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The sign and intensity of infrared (IR) bands on oxide surfaces strongly depend on light polarization and the
adsorption geometry of surface species. In this study, we investigate formic acid adsorption on single
crystalline magnetite Fes04(001) and FesO4(111) surfaces, which being neither perfect metals nor insulators
exhibit characteristic Fano shaped IR line profiles. Using both s- and p-polarized infrared reflection
absorption spectroscopy (IRRAS), we identify distinct spectral features and reveal vibrational bands that were
previously unobserved in experiments employing unpolarized or solely p-polarized light. Complementary
density functional theory (DFT) calculations provide structural and vibrational insights into the adsorbed
species. On Fez04(001), a new band at 1555 cm™!
asymmetric OCO stretching vibration of formate bound to octahedral Fe sites with tetrahedral Feen
underneath. On FeszO4(111), a band at 1730 cm™! detected in both unpolarized and s-polarized light
corresponds to the C=0 stretch of a monodentate species. These results highlight the crucial role of light

observed with p-polarized light is attributed to the

rsc.li/pcecp

Introduction

In heterogeneous catalysis, infrared (IR) spectroscopy has been
widely used in three main areas. The most common application
is the identification and characterization of functional groups
and organic compounds. It can also be used to determine the
chemical states of catalysts in situ during chemical reactions.
Another major application of IR spectroscopy is monitoring
adsorbed molecules to gain insight into their geometry and
adsorption type, which provides essential information about
surface active sites and the electronic properties of substrates
and catalysts.”” Over the past decade, Fourier Transform
Infrared Reflection Absorption Spectroscopy (FT-IRRAS) has
undergone significant technological advancements. One of
the most notable breakthroughs is the capability to perform
high-sensitivity measurements on oxide single crystals. These
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polarization in IRRAS for elucidating adsorption geometries and electronic properties of oxide surfaces.

developments have greatly enhanced the analytical power of
infrared spectroscopy, particularly in surface science and the
study of catalytic processes.

Modern state-of-the-art FT-IR spectrometers now offer a high
signal-to-noise ratio, high resolution, rapid spectrum acquisition,
and a wide scan range.>* It has been shown that by combining an
IR spectrometer with an ultra-high vacuum (UHV) chamber and a
fully evacuated IR beam path, one can measure both powder and
single crystalline surfaces in transmission and reflection modes,
respectively; bridging the gap between ordered and non-ordered
materials.>”

Infrared reflection—-absorption spectroscopy is an essential
technique for studying adsorbed molecules on reflective surfaces.
When an electromagnetic wave is reflected from a metal surface
the s-polarized component of light which is polarized perpendi-
cular to the plane of incidence undergoes a phase change of 180°
independent of the incidence angle. This results in destructive
interference and a zero electric field at the metal surface.

While metal single crystals completely absorb s-polarized light
due to the surface selection rule, this restriction does not apply to
oxides and dielectrics, which reflect both s- and p-polarized
components. As a result, IR bands on these surfaces can display
a mix of positive and negative line shapes. This characteristic,
combined with the technical challenges of designing optical
setups that can effectively distinguish between s- and p-polarized
beams, has historically limited the development of IRRAS studies
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on oxide surfaces. The s- and p-polarized components of light in
IRRAS exhibit the position of an IR vibrational band that is
characteristic of a specific functional group. They also reveal the
shape and sign of the IR band, providing information about the
dipole orientation and, ultimately, the geometry of an adsorbed
feature on the surface of an oxide substrate.

In this paper we focus on the adsorption of formic acid
(HCOOH), which has been studied extensively using IRRAS due
to its important role in surface chemistry, catalysis, and environ-
mental science.*** The key reasons for studying formic acid
adsorption are: (1) HCOOH readily adsorbs onto oxide surfaces,
and state-of-the-art IRRAS is particularly well-suited for studying
adsorption phenomena; (2) the adsorption of formic acid on
oxide surfaces can occur via different modes, such as carboxylate
COO, ie. formate, as well as undissociated adsorption of the
molecule. IRRAS can distinguish between these different modes
by analyzing the vibration frequencies of specific bonds, which
guide us to understand the interaction mechanisms between
formic acid and the surface, providing insights into adsorption
strength, molecular orientation, and bonding nature; (3) formic
acid is often used as a probe molecule in surface catalysis studies,
particularly in water-gas shift, CO oxidation and hydrogenation
reactions. It helps to obtain information about the formation of
intermediates, which are crucial for understanding the reaction
mechanisms; (4) Last but not least, formic acid has been used to
probe surface properties, because the adsorption of formic acid
can be influenced by the type of oxides, surface defects, hydro-
xylation, and the presence of different metal cations. Further-
more, the surface chemistry of HCOOH on oxides is sensitive to
the change in the dielectric property of the oxides, where the
electronic nature of the substrate influences the strength of the
coupling with the formic acid vibrational states. This phenom-
enon leads to an asymmetric line shape in the observed spectra
known as Fano shaped line and provides another view of
molecule-surface interactions, which is valuable for both funda-
mental research and applications in catalysis.

Fig. 1 illustrates the possible binding modes of formate on
an oxide surface. These modes can vary depending on the
substrate, coverage, and temperature. In the bidentate bridging
mode, formate binds through both oxygen atoms to two metal
atoms. If the metal atoms are too far apart, other configurations
may form. In the bidentate chelating mode, both oxygens bind to

bidentate bridging bidentate chelating
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the same metal atom. Monodentate adsorption involves only one
oxygen binding to the surface. In quasi-bidentate geometry, one
oxygen binds to a metal atom while the other binds to a surface
hydroxyl group. Undissociated formic acid can also adsorb mole-
cularly, with bonding delocalized over the carboxylic group.

Theoretical background: reflectivity
and Fano line shape

The IRRAS spectra arise from the interaction of the vibrational
transition dipole moment (TDM) with the electric field compo-
nents of the incident light. Depending on the orientation of the
adsorbed species and the polarization of light (s or p), different
components of the dipole moment contribute to the absorp-
tion. For example, vibrational modes with a dipole moment
component perpendicular to the surface couple strongly to
p-polarized light, which contains a electric field component
in the surface normal direction. This underlies the appearance
and intensity of features in the IR spectra.

To understand the shape and sign of IR bands, it is essential
to consider the components of the electric field in the incident IR
beam, as illustrated in Fig. 2. The component that is parallel to the
surface and perpendicular to the plane of incidence is referred to
as s-polarized (Eg). In contrast, p-polarized light, confined to the
plane of incidence and perpendicular to the beam, comprises two
components: one parallel to the surface (tangential p-polarized,
E,¢) and one perpendicular to it (normal p-polarized, Ey,,). Only Ep,,

E
incident e

layer 1
beam >

layer 3

Fig. 2 Different electric field components in IRRAS: Eg and E are parallel
to the surface, E,, is perpendicular to the surface. Layer 1 denotes vacuum
(hy =1+ 0i), layer 2 is the adsorbate, layer 3 is the magnetite substrate.

quasi bidentate monodentate

Fig. 1 Schematic drawing of possible binding geometries of formate species on metal oxides. The metal substrate atoms are shown in blue, formate
oxygen in red, substrate oxygen in dark red, carbon in black and hydrogen in grey.
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can excite molecular vibrations oriented normal to the surface (see
Fig. 2), while vibrations aligned parallel to the surface can be
excited by Ey and/or Ep.' '

The reflectivity differences, AR;, which are calculated by
subtracting the reflectivity of the surface after adsorption, R;
from that of the clean surface, R, for each component i = {s, pt,
pn} are plotted in Fig. 3 for HCOOH adsorption on magnetite,"*™*
Three main observations can be made. First, depending on the
incidence angle 0, both AR, and AR, can be positive or negative;
however, their signs are always opposite (see Fig. 3). This indicates
that vibrational bands excited by Ep and Ep, always appear
inverted relative to each other. Second, AR; is consistently negative,
meaning that vibrational bands excited by s-polarized light appear
as negative features in absorbance, corresponding to an increase
in reflectance. In general we can conclude that the component of
the TDM of an adsorbate vibration perpendicular to the surface
only couples to the Ep,, component of the incident light, thus
resulting in a negative signal in absorbance. In contrast, the
component of the TDM parallel to the surface can couple either
to the Eyy, or the s-polarized light, depending on the direction of
this vibration and the direction of the incident light. And third, an
incidence angle of approximately 80° to 85° is required in experi-
ments to achieve optimal sensitivity.

In summary, the observed spectral features in polarized
IRRAS originate from the interaction between the incident
electric field and the molecular TDM components, both parallel
and perpendicular to the surface (Fig. 3). The strength of this
interaction depends on the projection of the TDM onto the
electric field vector, which varies with polarization and angle of
incidence. This directional coupling governs the intensity and
shape of the observed bands. In cases where a discrete vibra-
tional mode interacts with a substrate or electronic states, Fano
interference leads to characteristic asymmetric or inverted line
shapes (Fig. 4).

A joint study combining IRRAS experiments and DFT cal-
culations demonstrated azimuth- and polarization-dependent
observation of formate species after adsorbing formic acid
on ZnO.’ It was shown that formic acid deprotonates on the
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mixed-terminated ZnO(1010) surface resulting in two different
formate species. For IR light incident along the [1210]
direction, one positive band at 1573 cm™ ' (asymmetric (OCO)
stretching vibration band: v,,(OCO)) and one negative band at
1374 cm™' (symmetric (OCO) stretching vibration band:
v5(OCO)) were observed in p-polarized light, while only one
negative band at 1577 cm™ ' was detected with s-polarized light.
The v,4(OCO) for a bidentate should be observed with Ey,, compo-
nent. So, here Buchholz et al.’ considered another adsorption
geometry rather than the bidentate species as a positive band was
seen for the v,,(OCO) band with p-polarized light. DFT calculations
confirmed that a quasi-bidentate formate species forms on
Zn0(1010) with the TDM of the v,5(OCO) band oriented along
the [0001] direction, which can couple to the E, component for
light incident along the [0001] azimuth leading to a positive band
in IR spectrum. Most importantly, the results demonstrated that
the sign and intensity of the observed IR bands for different
formate species depend strongly on the polarization and direction
of the light incidence. The v,,(OCO) of the bidentate formate was
either excited by the p-polarized light component E, along the
[1210] direction or by the s-polarized light E; along the [0001]
azimuth via coupling with the TDM of the v,,(OCO) vibration
oriented along the [1210] direction. The dipole moment of the
v,5(OCO) was oriented along the [0001] azimuth for the quasi-
bidentate configuration and therefore, it interacts with both Ep
(positive sign in absorbance, negative sign in reflectance) and the
s-polarized light incident along [1210] direction (negative sign in
absorbance, positive sign in reflectance). The larger frequency
splitting in quasi-bidentate configuration compared to the biden-
tate formate was attributed to the additional hydrogen bond to the
surface oxygen ions.’

The interaction of formic acid was investigated on anatase
(101) and rutile (110) surfaces of TiO, as an important semi-
conductor and photoactive catalyst.”® On a rutile surface,
formic acid dissociates to formate species and binds with one
oxygen to the five fold coordinated titanium sites (Tis.) in a
monodentate configuration, resulting in two positive IRRAS
bands assigned to the symmetric and asymmetric (OCO)
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Fig. 3 Calculated reflectivity differences AR, (dotted line), ARy (solid line) and AR, (dashed line) plotted as a function of the incidence angle 0 for formic
acid on magnetite. Calculation parameters: v =1380cm™, ny =1, ky = 0, np = 1.37,° k, = 0.3, n3 = 3.552, k3 = 0, d> = 0.15 nm obtained from ref. 13 and 14.
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Fig. 4 Line shapes for a dynamic dipole perpendicular to the surface calculated at vo = 1380 cm~* and 6 = 80° for magnetite (solid line) and copper
(dashed line), demonstrating the reversal of the Fano line shape due to the change in TDM-field coupling. Other parameters used for the calculation:
y=0.25cm™ &5 = 10.924 + 9.242i obtained from ref. 13 and 14. The line shape for copper was calculated using Re(e) = —2000 and Im(g) = 400, which

results in a symmetric line shape.*°

stretching modes in the p-polarized IR spectrum. A bidentate
formate configuration was further found to form via the inter-
action of both oxygen atoms in the carboxylate group of formate
with Tis, sites. However, on reduced rutile TiO,(110) a majority
of bidentate formate was observed compared to the stoichio-
metric surface. In addition, the highly defective TiO,(110) does
not show any azimuth dependence, indicating a change in the
adsorption geometries of formate species. This is probably due
to an increase in the reduced Ti*" cations formed during
sputtering and an increase of the surface roughness.'® Disso-
ciative adsorption of HCOOH on an anatase (101) surface was
further confirmed by a dominant negative feature around
1688 cm ™' associated with the (C—O0) stretching vibration assigned
to a monodentate formate species. The negative ¥(C—O0) band in
both p- and s-polarized modes indicates that this bond of the
adsorbed HCOOH is tilted from the surface normal and has
components parallel and perpendicular to the surface.

Also, bidentate adsorption was confirmed in p-polarized
spectra by negative IR bands of stretching vibrations for a
symmetric (OCO) mode at 1361 cm ', a (HCO) mode at
1386 ¢cm ™', and the broad positive band of an asymmetric
(OCO) mode at 1560 cm ™" (all signs are from the spectra plotted
in absorbance). The sign of the absorbance feature for p-
polarized light provided again crucial information on the orienta-
tion of the formate with respect to the surface normal. Negative
absorbances for (C—0), symmetric (OCO) and (HCO) stretching
vibrations are associated with their TDMs having components
perpendicular to the surface. The positive absorbance for the
asymmetric (OCO) stretching vibration shows the TDM orienta-
tion parallel to the surface in a bidentate configuration.®*°

The first IRRAS experiment of the adsorption of formic acid
on a clean magnetite (001) surface'® and following studies' ">
demonstrated a unique feature of magnetite in IR spectroscopy

This journal is © the Owner Societies 2026

that is known as Fano line shape. The Fano line shape'® in IR
spectroscopy can arise when there is an interaction between a
discrete vibrational mode of an adsorbed molecule and a
continuum of electronic or phononic states provided by the
magnetite surface. Magnetite being neither a perfect metal nor
a perfect insulator, presents IR bands that can be surprisingly
seen by both s- and p-polarized light.

To illustrate this effect, Fig. 4 shows the spectral evolution
from a symmetric absorption band to an asymmetric or inverted
profile. This transition is governed by changes in the coupling
strength between the vibrational mode and the electronic con-
tinuum, which may be influenced by factors such as surface
reduction, adsorbate coverage, or substrate morphology. The
expected line shape for a TDM oriented perpendicular to the
surface is derived from the fractional change in reflectivity, as
described in ref. 22. This approach was previously applied to
interpret the IR line shapes observed during the dissociative
adsorption of formic acid on magnetite.'® The corresponding
expression for the fractional change in reflectivity is:

. 29
= T~ —32n s e[ﬁllm(Nsa) + ByRe(Nsor)] (1)
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The polarizability of the adsorbate o is given by:

o=t 3)
1,1<L+,~L>

Here, . represents the frequency-independent electronic polar-
izability, while o, denotes the vibrational polarizability, with v, as
the resonant frequency and y as the line width. The peak intensity
is determined by the surface density of adsorbates N; and the
vibrational polarizability «,. The complex dielectric function e,
related to the refractive index by ¢ = 7%, also plays a key role.

Fig. 4 shows the calculated Fano line shape appeared at
1380 cm ™, characteristic for a symmetric stretching vibration of
v5(OCO) band, as we already expected and found in ref. 10. Here,
we give an example on how the sign and the line shape of an IR
band changes for an adsorbate on the surface of different
substrates. Fig. 4 illustrates the calculated line shape of a
dynamic dipole moment oriented perpendicular to the magnetite
surface, with a resonance wavenumber of v, = 1380 cm™* and an
incidence angle of 0 = 80°. The resulting asymmetric Fano profile
arises from the comparable real (n;) and imaginary (k;) parts of
the refractive index (n; = k3).>*> While variations in v, affect the
band amplitude, they leave the line shape unchanged. However,
excitation by a different electric field component, such as Ep,
inverts the line shape due to the opposite sign of AR, relative to
ARy, (see Fig. 3). For copper, representing a typical metal, the line
shape is calculated using Re(s) = —2000 and Im(¢) = 400
(Fig. 4)."" Due to the high dielectric constant of the metal
substrate, changes in the fractional reflectivity arise solely from
the adsorbate layer, leading to a symmetric line shape.'®"?

The line shape of the vibrational band is, furthermore, very
sensitive to the angle of incidence, 0. Fig. 5 shows the transition
from an almost classical absorption line (red curve) to an
inverted line shape (blue) in the range of the incident angles
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70° < 6 < 82°. The asymmetric Fano line shape band appears
more pronounced in the angles around 74° < 0 < 76° which is
exactly the range of incidence angle used in our experiments on
magnetite samples in this study. The line shapes shown in
Fig. 5 result from excitations with different components of the
p-polarized electric field: Ep and E,,. When the excitation
occurs via Ep,, the resulting spectral feature follows a Fano
line shape (red curves). In contrast, excitation with Ep, produces
an inverted line shape (blue curve), due to a sign change in the
reflectivity difference ARy, This inversion arises because the IR
line shape is sensitive to the relative orientation between the
electric field vector and the TDM of the adsorbed species.
Depending on whether the TDM is aligned more perpendicular
or parallel to the surface, it couples more strongly to either £,
or Ep. The direction and magnitude of this coupling influence
both the sign and intensity of the spectral response.

As a consequence, the observed line shape not only reflects the
nature of the Fano resonance but also contains information about
the geometry of the adsorbed molecules, specifically, whether they
are oriented parallel or perpendicular to the surface. Fig. 5 illus-
trates how a change in field direction alters the sign of the TDM
projection onto the field vector, thus inverting the Fano line shape.
In this work, we show in detail how this plays a major role in
analyzing and understanding the adsorption of formic acid on
different surfaces of single-crystalline magnetite (111) and (001).

Experimental and computational methods

The experiments were performed in the UHV cluster of the DESY
NanoLab.?* The magnetite surface preparation of sputtering and
annealing cycles took place in a UHV chamber (base pressure 1 x
107" mbar) equipped with an electron beam-assisted sample
heating stage, gas inlets and a sputter gun. The interconnected
UHV chambers linked by a tunnel, allowing sample transfer

Absorption [arb.u.]

incident angle 6 [°]

1384 1382 1380 1378

wavenumber [cm™|

1376

Fig. 5 Line shapes calculated around vy = 1380 cm™* for different incidence angles 0 on magnetite. Parameters used: y = 0.25 cm ™2, &5 = 10.924 + 9.242j

obtained from ref. 13 and 14.
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between the preparation and the IRRAS chambers without breaking
ultra high vacuum. IRRAS measurements were performed at room
temperature in a UHV system equipped with an IR spectrometer
coupled to the UHV chamber via differentially pumped KBr-
windows to avoid atmospheric moisture adsorption, thus resulting
in a superior sensitivity and stability of the system. Each IR
spectrum was accumulated in 1024 scans with a resolution of
2 cm " and was taken with the unpolarized and polarized beam at
an incidence angle of 80° with respect to the surface normal at a base
pressure of 4 x 10~ '* mbar. The reflected signal was detected by a
liquid nitrogen cooled mercury cadmium telluride (MCT) detector.

The IRRAS chamber is equipped with gas inlets and a resistive
heater for sample temperatures up to 1000 K. The sample station
can be cooled with liquid nitrogen to temperatures below 110 K.
Both the optical bench of the spectrometer and the detector are
evacuated to 2 mbar to reduce absorption from molecules like
water, carbon monoxide, carbon dioxide and to ensure high
sensitivity and long-term stability.

Prior to the IRRAS experiments, the surfaces of both Fe;0,(001)
and FezO04(111) crystals were prepared using sputtering and
annealing as it was reported in previous works'"'*?*?® and were
characterized using low-energy electron diffraction (LEED) and
Auger electron spectroscopy (AES) to confirm the crystalline order,
surface structure and surface purity.”*

In our previous publications on formic acid adsorption at
the two magnetite surfaces (001)"" and (111),"* dissociative adsorp-
tion was studied computationally in detail. Specifically, vibrational
properties of adsorbates with binding modes where both carbox-
ylate oxygens are bound to the surface, namely bidentate, quasi-
bidentate and chelating, were calculated because of their high
stability. Here, the vibrational properties for molecular and dis-
sociative adsorption with a monodentate binding mode and a
quasi-bidentate but via the restgroup hydrogen of formic acid were
calculated at full coverage using density functional theory (DFT).
To ensure comparability, the same computational setup as in our
previous publications was employed here.

In short, spin-polarized DFT calculations were performed using
the Vienna Ab Initio Simulation Package (VASP, version 5.4.4)*"°
with the PBE + U approach®'”*? (U&= 4 eV on Fe d-electrons) and
PAW pseudopotentials.®® An energy cut-off of 520 eV and k-point
gridsof 7 x 7 x 1and 5 x 5 x 1 fora1 x 1 (111)and v2 x v2 R
45° (001) surface cell, respectively, allow for converged surface
energies within 1 mJ m™> and total energies within 3 meV per
atom. Surfaces are modeled using symmetric periodic slabs with
13 and 17 layers for (001) and (111), respectively, separated by a
vacuum region of about 23 A. Vibrational frequencies and relative
intensities are calculated in the harmonic approximation with
Density Functional Perturbation Theory (DFPT) and using the
Born Effective Charges (BEC).**° Using this approach with the
generalized gradient approximation (GGA) XC-functional PBE and
the harmonic approximation introduces systematic errors. In the
case of these two approximations, the errors often partially com-
pensate for each other but the actual magnitude and direction of
the overall error depends on the specific vibrational mode and the
involved bonds. In the literature, an underestimation of the
wavenumbers for vibrational modes, which include bonds
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between carbon and oxygen, has been observed compared to
experimental results. The calculated wavenumbers often appear
red-shifted in a range between 1% and 3.5%."">3%"*3 More details
can be found in the SL

The input VASP POSCAR files used for the DFT calculations
in this work and for our previous studies'"'? as well as a proto-
typical VASP INCAR file for calculating vibrational properties,
particularly for adsorbates on magnetite surfaces, via DFPT can
be found in the online repository TORE.** Additionally, xyz files
containing atomic coordinate snapshots of calculated vibrational
modes are available in this repository. Those xyz files allow to
create animations of the vibrational modes using additional soft-
ware such as Visual Molecular Dynamics (VMD).*

The additional DFT calculations were intended to be a proof
of principle that certain adsorption types and modes give rise to
vibrational bands in certain ranges. No extended adsorption
structure search was however performed, and thus, effects of
coverage, adsorbate superstructures, interactions between adsor-
bates with different adsorption types and modes, co-adsorption,
and defects were not studied. The values for vibrational bands
should therefore be considered as rough indicators only.

Results

According to our previous study'' using unpolarized IR light,
formic acid adsorbs dissociatively on the magnetite (001) surface
at room temperature, resulting in a negative band at 1370 cm ™"
and a positive band at 1538 ecm ™' (both signs in absorbance),
characteristic of the symmetric and asymmetric (OCO) stretching
vibrations of formate species, respectively. Additionally, a positive
band was observed at 1385 cm ™!, attributed to the CH bending
mode, resulting also in an inverted Fano line shape, as compared
to the symmetric stretching band. The adsorption of formic acid
at 190 K led to another positive band at 1700 cm ' on the
magnetite (001) surface, assigned to the (C—O0) stretching vibra-
tion of intact HCOOH molecules. DFT calculated vibrational
bands for the adsorption of formic acid on two octahedral iron
atoms with tetrahedrally coordinated Fe ions underneath (tet
site) and interstitial sites underneath (int site) have further
proven the experimental data regarding the (OCO) modes. The
calculated vibrational frequency of the bidentate formate species
on the interstitial site is found to slightly shift to lower
wavenumbers." It was, however, difficult to resolve the specific
variations between the vibrational bands assigned to the tet and
int sites in the experimental data because the s- and p-polarized
beams could not be separated in the spectrometer and such
separate measurements have not been performed earlier. A
polarization-resolved IRRAS experiment, making use of the IR
sign in polarized light, would therefore be crucial to unambigu-
ously determine the adsorption geometries of the formate species
and will be discussed in more detail later.

Similarly, formic acid adsorbs dissociatively on a Fe;04(111)
surface.">”® In the chelating adsorption geometry (1380 and
1548 cm ™), both oxygen atoms of the carboxylate group are
bound to one tetrahedral cation, while in the quasi-bidentate
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adsorption geometry (1338 and 1588 cm™ ') one carboxylate
oxygen atom binds to an iron tetrahedral site and the other to an
OH group on the surface. No molecular adsorption or mono-
dentate dissociation of formic acid was assumed due to an
absence of the (C—O) vibrational band in the region 1600-
1800 cm™ " in p-polarized light. The experimental and theoretical
data confirmed that the distance between neighboring tetrahe-
dral Fe atoms at the surface is 5.9 A'? and therefore, a bidentate
bridging formate geometry was excluded, as this needs a shorter
distance between the iron cations. Therefore, the IR bands at
1338 and 1588 cm ™" were assigned to a quasi-bidentate adsorp-
tion of formate. The other pair of symmetric (OCO) at 1380 cm ™"
and asymmetric (OCO) at 1548 cm™ ' with a smaller splitting was
assigned to a chelating formate geometry as it presents a smaller
(OCO) bond angle compared to a quasi-bidentate geometry on
the magnetite (111) surface. The signs of the asymmetric (OCO)
bands at 1548 and 1588 cm ™' are positive in absorbance mode of
the IRRAS measured by p-polarized light, evidencing an excita-
tion by the electric field component parallel to the surface, Ep.
The IR bands for symmetric (OCO) stretching vibrations are
negative. This confirms that they originate from a TDM perpendi-
cular to the surface or Ep,. Our experiments conducted by p-
polarized IRRAS in combination with DFT calculations have
shown that it is much easier to distinguish different adsorption
bands assigned to the quasi-bidentate (1338 and 1588 cm ') and
chelating (1380 and 1548 cm™ ") formate species'” on Fe;0,4(111)
surface compared to all other oxide surfaces, because the corres-
ponding IR bands are distinctly separated.

Since the line shape and sign of the IR bands provide the most
promising information about the orientation of the adsorbed
molecules and the electronic nature of the substrate, at the surface
and interface, we will focus on this aspect in detail for the case
study of adsorption of formic acid on single crystalline surfaces of
magnetite (001) and (111) using IRRAS data obtained with both Ej
and Ej-polarized light. To the best of our knowledge, such an
analysis has not been reported before. Before presenting these
IRRAS data, we first introduce our calculations regarding the
expected signs and shapes of IR bands on magnetite surfaces.

The new IR spectra recorded in unpolarized beam, see
Fig. 6a, show three bands at 1369, 1377 and 1385 cm™ " of
which the first two bands belong to the symmetric stretching
vibrations of (OCO) and the third to the C-H bending modes on
Fe;0,4(001). The vibrational stretching bands at 1538, 1515 and
1385 cm™ ' are, however, all negative in the s-polarized spectra,
see Fig. 6e, as a result of an increase in the reflectivity of the
substrate at the position of the vibrational band. For the p-
polarized spectra shown in Fig. 6¢, the IR bands are much more
intense and exhibit a Fano line shape, showing a different
behavior compared to ZnO and TiO, surfaces.>® In the spectra
shown for the p-polarized beam all three bands observed earlier
in the unpolarized light appear at higher frequency. We know
that the line shape and sign in the p-polarized is different than
in s-polarized light and depends on the incidence angle and the
optical constant of the dielectric substrate.” As it was reported
before by Yang et al,” the position of the IR bands in the
p-polarized beam is slightly higher than those observed at the
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s-polarized light. This observation was related to the disconti-
nuity of the electric field component perpendicular to the
surface, see ref. 7. The size of the shift was connected to the
oscillator strength and the dielectric background. In the spectra
of the unpolarized light, however, the second IR band at 1555
em~ ' (both in s- and p-polarized) and 1548 cm™ ' (only in p-
polarized), see Fig. 6¢c and e, was not identified in our previous
work. We expect that the IR band at 1548 cm ™" is originated
from a species adsorbed parallel to the Fe;0,(001) surface, such
as adsorption at the edge of the steps, and further studies are
needed to clarify this.

While all other IR bands are known from our previous work,
the new bands at 1555 cm ™' (p-polarized) and 1538 cm™*
(s-polarized) need to be characterized. Because the band at
1555 cm™ ' appears in both s-and p-polarized light, it might
originate from a component parallel to the surface and it should
be a formate species that interacts with the TDM parallel to the
surface, resulting in an inverse line shape compared to its
symmetric IR band below 1400 cm™". We assign this band also
to the asymmetric stretching vibration of (OCO). In our previous
work, based on the DFT calculations and surface X-ray diffraction
results,'" we reported two formate species in bidentate geometry on
octahedrally coordinated Fe ions: one with a tetrahedral iron atom
underneath and the other one with an interstitial iron sites under-
neath. However, we could not distinguish these two species in IR
spectra obtained by unpolarized light. Using polarized light
spectroscopy, we report the first observation of the asymmetric
(OCO) stretching mode associated with an octahedrally coordi-
nated Fe atom positioned above tetrahedrally coordinated Fe ions
beneath the surface.® This vibrational feature appears at
1555 cm ' and is clearly resolved from the lower-frequency band
at 1548 cm™*, which is attributed to an octahedral Fe site above an
interstitial Fe atom. The negative symmetric stretching vibration at
1370 em™ " in p-polarized light was a clear evidence that the TDM of
this species interacts with Ej,,. While the sign of asymmetric
stretching vibration at 1548 cm™ ' is positive due to the inter-
action of (OCO) vibration with the TDM parallel to the surface.
Additionally, a negative band was observed in the s-polarized
light at 1385 cm ™', attributed to the CH bending mode, exhibits
a TDM parallel to the surface, which is excited by the s-polarized
and the E, polarized component parallel to the surface, result-
ing also in an inverted Fano line shape, as compared to the
symmetric stretching band.

Additional DFT calculations were performed for molecular
and dissociative adsorption of formic acid on magnetite (001)
both with a monodentate binding mode where only one oxygen
from the carboxyl group of the adsorbed formic acid is bound
to a octahedral surface iron atom. These calculations suggest
vibrational bands for the C—=O0 stretching mode, of the oxygen
bound to the surface, at around 1780 and 1660 cm™' for
molecular and dissociative adsorption, respectively. Since no
bands are present in the experimental results at room tempera-
ture, such adsorption geometries can be ruled out here while
they are plausible at low temperatures.

For the magnetite (111) surface the situation is even more
complex. Here, as expected, the IR bands in the s-polarized
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Fig. 6 Unpolarized, p-polarized and s-polarized FT-IR spectra in the region of carboxylic bands for different coverages of formic acid on magnetite
(001) and (111) surfaces in the left and right column, respectively. The labels in Figure e and f denote the pressure during dosing, the dosing time, and the
total exposure in Langmuir (1 L = 1.33 x 107 mbar s) for all spectra shown in unpolarized, s-polarized, and p-polarized light.

light are again all negative in absorbance. In the spectra shown
in Fig. 6(b), (d) and (f), we observe dominant vibrational bands
at 1335, 1380, 1538, 1588 and 1730 cm ™ * after dosing formic
acid on a magnetite (111) surface. The symmetric (OCO)
stretching modes associated with quasi-bidentate and chelat-
ing geometries observed at 1335 and 1380 cm ™, repectively,
appear as negative signed Fano-type resonances in the unpo-
larized spectra. In contrast, the asymmetric (OCO) stretching

This journal is © the Owner Societies 2026

vibration (1588 cm™') exhibits a positive (inverted) Fano line
shape. Having a closer look on the coverage-dependent evolution
of the spectra on magnetite (111) using a p-polarized beam, reveals
that chelating formate forms first. A weak band is already visible at
an exposure of 0.05 L (red curve in Fig. 6). The first evidence of the
second adsorption geometry, quasi-bidentate, appears from a total
exposure of 0.2 L (green curve). This is in line with our previous
reports in ref. 12. The chelating adsorption geometry is
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stabilized because atomic hydrogen from the dissociation of
formate can go to the oxygen-terminated areas (around 20%).
Once these O-terminated areas are covered by hydrogen, the
quasi-bidentate geometry is more favorable (Table 1).

The observed vibrational bands are attributed to dissociated
formic acid, consistent with the previous observations.'™"
Molecular adsorption and monodentate formate formation
were previously excluded due to the absence of the v(C=—0)
vibrational band in the region between 1800-1600 cm ™ *.*° The
IR spectra of the unpolarized and s-polarized light show an IR
band at 1730 cm™ " which we did not observe before in the
spectra of the p-polarized light reported in ref. 12 and 26. DFT
calculations were carried out to evaluate the vibrational spectra
of additional binding geometries not considered in our pre-
vious work,'” which examined chelating and quasi-bidentate
modes. Here, monodentate species and alternative quasi-
bidentate species were considered for both molecular and
dissociative adsorption of formic acid. The additionally calcu-
lated vibrational spectra, and the corresponding atomic coor-
dinate input files can be found in the SI and the online
repository TORE,** respectively, while detailed information on
our previous calculations can be found in ref. 12 and 46.

In our previous work the hydrogen bond in the quasi-
bidentate configuration was formed between the formate oxygen
and a surface hydroxyl group whereas in the present case it is
established via the hydrogen atom of the formic acid rest-group.
For molecular adsorption the geometries are presented in Fig. 9,
while the dissociated species show similar geometries only with
the hydroxy hydrogen adsorbing to the surface. For molecular
adsorption, indicative bands for stretching vibration of C—0 at
1721 and 1649 cm ' for monodentate and quasi-bidentate
species, respectively, were suggested by DFT. In the case of
dissociative adsorption those calculated bands are shifted to
1731 and 1585 cm™ ' for monodentate and quasi-bidentate
species, respectively. Both bands for quasi-bidentate species
formed via the rest-group H of formic acid do not fit to the
experimental results; therefore, the formation of such species is
highly unlikely. The calculated bands for monodentate species
are both close to the experimental values. Since the calculated

Table 1 Overview of experimental vibrational stretching (v) and bending
(8) bands of formic acid adsorbed on magnetite (001) and (111)

Surface  Vibrational band ~ Wavenumber (cm™ ") Polarization
001 sPPte(CH) 1373/1385 p/s

001 v">"Y(0CO) 1377 p

001 v"P(0C0) 1369 p

001 - 1512 s

001 V" 21(0CO) 1548/1538 pls

001 Vs> (0CO) 1555 P

111 v, 9P(0CO) 1335 p

111 s (0C0) 1588 p

111 v, (0C0) 1380 p

111 5quC}U 1385 s

111 orelicH) 1280 s

111 — 1403 p

111 — 1464 s

111 v (0CO) 1548 p (very weak)
111 ¥(CO) 1730 B
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bands using the described computational setup usually under-
estimate the experimental wavenumbers, molecular adsorption is
more likely from the computational point of view but a definite
conclusion cannot be made here. Thus, those IR band originate
from a stretching vibration of C=0 with the O bound to an Fe
surface atom and therefore, we can propose that in addition to
other chelating and quasi-bidentate (via the hydrogen in carboxyl
group from the initial formic acid) geometries of formate species,
some formic acid molecules adsorb either molecularly/undisso-
ciated or dissociatively yielding a monodentate species.

From the energetics such species are less stable than pre-
viously established chelating and quasi-bidentate geometries
with adsorption energies of down to —2 eV per molecule. The
adsorption energies are a factor of two to three smaller while the
surface energies are about a factor of two larger. Even though no
full adsorption structure search and optimization was per-
formed here and thus this is no quantitative proof, these
differences are a clear indication that such monodentate species
are unlikely to be stable at clean surfaces. However, they might
be formed as intermediates in the early stage of adsorption or if
surface oxygens are already occupied, e.g., by hydrogen atoms.

In the experiments, the band at 1730 cm™" appears with
high intensity in the s-polarized spectra, whereas it is significantly
weaker in the p-polarized spectra. This observation indicates that
the C=0 group is not oriented completely parallel to the surface,
but rather adopts a tilted configuration. Consequently, it can be
excited by both E,,, and Ej, components with opposite signs, which
leads to a partial cancellation of the signal in p-polarization. As a
result, the band is observed predominantly in s-polarized light.
This observation also argues against alternative quasi-bidentate
species in which the C=0 bond would lie more parallel to the
surface, and instead supports monodentate geometries where the
bond is more tilted.

The other new bands observed in the spectra of the unpo-
larized and the s-polarized lights are located at 1538, 1464, 1283
and 1261 cm ™', which are nearly absent in the p-polarized light,
giving a hint on originating from vibrations parallel to the
surface. There are still three IR bands in the spectra of the
unpolarized light at 1588, 1380 and 1335 cm ™. The IR band at
1385 cm ' has a positive sign in the p-polarized light and
negative sign in the s-polarized light in adsorbance mode and is
characteristic of the bending mode of the C-H vibration. The
intensity of the band is high in the p-polarized light. Since the
band can be observed in the s-polarized light with a negative
sign and at higher frequency at 1385 cm ™", we propose that the
C-H bond is not completely perpendicular to the surface and is
tilted or there are different C-H bands involved in the spectra
of the s- and p-polarized lights, one from the dissociative
molecule (formate species) and one from the non dissociated
formic acid molecule (molecular adsorption). The IR band at
1335 cm™ " has a positive sign (down to up) in p-polarized light
and is absent in the s- polarized light, while the IR band at
1588 cm ' appears in both s- and p-polarized light with
negative sing (up to down). The position of these bands are
similar to the one reported for the quasi-bidentate adsorption
of formate on ZnO(1010), (v(OCO) at 1337 cm ™" and v,,(OCO)
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at 1589 cm ™ ').” The smaller splitting of the v4(OCO) vibration at
1380 and v,5(OCO) vibration at 1548 cm ' is a result of a
smaller (O-C-0) bond angle and a chelating adsorption geo-
metry with both formate oxygen atoms bound to one single
Fe..y; ion."” The sign of IR bands demonstrates that the band at
1335 cm ™' is a v(OCO) vibration of formate in a quasi-bidentate
geometry with a line shape, down to up, originating from a
dynamic field perpendicular to the surface Ey,, while the IR
band at 1588 cm ™', v,4(OCO), is inverted, because it is excited by
the electric field component parallel to the surface seen by Ej
and Ep, components of the IR light.'"'®

The IR band at 1464 cm ™' is observed in the unpolarized
spectrum and exhibits a higher intensity in the s-polarized
spectrum. Based on the literature, this band is attributed to
adsorbed formic acid on solid surfaces; however, its assignment
remains under discussion.

To obtain a quantitative analysis of the symmetric v and
asymmetric v,5 (OCO) stretching vibrations, the experimental
IR spectra were fitted with theoretical line shapes based on
eqn (1)—(3). Fig. 8 presents the fitted Fano profiles together with
the experimental p-polarized spectra of the v,(OCO) and 6(CH)
at 1372 cm™ ', see Table S8 of formate in the bidentate bridging
configuration on magnetite (001). Notably, the J(CH) mode
exhibits an inverted Fano line shape. For magnetite (001), two
distinct v,4(OCO) Fano resonances of bidentate bridging for-
mate at 1541 and 1552 cm™ ', see Table S8 are resolved. In
contrast, for magnetite (111), the spectra are best described
by two separate Fano components centered at approximately
1380 cm ™' and 1337 cm ™, assigned to the v,(OCO) modes of
formate in chelating and quasi-bidentate geometries, respec-
tively. The fit parameters summarized in Fig. 8 and Table S8 (SI)
further corroborate our vibrational assignments based on the
sign of the Fano line shapes. Moreover, the fitting procedure
independently confirms angles of incidence close to 75°.

Importantly, on the Fe;O4(111) surface, a new IR band
appears at 1730 cm " in unpolarized and s-polarized light, in
excellent agreement with DFT-predicted frequencies (1721 cm ™)
for a C—=O stretching vibration. This feature is attributed to
molecular formic acid adsorbed in a monodentate configuration.
Its coexistence with formate species suggests a more complex
adsorption landscape on the (111) surface, where both dissociative
and molecular adsorption pathways occur.

The configuration in which formate binds to the surface
influences both the symmetric and asymmetric (OCO) stretching
frequency and the C-H vibrational frequencies. The C-H stretch-
ing vibrations of formate and formic acid on oxide surfaces tend to
appear around 2800-3000 cm . The exact position of these IR
bands depends on the oxide, the coverage of the adsorbed species,
and whether a molecular or dissociated form is present. The
intensity of the C-H stretching bands is often much weaker than
that of the symmetric and asymmetric (OCO) stretches, due to
their smaller change in dipole moment.*® This can be attributed to
surface selection rules for IRRAS, the orientation and geometrical
configuration of the adsorbate (molecular, bridging, monodentate,
chelating, bidentate, etc.), the presence of defects, binding to
under-coordinated atoms, and background contributions. All
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these, make the C-H stretch more difficult to observe. The number
of studies that explicitly report the C-H stretching modes of
adsorbed formate via IRRAS is small. A C-H stretching vibration
around 2860 cm™ " was reported on NiO(111)/Ni(111) and assigned
to either a bidentate or bridging formate configuration.*® In one of
the earliest detailed IRRAS studies, Hayden et al.* investigated the
adsorption of formic acid on the Cu(110) surface. Upon deproto-
nation, formate species exhibited a clear C-H stretching vibration
in the 2891-2900 cm ™" range, corresponding to the fundamental
v(CH) mode. Additionally, a combination band was observed near
2950 cm™ ', assigned to coupling of the asymmetric (OCO) stretch
and the C-H bending vibrations.

In our study the polarization-resolved IRRAS measurements
of the C-H stretching region reveal distinct differences in the
adsorption geometries of formic acid on the Fe;0,(001) and
Fe30,4(111) surfaces, see Fig. 7. On the Fe;0,4(001) surface, four
well-resolved C-H stretching bands were observed at 2848, 2868,
2917, and 2957 cm ', These bands exhibit clear polarization
dependence: the bands at 2868 and 2957 cm ' appear in p-
polarized light, while those at 2848 and 2917 cm ™' are observed
in s-polarized light. This polarization behavior indicates that the
C-H dipole moments responsible for the 2848 and 2917 cm™*
bands are oriented parallel to the surface, while those of the 2868
and 2957 cm ™" bands have a significant in plane component. The
IR band at 2957 cm ™~ is, as previously reported, a coupling of the
asymmetric (OCO) stretch and the C-H bending vibrations.”" The
2868 cm ™' band, visible only in p-polarized light, strongly
suggests an upright adsorption geometry, such as a bidentate
formate species bound to octahedrally coordinated Fe atoms
with tetrahedrally coordinated Fe ions underneath (tet). This
interpretation is further supported by the observation of a
strong asymmetric (OCO) stretching mode at 1555 cm™*, also
visible exclusively in p-polarized light. The alignment of both
the C-H and (OCO) dipole moments perpendicular to the sur-
face provides strong evidence for the presence of vertically
oriented formate configuration.

The s-polarized 2848 and 2917 cm™ " bands likely correspond to
more in-plane dipole moments, pointing to flatter configurations,
probably to a bidentate formate adsorbed on interstitial sites (int).

The calculated spectra presented in the SI and in the
literature'*® also include C-H stretching vibrations for the (001)
surface. It has to be noted here, that the calculated wavenumbers
should only be seen as rough indicators here because anharmonic
effects, nuclear quantum effects>™ and ensemble effects’® are
likely to severely affect the spectra but were not properly accounted
for neither in this study nor in the cited literature. All values
presented in the following were obtained for half coverage defined
by the ratio of adsorbates and Fe adsorption sites. For bidentate
adsorption at the tet and int site the calculated wavenumbers for
C-H stretching modes are 2943 and 2934 cm™ ', respectively. The
C-H bond are perpendicular to the surface for both adsorption
sites and should therefore produce a signal in p-polarized light.
For monodentate adsorption, the calculated wavenumbers are
3065 and 3020 cm™ " for molecular and dissociative adsorption,
respectively. The C-H bond for these monodentate species is tilted
by about 70° versus the surface normal and should thus yield a
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Fig. 7 Unpolarized and s- and p-polarized FT-IR spectra in the region of CH stretching bands for different coverages of formic acid on magnetite (001)
and (111) surfaces in the top and bottom row, respectively. The labels in Figure a and b denote the pressure during dosing, the dosing time, and the total
exposure in Langmuir (1L = 1.33 x 10~ mbar s) for all spectra shown in unpolarized, s-polarized, and p-polarized light.

signal in s- and weakly in p-polarized light. The results fit to the
experiments in general; however, a clear assignment is not possi-
ble because of the aforementioned reasons. For completeness, the
wavenumbers of O-H stretching modes were obtained at around
3640 cm ™. The O-H bonds were tilted versus the surface normal
around 45° and 75° for surface hydroxy groups and within
molecularly adsorbed formic acid, respectively.

13390 | Phys. Chem. Chem. Phys., 2026, 28, 13380-13393

In contrast, the Fe;04(111) surface exhibits only three C-H
stretching bands at 2848, 2917, and 2957 cm ', with the
2868 cm ! band notably absent. The absence of the this band
on the Fe;0,(111) surface and its presence on the Fe;0,(001)
surface supports again different adsorption geometries, proving
the polarization-resolved interpretation. All three bands appear
in s-polarized light, with 2917 and 2957 cm ™" also present in
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Fig. 8 Fitted vibrational Fano lineshapes (red lines) based on egn (1)-(3)

and experimental p-polarized data (black dots) of a) vs(OCO) and 6(CH) at

1372 cm™? of formate in bidentate bridging geometry on magnetite (001). The line shape for 6(CH) is inverted. (b) Two v,s(OCO) Fano lines of formate in
bidentate bridging geometry on magnetite (001) at 1552 and 1541 cm™, see Table S8. (c) On magnetite (111), the data is fitted with two separate Fano
lines around 1380 cm™* and 1337 cm™ of v{(OCO) of formate in chelating and quasi-bidentate geometry, respectively.

Fig. 9 Geometries for molecularly adsorbed formic acid on a tetrahed-
rally (tetl) terminated FezO4(111) surface. (a) Monodentate binding mode.
(b) Quasi-bidentate binding mode.

p-polarized light, indicating primarily tilted or flat-lying adsorp-
tion geometries such as quasibidentate. The IR band at
2957 cm™ " is again a coupling of the asymmetric (OCO) stretch
and the C-H bending vibrations.

The calculated spectra for the (111) surface provided in the
ST and the literature™*> show various modes depending on the
binding modes and the adsorption sites. Again, the wavenum-
bers have to be taken with care because of the limitations
mentioned already for the (001) surface. Starting with dissocia-
tive adsorption where the C-H bonds are perpendicular to the
surface, the C-H stretching modes for adsorbates in a chelating
geometry were predicted at higher wavenumbers than for quasi-
bidentate adsorbates. Chelating adsorbates at a low coverage of
1/3 of a monolayer (ML) gave rise to a C-H mode at 2959 cm™ .
Increasing the coverage to 1 ML, also shifted the wavenumber
to higher values. Since those adsorbates were aligning in
triangular clusters of three as evidenced in literature,'” two
different collective vibrational motions were observed. One was
predicted at 2988 cm ™" with all C-H bonds stretching in phase.
The other one was predicted at 2977 cm ™", where a frustrated

This journal is © the Owner Societies 2026

motions occurs, because a fully anti-phase motion is geome-
trically not possible but two adsorbates are in phase and the
third shows an anti-phase motion. A fully parallel alignment of
all adsorbates caused a shift of those wavenumbers by 2 cm ™.
Adsorbates in a quasi-bidentate geometry yielded C-H stretch-
ing modes depending on the adsorption site of the dissociated
hydrogen. Adsorption with 1/3 ML coverage and the dissociated
hydrogen placed at the first, second, and third nearest surface
oxygen resulted in bands at 2935, 2919, and 2897 cm !,
respectively. The C-H bonds were perpendicular to the surface
for all of them. For adsorbates at 1 ML coverage exhibiting a
monodentate binding mode, the C-H stretching wavenumbers
were calculated to be 3060 and 3032 cm %, for molecular and
dissociative adsorption, respectively. For those two cases, the C-H
bonds were tilted versus the surface normal by about 75°. Inter-
estingly, for the O-H stretching modes large deviations from the
expected frequencies were observed. For vibrations of isolated
surface hydroxyl groups or O-H groups in formic acid molecules,
values around 3600 cm™ ' were obtained, similar to the (001)
surface. In contrast, for O-H modes of quasi-bidentate adsorbed
formate species, the wavenumbers were strongly shifted and
appeared to be highly sensitive to the specific adsorption geome-
try. For OH groups located at the first, second, and third nearest
adsorption sites relative to the connected formate species, O-H
stretching modes at 2944, 2651, and 2493 cm ™', respectively, were
predicted. In these cases, the O-H bonds were tilted by approxi-
mately 10 to 20°. However, the O-H bands on magnetite are
intrinsically very weak and therefore not observable experimen-
tally. Based on theoretical calculations, we can nevertheless con-
firm that dissociated hydrogen adsorbs on oxygen atoms of
magnetite surfaces, leading to the formation of surface OH groups.

Taken together, these results highlight that the adsorption
behavior of formic acid is strongly surface dependent. The (001)
surface supports multiple formate species, including upright
bidentate configurations with strong perpendicular dipoles,
while the (111) surface favors flatter formates and monodentate
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molecular species. The use of polarization-resolved IRRAS was
essential in identifying these configurations and resolving over-
lapping bands that would remain ambiguous in unpolarized
measurements. This work underscores the value of polarization-
dependent spectroscopy in providing deeper insight into mole-
cule-surface interactions, especially for complex oxide surfaces.

Conclusions

We performed Infrared Reflection Absorption Spectroscopy
(IRRAS) studies in both s- and p-polarized light, along with
DFT calculations, to investigate the adsorption of formic acid on
Fe;0,(001) and Fe;04(111) single-crystal surfaces. By analyzing
the spectra of both s- and p-polarized light and comparing them
with the spectra of unpolarized light as well as with calculated
vibrational spectra, we obtained new insight into the geometry
and adsorption type of the species, including several new
adsorbed configurations that were not observed in previous
measurements with unpolarized IR light. Our results explore
more adsorption geometries than previously reported and show
the importance of polarized light studies on oxide surfaces.

On the magnetite (001) surface, we found a new band at
1555 cm™ ' in p-polarized light. Because it is seen only in p-polarized
light and is absent in s-polarized light, we excluded a vibration
parallel to the surface and assigned it to a formate species that
interacts with the TDM perpendicular to the surface. This is our
first and direct experimental evidence of the asymmetric
stretching vibration of (OCO) of a bidentate formate on octa-
hedrally coordinated Fe ions with a Fe-tet underneath on this
surface.

In addition to the chelating and quasi-bidentate formate
geometries on the magnetite (111) surface, we observed a new
IR band at 1730 cm ™" in both unpolarized and s-polarized light
and in good agreement with DFT calculations (1721 cm ™)
originating from a stretching vibration of C—=0. Therefore, we
conclude that formic acid also shows a monodentate geometry
in addition to formate species in chelating and quasi-bidentate
geometries on magnetite (111) surface.

Furthermore, we reported the first C-H stretching bands for the
adsorption of formic acid on magnetite surfaces sensitive to both
s- and p-polarized light, confirming distinct adsorption geometries
of formate on the Fe;0,(001) and Fe;04(111) surfaces.

The experimental polarization-resolved IRRAS data provide
direct evidence that not only the adsorption sites of the
magnetite (111) and (001) are different, but the adsorption
behavior of formic acid on these surfaces also varies. Taken
together, these results highlight that the adsorption behavior of
formic acid is strongly surface-orientation dependent.

Our observations demonstrate that by analyzing the positive
and negative lines of IR bands, we can infer molecular behavior,
adsorption and chemical transformations of molecules at the
surface of adsorbates. We note that the polarization-dependent
effects in IRRAS data on oxide surfaces may have a more complex
nature, as described in recent work.>” Overall, our work provides a
powerful approach for investigating the interface between a molecule
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and an oxide surface, including the adsorption, molecular orienta-
tion, and bonding nature of formic acid in various environments.
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