the maxima of the permittivity and its inverse is very
small, which can be seen when comparing the p- and s-curves.
This also agrees with the oscillator strengths for CO, in Table 1,
which are considerably larger than for CO, see ref. 15. There-
fore, the peak related to the tangential component of the
p-polarized light is overlayed by the peak of the vertical com-
ponent of the p-polarized light.

imaginary parts have different signs (
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Lastly, we study the optical response of the CO, molecular
islands on the dielectric substrates as a function of their size.
In Fig. 5(d) and (e), we observe, similar to the case of CO
discussed above, that with increasing island size, the shift
between the absorbance peaks in the s- and p-spectra increases
until it is relatively close to the shift of the continuous adlayer.
Again, we do not observe a polarization-dependent shift for a
single adsorbate molecule. The study of the change of the
coverage in Fig. 5(b) demonstrates the same behavior as with
the increasing number of used molecules in the experiment,
which corresponds to smaller distances between the molecules
and, therefore, larger interaction, the shift of the peaks
increases. Together with the other results, this finding strongly
supports the predictive power of our multi-scale modeling
approach.

4 Conclusions

We considered the optical response of differently sized islands
of CO and CO, molecules adsorbed on two prototypic oxidic
substrates, CeO,(111) and a-Al,05(0001). Our ab initio approach
reproduces the experimentally observed shift between the
absorbance peaks in the reflectance of s- and p-polarized plane
waves. The experimentally measured and theoretically simu-
lated results agree very well for an infinite adlayer. It was
established that the shift value depends strongly on the proper-
ties of the adsorbates, but the dependence on the substrate is
rather small. In the analysis of the finite systems, it was
observed that the shift between the s- and the p-spectra
vanishes for a single, isolated adsorbate molecule. However,
already for islands consisting of four molecules, a shift is
observed, which increases with increasing island size and
converges to the value of the infinite systems already for island
sizes of 10 nm x 10 nm. These results imply that with regard
to the interpretation of infrared data recorded for oxide
powders, size effects can be generally excluded for particle sizes
above 10 nm.
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A Appendices
A1 Experimental section

The polarization-resolved IRRAS measurements were con-
ducted using a dedicated ultrahigh vacuum (UHV) apparatus
combining a state-of-the-art FTIR spectrometer (Vertex 80v,
Bruker Optics GmbH, Germany) with a multi-chamber UHV
system (PREVAC, Poland)."® Prior to the IRRAS experiments, the
CeO,(111) (SurfaceNet, Germany) and «-Al,05(0001) (Crystal
GmbH, Germany) single crystals were prepared using standard
procedures. The ceria surface was pretreated by repeated cycles
of sputtering with 1 keV Ar' and annealing at 800 K in an O,
atmosphere of 1 x 10> mbar to form a stoichiometric surface.
The «-Al,05(0001) single crystal was pretreated by repeated
cycles of sputtering with 2 keV Ar" and annealing at 850 K in
an O, atmosphere of 1 x 10~° mbar. The cleanliness and
oxidation states of the samples were monitored by grazing
incidence XPS equipped with an R4000 electron energy analyzer
(VG Scienta, Sweden). Exposure to CO and CO, at low tempera-
tures was achieved by backfilling the IR chamber using a leak-
valve-based directional doser connected to a tube (2 mm in
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diameter) that terminated 3 cm from the sample surface. The
exposure was carried out at 1.3 x 10~ ° mbar in a few steps with
a total exposure time of 40 s. Since the hot-cathode ionization
gauge, which was used for exposure control, is placed close to
the pump and at a 50 cm distance from the sample, the real
exposure was, according to our internal calibration, about
100 times higher resulting in a coverage of 4 Langmuir (L).
The base pressure during acquisition of IR spectra was 3 X
10" mbar. Polarization-resolved IRRA spectra were recorded
with both s- and p-polarized light at a fixed grazing incidence of
80°. All spectra shown are difference spectra obtained by
subtracting a reference spectrum recorded immediately before
adsorption of CO, or CO at 127 K (cooling with liquid nitrogen)
or 65 K (cooling with liquid helium), respectively.

A.2 T-matrix formalism

We use the T-matrix formalism to describe the scattering of
light at the molecular islands.?” The T-matrix relates the multi-
polar coefficients of the scattered electric field of an object to
the multipolar coefficients of the incident field. In the fre-
quency domain, one expands the total electric field outside a
scattering object at point r as

0 !
Z Z ((l[m NNlm khl’) + am MMlm (khl)
== (6)

+ Cim, NNlm (khr) + Cim, MMlm (khy)>

N (knr) andM{ (knr) are incident and Mm(khr and Mfa) (knr)
are scattered vector spherical waves. For regular waves, N and M
are transverse magnetic (TM) and transverse electric (TE)
modes, respectively.’*?* k;, = w,/zn/;, is the wave number with
the permeability x;, and the permittivity ¢, of the host medium.
All quantities are frequency-dependent. However, we omit the
frequency as an explicit argument for better readability. The
expansion coefficients a,,, and ¢, are related by the T-matrix,

¢ =Ta. (7)

To compute the dipolar T-matrix of a molecule, eqn (6) from
ref. 30 is used,

(TNN T > ich Znkn®

= T
Tun  Tum b
C(oee)C™!

C(—idtem/Zp)C!
X )
<C(iame/5h)c1 ! )

C(dmm/(chzh))C7
(8)

which relates the dipolar polarizability tensors a,, to the T-
matrix with simple matrix multiplications. C is a unitary matrix
to transform the polarizability tensors from the Cartesian to the
spherical basis. a,, are complex 3 x 3 dipolar polarizability
tensors, which are computed with TDDFT.>*"*% ¢ = 1/, /enfi,
is the speed of light in the medium surrounding the molecules

and Zy, =/, /én is the corresponding wave impedance.
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The optical response of a two-dimensional lattice of mole-
cules is obtained by solving a multi-scattering problem, where
the expansion coefficients a, of the primary incident field and
the expansion coefficients cq ., Of the scattered field of a
molecule at the origin of the lattice are determined:**

-1
Cotot = (1 -TY b )e"kR> Ta. (9)

R#0

In eqn (9), R is a two-dimensional lattice vector, kj; is the
component of the illuminating plane wave parallel to the
lattice, and C®)(—R) is a matrix which translates scattered
vector spherical waves to incident vector spherical waves.

Additionally to solving eqn (9), one computes Q-matrices
defined in eqn (6)-(9) and (12a) and (12b) in ref. 32 to describe
the substrate and the interfaces between the different layers.
The combination of the different Q-matrices enables the com-
putation of the reflectance of the entire device.

To describe the scattering of an adsorbate island consisting
of N molecules, the molecular island is represented by T-
matrices T, which relate the expansion coefficients of the
incident field a’ at particle j to the expansion coefficients of
the total scattered field ¢” of particle n,

N
= E T™d,
=

see eqn (76) from ref. 39, eqn (16) from ref. 40, and eqn (19)
from ref. 34. In treams,*?">* the T-matrices T summarized into
a single local T-matrix can also be used to compute the
scattering response of a two-dimensional superlattice of islands
with eqn (9).

(10)

A.3 Three/four-layer-model study of CO, on Al,0;

For the simulations and the fits of the experimental spectra, we
assumed either a three-layer model for CO absorbed on ceria
(semi-infinite incidence medium/absorbed CO/semi-infinite
substrate) or a four-layer-model for CO, adsorbed on Al,O3
(semi-infinite incidence medium/absorbed CO,/substrate/
semi-infinite exit medium). The incidence medium and exit
medium were assumed to be vacuum. Ceria was modelled with
a scalar dielectric function, whereas Al,O; was assumed to be
oriented with the c-axis normal to the surface. For the adsorbed
layer we employed a matrix approach to compute an
orientation-averaged dielectric tensor according to eqn (11):

&rja 0 0
(&rj) = 2nA' 0 &ja O A’ld(p7
0
0 0 &rjc
(11)
cos(p) —cos(0)sin(p)  sin(0)sin(p)
A= | sin(p) cos(@)cos(p) —sin(0)cos(p)
0 sin(0) cos(0)

From eqn (11) an effective medium results that is uniaxial
and whose optical axis is oriented perpendicular to the
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Table 1 Parameters based on the fits of the experimental spectra of CO,
on AlLbOsz

Sfem™  ylem™  olem™ &40 Ere.  O/deg  d/A
0.5L 519.3 14.28 2340.8 1.61 2.38 56.5 1.31
1L 645.5 13.09 2338.8 1.67 2.35 57.3 1.64
2L 845.5 12.72 2335.7 1.69 2.37 57.5 2.05

interface. The principal dielectric functions, ¢, and &, were
generated by the classical damped harmonic oscillator model,

2
S

sr, 7€r,m+g R R
) v] -V zvy,

(12)
where S; is the oscillator strength of the i-th oscillator, v its
position and y;; the damping. The damping corresponds to the
full-width at half-maximum. In comparison, the broadening
was set to 5 cm ' for the half-width at half-maximum for
the TDDFT calculations, corresponding to 10 ecm™ ' for the
full-width at half-maximum. ;. represents the dielectric
background which is due to modes in the UV/Vis spectral
region.

For the calculation of the reflectances, a unified 4 x 4 matrix
formalism was employed.*”**> The experimental absorbance
spectra —10g;o(Rs/Rs subs) and —logio(Ry/Rp subs) Were baseline
corrected by subtracting line functions that were fitted to
the data points in non-absorbing regions between 2280 and
2420 cm . For the fits of the absorbance bands of CO,, all
7 parameters shown in Table 1 were allowed to vary freely. The
distance between maximum and minimum in p-polarized
spectra is proportional to the oscillator strength. Correspond-
ingly, the oscillator strengths increase with the increasing
number density of CO, molecules. The damping of the oscilla-
tor decreases, but not substantially. The redshift of the oscilla-
tor position could be a polarization effect as it increases with
number density.*® It is, however, somewhat surprising that
neither the &, . nor &, change with increasing density,
since also the oscillator strengths in the UV/Vis should correlate
with changes in density of CO,. The angles 0 relative to the
surface normal stay approximately constant, while the thick-
ness of the layers d increases. However, it is not clear for a
monomolecular or bimolecular layer what this value actually
refers to, since we used the same 4 x 4 matrix formalism that is
usually applied for homogenous solid layers. The oscillator
parameters of Al,O; were taken over from ref. 44.
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