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ABSTRACT

It is curious how life can seem obvious, and how easily we take it for granted, while billions of complex
biological processes unfold every second within and around us. From plants capturing sunlight and
converting it into chemical energy while releasing oxygen into the atmosphere, to microorganisms in
the soil performing, under ambient conditions, one of the most challenging chemical reactions known
to humankind: the conversion of dinitrogen gas into ammonia, which provides essential building blocks
for life. Many, but not all, of these biological processes are catalyzed by metalloproteins whose reactive
centers consist of an isolated metal atom embedded in tetrapyrrolic macrocycles, such as porphyrins.
The exceptional selectivity and efficiency of these natural systems have inspired biomimetic approaches
to stabilize single metal atoms in well-defined coordination environments for heterogeneous catalysis.
In this context, 2D metalorganic architectures based on metalated porphyrins represent a promising
platform, as they can self-assemble on suitable supports where the intrinsic properties of the metal
center can be tuned through surface trans-effect and lateral coordination. This thesis investigates the
structural, electronic and reactive properties of mono- and bi-metallic porphyrin-based layers and
networks under UHV and NAP conditions, with a focus on the interaction with CO and O..

Two porphyrins featuring the same Fe-based macrocycle but distinct peripheral functionalization
residues were selected as molecular building blocks: FeTPyP deposited on Gr/Ir(111), and hemin
deposited on Au(111). In both systems, cobalt atoms were introduced as a second metal to generate
bimetallic structures.

Structural characterization of both assemblies was performed by STM, complemented, depending on
the system, by NAP-XPS, IR-Vis SFG, NEXAFS spectroscopies and DFT calculations.

FeTPyP molecules self-assemble into a close-packed structure with Fe in +2 oxidation state. Upon Co
post-deposition, the molecular layer undergoes a complete structural reorganization, yielding a
bimetallic network in which Co atoms coordinate to the pyridinic termination, forming a macrocycle-
like arrangement. This restructuring is accompanied by a significant electronic rearrangement: Co is
stabilized in the +1 oxidation state, while the central Fe gets unexpectedly reduced to Fe(l), a highly
reactive species capable of activating O, even under UHV conditions at room temperature.

While Fe in the monometallic system is inert toward CO and O,, Co addition induces an electronic
reorganization that activates Fe, leading both metals to participate in the reactions. CO adsorption was
probed as a function of Co loading, revealing site-dependent cooperativity and changes in adsorption
energies, while O, exposure vyields ligation and activation at both metal centers, highlighting the
potential applicative approaches of such monophasic bifunctional catalysts.

Hemin on Au(111) forms a close-packed structure composed of both Fe-free and Fe-filled (heme) units,
limited by the purity of the biological precursor. The molecules lie flat, with peripheral carboxyl groups
predominantly tilted with respect to the macrocycle plane and, in some cases, overlapping the
macrocycle of neighboring molecules. While CO shows negligible interaction with this system, O, is
stabilized at the Fe centers by the additional coordination offered by the nearby carboxyl groups,
mimicking the distal histidine in oxyhemoglobin and oxymioglobin, effectively reproducing the second
coordination sphere observed in biological environments. To fill the vacant centers, Co was deposited
onto the monolayer. Rather than simply occupying the empty sites, Co induces trans-metalation, also
producing intermediate states in which both Co and Fe are present within the macrocycles. Upon O,
exposure, dioxygen activation takes place, further promoting trans-metalation.

Overall, this work grounds on the concept that even when the reactive centers are identical, variations
in peripheral functional groups profoundly influence lateral coordination and reactivity, highlighting
how subtle structural tuning can be strategically exploited to tailor the properties of bio-inspired
heterogeneous catalysts.
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1 ‘ General Introduction

Catalysts represent one of the most significant discoveries in human history. Nearly 90% of all industrial
chemical processes rely on catalytic reactions, underscoring their essential role in sectors such as energy
conversion, chemical production and oil refining [1,2]. But, what is a catalyst, and why is it so crucial? In
general terms, a catalyst is a substance that facilitates a chemical reaction (A + B — C) by lowering its
activation energy, thereby accelerating the reaction rate without altering its thermodynamics and
without being consumed in the process [3]. Catalytic processes are typically classified as homogeneous
or heterogeneous. In homogeneous catalysis, both catalyst and reactants are in the same phase (gas or
liquid). These systems often exhibit high activity and selectivity, however, their recovery and reuse are
challenging because catalyst and products coexist in the same phase, limiting the applicability in
continuous industrial processes. In heterogeneous catalysis, the active phase is solid while the reactants
are gaseous or liquid. This phase separation facilitates catalyst recovery and generally enhances
robustness and long-term stability, making heterogeneous catalysts the preferred choice for large-scale
industrial applications [1,3].

Among heterogeneous catalytic processes, the Haber-Bosch process is the most impactful. It converts
abundant but chemically inert atmospheric nitrogen (N,), whose N=N triple bond is extremely strong,
together with hydrogen (H,) into ammonia (NH3) under elevated temperature and pressure conditions.
Fritz Haber’s pioneering experiments employed osmium as a catalyst, demonstrating remarkable
activity for ammonia synthesis, however, its high cost and low availability prevented industrial
application [3]. To overcome this limitation, Alwin Mittasch, working at BASF under Carl Bosch, tested
thousands of materials and identified an iron-based catalyst with the activity and stability required for
large-scale ammonia synthesis. This breakthrough resolved the global nitrogen crisis of the 20th
century, revolutionizing agriculture by enabling the mass production of fertilizers needed to sustain a
rapidly growing population [3]. Just as the Haber-Bosch process addressed one of the biggest challenges
of the 20th century, heterogeneous catalysis continues to play a central role in the 21st.

Today, climate change driven by greenhouse gas emissions presents another global crisis. Catalysis is
central to many emerging sustainable technologies such as: CO, conversion into fuels and energy
vectors [4], water splitting for renewable hydrogen production [5], biomass valorization [6], sustainable
ammonia synthesis powered by renewable energy sources [7] and the development of efficient energy-
storage devices [8]. Thus, catalysis remains central not only for industrial productivity but also for
achieving a carbon-neutral future.

Meeting these modern challenges requires catalysts with enhanced performance and precisely defined
active sites. Supported metal catalysts typically consist of nanoparticles with broad size distributions
and irregular morphologies [9]. Each particle exposes multiple active sites with distinct reactivity, often
compromising the overall selectivity toward the desired products. Consequently, metal particle size is
a key parameter governing the catalytic behavior [9]. Reducing particle size can enhance performance
through: (i) low-coordination environments, which expose highly reactive unsaturated metal atoms
[10,11]; (ii) quantum size effects, where electron confinement leads to discrete energy levels and a
tunable HOMO-LUMO (highest occupied-lowest unoccupied molecular orbital) gap [12] and (iii) metal-
support interactions, which influence the catalytic behavior through charge transfer [13]. A well-known
example of these size effects is gold: while bulk gold is chemically inert, reducing it to sub-nanoclusters
transforms it into a highly active catalytic material [10].

However, even nanocluster size still contains several atoms and therefore a variety of active sites. A
straightforward strategy, to ensure that every metal atom participates in catalysis is to further reduce
them to isolated metal centers, giving rise to single-atom catalysts (SACs) [9].

Nevertheless, decreasing the size of the metal structures increases the surface free energy (which
reaches its maximum for isolated atoms). These highly unsaturated species tend to aggregate when
deposited on supports, leading to the loss of their unique properties. A workaround to stabilize single



metal atoms on surfaces is therefore essential [9]. One promising strategy draws inspiration from
nature, where metalloproteins stabilize isolated metal centers within well-defined organic matrices. To
mimic these active sites, metal atoms and simple organic ligands can be co-deposited onto suitable
substrates, where they self-assemble into two-dimensional (2D) metalorganic networks (MONs). These
structures can be considered the 2D analogues of metalorganic frameworks (MOFs), which are highly
porous three-dimensional (3D) architectures composed of metal nodes coordinated by organic linkers
arranged in highly ordered structures [14]. The remarkable versatility and broad application potential
of MOFs, including gas storage, separations and catalysis, were recognized this year with the awarding
of the Nobel Prize in Chemistry to Kitagawa, Robson and Yaghi.

The formation of MONSs on surfaces enables direct investigation using surface-science techniques under
controlled ultra high vacuum (UHV) conditions, which are essential to elucidate the intrinsic properties
of the metal centers, the influence of the supporting surface and ligand interactions [15]. However,
catalytic processes can be sluggish under UHV conditions due to the missing contribution of the gas or
liquid phase chemical potential. To bridge this gap, the development of in situ and operando techniques
allows to extend these studies to near-ambient pressure (NAP) [16], crucial to explore these systems
under realistic conditions.

In this work, to emulate the active sites of metalloproteins, we focus on porphyrins, which constitute
the reactive cores of several biological catalysts, investigating their properties in UHV and NAP
conditions. When deposited on suitable substrates, these molecules can self-assemble into ordered
structures providing multiple ways to tune the electronic properties of the coordinated metal center,
as will be described in the next chapter.






2 ‘ Scientific Background and Research Aim

This chapter provides the fundamental concepts for the results presented in this PhD work. An
introduction to the motivation for studying tetrapyrroles, and specifically porphyrins on surfaces, is
presented. Emphasis is placed on tetra-pyridyl porphyrin (TPyP), highlighting its potential for the
development of bifunctional catalysts. Two selected examples of recently investigated bimetallic
structures are discussed to illustrate how the deposition of a second metal can modify the structural
and electronic properties of the pristine monometallic layer. Finally, the aim of the thesis is outlined.

2.1 From Nature to Supported 2D Materials

Metalloproteins represent nearly half of all proteins in nature, and their metal-binding sites catalyze
essential biological processes such as photosynthesis, respiration, water oxidation, oxygen reduction
and nitrogen fixation [17].
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Figure 2.1 Chemical structures of several natural tetrapyrroles. Image taken from [18].

The protein environment surrounding the active site is typically divided into a first coordination sphere,
composed of ligands directly bonded to the metal ion (interactions largely dominated by covalent
bonding), and a second coordination sphere, which includes nearby residues that do not form direct
metal-ligand bonds but interact through non-covalent interactions such as hydrogen bonding,
electrostatic interactions, hydrophobic effects and Van der Waals forces [19]. Both spheres play a crucial
role in the catalytic processes: the first sphere tunes the electronic structure and chemical reactivity of
the metal center, whereas the second sphere influences the kinetics and thermodynamics of enzymatic
catalysis [20,21]. A classic example of this interplay is provided by hemoglobin and myoglobin. Although
they both rely on the same heme cofactor, differences in their surrounding protein environments allow



them to carry out distinct biological functions: oxygen transport in blood by hemoglobin and oxygen
storage in muscle by myoglobin [18].

Tetrapyrroles represent one of the most widely employed macrocyclic architectures in metalloproteins,
asillustrated in Figure 2.1. Structurally, tetrapyrrolic macrocycles consist of four pyrrole rings connected
by methine (-CH=) bridges, except for the corrin ring in cobalamin, which lacks one methine bridge. The
macrocycle can accommodate a central metal atom, typically a transition metal such as Fe, Co, Mn or
Ni and its planar geometry allows for axial ligand coordination above and below the ring. Binding of one
axial ligand can be influenced by the presence of a second ligand in the trans position, as both compete
for charge transfer with the metal center [15]. This phenomenon, known as the molecular trans-effect,
provides fine control of the electronic and chemical properties of the metal site and enables structural
and electronic information to be transmitted through the protein scaffold. A well-studied example is
hemoglobin: upon O, binding, the Fe atom shifts from a slightly out-of-plane position into the
macrocycle plane, transmitting this displacement to the proximal histidine ligand coordinated to the Fe
center. This local structural rearrangement at the Fe center in one subunit is propagated to the
remaining three subunits, giving rise to hemoglobin’s nonlinear, cooperative oxygen-binding behavior.
In contrast, in cytochrome P450, the same Fe macrocycle is coordinated by the anionic thiolate head
of cysteine, which plays the role of the proximal histidine in hemoglobin and myoglobin, enabling O,
activation [16].

The remarkable catalytic efficiency of metalloproteins has inspired surface scientists to reproduce key
structural and functional features of biological active sites. One approach involves deposition of metal
atoms coordinated by organic ligands onto suitable substrates to mimic the coordination geometry and
electronic environment of natural systems [22]. Among these ligands, tetrapyrroles and in particular
porphyrins, have proven exceptionally well suited due to their structural rigidity, tunable coordination
chemistry and ability to form ordered assemblies on surfaces [15,16].

2.2 Porphyrins at Surfaces

Porphyrins belong to the broader family of tetrapyrroles, often referred to as the “pigments of life” due
to their essential roles in biological systems, where they often act as the prosthetic groups of proteins.
Hemoproteins, for example, contain a heme cofactor in which an Fe atom is coordinated within a
porphyrinic macrocycle, while chlorophyll incorporates a Mg-porphyrin complex responsible for light
harvesting in photosynthesis. The study of porphyrins dates back to the earliest investigations of natural
pigments, which sought to explain the origin of the characteristic colours of leaves and blood [22].
Porphyrins share the same macrocyclic structure as porphin, which can host and stabilize a single metal
atom, with the possibility of coordinating functional substituents at the meso-positions (Cn), as
illustrated in Figure 2.2 a).

a)

Figure 2.2 Structure of: a) meso-substituted porphyrin and b) four pyridinic groups at the meso positions
forming tetra-pyridyl porphyrin. Image adapted from [15,23].



In a surface-science context, porphyrins exhibit particularly favourable properties: their planar
geometry promotes 2D adsorption on well-defined substrates, where they arrange into ordered or
disordered layers. The formation of ordered heretostructures requires sufficient surface mobility which
is promoted on weakly interacting substrates, where intermolecular interactions dominate, and
hindered on strongly interacting supports [15]. Upon adsorption, one of the two axial coordination sites
of the macrocycle is in direct contact with the surface. The substrate can therefore act as a proximal
ligand, mimicking the trans-effect observed in natural molecular coordination. This axial interaction,
called surface trans-effect, influences both the spin and oxidation state of the metal center [24] and the
geometric configuration of the macrocycle, thereby affecting the molecule’s reactivity and its ability to
bind additional ligands. A representative example is provided by cobalt-tetraphenyl-porphyrin (CoTPP)
on Cu(111): CO adsorption leads to mono and di-carbonylation, which compete with the Co-Cu
interaction and induce a pronounced distortion of the organic backbone [25]. In contrast, O; ligation to
CoTPyP supported on Au(111) results in charge injection from the substrate into the ligand, weakening
the O-O bond [26].

Porphyrins are commonly synthesized in solution through complex chemical routes that often allow
direct metal incorporation [27]. However, when metalation in solution is not achievable or when
heretometallic structures are desired to be investigated, on-surface functionalization provides a
versatile strategy to insert a metal atom into a free-base macrocycle (self-metalation) or to replace an
existing metal center with a different metal species (trans-metalation). Self-metalation has been widely
investigated in surface science and its mechanism is well established. Metal insertion can occur through
incorporation of metal adatoms available on the metallic substrate or through metal atoms supplied by
co-evaporation [28]. Depending on substrate reactivity, upon deposition of the molecules on a surface,
self-metalation may occur at room temperature or it may require thermal activation. In all cases, the
reaction involves deprotonation of the two pyrrolic H atoms, followed by coordination of the incoming
metal ion at the macrocycle center [28,29]. Recently, it has been demonstrated that self-metalation of
2HTPP on Pd(100) can be promoted even at room temperature (RT) under NAP conditions, where gas-
phase O, drives metal insertion via an Eley-Rideal mechanism [30].

In contrast, the metal exchange is rare and poorly explored in surface-supported porphyrins. Trans-
metalation proceeds via a redox mechanism in which the original metal center is ejected from the
macrocycle, reduced, and replaced by a second metal atom originating either from the substrate
adatoms or from deposited atoms, which become the oxidized species. Among the few reported cases,
two studies describe the replacement of Ni- and Co-porphyrins grown on Cu(111) by Cu adatoms,
promoted by the high substrate reactivity under UHV conditions [31,32]. Hotger et al. demonstrated
that deposition of Co atoms induces trans-metalation of Fe- and Cu- porphyrins supported on Au(111).
Conversely, deposition of Fe atoms onto a monolayer of CoTPyP does not lead to metal exchange [33].
Although the identity of the incoming and outgoing metal species can be controlled, achieving high and
tunable reaction yields remains challenging, highlighting the need for a detailed understanding of the
factors governing trans-metalation on surfaces.

2.3 Bimetallic Organic Network

Focusing on TPyPs, molecules extensively investigated in this work, each macrocycle is functionalized
with four peripheral pyridinic terminations, as shown in Figure 2.2 b). When deposited on weakly
interacting substrates, these molecules typically exhibit attractive lateral interactions, self-assembling
into large ordered islands [34,35]. As recently investigated in our group in the case of CoTPyP grown on
graphene (Gr) on Ir(111), molecules form a close-packed arrangement driven by the optimization of
intermolecular interactions between the nitrogen atoms in the pyridinic groups and peripheral
hydrogen atoms of neighboring macrocycles, as confirmed by DFT calculations [36]. The advantage of
these molecular tectons lies in the possibility of creating bimetallic structures, allowing further tuning
of the metal center through lateral coordination.



Specifically, the pyridinic groups can coordinate a second metal atom (M) when it is deposited onto
the monometallic M1TPyP layer, yielding a bimetallic M;TPyP-M, structure, as illustrated in Figure 2.3
a), with the additional metal bound at the pyridinic terminations [34-37]. This process effectively
generates a macrocycle-like coordination environment at the periphery of the molecule, enabling the
design of bifunctional systems in which the central metal (M1) and the peripheral metal (M;) can
perform complementary catalytic roles. Such heterometallic architectures are particularly relevant for
the development of next-generation energy-storage technologies.
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Figure 2.3 a) Representation of a bimetallic 2D network based on TPyP self-assembled on Au(111). b)
Cyclic voltammetry at 0.05 Vs in NaOH 0.1 M Ar saturated solution for all combinations of the
molecular catalysts. The bimetallic compounds exhibit enhanced catalytic performance. Images adapted
from [38].

The intermittent nature of renewable sources, such as wind and sun, necessitates the development of
efficient, low-cost energy-storage solutions. In this context, metal-air rechargeable batteries are
especially promising, as they can be based on earth-abundant materials like Zn, offering a safer, more
environmentally friendly and potentially lower-cost alternative to conventional Li-based technologies
[8,39,40]. The charge and discharge processes in metal-air batteries are governed by the oxygen
evolution (OER) and oxygen reduction (ORR) reactions, respectively [41], described by the equilibrium
equation:

2H,0 2 0, + 4H* + 4e™, (2.1)

where the forward reaction corresponds to OER and the reverse to ORR. A major challenge in this
framework is defined by the theoretical prediction that the best materials for OER and ORR cannot



coincide [42]. A promising strategy to overcome this limitation involves the design of monophasic
bifunctional materials, in which non-equivalent reactive centers are embedded in 2D organic crystals
grown on functional templates. In this context, Wurster et al. investigated ORR and OER reactions using
all combinations of M1 TPyP-M; grown on Au(111) (My,=Fe, Co) where M is co-deposited in UHV and
coordinates to the pyridinic nitrogen atoms of four adjacent molecules, as shown in Figure 2.3 a).
Electrochemical measurements reveal non-linear enhancement of catalytic activity: the bimetallic
systems exhibit conversion rates approximately two orders of magnitude higher than the monometallic
counterparts, with FeTPyP-Co displaying the highest activity, Figure 2.3 b), corresponding to an 86-fold
increase in O, production compared to the monometallic system [38]. These results indicate that the
observed cooperative effect arises not from the growth in the number of the active sites but from
synergistic modifications of the electronic structure induced by the introduction of the second metal,
enabling exploitation of chemically inequivalent reactive centers within the layer.

In our laboratory, we have recently investigated the electronic effects induced by deposition of a second
metal onto CoTPyP and MnTPyP monolayers grown on Gr/Ir(111) [35,37]. Both systems undergo similar
structural reorganisation upon Co coordination. Focusing on the CoTPyP, the initial monolayer forms a
close-packed arrangement, which is subsequently reordered after Co deposition [36]. STM images of
the bimetallic CoTPyP-Co layer at partial Co coverage and at saturation (CoTPyP:Co 1:1) are shown in
panels a) and b) of Figure 2.4.
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Figure 2.4 a) and b) STM images of CoTPyP-Co molecular layer at partial and full peripheral Co coverage
(CoTPyP:Co 1:1), respectively. H-model shapes are superimposed in panel a) to highlight the molecular
orientation. Applied bias and tunneling current: V=25V, | =60 pA and V =2.2 V, I= 50 pA, respectively,
scale bar: 5 nm. c) Co 2ps/; XPS spectra of the CoTPyP-Co monolayer: experimental data (grey dots), best
fit (blue solid line) and individual spectral components (red profiles). The blue-filled component
corresponds to the contribution of the uncoordinated CoTPyP monolayer. d) Normalized IR-Vis SFG
spectra of the internal C—O stretching region, collected in situ in 5 x 10~ mbar CO at room temperature
(corresponding to saturation of the Co sites) for the CoTPyP and CoTPyPCo monolayers. Images adapted
from [35,36].



In Figure 2.4 a), the layer displays a mixture of uncoordinated molecules and molecules sharing a
pyridinic termination, with the different molecular orientations highlighted by the superimposed H-
model shape, giving rise to square motifs. DFT calculations indicate that each square represents the
pyridinic terminations of four different molecules, with a Co atom tetra-coordinated at the center.

At Co saturation, the layer undergoes further reorganization, as shown in Figure 2.4 b), in which each
molecule shares a Co atom. Upon Co coordination, the structural evolution is also accompanied by
distinct electronic modifications, as revealed by Co 2ps/, core level spectrum shown in Figure 2.4 ¢). The
blue-filled profile corresponds to the monometallic contribution, whereas the Voigt components
outlined in red describe the contributions of the bimetallic layer. Upon the formation of the CoTPyP-Co
layer, the contribution from the central Co atom shifts to higher binding energy, indicating a change in
the oxidation state from +2 to +3. Simultaneously, a new low-binding-energy component emerges
attributed to peripheral Co atoms stabilized in the +1 oxidation state, as supported by density functional
theory (DFT) simulations. The implications of this electronic reorganization were probed by exposing
both systems to carbon monoxide (CO) up to 5 x 107 mbar. While Co in the monometallic system
(CoTPyP) is inert toward CO, the bimetallic layer exhibits two vibrational features corresponding to CO
adsorbed on peripheral Co atoms: the fundamental 0->1 transition (red) and the hot-band 1->2
transition (green), as evidenced in Figure 2.4 d). DFT calculations attribute this behavior to the fully
occupied 3dx., Orbitals of peripheral Co, capable of m* bonding with the LUMO of the CO, whereas no
contribution arises from Co located in the macrocycle because the Co-N bond length leads to
hybridization of the same 3d. ., orbitals with the surrounding N 2p,, thereby hindering CO ligation [35].
Notably, the introduction of the second metal atom also modifies the oxidation state of the center
metal. This electronic interaction driven by the organic backbone has been observed for the MnTPyP-
Co system as well: the peripheral Co atoms are stabilized in the +1 oxidation state while the central Mn
atom undergoes an oxidation from +2 to +3. Consistently, N 1s core level displays pronounced shifts of
both the pyridinic and iminic components (+1.7 eV and +0.9 eV, respectively). Upon O, exposure, Mn
remains inert with Co atoms the only active species in the network. Below 10® mbar, O, binds reversibly
to Co in a lying-down configuration, identified as the most stable adsorption geometry. This interaction
proceeds through a charge transfer mechanism involving the pyridinic moieties and Co atoms,
promoting the formation of a metastable superoxo species that can undergo dissociation. Consistently,
as the oxygen pressure increases toward the near-ambient pressure regime, O, dissociation occurs at
room temperature, leading to the accumulation of atomic oxygen at the Co sites with the corresponding
oxidation states changed from +1 to +2 [23].

Overall, these results demonstrate that modifications introduced at the peripheral pyridinic
terminations are transmitted through the organic backbone, altering the structural and electronic
configuration of the pristine layer as well as the oxidation state of the metal centers. These long-range
interactions within the bimetallic network give rise to properties that differ fundamentally from those
of the corresponding monometallic layer.

2.4 Aim of the Thesis

The aim of this PhD work is to investigate two different porphyrins that share the same Fe-containing
macrocycle but functionalized with distinct peripheral groups. Iron was chosen because Fe-containing
porphyrins constitute biologically relevant O,-binding and O,-activation centers, providing an ideal
platform to study fundamental reactivity. Cobalt was selected as the second metal because its
coordination at the pyridinic terminations can induce strong structural and electronic modifications,
enabling the formation of cooperative bimetallic architectures with enhanced catalytic activity.
Specifically, this work aims to elucidate how chemical modifications at the peripheral terminations,
together with the effects induced by the deposition of a second metal atom, influence lateral
coordinations, as well as the electronic and reactive properties of the resulting metalorganic layers
formed on suitable substrates. Panels a) and b) of Figure 2.5 show the two molecular tectons studied:
iron tetra-pyridyl-porphyrin (FeTPyP) and ferriprotoporphyrin IX (heme). Both species were deposited



on weakly interacting substrates to probe their intrinsic molecular properties and intermolecular
interactions with minimal perturbation from the support.

b)

0 OH 10 OH

Figure 2.5 Molecules investigated in this PhD work: a) FeTPyP and b) heme.

The first part of the thesis focuses on FeTPyP monolayers grown on Gr/Ir(111). The goal was to
characterize the monometallic layer and the modifications induced by cobalt coordination at the
pyridinic terminations. To this aim, the structural, electronic and vibrational properties of both systems
were examined under UHV conditions as well as under CO and O, exposures up to NAP. This approach
allows us to determine how the introduction of a second metal atom modifies the local coordination
environment, oxidation states and electronic structure of the pristine layer, and how these changes
affect the reactivity toward CO and O..

CO is widely employed in surface science as a test molecule for identifying reactive metal sites and, in
biochemistry, for probing ligand-binding properties and cooperative effects among distinct reactive
centers. The interaction with O, instead, is a key step for evaluating the potential relevance of these
materials in the development of electrodes for emerging metal-air batteries.

To address these aspects, complementary experimental techniques such as scanning tunneling
microscopy (STM), infrared-visible sum frequency generation (IR-Vis SFG) and NAP-x-ray photoelectron
spectroscopy (XPS) were combined with DFT calculations, providing a comprehensive picture of the
properties of the system in UHV (Chapter 4) and under reactive conditions (Chapter 5), both before and
after Co deposition. In the results chapter, the characterization under O, exposure is presented before
CO adsorption. This order facilitates a clearer interpretation of the core-level spectra in both cases, even
though, experimentally, CO adsorption was investigated prior to O, exposure.

The second part of the thesis focuses on heme monolayers grown on Au(111). To prepare these
monolayers, hemin, the commercially available form of heme, was deposited on Au(111). Hemin is the
active prosthetic group found in hemoglobin and other heme proteins, in which a chloride ligand
stabilizes the Fe centers under ambient conditions. It shares the same porphyrinic macrocycle as FeTPyP
but differs in its peripheral substituents, which include carboxylic groups and other substituents rather
than pyridinic terminations. The properties of the resulting monolayer were investigated both in UHV
(Chapter 6) and under reactive conditions toward CO and O, (Chapter 7), with the aim of understanding
how the different lateral interactions, and therefore the resulting structural organization, influence the
reactivity of the system. Finally, as will be shown, due to the limited purity of the biological starting
material from which hemin is obtained, Fe-free molecules were detected in the monometallic layer. This
observation motivated the attempt to fill these empty sites by depositing Co atoms, thereby creating a
bimetallic structure (Chapter 8). The resulting Co-modified heme layer was characterized in UHV and
under O exposure to explore its potential for catalytic processes and energy-storage applications. These
studies were carried out using STM, near-edge x-ray absorption fine structure (NEXAFS) and NAP-XPS
which provided detailed insights into the structural and electronic properties of the systems.
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3 ‘ Experimental Methods

In this thesis, complementary techniques are employed to characterize biomimetic iron-based 2D
materials under UHV conditions and to investigate their reactivity under NAP conditions. The principal
experimental methods used are IR-Vis SFG, NAP-XPS, and STM, while additional insight is provided by
NEXAFS spectroscopy, which is briefly described in this chapter. Although many relevant computational
results are reported herein, the underlying methods are not described, as they were developed within
the framework of an external collaboration and are therefore not a direct subject of this thesis.

3.1 IR-Vis Sum Frequency Generation Spectroscopy

IR-Vis SFG is a photon-in photon-out surface sensitive technique which provides both vibrational and
electronic information about interfaces. As a second-order optical process, it generates a signal only
from non-centrosymmetric materials, making it intrinsically sensitive to interfaces [43].

The combination of surface-sensitivity with the long mean free path of IR and Vis photons in the gas
phase, makes this technique suitable to study solid-vacuum, solid-liquid, solid-gas and liquid-gas
interfaces under both UHV and AP conditions [44,45]. Due to the low cross-section of second-order
optical processes, two pulsed laser beams are required to generate a detectable SFG signal: one in the
visible range and one in the infrared range, respectively [46]. To produce SFG radiation, these beams
must be overlapped both temporally and spatially at the surface. The infrared beam can excite
vibrational transitions when its frequency matches a vibrational resonance of the system, while the
visible beam induces an electronic transition to an excited virtual state (when non-resonant to an
electronic transition). When the system relaxes it emits a photon which has the energy equal to the
sum of the energy of the IR and Vis beams:

Wspe = Wig + Wyys 3.1)

A schematic of this process is shown in Figure 3.1. In our setup, a narrowband visible beam at a fixed
wavelength, 532 nm, is coupled with a tuneable IR beam 2300 - 10000 nm. SFG intensity is then
measured as a function of the IR energy using a one-dimensional scanning acquisition mode, allowing
identification of molecules and gas adsorbates through their specific vibrational energies.
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Figure 3.1 Left) SFG signal generated from two laser beams, IR and visible, impinging on a surface. Right)
Schematic representation of SFG transitions.
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3.1.1 Theoretical Description

Under the electric dipole approximation, the response of atoms, molecules, nanoparticles, and solid-
state materials to a weak electromagnetic field is primarily characterized by their electric dipole
moments [43].

When an oscillating electric field E(t) interacts with matter, it induces a change in the material’s dipole
moment per unit volume, known as the polarization P(t). P depends on the strength of the incident
optical electric field. In the regime of linear optics, where the electric field is sufficiently weak,
polarization as a function of time is typically expressed by the following equation:

P(t) = eoxWE(D), (3.2)

where g is the vacuum dielectric constant and y™ is the first order susceptibility of the material [47].
In the presence of strong electric fields (E~10° V//m), light can excite the system into an anharmonic
regime and therefore the relation above is no longer valid. It is necessary to expand the polarization as
a power series in E(t):

P(t) = eoxWE®) +xP E2 () + x® E® (£) + ]
= P1(t) + P2(t) + P3(t) + ---, (3.3)

where the coefficients correspond to higher order susceptibilities [47,48]. It is possible to generalize
this description considering the vectorial nature of E(t) and P(t) using tensorial notation for the
susceptibilities: )((1) becomes a second order tensor and )((Z)a third order tensor.

If the external impinging electric field is given by the sum of two different components, oscillating at
different frequencies, it can be written in the form:

E(r,t) = Eq{(wy)e {@1t401) 4 F, (@,)e t@2t402) 4 ¢ ¢ (3.4)

where E,, (w,) = %Ene”‘n'r and E,, is the product of the amplitude and the polarization vector [47].
Using the relation E,,(—w,) = E,,"(w,) a more compact form of (3.4) can be written:

E(rt) = 2 E,(wy) e i@nt=0n) n=_2_11,2 (3.5)
n

where the sum extends over positive and negative frequencies, with w_,, = —w,,, considering the
complex conjugate [47]. It is now possible to write a cartesian component of the second order
polarization as:

Pl-(z)(r, t) =& 2 2 Xijk @) ((‘)n + W5 Wn, wm)Ej (wn)Ek (wm)e—i[(wn+wm)t—((pn+(pm)] ’ (36)

jk nm

where it is easy to see that the resulting components of the second order polarization oscillate at
different frequencies w,, + w,, with respect to the oscillation frequencies of the field components. The
sum over n and m produces different components: second harmonic generation (SHG) at 2w, and 2w,
difference frequency generation (DFG) at w; — w5, sum frequency generation (SFG) at w; + w,, and
optical rectification (OR) that is a non-oscillating term [47].
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We can now focus on the SFG component, with wz = w4 +w,, that becomes:

PSFG (1, ) = 502[}(1’jk(2)(w3; w1, W) Ej(w1) Ex (w3)
Jk

+ Xijk P (w35 Wy, w1)Ej(w2)Ey(w1)] e H@3t=93) 4 ¢ ¢, 3.7)

using the relation Xijk(z)(_a)3; — Wy, —wy) = Xijk(z)(ﬂ)3; wy, wy)* [47].

Assuming that the nonlinear susceptibility has intrinsic permutation symmetry, )(ijk(z)(a)3; Wy, Wy) =
)(l-kj(z)(a)3; w1, w3) indexes j and k can be interchanged, thus SFG polarization can be expressed by
[47]:

PFC (1, 6) = 2¢ EXijk(z)(C%Z w1, w2)Ej(w1) Ex (w,) e Hwst=¢3) 4 ¢ ¢
ik
1 .
= Eso Exijk(z)(w3; w1, W) Eq jEy g ellksT-w3t=03) 4 ¢ ¢ (3.8)
jk

and neglecting the spatial and temporal dependence a more compact form is obtained:
PS¢ = ¢ ZXijk(z)ELjEz,k (3.9
Jjk

Equation 3.9 is useful to derive a fundamental property of the SFG signal that is the surface specificity,
since )((2) vanishes for centrosymmetric materials.

When parity symmetry is applied to the polarization and electric field vectors, they change sign
(because they are polar vectors), while )(ijk(z) does not change sign because a centrosymmetric
material is identical under inversion, thus x;x® = x_;—;_x? [47].

It is then possible to write:

—P;%F¢ = g ZXijk(z)ELjEz,k =P (3.10)
7K

which only holds when y; 5 ? is zero [47,48].

This property is largely exploited in SFG spectroscopy experiments: since gas phases and most bulk
materials are centrosymmetric, they are not SFG active and they don’t contribute to the SFG signal.
Therefore, SFG spectroscopy is the perfect technique to obtain vibronic information about surfaces and
interfaces that are intrinsically non-centrosymmetric media.

SFG in Reflection Geometry

In our case, the impinging electric fields consist of a visible beam and a tuneable infrared beam. The
visible beam is green (532 nm) and couples with the HOMO-LUMO gap of molecules; this choice is
functional because detection is more efficient in the visible range and at this frequency radiation is not
ionizing, thus avoiding beam damage of organic materials [48].

In the description of reflection at a surface, it is useful to decompose an incident field E; into
components polarized parallel (p) and perpendicular (s) to the incidence plane as follows:

E;x =—E,cosf
E;, = E; (3.11)
E;, = Epsiné,

14



where 8 and coordinate convention refers to Figure 3.2. The total electric field at the surface is given
by the sum of the incident and reflected beams [48].

4 0,0
xo—(lv n

) ny
I

p polarization s polarization

Figure 3.2: Reflection at an interface for p and s polarized radiation. Image adapted from [48].

If we define the Fresnel amplitude coefficients for reflection (73, 7;) as in [48], the components of the
total electric field at the surface can be written as:

Ex=—(1-1,)E,cos0 = K,E,
E, = (1+7)E; = K, E; (3.12)
E, = (1+41)E,sind = K,E,

The SFG-induced polarization in Equation 3.9 can now be expressed in terms of the amplitude of the
incident fields E; ; = Ejg and E;, = Ey,s exploiting Equation 3.12:

PiSFG =& 2 Xijk(Z)KIR,jEIRKws,kEVIS (3.13)
jk

The non-linear polarization generates a surface-bound SFG electric field. The emission angle of the SFG
signal is determined by the phase-matching condition that expresses the momentum conservation
parallel to the interface:

NspgUsrg SN Ospg = Nyp0ig SINO1g + Ny 5Oy s SIN Oy s, (3.14)

where n is the refractive index of the propagation medium, k the wavevector and 6 the angle between
the beam and the normal to the surface [48], as depicted in Figure 3.3.

Figure 3.3: Generation of an SFG signal on a surface from IR and visible laser beams in reflection
geometry Image taken from [23].
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In our case, all beams propagate in the same medium, thus refractive indexes can be neglected. The
generated SFG is related to the second order polarization by the non-linear SFG Fresnel factors L
defined by Lambert et al. [48]:

Ei,SFG = LiPi(SFG) (3-15)

The intensity of the SFG signal is proportional to the square modulus of the electric field, therefore the
following relations hold:

2

Ispg % 2 Eisre
i
X 2 LiPi(SFG)
i

X 1&g 2 L; Xijk(Z)KIR,jEIRKVIS,kEVIS
jk

2
(3.16)

2

According to the axis convention of Figure 3.2 we note that p polarization can have x and z components,
while s polarization only has y components.

The incident beam’s polarizations determine the susceptibility tensor’s components that can be
probed; thus, it is important to have the control over polarizations in SFG experiments. The standard
SFG notation for polarization uses three indexes i, j, k where each index can be p or s and they refer to
each beam polarization in order of decreasing energy: i-SFG, j-Vis and k-IR [43,45,48].

Microscopic Approach

In the previous paragraph the relation between SFG intensity and X(Z) was established, Equation 3.16,
where among the various terms only the second order non-linear susceptibility changes significantly
with infrared wavenumber. It is therefore solely responsible for the vibrational information obtained
from a sum frequency spectrum [48].

In a microscopic approach, radiative electric field induces a dipole moment u:

U= o+ aE + BE? + yE? (3.17)

where p is the static dipole of the material, a its polarizability and S8, y are the first and second order
hyperpolarizabilities respectively, non-linear effects of the molecules adsorbed on the surface [49]. The
tensor f is a third-rank tensor, the same dimension of )((2), describing the non-linear response of
molecules on the surface to incident electric fields: different components refer to different vibrational
modes. We can use a molecular bound coordinate system identified with indexes (a, b, ¢) instead of
the surface one (i,j,k), an example is reported in Figure 3.4 where a molecule adsorbed on the
surface is tilted of a 8 angle. The molecular coordinate system is simply related to the surface one by
three rotational matrixes R(Y)R(0)R(¢p) that refer to the Euler angles (1, 8, ).

The hyperpolarizability tensor becomes R(Y)R(0)R(¢)[ and its macroscopic averaging can be written
as:

N
Xp® =) (RGIRORGae) (3.18)

where N is density of adsorbed molecules and the matrix element represents an orientational
averaging [48].
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Figure 3.4: A molecule adsorbed on a surface, tilted at an angle 6. The two coordinate systems are
related by a rotation matrix R(6). Image taken from [48].

A quantum mechanical expression for S, can be derived using perturbation theory [50]. In the case
of visible radiation wy;s far from electronic resonances and infrared radiation w;g close to a vibrational
resonance wy, the following simplified version can be used:

1 Mgy T,

—_—— 3.19
Zh (UO - (l)IR - lF ( )

ﬁabc =

where ' is the relaxation time of the vibrational excited state, M, and T, are the Raman and infrared
transition moments respectively, as defined by Lambert et al. [49]. Equation 3.19 has the shape of a
Lorentzian resonance and when inserted in Equation 3.18 it reveals the increase of the SFG signal
intensity close to a vibrational resonance.

In addition to the requirement of non-centrosymmetry, another SFG selection rule can be derived from
Equation 3.19: a resonance must be both Raman and Infrared active to be observed through an SFG
transition [43]. The surface under investigation needs to have a net dipole (the component normal to
the surface) in order to generate an SFG signal: an SFG-active medium should have a net dipole both
locally and at a macroscopic level, at least in the range of a wavelength, and the external electric field
should modify both the dipole and polarizability to satisfy the IR and Raman selection rules, respectively
[48,51]. This requirement is not limiting, as the interaction with a surface usually results in a broken
molecular symmetry, making even centrosymmetric molecules (that can’t have both IR and Raman
active modes according to the mutual exclusion rule) detectable with SFG [48,51].

3.1.2 Lineshape Modeling

The description that led us to Equation 3.19 is based on a simplified representation of real systems: a
generic system composed of molecules adsorbed on a surface produces an SFG signal that is the
combination of both the molecular and substrate contributions. The molecular contribution to the
susceptibility tensor )(RES(Z) varies significantly as the infrared radiation is tuned through the
vibrational resonances. The substrate contribution doesn’t change, in a first approximation, with the
infrared tuning and, together with the constant part of the molecular susceptibility, it contributes to
the non-resonant )(NR(Z) susceptibility, usually approximated with a constant value. The total
susceptibility can be therefore modelled with two separated contributions accounting for the molecular
and bulk susceptibilities [43]:

1@ = yvx@ + yres®@ (3.20)

When the substrate is metallic )(NR(Z) can contribute significantly (as in the case of gold), due to a
strong electronic response in the visible range, that can be mainly caused by surface plasmon
resonances [48] and interband or intraband transitions [45,52].
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The creation of excitons in semiconductor materials can also give rise to an intense non-resonant signal
[52]. To a practical extent, it is common to replace the susceptibility tensor introducing an effective
scalar susceptibility in the form [46]:

X(Z)(w )=A el®NR +2 Lﬂpn
IR NR nWgr — Wy + i,

. A,etien
= e'PNR (A Z I — 3.21
€ [ NR + TLO‘)IR - (l)n + lrn] ( )

where the sum runs over the various resonances of the system. The parameters are real-valued
amplitudes 4,,, phases ¢,, resonance frequencies w, and resonance broadenings I}, related to the
respective decoherence times. The non-resonant phase has been factorized introducing the phase
differences A, that represent the relative phase-shift of the n" resonance to the non-resonant
background [46].

This interference term whether constructive, destructive, or intermediate can significantly affect the
SFG peaks, as explained in [43]. The amplitude terms A,, are proportional to the density of molecules
N and to the Raman and IR transition moments, respectively M,, and T,:

A, < NM,T, 80, , (3.22)

and to the population difference between the ground and excited state §o,, [53].
Finally, combining Equation 3.21 and 3.16, it is possible to obtain the following expression:

AneiA‘Pn 2
Y,
NR nWir — wy + i,

where the SFG intensities is proportional to the incoming infrared and visible beam intensities and
depends on the infrared frequency w;p.

The frequency dependence of I;z(w;g) has been explicated to emphasize that, while visible radiation
intensity is constant (except for laser instabilities), the infrared beam intensity strongly depends on the
generated IR frequency due to the generation process itself and the increased absorption at specific
frequencies. As a final remark, which will be useful in this work, we recall that in the case of surfaces or
2D materials in general the SFG signal is proportional to the square of the surface coverage/density.

Lspg(wig) Iyishigp (wpg), (3.23)

3.1.3 Experimental Setup and Data Analysis

To obtain a reliable surface characterization, it is important to prepare the samples in a controlled
environment to prevent contamination both during growth and the measurements. For this reason,
the SFG setup is coupled to a UHV chamber (the preparation chamber) where samples are loaded and
prepared. The presence of a low energy electron diffraction (LEED) setup is helpful to obtain
information about the surface structure and crystallinity of the sample, while Auger electron
spectroscopy (AES) provides chemical information about the surface composition.

The experimental chamber consists of a cylindrical diamagnetic stainless steel UHV vessel with 30 cm
diameter, a pumping section and a high-pressure cell (HP cell) designed for the SFG experiments. The
three sections are made independent through gate valves. The pumping section is located below the
preparation chamber and hosts a cryogenic pump coupled with a titanium sublimation pump (TSP) and
an ion pump. The preparation chamber is also pumped by a turbo molecular pump. When the gate
valve between the preparation chamber and the pumping section is opened, a background pressure of
7 x 10 mbar can be achieved.
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The presence of a fast entry lock loading system allows the sample loading into the UHV system without
breaking the vacuum. It is independently pumped by a turbomolecular pump coupled with a backing
pump for the pre-pumping, which grants a background pressure lower than 10® mbar.

A magnetic transfer arm is employed to load (or unload) the sample-holder from the fast entry lock to
the two manipulators, one located in the preparation chamber and the one present in the HP cell. The
sample-holder allows resistive sample heating up to 1300 K in UHV and 700 K at 1 bar. The sample is
supported by a twisted tantalum wire cage (0.2 mm diameter) fitting in a groove on the sample’s side.
Such configuration minimizes the mechanical stress due to the wire thermal expansion and contraction,
thus reducing sample misalignment and mechanical stress during heating and cooling.

The sample’s temperature is measured via a K-type chromel-alumel thermocouple spot-welded at the
back of the sample. The HP cell is located behind the preparation chamber and coupled with the SFG
box. It consists of a steel cylinder (6 cm diameter) and two barium fluoride (BaF;) windows that allow
the transmission of the visible, IR and SFG radiation with nearly 100% efficiency. They can sustain a
negative pressure difference up to 1 bar. IR and visible beams do not impinge at normal incidence with
respect to the window surfaces, to avoid back reflection into the SFG setup (that may damage the
optics). The cell is equipped with its own manipulator that provides (x,y,z) translations, polar rotation
and the possibility to tilt the sample. Pressure is measured through a full range gauge (FRG) working in
the 5 x 10°-10° mbar range, that is made of a combination of a cold cathode gauge and a Pirani gauges.
A gas line, which can handle up to three different gases, is present. The SFG cell can be independently
pumped by a scroll pump and by a turbo pumping station.

As said before, the preparation chamber is dedicated to the preparation and characterization of
samples. It is equipped with a LEED setup and an AES setup. A mass spectrometer, an ion gun (used to
sputter the sample) and a gas line are also present. The pressure is measured using an ion gauge
working in the range 7 x 101-10 mbar. A sublimation evaporator is mounted on the chamber: the
molecules are contained in a quartz crucible heated by a surrounding tungsten filament. For metals
evaporation (in our case Co) a pure metal filament is mounted on the same evaporator and metal atoms
are evaporated by resistive heating of the filament itself. The deposition rate can be monitored using a
retractable quartz balance. The manipulator provides four degrees of freedom: the three translations
(x,y,z) and the polar rotation.

SFG measurements were performed at the Visible and Infrared Spectroscopy Laboratory (VISplLab,
University of Trieste) exploiting a customised setup purchased from the Lithuanian laser manufacturing
company EKSPLA. All the components are controlled via LabVIEW software. Samples are prepared in a
UHV chamber and SFG spectra are acquired in an HP cell that can be isolated from the preparation
chamber by a gate valve.

SFG measurements are performed using pulsed laser radiation, specifically a green beam at 532 nm
and infrared radiation in the range 2300 - 10000 nm, both generated starting from the 1064 nm
fundamental of the laser. The two beams overlap at the sample to generate SFG output radiation.

The SFG signal intensity is measured as a function of the scanned IR wavenumber. The SFG optical setup
can be divided in four principal stages as shown in Figure 3.5: fundamental IR laser radiation generation
and amplification, second harmonic generation, tunable IR generation and finally SFG generation and
detection [54].

The principal components and characteristics of each section are described in the following:

e aclass IV PL2230 Series Laser, generating the fundamental infrared pulsed radiation at 1064 nm.
The pulses are 30 ps long with a repetition rate of 50 Hz and maximum pulse energy of 25 mJ.
The peak power of the fundamental radiation, defined as P = E /At (E being the maximum
pulse energy and At the pulse duration) is 1 GW, that gives 1.25 W mean power. The beam
diameter is 6 mm [55].

e The green second harmonic radiation at 532 nm is generated in a H500 Harmonic Unit. Three
outputs are produced at this stage: a beam at the fundamental wavelength with maximum pulse
energy of 15 mJ and two visible beams. One of the visible beams, with 1 mJ/ maximum energy
per pulse, is directly used to produce SFG radiation at the sample while the other, with 10 mJ
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maximum energy per pulse, is exploited to generate the tunable IR radiation. In this unit the
temporal overlap of IR and visible pulses can be modified by means of a delay line [54].

e An Optical Parametric Generator PG501/DFG1P exploits the fundamental radiation and one of
the visible beams to generate 2300 - 10000 nm tunable mid-IR radiation with measured pulse
average energy of 200 mJ [54].

e In the SFG box the polarizations of the tunable mid-IR and visible beams are selected, and the
beams are spatially overlapped on the sample generating a SFG signal. The SFG passes through
a monochromator to remove external contributions and is detected by a photomultiplier tube.
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Figure 3.5: Scheme of the experimental setup (top view). The fundamental 1064 nm IR beam is
generated in the laser unit, then enters Harmonic Unit (HU) to generate the second harmonics. Tunable
IR radiation is provided by the OPG/DFG unit and the final IR and VIS beams are conveyed to the sample
in the SFG box. The SFG radiation thus generated reaches the monochromator before being detected
[54].

It is important to keep in mind that, while visible beam has constant energy and can only be affected
by laser power instabilities with time, part of the generated mid-IR photons have high probability to be
absorbed by air as their frequencies match the roto-vibrational spectrum of gas phase H,O and CO;
[56]. To minimize the presence of water vapour and other gas phase absorber molecules, the optical
setup up to the end of the OPG/DFG box in Figure 3.5 is fluxed with N,. However, the last part of the IR
optical path (about 50 cm) is in air, resulting in the formation of fine absorption features in the IR
radiation profile measured before its arrival at the sample: when analysing SFG spectra it is thus
important to consider this effect to properly normalize the data.

Therefore, it may be necessary to normalize the data with a reference spectrum from a surface yielding
no resonant contribution (like e.g. a GaAs single crystal surface or an Au(111) termination). Similarly, as
done in this work, it can be sufficient to normalize the SFG spectra by the measured visible and IR
impinging beam intensities to obtain a reasonable normalization. Therefore, starting from Equation
3.23, the normalized SFG intensities used is:

Ispg(wrg)

(3.24)
lyishig (wIR)

A elA‘Pn
Inorm((‘)IR) = < |Ayg + 2 Wip — Wy + lF
n n

The normalized SFG spectra were then analyzed by least-squares fitting to the widely adopted
parametric, effective expression of the nonlinear second-order susceptibility described in the previous
section [44,57]. In the graphs presented in this thesis, we plot the normalized IR-Vis SFG signal intensity
(line dots), together with the best fit (lines) and the deconvolution of each n' resonance with its
interference with the non-resonant background (color-filled profiles). The latter are calculated with the
parameters obtained from the fitting procedure keeping in mind that multiplet solutions are possible
due to the non-unicity of the parameter sets [46].
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Moreover, when necessary to account for sample inhomogeneity, the lineshape was convoluted with a
Gaussian envelope. The latter is typically set and kept to zero when inhomogeneous broadening is
negligible compared to the homogeneous contribution [58].

3.2 X-Ray Photoelectron Spectroscopy

XPS is a photon-in/electron-out technique which is largely employed to investigate 2D materials and
surfaces thanks to its chemical and surface sensitivity.

To visualize the photoemission process the so-called three-step model is often employed. It is an
approximation developed by Berglund and Spicer [59] where the photoemission event is illustrated as
follows:

1. The electron absorbs a photon and is excited to an energy level above the vacuum level.

2. The excited electron travels inside the material and reaches the surface.

3. The electron crosses the surface as a plane wave and is released into vacuum, where it can be
finally detected.

The kinetic energy E, of the ejected electron is given by:
E, = hv—Eg — ¢, (3.25)

where Ep is the binding energy and ¢ the work function of the sample. The schematic representation
of the photoemission process in Figure 3.6 shows some sharp core level peaks and a broad valence
band feature, with Er the Fermi level and Ey 4 the vacuum level. The transition probability between
an initial ground state 1; and a final state y¢ is approximated by Fermi’s golden rule:

2
wpi o (| Hy i) *6 (B — B, — hw) (3.26)

where H; = ;l—iA-p, A is the electromagnetic vector potential and p the electronic momentum

operator. The relevant information about the direct photon-induced transition is contained within the
transition matrix element My; = (1,l)f|H,|1/)l-).
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Figure 3.6 Schematic representation of the photoemission process. On the left the density of states of
the sample, on the right the corresponding spectrum with both core levels and valence band features.
Image from [60].
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If the wavelength of the incoming radiation is large compared to atomic dimensions, the reduced
transition matrix element can be expressed, within the electric dipole approximation, as:

My o< (Yeldlp;) = —e(ipylr - ely;), (3.27)

where d is the electric dipole operator, r the position operator and € the polarization unit vector. The
initial and final state wave functions are generally not known, but within the one-electron view
approximation, they can be expressed as a product of the single-electron wave function and the (N —
1) electron wave function of the remaining system [61].

Therefore, the final state wave function is expressed as a product of a plane wave, (;bf'Ek, and the sum
of the possible final states of the N — 1 system, }.s ¢ (N — 1), with energy E(N — 1). The initial
state wave function is expressed as a product of the orbital from which the electron originated, (,bi'k,
and the wave function describing the remaining electrons, 1;(N — 1) with energy E(N) [61]:

Wrlrlipe) = (@ FEIrlg ) > (thrs (N = DI (N = 1), (3.28)

where the index k indicates that the electron with quantum number k has been photoemitted. The last
term in Equation 3.28 represents the overlap between the total wave function of the N — 1 electrons
in the final and in the initial state. If one considers that the orbitals are locked in place and in energy
before and after the excitation, Yy s (N — 1) = ;(N — 1), where s* is the only state in the sum that
gives a non-zero term, one obtains the so-called frozen orbital approximation. This approximation
allows to measure the negative Hartree-Fock energy, also called Koopmans’ energy [62], which
represents the energy of a system where the electron-electron interaction is neglected [61]. In other
words, it corresponds to the negative of the orbital energy of the photoemitted electron (before
emission). In Figure 3.7, an XPS spectrum with and without e-e interaction is shown.
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Figure 3.7 Schematic diagram of a photoemission spectrum with electron-electron interaction off (top)
and with electron-electron interaction on (below). The e-e interaction leads to a line accompanied by so-
called satellites, which reflect internal excitations of the system from which photoionization has taken
place. Image from [63].
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Although this approximation provides some insight into the XPS process, a more advanced treatment is
needed to fully capture the photon-electron interaction and the effects of core-hole creation. If more
than one coefficient in the sum over s in Equation 3.28 contributes significantly, this will be reflected
by satellite lines in the spectra, as shown in the bottom panel of Figure 3.7.

The two main satellite features are divided into shake-up and shake-off contributions. Both are excited
final states with the distinction that shake-off satellites are doubly ionized. For molecular samples, these
appear in X-ray Photoelectron (XP) spectra as discrete peaks, as illustrated in Figure 3.8 b), while it is
slightly different for metals. The most common excited final state in metals involves the creation of
electron-hole pairs: an electron is promoted from just below the Fermi level into the conduction band.
Due to the continuous nature of the electronic band structure in metals, a nearly infinite number of
final states are available. This leads to a characteristic asymmetry of the main photoemission line
towards higher binding energies, as illustrated in Figure 3.8 a).

(a) Pt 4f - (b) satellites
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Figure 3.8 An illustration of a measured XP spectra. a) shows a Pt 4f XP spectrum, which exhibit spin-
orbit splitting and chemical shifts. b) shows an example spectrum with shake-up and shake-off satellite
peaks. Image from [64].

Since the final state includes the ion from which the photoelectron was emitted, the presence of an
unpaired electron must be taken into account. In XPS, the total spin of the final state is 1/2, as the
emission of a photoelectron creates a single core hole, corresponding to one unpaired electron. If the
orbital angular momentum of the electron is greater than zero, all but s electrons, the energy level splits
into two distinct components due to spin-orbit coupling. This results in two peaks in the XP spectrum,
a phenomenon known as spin-orbit splitting. As an example, consider photoemission from the Pt 4f
core level. Electrons in a f orbital have an angular orbital momentum [ = 3, leading to the total angular
momenta ] = 5/2 and 7/2 due to the LS coupling, as shown in Figure 3.8 (a).

In special cases, a splitting can also be observed for s orbitals. This happens when the system under
study has an unfilled valence shell configuration [61]. After photoemission, this valence electron spin
interacts with the angular momentum of the core hole, causing a splitting of the energy level. This
results in two distinct peaks appearing in the XP spectrum. Such splitting, arising from the interaction
with the open valence shell, is known as core polarization.

3.2.1 Practical Approach
When recording XP spectra, it is essential to consider the various factors that influence the intensity of
a core-level signal. Without delving into the detailed mechanisms, the intensity of a core-level peak can

be formally expressed as [63]:

I=N-Iy:C-T-CyF (3.29)
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Here, N is the number of photoemitting species in the volume probed by the X-ray beam. I, is the
energy-resolved photocurrent corrected for the photoionization cross section of the specific core level,
measured within the solid angle of the electron energy analyzer. C is a factor accounting for the
attenuation of the photoelectrons in the solid. T represents the kinetic energy dependence of the
electron energy analyzer’s transmission function, including the effects of the analyzer slit and pass
energy. (4 accounts for the attenuation of photoelectrons due to gas-phase scattering, which is relevant
only in experiments conducted at elevated pressures. Finally, F is the photon flux at a specific energy.
C strongly depends on the electron's inelastic mean free path (IMFP) and can be expressed as an
exponential function like exp(-d/ ), where d is the depth in the solid from where a photoelectron can
escape, and A is the IMFP. The value of A depends on several factors, including the material's density,
the distance the photoelectrons must travel, the number of valence electrons, and, most importantly,
the kinetic energy of the photoelectrons. Although A may appear to be a material-specific parameter, it
generally follows the so-called universal curve observed in surface science.

While the IMFP is determined solely by the properties of the electrons and the material, the
photoionization cross section reflects the probability that a photon will induce a specific electronic
transition. As a result, different core levels of the same element can exhibit different excitation
probabilities. Cross sections can also vary significantly between elements in a sample as shown in Figure
3.9, so it is important to verify that the value is sufficiently high for detection.
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Figure 3.9 Photoionization cross-sections at 1.5 keV as a function of atomic number. Image from [61].
3.2.2 Lineshape and Data Analysis
The basic lineshape of the photoemission process can be described by a Lorentzian function:

F/Zn

3.30
(Exin — Eo)* + F2/4 (330

I or (Ekin) =1

where Ej is the position of the absolute maximum of the curve, and I is the FWHM. The lifetime of the
core-hole state created by photoemission determines the natural linewidth, which can be estimated
using Heisenberg’s uncertainty principle:
h
[=— (3.31)
T
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This Lorentzian lineshape is typically broadened by a Gaussian contribution, arising from atomic
vibrations (phonons) and the finite resolution of the analyser. An XP spectrum can thus be well described
using a convolution of a Lorentzian lineshape with Gaussian broadening [65]. It is important to note that
the XPS lineshape in conductors is usually asymmetric, exhibiting a tail at high binding energies caused
by many-body interactions between photoelectrons and free electrons at the Fermi edge, which
reduces the photoelectrons’ kinetic energy. In 1969, Sebastian Doniach and Marijan Sunji¢ were able to
describe this asymmetry with the following lineshape:

Ir(1-a)

((Ekin —Ep)? + I‘2/4)

Ips(Exin) = Io §(Ekin), (3.32)

(1—06)/2

where I is the Euler’'s gamma function, a is the asymmetry factor (0 < a < 0.5) and é(Ey;y,) is equal
to:

2

Summarising, the XPS peaks FWHM is a convolution of both physical and experimental broadening,
which add up in the following way:

AE = \/AEOZ + AEg.> + AE,? + AE,, %, (3.34)

where AE| is the natural core level linewidth, AEg. considers screening effects, AE), is given by the
linewidth of the photon source and AE,;- is the analyser resolution.

The fitting procedure is based on y? minimization. In our case, the spectral components were fitted
with Voigt profiles, which represent the convolution of a Lorentzian and a Gaussian lineshape; this
symmetric profile is typical for insulators and molecules. Each peak is thus defined by five parameters
that best fit the experimental data: Lorentzian width (I'), asymmetry (a, in this case set to zero),
gaussian (G), intensity (Iy) and binding energy.

FE)=A+ (3.35)

(E—EF)
1+e k8T

Before starting the fitting procedure, all spectra were aligned to the corresponding Fermi level.
Indeed, each Fermi level has been fitted with a Fermi-Dirac distribution, Equation 3.35, to be shifted
until Er = 0 eV, thus becoming the zero-energy reference. After Fermi level alignment, it is necessary
to proceed with spectra normalization and background subtraction.

In our case, the background subtraction is not straightforward, since each core level possesses a
different background which needs an ad-hoc fitting procedure. For each experiment, the background
spectrum has been collected before the evaporation of the element of interest. Specifically, for the C
1s, N 1s, O 1s, and Fe 2ps/; levels, the background was measured after graphene preparation and before
molecular evaporation, whereas for Co 2ps, it was acquired after the molecular layer had been
deposited. For C 1s and N 1s core level, a linear background was subtracted by applying a mask. The
mask assigns a value of 0 to spectral regions that must be excluded and a value of 1 to regions used for
background evaluation. When the mask is applied, excluded features are removed (multiplied by 0),
while the background portion of the spectrum remains unchanged (multiplied by 1). For the O 1s, Fe
2ps2, and Co 2ps;; core levels, the corresponding background spectrum was interpolated using the
lgorPro analysis toolkit and subsequently subtracted from the spectrum of interest. When this method
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didn’t achieve optimal spectral alignment, a linear background subtraction was additionally applied
using the same masking procedure described for C 1s and N 1s.

3.2.3 Near Ambient Pressure XPS

Photoemission spectroscopies generally require UHV conditions to minimize surface contamination and
prevent collisions between photoemitted electrons and gas molecules. However, many surface
phenomena of practical relevance, such as those involved in heterogeneous catalysis, corrosion, and
materials degradation, occur under conditions far from UHV, often in the presence of reactive gases at
elevated pressures. In such environments, gas-surface interactions more accurately reflect real
operational environments, enabling observation of dynamic changes in surface composition, oxidation
states, and reaction intermediates that are inaccessible under vacuum conditions.

Consequently, experimental techniques capable of probing surfaces at higher pressures are essential to
bridging the so-called "pressure gap" in surface science and gaining mechanistic insights into materials
and reactions under real operating conditions. Nevertheless, collecting unscattered electrons under AP
conditions remains challenging, as the electron inelastic mean free path in the gas phase decreases
inversely with pressure. Indeed, the photoemission intensity is attenuated by the gas phase according
to Beer’s law:

—ZG'(Ek)P/
I(E,, P) = Ie kgT

(3.36)
where z is the path length of the electron through the gas phase, Ej is the kinetic energy of the
photoelectron, P the gas pressure, kg Boltzmann’s constant and o the energy-dependent inelastic
cross section. The electronic mean free path can thus be quantified from Equation 3.36 [66]:

kyT

Ae(Ey, P) = o(EDP

(3.37)

For example, for electrons with a kinetic energy equal to 400 eV, the inelastic mean free path at 1 mbar
is of the order of mm. Its value decreases with increasing pressure: in fact at about 100 mbar, the mean
free path is equal to 30 um [67]. Consequently, specific strategies are required to reduce gas phase
attenuation of photoelectrons, such as minimizing the electron travel distance z by positioning the
sample closer to the analyzer entrance aperture, a critical consideration in NAP-XPS measurements. An
example of a typical NAP-XPS analyzer structure is shown in Figure 3.10.
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Figure 3.10 Schematic of an NAP-XPS setup. The sample is located in an ambient-pressure cell, and
experiments are typically performed at normal emission. The analyzer nozzle is positioned very close to
the sample, and the hemisphere is isolated from the near-ambient pressure environment by several
differential pumping stages [66].
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Since electron analyzers must operate under UHV conditions, they are designed to withstand a pressure
difference of approximately 9-10 orders of magnitude between the measurement chamber and the
analyzer hemisphere. This is achieved through multiple differential pumping stages, coupled with
electrostatic lenses that focus the photoelectrons and by reducing the entrance aperture diameter d,
thereby increasing collection efficiency. To maintain good signal intensities during NAP measurements,
the first differential pumping stage must provide a substantial pressure reduction, typically several
orders of magnitude. This means that the gas between the sample and the aperture is constantly
pumped through the aperture by the first differential pumping stage, potentially affecting the sample
environment due to their short separation [66]. The best compromise between a short distance z and
a narrow aperture diameter d is typically reached when z = d [68]. Typical apertures are order of a few
hundreds of micron, which necessitates a tightly focused X-ray beam and, therefore, the use of high-
performance synchrotron facilities such as MAX IV Laboratory, where all the X-ray spectroscopies
measurements in this work were conducted.

Gas-phase core-level features are often observed under NAP conditions, and their ionization energies
are referenced to the vacuum level. Typically, the sample and analyzer have different work function
values, as shown in Figure 3.11.
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Figure 3.11 Energy level scheme in the presence of gas. The sample and the analyzer have different work
functions, causing the vacuum level to vary linearly between them. Alignment of the Fermi levels ensures
that the binding energy of photoelectrons emitted from the surface remains unaffected. In contrast, the
gas-phase signal is sensitive to changes in the work function, as it is referenced to the vacuum level [66].

As a result, the vacuum level changes linearly between the sample and the analyzer depending on their
separation. Consequently, changes in the sample's work function (¢se;) induce a binding energy shift
in the gas-phase signal, whereas surface features remain unaffected [69].

3.3 Near-Edge Absorption Fine Structure

NEXAFS is a specific type of x-ray absorption spectroscopy (XAS), focusing on the near-edge region of
the absorption spectrum. It requires a synchrotron source capable of tuning the photon energy and is
one of the most effective methods for obtaining reliable information about the geometric and electronic
structure at surfaces. There are several ways to observe X-ray absorption. The most direct approach is
to measure the X-ray intensity before and after passing through the object of interest. When an electron
absorbs a photon, it can either be photoemitted or excited to an unoccupied state depending on the
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amount of acquired energy. In both cases, a hole is created in an inner shell, with a finite lifetime. There
are two primary mechanisms by which this hole can be filled: X-ray fluorescence and Auger electron
emission, see Figure 3.12.
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Figure 3.12 A schematic drawing of the excited state decay with a core hole present. The core hole is
filled either by Auger decay after emission of an Auger electron or fluorescence decay which results in
the emission of a photon. Image from [64].

In the first case, recombination produces a photon with energy corresponding to the electron transition,
while in the second case, the excess energy is transferred to another electron, which is emitted from
the atom. This electron is called an Auger electron.

These two recombination pathways allow investigation of X-ray absorption by detecting either photons
or electrons. Detection of Auger electrons is usually preferred because Auger emission is more probable
than fluorescence in low-Z elements, which are mainly present in biological molecules. Moreover, Auger
signal detection offers a better surface sensitivity because electrons have a much shorter inelastic mean
free path in solids with respect to fluorescence photons.

The NEXAFS experiments discussed in this work were performed in partial electron yield (PEY) mode,
consisting in suppressing lower kinetic energy electrons emerging from the sample, by applying a
retarding voltage. This mode is frequently used for studying adsorbates on surfaces because it
significantly enhances surface sensitivity, allowing only electrons emitted from the outermost surface
region to be detected. Further available options are the total electron yield (TEY) mode, where all
electrons that emerge from the surface are detected and the Auger electron yield (AEY) mode, where
electrons are energy-selected to detect only Auger electrons.

Dichroism

NEXAFS enables the extraction of valuable information about the geometric structure of molecules
adsorbed on a surface. In particular, the investigation of transitions to molecular orbitals (MOs) is
especially revealing. A key feature of molecular orbitals is their strong directional character, which leads
to a one-to-one correlation between the spatial orientation of the orbitals and the molecular geometry.
As a result, for oriented molecules and linearly polarized X-rays, the intensities of resonances associated
with, for example, o* and m* final states exhibit distinct and pronounced angular dependence. This
angular dependence arises from the dipole matrix element, which, for linearly polarized X-rays with
polarization vector e, takes on a simplified form:

(Wele-ply;) = e(Yrlplp;) =e- 0 (3.38)

where (1/Jf|p|¢vi) is the Transition Dipole Moment (TDM) and for a 1s initial state points in the direction
of the final state orbital O.
The cross section and therefore also the transition intensity become:
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2
Irp < [(yrle-ply;)|” = le- 0] « cos? & (3.39)
where § is the angle between the vector field E and final state TDM O.

Data Analysis

NEXAFS spectra were collected in Partial Electron Yield (PEY) mode at three incidence angles by rotating
the samples relative to the beam axis. Measurements were performed at normal incidence (0°) and
grazing incidence (70°) to extract geometric information about the system. Additional measurements
were performed at (42°) an intermediate angle between normal and grazing incidence, to clearly follow
the angular dependence.

Data processing was carried out using XAS Plotter, a program specifically developed by the FlexPES team
at MAX IV in Lund for NEXAFS data analysis. All raw data were normalized to the incident photon flux
using the drain current Iy and background subtraction was performed using a polynomial fitting
function.

3.4 Beamlines at MAX IV Laboratory

All NEXAFS measurements presented in this thesis were carried out at the FlexPES (Flexible
PhotoElectron Spectroscopy) beamline, located at the 1.5 GeV ring of the MAX IV Laboratory in Lund,
Sweden. The NAP-XPS and XPS measurements were conducted at the HIPPIE beamline, situated at the
3 GeV ring of the same synchrotron facility.

The FlexPES beamline offers the capability to perform a wide range of photoemission and soft X-ray
absorption experiments within a photon energy range of 40 - 1500 eV. The photon source is a linearly
polarizing undulator comprising 48 full periods and delivering a maximum effective magnetic field of
0.8 T. The optical layout is based on a collimated plane-grating monochromator (cPGM) design,
featuring an astigmatic intermediate focus and switchable refocusing mirrors. The maximum beamline
acceptance is 0.62 mrad x 1.36 mrad (horizontal x vertical), corresponding to full illumination of the
first mirror (M1). Beam acceptance can be reduced using movable masks in the front end and/or baffles
positioned before the monochromator. FlexPES comprises two experimental branches: the Surface &
Material Science (SMS) and the Low Density Matter (LDM) branches.

All measurements reported in this thesis were carried out on the SMS branch. This branch includes two
focal points: the first is located within a permanent UHV end station (EA01), dedicated to surface science
studies, while the second is situated 2.5 m downstream on an open port (EA02), intended for user-
provided end stations. The permanent EAO1 end station is optimized for photoelectron and X-ray
absorption spectroscopy investigations of surfaces and thin films. It consists of four chambers: an
analysis chamber equipped with detectors, two preparation chambers with sample treatment and
transfer capabilities, and a fast-entry load-lock chamber with a sample storage system (sample garage).
The HIPPIE beamline is a soft x-ray beamline equipped with a novel near-ambient pressure x-ray
photoemission spectroscopy instrument, designed to perform in-situ and operando XPS experiments in
gas pressure up to 30 mbar. A unique feature of the HIPPIE beamline is the capability to perform
simultaneous NAP-XPS and PM-IRRAS measurements, combining electronic and vibrational
spectroscopy in a complementary approach [70].

The beamline source is an APPLE-II-type elliptically polarizing undulator with full polarization control.
The photon energy can be tuned in the range 250 - 2200 eV with photon fluxes > 10*photons/s, and a
beam size of about 60 um x 25 um (horizontal, vertical), which becomes about 100 um x 25 um due to
a grazing incident angle on the sample. The ScientaOmicron HiPP-3 electron energy analyser has a
differential pumping stage and electrostatic lens system that allows for AP operation at up to 30 mbar
at 0.3 mm nozzle diameter. The gas inlet system consists of eight independent gas lines, each equipped
with its own mass flow controller. Gas mixtures can be introduced either directly or via an adjustable
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leak valve, while the outlet is also regulated by a valve, allowing fine control over both pressure and gas
flow. This setup enables regulation of the gas pressure in the range of 10® to 30 mbar. The gas
composition can be monitored using a quadrupole mass spectrometer connected to the first pumping
stage of the analyzer. Further technical details about the setup are provided in reference [70].

3.5 Scanning Tunneling Microscopy and Spectroscopy

While XPS and XAS are excellent techniques for studying surface chemistry, they are less
straightforward in the case of the determination of the local geometric structure. STM marked a
significant advancement in surface science by enabling atomic-scale imaging of surfaces. Invented in
1983 by Gerd Binnig and Heinrich Rohrer, STM quickly became a standard technique in the field [71].
In STM measurements, a sharp metallic tip is positioned within a fraction of a nanometer from a
conductive surface. The tip and the sample generally possess different work functions and Fermi levels.
When both are grounded, their Fermi levels align, and no electrons can flow across the vacuum barrier,
Figure 3.13 a).

Figure 3.13 1D potential barrier model, defined by the work function. a) When the sample and the tip
are in electrical contact, their Fermi levels align. b) If a positive potential is applied to the sample with
respect to the tip, electrons can tunnel from the occupied states of the tip to the unoccupied states of
the sample (blue arrows). c) When a negative potential is applied, the opposite occurs, with electrons
tunneling from the sample to the tip.

Upon application of a bias voltage V, the Fermi levels shift relative to one another by an energy eV,
enabling quantum tunneling of electrons. Depending on the polarity of the applied bias, electrons can
tunnel either from occupied states of the tip into unoccupied states of the sample, or from occupied
states of the sample into unoccupied states of the tip, Figure 3.13 b) and c). A tunneling current I can
be measured and it depends on the thickness of the barrier d as:

[ « e~2kd (3.40)

where k = /% and ¢ is the average work function of both electrodes [72].
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However, the tunneling probability depends on the density of states (DOS) of both the tip and the
sample within the energy range defined by the applied bias voltage V and the Fermi level Eg.
Consequently, STM images reflect a convolution of the DOS of the tip and the sample.

Surface topography is acquired by raster-scanning the tip over the sample surface while monitoring
either (i) the tunneling current (constant-height mode) or (ii) the vertical position of the tip, adjusted by
a feedback loop to maintain a constant tunneling current (constant-current mode).

In addition to topography, STM can also probe the electronic structure through scanning tunnelling
spectroscopy (STS). Since the tunneling current is proportional to the integral of the sample DOS from
Fermi level to eV, its derivative provides access to the local DOS at energy eV:

dl
v o« ps(eV) (3.41)

Direct numerical differentiation of the |-V curve is typically too noisy; therefore, a lock-in amplifier is
employed. During the acquisition of a dl/dV spectrum, the feedback loop (which controls the tip-sample
distance) is disabled, the voltage is swept and the lock-in signal is recorded.

If the dI/dV signal is recorded at a fixed bias while scanning the surface at a constant height, the spatial
distribution of the density of states can be obtained (dI/dV maps).

STM Laboratory at MAX IV and Graz University

The STM images of the mono- and bi-metallic system based on FeTPyP and FeTPyP-Co presented in this
work were acquired at the STM laboratory of the MAX IV Synchrotron (Lund, Sweden), in collaboration
with Dr. Nikolay Vinogradov and Dr. Eleanor Frampton.

The experimental setup consists of a preparation chamber coupled to a VT UHV XA STM system from
ScientaOmicron, allowing measurements to be performed at either room or liquid nitrogen (LN,)
temperature [73]. Adsorbates such as porphyrins are often highly mobile at room temperature on
weakly interacting substrates like graphene. To suppress thermal diffusion and achieve more stable
imaging conditions, low-temperature measurements are typically necessary. Furthermore, the tip itself
becomes more stable at lower temperatures, with a reduced dynamic evolution of its atomic
configuration.

The STM images and STS spectra of the hemin system, before and after Co deposition, were acquired
at the STM laboratory at the University of Graz (Graz, Austria), in collaboration with Dr. Maximilian
LalRhofer, Prof. Martin Sterrer and Prof. Giovanni Zamborlini. The experimental setup consists of a
preparation chamber coupled with a Low-Temperature STM (LT-STM) setup, allowing measurements
to be performed at liquid-nitrogen or liquid-helium temperatures, depending on the required stability
and resolution.

3.6 Sample Preparation

Two substrates were used in this thesis: Au(111) and graphene grown on Ir(111). All experimental
chambers employed in this work were equipped to carry out the same cleaning procedures. Au(111)
sample was cleaned by cycles of Ar* sputtering at 1.5 keV/ and annealing at 775 K. Its surface quality was
checked by LEED, confirming the well-defined Au(111) surface reconstruction. Ir(111) surface was
cleaned by repeated cycles of Ar* sputtering at 2 keV and annealing at 1275 K, alternated with
treatments in oxygen background (2 x 107 mbar) in the 500-1175 K temperature range to remove
residual carbon contaminants. Graphene growth was achieved via chemical vapor deposition (CVD) of
ethylene: the clean Ir(111) substrate was held at 1275 K and exposed to 5 x 10® mbar of C,H, for 2
minutes, followed by an increase in pressure to 3 x 107 mbar for additional 2 minutes. Finally,
temperature was gradually reduced while restoring UHV conditions. The resulting graphene layer was
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monitored using LEED and, where possible, XPS or SFG. The observed diffraction pattern indicated the
formation of a high-quality graphene layer, closely resembling the one reported by Pletikosic¢ et al. [74].
After graphene formation, Fe(lll) Meso-Tetra (4-Pyridyl) Porphine Chloride molecules (FeTPyPCl,
purchased from Frontier Scientific), were deposited via thermal sublimation using a heated boron
nitride crucible.

Before deposition, molecules were extensively outgassed at 470-525 K to remove contaminants and
organic residuals. Sublimation was performed in the 635-685 K range, depending on the specific setup
and the crucible-sample distance, achieving a deposition rate of approximately 0.04 ML/min. One
monolayer (ML) is defined here as the amount of molecule required to form a uniform single layer
covering the graphene substrate. Under these conditions, submonolayer coverages (< 1 ML) can be
achieved in about 15-20 minutes.

During deposition, the sample was maintained at 473 K to promote lateral diffusion and self-assembly
of the molecules into ordered domains. The coverage was kept below 1 ML to enhance the formation
of extended molecular islands. When available, a quartz crystal microbalance (QCM) was used for
deposition rate calibration; otherwise, depending on the setup, coverage was estimated using AES or
XPS. The Fe(lll) center in the pristine FeTPyPCl molecules is stabilized by an axial chloride ligand, which is
thermally detached from the porphyrins upon degassing before the deposition [75], as confirmed by
the presence of HCl in the chamber observed with a quadrupole mass spectrometer (QMS), resulting
in a reduction of the metal center to Fe(ll).

The bimetallic heterostructure was created by evaporation of atomic Co by resistively heating a Co
filament of 0.250 mm diameter at the SFG Laboratory and HIPPIE beamline. Co coverage will be
expressed referring to a porphyrin monolayer so that 1 ML Co corresponds to the presence of 1 Co
atom for each molecule in 1 ML FeTPyP. In general, Co will be dosed to achieve a FeTPyP : Co ratio
slightly higher than unity, to avoid the creation of Co clusters on graphene due to excess Co [76]. The
evaporation rate was calibrated by AES or XPS, depending on the available spectroscopy method.
During deposition, the sample was kept at 423 K, a temperature high enough to promote molecular
ordering and low enough to prevent Co intercalation beneath the graphene layer [77].

Hemin, also known as Ferriprotoporphyrin IX chloride, purchased from Frontier Scientific, was
deposited via thermal evaporation from a boron nitride crucible following extensive outgassing at 470-
525 K. Due to the relatively low purity of the starting material, since hemin is synthesized from bovine
or porcine blood, the deposition process exhibited the following behavior: initially, only metal-free
porphyrins and contaminants were evaporated, followed by a mixture of metalated and metal-free
species, and eventually predominantly iron-containing molecules. This behavior is consistent with
previous STM studies of heme, where isolated Ferriprotoporphyrins IX were imaged and their electronic
structure characterized [78]. In that study, the authors also demonstrated that the axial chloride ligand
thermally detaches from the molecule upon sublimation.

To maintain a stable deposition rate, the crucible temperature had to be gradually increased over time.
A final temperature threshold was eventually reached beyond which no further evaporation occurred,
likely due to polymerization of the molecules inside the crucible. For this work, sublimation was typically
carried out in the 615-640 K range, depending on the specific experimental configuration and crucible-
sample distance, with the substrate kept at room temperature. Under these conditions, a deposition
rate of approximately 0.04 ML/min was achieved, allowing a sizeable submonolayer coverage (< 1 ML)
in about 15-20 minutes. The rate was calibrated by QCM when available; otherwise, XPS was used to
estimate molecular coverage. Co deposition on Au(111) followed the same procedure described above
adopted for the graphene system. The deposition rate was calibrated by XPS, and the substrate was kept
at room temperature during the process.
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4 ‘ Co-Induced Structural Electronic and Vibronic

modifications in a Self-Assembled FeTPyP Monolayer on
Graphene

This chapter provides a detailed investigation of the structural, electronic and vibronic modifications
induced in a monolayer of FeTPyP grown on Gr/Ir(111) following Co deposition, in UHV conditions. The
experimental characterization was carried out using STM, XPS and IR-Vis SFG spectroscopy, supported
by ab initio DFT simulations performed by Dr. Basant Roondhe (Prof. Paolo Giovannozzi’s group,
University of Udine).

4.1 Structural Properties

The STM measurements were carried out at the STM Laboratory of the MAX IV Laboratory (Lund,
Sweden), in collaboration with Dr. Nikolay Vinogradov and Dr. Eleanor Frampton. All STM-derived
guantitative evaluations correspond to averages of unit cell parameters measured across multiple high-
resolution images. The uncertainty associated with each value is reported as three times the standard
deviation of the mean (30,,), providing a conservative estimate that accounts for both statistical
variability and instrumental noise. All STM measurements presented in this work were performed at
liquid nitrogen (LN,) temperature.

Upon deposition onto monolayer Gr/Ir(111), FeTPyP molecules self-assemble into long-range ordered
islands, driven by lateral intermolecular interactions that prevail over the weak molecule-substrate
interaction. Graphene on Ir(111) is known to form a quasi-free-standing layer, effectively decoupling the
molecular layer from the underlying metal substrate [79]. Additionally, the surface trans-effect is
negligible: the m-mediated weak interaction between graphene and molecules prevents formation of a
direct bond between the substrate and the metal centers [35,36]. Moreover, graphene is chemically
inert, making it an ideal support for AP investigations [80].

FeTPyP molecules organize into a close-packed arrangement, described by an oblique unit cell
containing two non-equivalent FeTPyP molecules, rotated relative to each other, as shown in Figure 4.1
a). The unit cell parameters are a =3.24 + 0.06 nm, b = 1.50 + 0.09 nm (outlined in blue in panel a) and
0 = 129° + 2°. The structure is characterized by alternating rows, more clearly visible in the zoomed-in
view in Figure 4.1 b), with superimposed H shapes that highlight the different molecular orientations.
Additionally, the absence of features at the center of the molecules at 1.8 V confirms the loss of chlorine
atoms during degassing of the molecular powder before evaporation [78]. Figure 4.1 c) shows the DFT-
simulated STM image visualized using a Python-based script to process charge density data obtained
from DFT calculations. The simulation accurately reproduces the experimental results, capturing the
molecular arrangement driven by optimized interactions between the electronegative N atoms of the
pyridyl end groups and the peripheral H atoms from the neighboring pyrrole moieties [35,81]. To better
visualize the simulated charge redistribution within the unit cell, which contains two inequivalent
FeTPyP molecules interacting with the graphene substrate (depicted in brown and black, respectively),
a (2x2) oblique supercell was simulated, with both top and side views shown in panel d) of Figure 4.1.
The visualization was performed using VESTA, where regions of electron accumulation are shown in
yvellow and regions of electron depletion in cyan, using an isovalue of + 0.044 e /A3, respectively. Blue
areas correspond to artifacts arising from the finite size and periodic boundary conditions of the
simulation cell. The charge redistribution was calculated as the difference between the total charge
density of the combined system (FeTPyP/Gr) and the sum of the charge densities of the isolated
components in the positions assumed in the total system:
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AQ = Qrerpyp/Gr — OGr — QFeTPyP (4.1)

integrating over the in-plane coordinates of the unit cell for each z component in order to get Ap(z)
profile, shown in panel d) of Figure 4.1. The charge transfer calculated between graphene and the
molecular layer is almost zero, as previously demonstrated in similar systems based on CoTPyP and
MnTPyP on Gr/Ir(111) [36,37], with 0.042e™ per unit cell transferred from graphene to the molecular
plane.

a)
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. @ o Ya p t}.'f ?:04 P A

Figure 4.1 a) STM image of a FeTPyP island showing a close-packed structure with alternating rows,
forming an oblique unit cell (outlined in blue). Applied bias and tunneling current: V= 1.8 V, I= 100 pA. b)
A zoomed-in experimental image of a), where the alternating rows are more clearly visible. For clarity, a
superimposed “H” highlights the different molecular orientations. ¢) DFT-simulated STM image of the
same structure at constant height, visualized using a Python-based script. d) Top and side views of the
simulated charge redistribution within the unit cell containing two inequivalent FeTPyP molecules,
visualized using VESTA. For clarity, a (2x2) oblique supercell enhances the visualization of the charge
distribution patterns. The redistribution arises from the interaction between the FeTPyP molecules
(brown) and the graphene substrate (black). Regions of electron accumulation and depletion are
depicted in yellow and cyan, using an isovalue of + 0.044 e /A3 respectively, highlighting the direction
of charge transfer. Blue areas represent artifacts resulting from the end of the periodicity in the
simulation cell.
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Following the characterization of the monometallic system, cobalt was evaporated on the sample kept
at room temperature, inducing a complete molecular rearrangement, as shown in Figure 4.2 a). Two
distinct regimes are observed: at intermediate Co coverage (FeTPyP : Co =2 : 1) Figure 4.2 b), and at
saturation coverage (FeTPyP : Co=1:1) Figure 4.2 c), in which each molecule coordinates with four Co
atoms, and each Co atom is shared among four molecules.

Figure 4.2 a) STM image of FeTPyP layer after Co deposition: two regimes are observed for the
intermediate and saturation Co coverage. Applied bias and tunneling current: V= 1.85V, |= 60 pA. b)
STM image of the FeTPyP-Co structure at intermediate Co coverage. The (2x2) oblique unit cell, arising
from the tilt of the pyridinic groups, is highlighted in blue. Applied bias and tunneling current: V=2V, |=
250 pA. c) STM image of the FeTPyP-Co structure at Co saturation coverage. The (2x2) square unit cell
is highlighted in blue, while the green arrows indicate brighter squares corresponding to the presence of
Co clusters. Applied bias and tunneling current: V=2V, I= 280 pA. d) DFT-simulated STM image of the
same structure at constant height, visualized using a Python-based script. Fe atoms are located between
the squares, while Co atoms are inside them. e) DFT-simulated STM image zoom, together with a
bimetallic molecular sketch highlighting the presence of Co atoms (blue) at the centers of the squares
and Fe atoms (yellow) between them. f) Simulated top and side views of the charge redistribution within
the unit cell, visualized using VESTA, which contains one FeTPyP molecule and a Co atom. The charge
redistribution arises from the interaction between the FeTPyP-Co molecule (brown) and graphene
(black). Regions of electron accumulation and depletion are depicted in yellow and cyan, using an
isovalue of + 0.034 e /A3 respectevely, highlighting the direction of charge transfer. Blue areas represent
artifacts due to the end of the periodicity in the simulation cell.
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Saturation is first achieved at the edges of the FeTPyP islands, due to the kinetic hindrance emerging
from both Co diffusion into the FeTPyP islands and from the induced geometric rearrangement of the
molecular layer. The initially close-to hexagonal arrangement shown in Figure 4.1 a) evolves towards a
(2x2) obligue unit cell in the intermediate coverage regime, highlighted with blue lines in Figure 4.2 b),
with unit cell parameters a =2.86 + 0.06 nm, b =2.55+0.03 nm and 6 =101.0° + 3.6".

The saturation structure is represented by a (2x2) square unit cell with a=b=3.9+0.1 nm and 6 =91.0°
+ 1.9°, where, based on similar systems, Co atoms are located in the middle of each square while Fe
atoms are between them [35—-37], as confirmed by the DFT simulation in Figure 4.2 d). For better clarity,
Figure 4.2 e) shows a rotated, zoomed view of the same simulation, overlaid with a bimetallic molecular
sketch highlighting the presence of Co atoms (blue) at the center of the squares and Fe atoms (yellow)
between them. At first glance, the structure at intermediate Co coverage (panel b) of Figure 4.2) appears
to form a (2x1) oblique unit cell, whereas at saturation (panel c¢) of Figure 4.2) a (1x1) square unit cell
is evident. However, the pyridinic moieties are tilted alternately clockwise and anticlockwise, enlarging
the effective periodicity of the structure unit cell. This arrangement is not captured in the DFT-simulated
STM image shown in panel d) of Figure 4.2, since the simulation includes only one molecule per unit
cell. Consequently, while the main geometry of the layer is replicated, the tilt of the pyridinic moieties
is absent. It is also worth noting that the periodicity observed at intermediate coverage differs from that
reported in recent works on similar systems, namely CoTPyP- and MnTPyP-Co/Gr/Ir(111) [35,36,37].
This discrepancy suggests that the identity of the central metal atom plays a key role in determining the
overall molecular assembly, a phenomenon likely governed by subtle electronic effects and geometrical
distortions that influence the coordination environment, surface interaction and intermolecular
packing. Such sensitivity to molecular composition highlights the potential of tailored ligands and metal
centers in steering the formation of designed nanoscale structures at surfaces.

b) FeTPyP-Co

Figure 4.3 In a) FeTPyP-Co system at Co coverage slightly above the stoichiometric 1:1 (FeTPyP:Co) ratio,
with bright spots observed in the square of the chessboard. b) Same system with increased Co loading,
revealing larger bright features that confirm the formation of a Co cluster. Applied bias and tunneling
currentina): V=-1.80V, I= 200 pA and in b): V=2 V I= 280 pA.

Figure 4.2 f) shows the top and side views of the simulated charge redistribution following Co
deposition, calculated and visualized using the same procedure as for the monometallic system. In
contrast to the monometallic FeTPyP case, the presence of Co in the bimetallic configuration induces
significant charge redistribution, resulting in a net transfer of 0.328e~ per unit cell from the molecular
layer to graphene. It is worth noting that, in the top-view image, the charge redistribution between the
macrocycle and the pyridinic rings exhibits 2-fold rather than 4-fold symmetry, again due to the single
molecule included in the unit cell’s simulation. Moreover, in Figure 4.2 c), brighter squares, indicated by
green arrows, are observable in comparison to others, suggesting the possibility of stabilizing Co clusters
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at the pyridinic moieties in presence of excess local Co coverage. To further investigate this behavior,
the amount of deposited Co atoms was further increased well beyond the stoichiometric 1:1 coverage.
Figure 4.3 shows two STM images of FeTPyP-Co layers with different Co loadings. In panel a) of Figure
4.3, the Co coverage exceeds the stoichiometric 1:1 FeTPyP:Co ratio. At this stage, all FeTPyP-Co islands
adopt a square unit cell, with bright protrusions appearing on some squares of the chessboard. Upon
further increasing the Co concentration, as shown in panel b) of Figure 4.3, both the number and size
of these bright features increase, indicating the formation of Co clusters stabilized at room temperature
between the organic backbone. This was not observed previously for the similar CoTPyP-Co and
MnTPyP-Co cases.

However, it is not possible to create a homogenous system with only Co clusters at the pyridinic sites.
Initially, Co atoms preferentially coordinate with other Co atoms stabilized between the organic
backbones. Beyond a certain coverage threshold, however, Co atoms begin to nucleate on the graphene
substrate. Moreover, the thermal stability of these clusters has not been investigated in this work, and,
unless otherwise specified, Co concentrations will remain below the cluster formation yield.

An additional important observation arises upon closer comparison between panels c) and d) of Figure
4.2, which are now, for clarity, shown as panels a) and b) of Figure 4.4. In panel b) of Figure 4.4, Fe atoms
are clearly visible between the bright squares (highlighted by a green circle). These features are also
visible in the experimental STM image shown in panel a) of Figure 4.4. However, upon closer inspection,
certain regions between the squares (circled in blue) appear darker in the experimental image and are
not reproduced by the simulation. This contrast difference is attributed to O adsorption at Fe sites.

Figure 4.4 Panel a) and b) show a comparison between the STM image and DFT simulated STM image
of FeTPyP-Co at Co saturation, performed using a Python-based script. Fe atoms are highlighted with
green circles, while sites where Fe appears “absent” due to oxygen adsorption are circled in blue. Panels
c) and d) present DFT STM simulations visualized using Critic2, illustrating the system before and after
the addition of an O atom above the Fe center. Following oxygen adsorption, the Fe atom (green circle
in panel c) ) is no longer visible (blue circle in panel d) ), confirming the high reactivity of the layer toward
O; after Co deposition.
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As shown by DFT charge transfer calculations and supported by the XPS data discussed in the following
section, Co deposition induces an electronic change in the layer, modifying the Fe oxidation state,
making it highly reactive toward O, or H,0 dissociation at room temperature, already from the residual
background. In STM studies, oxygen adatoms often appear as dark spots at certain biases due to
their low local density of states at the Fermi level [82]. To validate this interpretation, constant-height
STM simulations were visualized using Critic2 for the bimetallic system both before and after
introducing an O atom atop the Fe center. Panels c) and d) of Figure 4.4 illustrate this: initially, Fe atoms
are visible (an example outlined in green); after oxygen coordination, these features vanish (an example
circled in blue), confirming that the dark regions in experimental STM images are ascribable to axial Fe-
O coordination.

Before proceeding with the electronic characterization, it is worth noting that different approaches were
employed to simulate STM images depending on the investigated system. For the UHV pristine
configurations, a Python-based script was used to directly process the charge density data obtained
from the DFT calculations. This method was suitable for clean systems with relatively simple
topographies. However, for the O/FeTPyP-Co system, Critic2 was used instead. This tool provides
enhanced capabilities for post-processing charge densities and offers more accurate rendering of the
local electronic structure, especially in systems involving adsorbates or charge redistribution over
complex molecular frameworks. Critic2 allows finer control over isosurface levels and visual integration
planes, which is essential for interpreting charge localization and tunneling pathways in the presence
of O. The visual and quantitative differences between the STM images from both tools arise primarily
from these methodological distinctions especially in how charge density is interpolated and rendered.
Despite these differences, both approaches are consistent with the qualitative trends observed in the
system and are chosen based on suitability for each specific case.

4.2 Electronic Properties

The experimental characterization of the electronic structure of the FeTPyP-Co layer is particularly
challenging even under UHV conditions, especially for the Fe and Co core levels, due to the very low
absolute surface concentration of Fe and Co species, of the order of 1% of a monolayer relative to
graphene. Nevertheless, the combination of high-brightness synchrotron radiation and a highly efficient
electron energy analyzer enables the reliable detection of such species, allowing for meaningful spectral
analysis and peak fitting. To optimize elemental sensitivity, while minimizing radiation-induced damage,
tunable synchrotron radiation was used to maximize the photoemission cross section of each core level,
requiring a compromise between experimental resolution constrained by the analyzer pass energy, slit
aperture and the risk of beam-induced degradation. To further mitigate molecular damage during
measurements, a slow raster scan of the sample (0.5 um/s) was implemented to limit prolonged local
exposure to the intense X-ray beam. This was possible thanks to the homogenous sample growth, as
confirmed by STM. Core-level spectra were acquired using photon energies tailored to each element,
to maintain consistent surface sensitivity: Fe and Co 2ps/; at 1000 eV, O 1sat 750 eV, N 1sat 514 eV, C
1s and Ir 4f7,; with 400 eV photons. All fit parameters are summarized in Appendix A.1.

A complete set of Fe 2ps/,, Co 2ps2, O and N 1s core-level spectra for the as-prepared mono- and bi-
metallic monolayers in UHV is presented in Figure 4.5 (bottom and top panels, respectively), along with
their corresponding best-fit curves and spectral components. The complex multi-peak structure
observed in the Fe and Co 2ps/; core level spectra in Figure 4.5 arises from multiplet splitting (MS)
[83,84], a phenomenon caused by the interaction between the core hole created during photoemission
and unpaired electrons in the valence band [83]. This effect is particularly pronounced for high-spin
electronic configurations of Fe(ll), Fe(lll), Co(ll), Co(lll) ions, giving rise to complex spectra with many
overlapping components that are typically extremely challenging, if not impossible, to fully resolve
experimentally. For the monometallic system, the best fit for Fe 2ps,, Figure 4.5 a) (bottom) was
obtained using three Voigt envelopes centred at 707.6 (green), 708.9 and 711.6 eV.
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Figure 4.5 Synchrotron radiation XPS spectra together with best fit and resolved components of 1ML of
FeTPyP on Gr/ir(111) before (blue) and after (orange) Co deposition slightly above the stoichiometric 1:1
(FeTPyP:Co) ratio, acquired under UHV conditions at room temperature. a), b), c) and d) show cobalt
influence on Fe 2pss, N 1s, Co 2pss and O 1s core levels, respectively (see text for details). e) Schematic
of FeTPyP with color-coded nonequivalent N species matching the resolved components in b). Photon
energies: a,c) 1000 eV, b) 514 eV and d) 750 eV.

The latter two peaks are attributed to MS components of Fe(ll), whereas the lowest binding energy
peak is assigned to a well-screened final state of Fe(ll), in agreement with the Gunnarsson-
Schénhammer (GS) model and considering that Fe(0) is expected at 706.6 eV.

GS contribution arises from the transfer of a screening charge from valence states of the substrate to
an unoccupied molecular orbital that is pulled below the Fermi level by the core hole [85—87] and it has
been already identified in cobalt-based systems such as CoTPyP/Gr/Ir(111) [88] and CoTPyP—
Co/Gr/Ir(111) [35] CoTPP/ and CoTTBPP/Ag(111) [87].

These assignments are supported by the systematic analysis conducted by Biesinger et al. [84], who
investigated the multiplet splitting structure of first-row transition metals in various oxidation states. In
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their study, FeO served as a reference for Fe(ll), while the multiplet structure of Fe(lll) was determined
from an average of four crystalline phases: a- and y- Fe,03; together with a- and y-FeOOH. Based on
these considerations, we conclude that the central Fe atom in the monometallic system is in the +2
oxidation state. A summary of the peak assignments is presented in Table 4.1. To maintain physical
consistency and avoid overfitting, all peaks were constrained to share a common optimized Lorentzian
width I' = 0.31 eV. The Gaussian width was allowed to vary between GS and MS components but kept
fixed among the MS peaks, yielding G =0.67 and 2.03 eV for GS and MS features, respectively.

Fe 2pas Reference [84]
FeTPyp (this work) Fe(0) Fe(ll) (FeO)
707.6 706.6 708.4
708.9 709.7
711.6 710.9
I R D

FeTPyP-Co (this work) Fe(0) Fe(ll) (FeO) Fe(1ll)
706.8 706.6 708.4 710.0
708.1 709.7 711.0
710.0 710.9 711.9
711.6 713.0
713.5 714.1
716.0 719.5
718.3

Table 4.1 The experimental Fe 2ps,, binding energies (in eV) for the mono- and bi-metallic systems (panel
a) of Figure 4.5) are reported in the first column, along with reference values for Fe(0) and Fe(ll) and
Fe(lll) compounds. In particular, the binding energy for Fe(lll) is given as the average of four different
crystalline phases, as reported in [84]. For each system, the most intense peak is highlighted in bold,
identifying Fe(ll) as the predominant oxidation state in both cases.

A single FeTPyP molecule contains eight nitrogen atoms, grouped into two chemically inequivalent
species: four iminic nitrogen atoms coordinated to the central Fe (green), and four peripheral pyridinic
nitrogen atoms (pink), as in the molecular scheme in Figure 4.5 e). The N 1s spectrum from
FeTPyP/Gr/Ir(111), (Figure 4.5 b), bottom panel) was best reproduced using two main unresolved Voigt
components, with binding energies at 398.3, 398.6 eV, together with a third feature at 399.3 eV
assigned to a shake-up satellite. The two main components are assigned to iminic and pyridinic nitrogen
atoms, respectively. According to the literature, the binding energy (BE) of the iminic nitrogen in
tetrapyrrolic macrocycles can vary by up to 2 eV, depending on the metal center and the supporting
substrate, but typically lies within the 397-399 eV range [37,88—90].

Pyridinic nitrogen in M-TPyP (where M denotes a metalated porphyrin) and in 2HTPyP usually appears
at a binding energy that is 0.3-1.0 eV higher than that one of the iminic component [29,37,88], in
agreement with our observations. Moreover, based on the molecular stoichiometry, the iminic and
pyridinic contributions were constrained to share the same intensity. A common lineshape was imposed
for the elastic features, using an optimized Lorentzian width of I' = 0.14 eV and Gaussian broadening of
0.61 eV. The shake-up feature was fitted using the same Lorentzian width, while the Gaussian width
was allowed to vary independently and is significantly broader. The lower panels of Figure 4.5 ¢) and d)
confirm the absence of oxygen and cobalt, further supporting the high purity of the pristine FeTPyP
monolayer.

Upon Co deposition, STM reveals significant geometric modifications, with Co atoms tetra-coordinated
to the pyridinic nitrogen atoms between adjacent molecules. Despite the low concentration (~1% of a
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monolayer), the presence of Co is clearly detectable in the XPS spectrum (Figure 4.5 d), top panel),
where the Co 2ps,; core level is best fitted using five Voigt components at 778.3, 779.9, 782.5, 784.9
and 787.5 eV. All peaks share a common optimized Lorentzian width of 0.2 eV. The lowest binding
energy feature exhibits a Gaussian width of 1.1 eV, while the remaining components share a broader
Gaussian width of 2.67 eV to avoid overfitting. Experimentally, the correct attribution of an oxidation
state from the XPS data is not trivial, as it is influenced by charge transfer effects that may virtually
reduce the metal center, as well as by final-state phenomena such as multiplet splitting and the possible
presence of a GS screened component, as previously observed for the Fe 2ps/, core level. Furthermore,
the high reactivity of the system toward molecular oxygen makes the determination of the metal
oxidation state more complex, yielding a mixture of non-equivalent Fe and Co species already under
UHV and the best possible preparation conditions.

However, the interaction of Co single adatoms with the pyridyl moieties results in a change of the
oxidation state of cobalt (see Table 4.2), which neither remains in the elemental Co(0) nor in the Co(ll)
state typical of metalated porphyrin centers, despite the similar tetra-coordinated environment
[35,37,88]. This interpretation is supported by the presence of a low-binding-energy component at
778.3 eV (pink) in the Co 2ps/> spectrum, which we assign to Co(l), consistent with the GS screening
model, as already observed for the Fe 2ps/, level. Comparable assignments have been made in previous
studies on monolayers of MTPyP-Co on Gr/Ir(111) with M=Co/Mn [35,37] and CoTPP/Ag(111) [87]
where the main Co(l) features were found at 778.6, 778.5 and 778.2 eV, respectively. Subsequently, the
presence of oxygen bound to Co atoms, along with its spectral evolution under CO and O, pressures
(discussed in the following chapter) and the influence of oxidized iron in the macrocycle, as already
confirmed by STM, supports the identification of two discrete families of spectral components. These
features, observed at 779.9/784.9 eV (grey) and 782.5/787.5 eV (blue), are ascribed, respectively, to
lower and higher oxidized Co species.

Co 2ps;2
FeTPyP-Co (this work) Co(0)®* CoTPyP-Co(1)*® | MnTPyP-Co(l)*” | Co(ll) (CoO)**
778.3 778.1 778.6 778.5 780.0
779.9 780.0 782.1
782.5 781.6 785.5
784.9 784.7 786.5
787.5

Table 4.2 The experimental Co 2ps/, binding energies (in eV) for the mono- and bi-metallic systems are
reported in the first column, along with reference values for Co(0), Co(l) and Co(ll). The main peak is
highlighted in bold, identifying Co(l) as the predominant oxidation state.

The presence of oxygen under UHV conditions is also confirmed by O 1s core level, where two distinct
features emerge at 529.8 and 531.5 eV, panel c) of Figure 4.5. The lower binding energy component
(529.8 eV) is attributed to oxygen bound to metal centers, specifically Fe and Co, consistent with
literature assignments for metal-oxygen species [91-93] and will be further discussed in subsequent
chapters. The higher binding energy component at 531.5 eV is assigned to oxygen bound to Gr. This
assignment is supported by previous studies by Vinogradov et al. [94] and Kyrkjebg et al. [95], who
observed multiple O 1s peaks in oxidized graphene systems, including those corresponding to enolate
and epoxy species, i.e., atomic oxygen bonded to graphene via single or double bonds, at binding
energies consistent with our observed component. These findings confirm that Co atoms incorporation
in the monometallic system makes it extremely reactive towards O; activation, even under UHV
conditions (10° mbar), as already observed in STM images.
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The pyridinic nitrogen peak in the N 1s spectrum is expected to shift upon coordination with cobalt.
Interestingly, the spectrum shown in panel b) of Figure 4.5 reveals the presence of three distinct
molecular families following Co deposition, which we tentatively assign as follows. The first,
characterized by iminic (green) and pyridinic (pink) nitrogen components from molecules coordinated
to single Co atoms at the pyridinic sites. These components are shifted by 0.9 eV toward higher binding
energies compared to the pristine layer, now appearing at 399.2 eV and 400.2 eV, respectively. This
shift indicates that the electronic configuration of the macrocycle is significantly altered upon network
formation [37,88]. The second molecular family is represented by the dark components at 397.6 eV
(iminic) and 401.0 eV (pyridinic), corresponding to molecules in which Co clusters are coordinated at
the pyridinic sites. The low binding energy feature at 397.6 eV suggests strong electronic interaction
between nitrogen and the Fe metal center. This observation is consistent with the findings of
Scardamaglia et al. [96], who reported a N 1s feature at 397.4 eV in nitrogen-doped graphene on
Ir(111), attributed to nitrogen atoms closer to the metallic substrate. By analogy, we assign the 397.6
eV component to iminic nitrogen located closer to Fe atoms, likely promoted by structural and electronic
reorganization of the macrocycle induced by the presence of Co clusters at the pyridinic terminations,
assigned to the feature at 401.0 eV.

Finally, the component at 398.6 eV (blue one) is attributed to nitrogen atoms involved in O-M-N
(oxygen-metal-nitrogen) coordination, where the nitrogen atoms (iminic/pyridinic) are bound to a metal
center (Fe/Co) that simultaneously interacts with the O axial ligand. This assignment is consistent with
studies showing that nitrogen atoms in complex coordination environments, such as O-M-N linkages,
can exhibit modified N 1s binding energies compared to standard M-N bonding.

While electron-withdrawing groups like oxygen typically increase the binding energy when directly
attached to nitrogen [97], selected geometries and electronic configurations, such as those in oxynitride
systems, can lead to a lowering of the binding energies, as demonstrated by Bittencourt et al. [98] for
O-Ti-N coordination. Finally, the shake-up satellite is now centered at 402.5 eV.

Further evidence of the electronic reorganization is given by the influence of Co coordination on the Fe
2pss2 core level (top panel of Figure 4.5 a)), reflecting the cooperativity between the metal centers
mediated by the organic backbone. Notably, unlike in MnTPyP-Co and CoTPyP-Co systems, where the
central metal adopts a +3 oxidation state upon Co deposition [35,37], iron does not oxidize to Fe(lll).
The best fit is obtained with seven Voigt components at 706.8, 708.1, 710.0, 711.6, 713.5 eV and for
higher oxidized states at 716.0 and 718.3 eV (dark ones). For all components, the lineshape was chosen
to be the same as for the monometallic case (I'=0.31 eV, G = 2.03 eV) except for the first peak, where
G width narrows to 0.43 eV. The first two components (706.8 and 708.1 eV) display a rigid shift of
approximately 0.8 eV toward lower binding energy with respect to the pristine system. Based on GS
screening, together with the presence of elemental iron Fe(0) at 706.6 eV, we attribute the feature at
706.8 eV (green) to the formation of Fe(l) species, in analogy with what is observed in Co spectra.
Moreover, due to the presence of oxygen, two new components arise at 710 and 713.5 eV (blue),
consistent with Fe(lll) species as reported by Biesinger et al. [84]. Nevertheless, the dominant
component at 708.1 eV remains characteristic of Fe(ll), allowing us to conclude that, after Co
deposition, iron is initially in a +1 oxidation state and, due to its high reactivity, gradually evolves to +2
due to the exposure to the system background gas pressure. This Fe(l) state is likely transient, being this
species very reactive, and thus highly sensitive to environmental conditions. Indeed, the intensity of the
Fe(l) component varies between measurements, depending on the background pressure and the total
acquisition time, which makes it difficult to precisely quantify the relative amounts of oxidized Fe and
Co species. However, by combining STM data with the Fe, Co 2ps/; and O 1s core-level spectra, we infer
that the O-metal signal in the O 1s spectra originates predominantly from iron oxidation, with
approximately 70% of the oxygen atoms bound to Fe and the remaining 30% to Co.

The observed oxidation states are also supported by spin-polarized DFT calculations using the PBE
exchange-correlation functional, with Bader charge analysis used to quantify the electronic population
at each metal center. For FeTPyP/Gr, the Bader charge of Fe is = 3.98¢", close to that expected for Fe(ll).
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In the bimetallic FeTPyP-Co/graphene system, the Bader charges are Fe = 4.52e~and Co = 4.58¢". These
values are significantly higher (electron gain) relative to the monometallic case, indicating a reduction
toward the +1 oxidation state for both Fe and Co. The charge redistribution is mediated by Fe-Co
coupling through the porphyrin macrocycles and facilitated by the graphene substrate, which acts as a
charge reservoir.

Finally, the C 1s and Ir 4f;/,, core-level spectra were measured on bare graphene (Gr), after the growth
of the FeTPyP monolayer, and following peripheral Co coordination, as shown in panels a) and b) of
Figure 4.6. The binding energy and shape of the Gr-related C 1s peak are minimally affected by the
adsorption of the weakly interacting molecular layer. However, a decrease in peak intensity is observed,
attributable to attenuation caused by the molecular adlayer. New C 1s components associated with the
porphyrin macrocycle and its peripheral substituents emerge at higher binding energies, extending up
to approximately 285.6 eV, along with a shoulder at ~283.6 eV, similar to the case of CoTPyP and
MnTPyP on Gr/Ir(111) [37,99]. Upon Co coordination, the shoulder assigned to the porphyrin core
exhibits a chemical shift of approximately +330 meV, accompanied by spectral broadening, providing
additional evidence of the significant electronic influence of Co on the organic backbone, consistent
with DFT calculations. In contrast, while the C 1s spectrum shows clear modifications, the Ir 4f;/, core-
level spectrum (right panel, Figure 4.6) remains unchanged, indicating that the underlying metal
substrate is not perturbed by the molecular assembly.
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Figure 4.6 C 1s and Ir 4f;,; core level of bare graphene, 1 ML of FeTPyP. and 1 ML of FeTPyP-Co are shown
in panels a) and b), respectively. a) The monolayer spectrum displays a decreased intensity of the main
peak and the appearance of a shoulder at higher binding energies associated with the pophyrins. Co
deposition induces a shift of +330 meV of the molecular carbon shoulder. b) Ir 4f;; data are shown,
revealing the absence of chemical shift of the surface component, indicating that the metal substrate
remains unperturbed by the molecular assembly.

4.3 Vibrational Properties

The vibrational fingerprints of the FeTPyP and FeTPyP-Co layers were investigated using IR-Vis SFG
spectroscopy. All fit parameters are summarized in Appendix A.1. Figure 4.7 shows the vibrational
profiles of the as-prepared mono- and bi-metallic organic frameworks in the 1200-1400 and 1500-
1650 cm™"regions, acquired using ppp polarization in UHV conditions, along with the best-fit curves and
vibrational resolved components corresponding to each vibrational resonance.
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These results demonstrate that the significant structural and electronic modifications induced by
peripheral cobalt coordination, discussed in previous sections, also impact the vibronic resonances of
the molecular layer. In this study, the molecular coverage was approximately 0.7 ML, below full
monolayer saturation. According to previous experiments, this submonolayer regime promotes long-
range molecular ordering by minimizing steric hindrance contributions associated with the molecular
realignment. In contrast, cobalt was deposited slightly exceeding the stoichiometric 1:1 FeTPyP:Co ratio
and at the same time below the level that induces cluster formation on the graphene substrate. For the
pristine FeTPyP layer, three main vibrational resonances are observed in both the low- and mid-
wavenumber regions. Based on their spectral positions and intensities, the modes are assigned as
follows: at 1217 and 1594 cm™ pyridinic ring bending modes (blue) [26,100,101] at 1239 cm™ combined
macrocycle and peripheral ring bending/stretching modes (pink) [26,100] and at 1359, 1531 and 1579
cm™® predominant macrocycle deformations (cyan, red, and yellow) [26,37,100,101].

SFG Intensity (arb. units)

1200 1300 1400 1520 1560 1600 1640
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Figure 4.7 SFG spectra, best fit and components of 0.7 ML of FeTPyP (bottom) and FeTPyP-Co/Gr/Ir(111)
(top) with Co deposition slightly exceeding the stoichiometric 1:1 FeTPyP:Co ratio while preventing
cluster formation on graphene. Pyridinic modes are highlighted in blue, mixed pyridinic-macrocycle
modes in pink, and macrocycle modes in cyan, red and yellow. The addition of peripheral Co atoms
introduces spectral inhomogeneity, particularly evident in the low-wavenumber region with a Gaussian
contribution equal to 18 cm™, along with an increase in the non-resonant background and phase shifts
in selected modes, indicating a change in the electronic structure of the system.

For the pristine system, the Gaussian broadening was below the experimental uncertainty and thus kept
to zero, reflecting the high molecular order demonstrated by the STM images. Upon Co deposition,
several modifications arise. First, an increase in the non-resonant background amplitude and a phase
shift affecting selected vibrational features are observed, both indicative of changes in the electronic
structure, consistent with the XPS data. Similar effects have been reported for MnTPyP-Co [37] and
CoTPyP-Co networks [35]. In the latter case, STS and DFT calculations attributed the enhanced non-
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resonant background to a reduction in the HOMO-LUMO gap following Co coordination. This reduction
introduces new electronic excitation channels, thereby enhancing the SFG signal. Moreover, the
addition of Co introduces inhomogeneity into the system, due to the coexistence of Co clusters and
single-atom Co and Fe centers exhibiting different oxidation states arising from their distinct
configurations at the pyridinic and iminic sites, respectively, as revealed by STM and XPS measurements.
This structural and chemical disorder is reflected in the SFG spectra by means of an induced and sizeable
Gaussian broadening of the resonances, which is otherwise typically negligible compared to the
Lorentzian (homogeneous) contribution. However, this broadening becomes more pronounced in the
1200-1400 cm™ region (optimized G = 18 cm™ while Thiwe = 9, [pink= 6 and Tyan = 6 cm™?) compared to
the 1500-1650 cm™ range (optimized G =3 cm? while Treg = 8, T'yelow= 12 and T'uie = 3 cm™) likely because
vibrational modes at higher wavenumbers correspond to more localized and energetically rigid
molecular vibrations, which are less susceptible to environmental disorder. This Gaussian broadening is
accompanied by a shift of the components originally at 1239 and 1579 cm™, now at 1246 and 1560 cm’
1. Notably, the component associated with the pyridinic group is blue-shifted to 1598 cm™, and can
potentially serve as an indirect spectroscopic fingerprint of Co coordination and ligation at this site,
particularly in chemical reactivity experiments. Table 4.3 shows the energies of the fitted resonances

FeTpyp (this work FeTPyP-Co (*hisworkl Mode

1217 1217 3(py)
V(Cq — N) +8(Cg — H),
1239 1246
U(Cm — pyl‘) + 8((: — H)pyr

1359 1359 v(Cq —N)
1531 1531 v(Cg — Cg) +8(Cg — H),
1579 1560 v(Cg — Cg), u(Cq — Cpp)
1594 1598 5(py)

Table 4.3 SFG vibrational resonances energy (in cm™) of FeTPyP and FeTPyP-Co monolayers on
Gr/Ir(111). Tentative mode attribution by comparison with experimental values for FeTPyP [100,101]
MnTPyP [37], and CoTPyP [26,35]. The carbon labels refer to Figure 2.2.

4.4 Conclusion

In summary, the deposition of FeTPyP on graphene under UHV conditions leads to the formation of a
self-assembled, ordered monolayer that is electronically decoupled from the underlying metal
substrate. This layer is capable of hosting Co atoms, which coordinate between the peripheral nitrogen
atoms of adjacent porphyrins, inducing a significant geometric and electronic rearrangement of the
network.

STM measurements reveal that the initial close-packed structure of FeTPyP reorganizes into a (2x2)
oblique lattice in Co intermediate coverage, and into a square lattice upon saturation. Through this
process, non-equivalent metal centers are stabilized within the organic framework, yielding a bimetallic
network with emergent properties. Notably, increasing Co loading within a certain threshold, Co atoms
preferentially bind to each other, forming small clusters that remain stabilized at room temperature
between the organic backbone.

Detailed electronic and vibrational characterization of FeTPyP and FeTPyP-Co monolayers was
performed using synchrotron-based XPS and tabletop laser IR-Vis SFG. Coordination of the second
metal atom influences the oxidation states of both metal centers. Co is not present as metallic Co(0)
but instead exhibits a +1 oxidation state, thereby confirming coordination at the pyridinic terminations.
Simultaneously, Fe is likely reduced to a +1 state, as supported by spin-polarized DFT calculations with
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Bader charge analysis; however, the high reactivity of this oxidation state hinders its stabilization.
Indeed, STM and DFT reveal oxygen bound to Fe atoms, a finding further confirmed by XPS through the
detection of oxidized components in both the Fe and Co 2ps;; core-level spectra. This necessary
preliminary characterization of the MON opens now the way towards the investigation of the reactivity
of the layers beyond UHV conditions.
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5 ‘ Co Influence on Layer Reactivity: FeTPyP vs FeTPyP-Co
toward O, and CO

This chapter provides a detailed investigation of the reactivity of FeTPyP and FeTPyP-Co monolayers
toward O and CO, explored up to near-ambient pressure conditions. For FeTPyP, reactivity was probed
exclusively by IR-Vis SFG spectroscopy, whereas for FeTPyP-Co, a combination of NAP-XPS and IR-Vis
SFG was employed. The experimental findings are further supported by dedicated ab initio DFT
simulations. All fit parameters are summarized in Appendix A.2.

5.1 Molecular Oxygen Ligation at Single Metal Atom Sites

Oxygen-oxygen bond formation and cleavage are fundamental steps in the oxygen evolution reaction
(OER) and the oxygen reduction reaction (ORR), respectively. Both processes are of great technological
importance in renewable energy applications, particularly in metal-air batteries, which are emerging as
promising alternatives to Li-based systems [8].

A key challenge in developing stable and efficient bifunctional catalysts is defined by the theoretical
prediction that the best materials for OER and ORR cannot coincide [8]. A solution can be given
exploiting heterometallic reactive centers embedded in 2D organic crystalline networks grown on
functional templates. Based on these considerations, we investigated the chemical reactivity of FeTPyP
and FeTPyP-Co layers supported on Gr/Ir(111) under O, pressure by means of SFG and NAP-XPS. The
experimental findings are validated by density functional theory calculations, including Bader charges
and charge density difference analysis. Notably, even under UHV conditions, the bimetallic layer displays
pronounced reactivity toward O,, making it a promising candidate for further investigation at higher O,
pressures.

5.1.1 Vibrational Properties

To confirm the inert character of FeTPyP toward molecular oxygen, the monometallic layer was
examined by SFG. In Figure 5.1 a), only normalized spectra are reported. A comparison between the
SFG spectra under UHV (cyan) and in 0.06 mbar O, (red) reveals only a weak signal intensity variation in
the 1500-1650 cm " region. This variation is more plausibly attributed to a reorganization of the FeTPyP
layer in the presence of O, rather than to a direct Fe-O; interaction.

Considering the minimal spectral changes upon O, exposure, we conclude that the FeTPyP layer remains
inert toward molecular oxygen. This result is consistent with recent studies on MnTPyP and MnTPyP-
Co/Gr/Ir(111) systems, where O, exposure likewise did not lead to a direct Mn-0; interaction in the
monometallic case, in contrast to the reactivity observed for the bimetallic system [23]. In the latter
case, distinct pressure-dependent regimes were identified: below 10® mbar, only O, ligation occurs,
whereas above this threshold, O, activation takes place, yielding dissociation. In the present work, we
find that O, activation occurs already under UHV conditions if Mn is repleaced by Fe. We therefore focus
directly on higher pressures, specifically 0.01 mbar, as shown in Figure 5.1 b).

The spectrum related to the bimetallic system exhibits substantial changes upon O, exposure, as shown
in Figure 5.1 b). Notably, the presence of O, increases layer homogeneity compared to the UHV case.
While all vibrational components maintain the same Lorentzian (homogeneous) contribution described
in the UHV section, the Gaussian broadening, which reflects system inhomogeneity, decreases
significantly: from G = 18 cm™ and G= 3 cm™, in the 1200-1400 and 1500-1650 cm™ regions under UHV
conditions (orange spectrum), to G = 6 cm™ and G = 2 em™ during O, exposure (red spectrum), and G =
5cm?and G = 2 cm™ after gas removal (green spectrum).
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This reduction reflects the strong reactivity of the layer toward O,. Before exposure, different
coordination environments at iminic and pyridinic moieties contributed to inhomogeneity. During and
after O, exposure, however, the high reactivity of the layer toward molecular oxygen yields a larger
fraction of Fe and Co atoms bound to oxygen, as also confirmed by NAP-XPS measurements shown in
the next section, thereby reducing the overall inhomogeneity.

) L R R A AL L ALL I o) | AR AA AR AL AL AR

© FeTPyP-Co Pump Out
© FeTPyP 0.06 mbar O,

©— FeTPyP UHV ?
1

Intensity (arb. units)

1 1 | - | | woboou b bienly

1200 1250 1300 1350 1400 1520 1560 1600 1640 1200 1250 1300 1350 1400 1520 1560 1600 1640
-1 1
IR wavenumber (cm ') IR wavenumber (cm )

Figure 5.1 a) SFG normalized spectra of pristine FeTPyP layer (0.7 ML) in UHV (cyan) and under 0.06
mbar O (red). b) SFG spectra, best fit and vibrational components of the pristine FeTPyP-Co layer (0.7
ML with Co deposition slightly exceeding the stoichiometric 1:1 FeTPyP:Co ratio avoiding cluster
formation on graphene) in UHV (orange), under 0.01 mbar O; (red) and after recovering UHV conditions
(green).

In addition, several spectral modifications are observed in O, background. For the macrocycle modes,
the component outline in cyan increases in intensity and redshifts from 1359 to 1356 cm™, while only a
single component at 1552 cm™ (dark purple) is observed in the 1520-1580 cm™ region. Both changes
persist after gas removal, indicating a non-reversible process that can be attributed to macrocycle
deformations induced by O atoms bound to Fe sites. Moreover, after recovering UHV conditions, the
1356 cm™ component further redshifts at 1354 cm™, which could be attributed to the absence of O
ligation at Fe sites. In the pyridinic region, increased ordering is also evident: in the higher wavenumber
range, the dominant contribution (blue) redshifts from 1598 to 1593 ¢m™?, with an associated increase
in intensity, consistent with oxygen binding to Co sites. Notably, a new component (orange) appears at
1613 cm™, which changes phase after gas removal, providing clear and indirect evidence of O, ligation
at the Co sites.

Oxygen ligation and activation are further confirmed by DFT calculations, shown in Figure 5.2. The
charge redistribution was calculated as the difference between the total charge density of the combined
system (M/Gr + O,, with M=FeTPyP-Co) and the sum of the charge densities of the isolated components
in the positions assumed in the total system:

Ao = om/Grvo, — Qo, — Om/Gr (4.2)

integrating over the in-plane coordinates of the unit cell for each z component in order to get Ap(z)
profile. Its visualization was performed using VESTA, where regions of electron accumulation are shown
in yellow and regions of electron depletion in cyan, using an isovalue of + 0.055 e /A3 respectively. The
blue areas correspond to artifacts arising from the finite size and periodic boundary conditions of the
simulation cell. At both Co and Fe sites, O, adsorbs in the form of superoxide species, with the calculated
charge transfer amounting to 0.529e™ from Co to O, and 0.485e™ from Fe to O,. The O-O bond lengths
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are estimated as 1.30 A on Co and 1.28 A on Fe, compared to a gas-phase value of 1.21 A, indicating
bond elongation and therefore possible activation upon O, adsorption, in agreement with SFG data.

Figure 5.2 Simulated side view of charge redistribution within the unit cell, visualized using VESTA. The
system contains one FeTPyP molecule and one Co atom, with O, molecule adsorbed on each metal site.
Charge redistribution arises from the interaction between the adsorbed O, molecules and FeTPyP-Co
(brown) on Gr (black). Regions of electron accumulation and depletion are depicted in yellow and cyan,
using an isovalue of + 0.055 e /A3 respectively, highlighting the direction of charge transfer. Blue areas
represent artifacts due to the end of the periodicity in the simulation cell.

5.1.2 Electronic Characterization

0, ligation and activation are confirmed by NAP-XPS spectra shown in Figure 5.3. Before discussing the
spectra in O, background, it is important to note that the UHV reference spectra (bottom row of each
panel) differ from those previously presented in the UHV characterization section (Figure 4.5). This
discrepancy is likely due to different sample preparation conditions, in particular, a longer exposure to
the residual UHV background pressure. As a result, the total area of the oxygen components (bottom
row of panel d) is approximately twice the corresponding features’ area shown in Figure 4.5.

This difference is also reflected in the UHV spectra of Fe and Co 2ps/, core levels. For Fe, the area of the
GS components, attributed to Fe(l), decreases by ~30%, while the overall areas of Fe(ll) (grey, main
peak at 708.1 eV) and Fe(lll) (blue, main peak at 710 eV) both increase by ~10%, if compared to Figure
4.5. Together, Fe(ll) and Fe(lll) become the predominant species in the system. For Co, the spectrum
exhibits a pronounced minimum between the GS component (pink), assigned to Co(l), which remains
nearly unchanged, whereas the contributions from less (grey) and more oxidized (blue) Co species
increase by ~50%.

Upon exposure to Oy, the presence of gas-phase molecular oxygen is evident from two peaks at 538.7
and 539.8 eV. These features arise from the characteristic multiplet splitting of the O 1s core hole final
states of O,, a well-established fingerprint of gas-phase molecular oxygen in XPS [102].

The previously identified contributions at 529.9 and 531.5 eV (O-metal and O-graphene, respectively)
exhibit a rigid shift of 0.4 eV toward lower binding energies, now located at 529.4 and 531.1 eV. Their
areas increase to nearly three times the initial values. In addition, a distinct component emerges at
533.7 eV, lying between values typically associated with molecular oxygen physisorbed and
chemisorbed on metals. More specifically, O, on metals is typically observed at binding energies
approximately ~2 eV higher than in our case [103]. Strongly chemisoberd superoxo (0,7) species have
been reported at 529.6-530.5 eV on Pt [103] and at 532.1 eV as active O,~ on Co [91], whereas weakly
chemisoberd dioxygen on Co appears at 532.9 eV [23]. Therefore, the feature observed here is ascribed
to weakly chemisorbed dioxygen at metal sites, with the 0.6 eV shift in binding energy rationalized by
0, ligation occurring at Fe centers as well as at Co centers. DFT calculations are consistent with this
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interpretation, identifying the species as superoxo (O,) bound end-on at both Fe and Co sites, as shown
in Figure 5.2. Specifically, charge transfer from Fe (~0.485e7) is slightly smaller than from Co (~0.529¢")
toward adsorbed O, molecule, leading to O 1s contributions at slightly higher and lower binding
energies, respectively [104]. Considering that these two contributions are close in energy, they cannot
be resolved experimentally and instead give origin to a broadened component centered at 533.7 eV.
Upon restoring UHV conditions, this feature disappears completely, in agreement with SFG
measurements.
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Figure 5.3 Synchrotron radiation XPS spectra of the a) Fe 2ps, b) Co 2pss, ¢) N 1s and d) O 1s core levels
of IML of FeTPyP on Gr/Ir(111) with Co deposition slightly above the stoichiometric 1:1 (FeTPyP:Co)
ratio, collected at room temperature in UHV (bottom row, orange), at equilibrium in 0.03 mbar O
(central row, red), and after recovering UHV conditions (top row, cyan). Photon energies: a,b) 1000 eV,
c)514eVandd) 750 eV.

A pronounced modification is also observed in the N 1s spectra following the introduction of the O..
Under O, pressure, the area of the O-M-N (blue) component nearly doubles compared to the UHV case,
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whereas the iminic and pydinic contributions decrease by the same amount. The almost unchanged
relative ratios of the spectral components after restoring UHV conditions indicate that, following O,
exposure, the predominant molecular species correspond to those with oxidized Fe and Co sites. This
confirms the irreversibility of the process, in agreement with SFG results.

In the Fe 2psj; spectra, O, exposure leads to complete quenching of the GS component, accompanied
by a ~40% decrease in total Fe(ll) contributions (grey) and a ~10% increase in total Fe(lll) components
(blue), with the main peak at 710 eV, which becomes the dominant Fe species. This distribution persists
even after UHV recovery, providing clear evidence of the system’s irreversibility. Similarly, in the Co 2ps;,
spectra, the GS component disappears completely under 0.03 mbar O,. The less oxidized Co
contributions shift rigidly by ~0.3 eV toward higher binding energies, now at 780.3/785.2 eV (grey), and
their contribution increased by ~50%. A comparable increase ~50% is also observed for the more
oxidized Co species contributions at 782.5/787.5 eV (blue). The predominant Co species is in the +2
oxidation state, represented by the dominant component at 780.3 eV, while a new feature emerges at
789.4 eV (orange) which could be ascribed to a MS component of Co(lll) [84].

Upon pumping out the gas, the Co spectrum remains essentially unchanged, again confirming the
irreversible nature of the process. As in the UHV case, the oxidation states were compared with spin-
polarized DFT calculations using the PBE exchange-correlation functional, with Bader charge analysis
used to quantify the electronic population at each metal center. The simulated results are fully
consistent with the experiment: during O, adsorption, the calculated Bader charge for Co is = 8.0e",
consistent with Co(ll), while for Fe it is = 6.3e~, consistent with oxidation toward Fe(lll).

5.2 Carbon Monoxide Ligation at Single Metal Atom Sites

Carbon monoxide adsorption has been extensively investigated in surface science since the earliest UHV
studies [105], with the aim of providing fundamental insight into adsorption and bond formation
processes and, ultimately, of developing more efficient catalysts for CO-involving reactions. Its chemical
simplicity, combined with its most stable configuration, typically the on-top (terminal) geometry, where
the carbon atom binds directly to the metal surface, makes CO an optimal molecular probe for studying
the adsorption (surface science) and ligation (biochemistry) sites’ properties. In addition, its strong
dipole moment makes it easily detectable by means of dipole-sensitive techniques like SFG, where it
usually generates an intense signal [35,106—-108].

On this basis, the reactive sites of FeTPyP and FeTPyP-Co monolayers were investigated by exposing
the system to a CO background at room temperature by means of IR-Vis SFG and NAP-XPS. The
experimental observations are validated using density functional theory calculations, including Bader
charges and charge density difference analysis. All fit parameters are summarized in Appendix A.3.

5.2.1 Vibrational Properties

The C-O stretching band of CO adsorbed on-top is generally observed from 1800 cm™ up to 2120 cm™
on metal surfaces, clusters, single metal atoms and metal-organic molecules [35,76,106,109,110] with
the gas-phase value at 2143 cm™ [111].

In the present work, the SFG spectra of both mono- and bi-metallic layers, acquired in the 1850-2050
cm™ CO stretching region under UHV and CO pressure conditions, are shown in panels a) and b) of
Figure 5.4. As already described in the UHV characterization, notable structural and electronic changes
occurs upon Co coordination, which are further confirmed by CO adsorption. Indeed, in the
monometallic system, the SFG spectrum remains flat even upon exposure to CO pressures up to 0.01
mbar, indicating that Fe sites, in the +2 oxidation state as discussed in the UHV characterization (Section
4.2), are inert toward CO ligation. On the other hand, the bimetallic system (1:0.4, FeTPyP:Co ratio)
exhibits pronounced modifications in the SFG spectrum. Three intense resonances are observed at
1909, 1946 and 1969 cm™, associated with adsorbed CO under equilibrium conditions with its gas
phase, and they reversibly disappear when UHV conditions are restored. This behavior reflects a
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dynamic equilibrium between CO adsorption and desorption rates, dictated by both temperature and
the CO background pressure.
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Figure 5.4 a) SFG spectra of FeTPyP/Gr/Ir(111) in UHV and 0.01 mbar of CO. No significant changes are
observed for the monometallic system, indicating Fe(ll) is inert toward CO adsorption. b) SFG spectra,
best fit and resolved vibrational components of FeTPyP-Co/Gr/Ir(111), showing three vibrational
features under 0.1 mbar of CO: the fundamental and hot-band transitions of CO on Co atoms (red and
yellow), and the fundamental transition of CO on Fe atoms (green), which becomes active toward CO.
The pump out spectrum (yellow) demonstrates the reversibility of the process.

The features at 1969 and at 1946 cm™, previously observed in CoTPyP and MnTPyP-Co monolayers
grown on Gr/Ir(111) [23,35], are assigned to the 0—1 fundamental and 1-2 hot-band vibrational
transitions of CO adsorbed at the Co sites. Indeed, multiple resonances associated with the same
vibronic mode could, in principle, arise from non-equivalent adsorption sites or geometries [112,113]
but this usually induces larger chemical shifts. CO adsorption at Co clusters would instead generate
bands above 2000 cm™ [76,114], which are absent here. Vibronic splitting due to excitonic coupling
could also be considered, but it generally results in much smaller energy separations [106].

Finally, vibrational anharmonicity provides a natural explanation: adsorbed CO can be regarded as a
localized oscillator with an anharmonic interatomic potential. As a result, a resonance originating from
the v = v + 1 transition occurs at progressively lower energy as vincreases [35,76,115]. Based on
these considerations, the component at 1946 c¢cm™ is consistent with the hot-band transitions,
separated from the fundamental transition by 23 cm™ (2.9 meV). Concerning the amplitude ratio
between the fundamental and hot-band resonances, we find that it depends on the intensity of the
incident IR beam. In SFG, the resonant amplitude scales with the population difference between the
initial and final vibrational states; this population difference is affected by the IR excitation intensity,
accounting for the observed behavior and further supporting our assignment. In addition, the v =
1 — 2 transition has a higher dynamic dipole moment, leading to a more intense resonant signal
[116]. Interestingly, a third component, unobserved in our previous works on CoTPyP- and MnTPyP-
Co/Gr/Ir(111) [23,35] appears at a lower wavenumber (at 1909 cm™, indicated in green in panel b) of
Figure 5.4). At first glance, it could be interpreted as the v = 2 — 3 transition. However, this
assignment is excluded by anharmonicity considerations: the spacing between this third feature (green)
and the hot-band (yellow), 37 cm™, is larger than the spacing between the hot-band (yellow) and the
fundamental (red), 23 cm™, which is inconsistent with the expected anharmonic potential behavior. A
more plausible explanation is that, in the presence of Co, as independently confirmed by XPS, electronic
reorganization occurs, making Fe atoms active toward CO adsorption. This hypothesis is further
supported by DFT simulations, which confirm CO adsorption at both Fe and Co centers, as shown in
Figure 5.5.
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The charge redistribution was calculated as the difference between the total charge density of the
combined system (M/Gr + CO, with M=FeTPyP-Co) and the sum of the charge densities of the isolated
components in the positions assumed in the total system:

A0 = Oom/Gr +co — Oco — Om/cr (4.2)

integrating over the in-plane coordinates of the unit cell for each z components in order to get the
Ap(z) profile. Its visualization was performed using VESTA, where regions of electron accumulation are
shown in vellow and regions of electron depletion in cyan, using an isovalue of + 0.076 e /A3,
respectively. The blue areas correspond to artifacts arising from the finite size and periodic boundary
conditions of the simulation cell.

At Co sites, the CO ligand adopts an upright orientation, whereas at Fe sites it is slightly tilted. The
calculated charge transfer amounts to 0.288e~ from Co to CO and 0.049e~ from Fe to CO per unit cell.
The C-O bond lengths are estimated as 1.15 A on Co and 1.14 A on Fe, compared to a gas-phase value
of 1.13 A, indicating that the CO molecule remains intact and does not dissociate upon adsorption.

C-0=1.15A

Figure 5.5 Simulated side view of charge redistribution within the unit cell, visualized using VESTA. The
system contains one FeTPyP molecule and one Co atom, with CO molecule adsorbed on each metal site.
Charge redistribution arises from the interaction between the adsorbed CO molecules and FeTPyP-Co
(brown) on Gr(black). Regions of electron accumulation and depletion are depicted in yellow and cyan,
using an isovalue of + 0.076 e /A3 respectively, highlighting the direction of charge transfer. Blue areas
represent artifacts due to the end of the periodicity in the simulation cell.

These results suggest that at saturation CO adsorption is stronger at Co than at Fe sites. At first glance,
a discrepancy appears when compared with the experimental SFG spectra in Figure 5.4, where the CO
adsorbed on Fe (green component) appears at lower wavenumbers, indicating a stronger adsorption
relative to Co. This apparent inconsistency arises from the fact that the DFT simulations were performed
assuming a 1:1 FeTPyP:Co ratio, which differs from the experimental conditions. Indeed, as the Co
loading increases toward the 1:1 ratio, agreement between simulation and experiment is achieved, as
will be shown in Figure 5.8 c).

The extreme surface sensitivity of IR-Vis SFG enables a detailed in situ investigation of the adsorption
process as a function of progressively increasing pressure, from UHV to saturation (mind that saturation
is approximately <1 % ML, i.e., the absolute coverage of the single available Co sites). This allows both
a quantitative investigation of the kinetics (cooperativity effects), and the determination of the CO
adsorption energies on Fe and Co. To probe how cooperativity varies between Co and Fe sites as a
function of Co concentration, three different systems were prepared with different Co relative loadings:
a) 4%, b) 40% and c) 70% with respect to the FeTPyP coverage. In all cases, Co was kept below the limit
1:1 ratio to minimize anti-cooperative effects arising from direct lateral interactions and exclude
contributions from contaminant Co clusters located either between pyridinic sites or on the graphene
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surface. Trivially, the amount of adsorbed CO on a monolayer FeTPyP-Co/Gr/Ir(111) increases with CO
pressure, as it is determined by the stationary equilibrium between adsorption and desorption. The CO
stretching region in the 1850-2050 cm™ range was monitored in situ at room temperature as a function
of the increasing CO pressure, from UHV to 0.1 mbar. The uptake data are plotted in Figure 5.6, where
the measured SFG intensity (colour scale) is displayed as a function of both IR wavenumber and CO
background pressure.

a) 4% Co loading (4 -10™4ML) b) 40% Co loading (4 -103ML) ) 70% Co loading (7 -10~3ML)
I:

CO pressure (mbar)

10 10 1
1850 1900 1950 2000 2050 1850 1900 1950 2000 2050 1850 1900 1950 2000 2050
IR wavenumber (cni') IR wavenumber (cni') IR wavenumber (cm )1
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|
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Figure 5.6 a), b) and c) are IR-Vis SFG intensity maps (colour scale), with different Co loadings, as a

function of the IR wavenumber and of the background CO pressure spanning over 8 orders of magnitude,

measured at equilibrium and at room temperature.

In each of the three preparation of the bimetallic system, the SFG spectrum under UHV conditions is
completely flat, but already around 5 x 10° mbar, a weak signal starts to be detectable at 1909 and
1942 cm™, progressively increasing with pressure and associated with CO adsorbed on Fe and the CO
hot-band contribution on Co atoms, respectively. A second resonance starts growing at 1968 cm™ at 10°
® mbar, corresponding to the fundamental transition of CO on Co, initially with a different phase. In the
lower Co concentration case, a), a clear minimum is observed approximately at 1920 cm™ between the
1909 and 1942 cm™ components, which gradually disappears as the Co concentration increases.

It is worth noting that even at the higher Co loading (panel c¢) of Figure 5.6), the CO adsorbed on Fe, as
previously confirmed by DFT simulations in Figure 5.5, appears at lower wavenumbers indicating
stronger adsorption compared to Co. The wavenumber position can be rationalized by the same DFT
simulations, which show that the CO molecule adopts a tilted configuration on Fe site. This geometry
changes its dipole coupling with the molecular layer, shifting its vibrational contribution toward the
lower-wavenumber region.

Regarding the resonant amplitudes, it is worth recalling that the hot-band of CO on Ru(0001) and Ir(111)
was previously observed by means of broadband SFG [115,116], unlike in our case. In that configuration,
the impinging IR beam has a bandwidth of several 100 cm™, enabling hot-band excitation through
absorption of two photons with different energies, resonant with both 0—1 and 1-2 transitions,
respectively. SFG spectra obtained under such conditions provide a more accurate representation of
the population ratio between the ground and first excited vibrational levels. By contrast, in a scanning-
IR SFG configuration the excitation is provided by a narrow IR pulse (of the order of 1 cm™ width). Ideally,
to study the hot-band in a scanning configuration, the fundamental transition should be excited
resonantly with a dedicated fixed-wavelength IR pulse, while performing the SFG measurement using a
second IR beam. In our case, however, at each point of the spectrum the system is both pumped and
probed by the same scanning wavelength IR pulse, and the 0—1 and 1—-2 transitions are excited by IR
photons with the same energy. The hot-band is populated and detectable only because of the intrinsic
broad linewidth of the partially overlapping resonances. Consequently, an independent quantitative
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analysis of the single hot and fundamental resonances would not be physically meaningful, as their
contributions cannot be disentangled.

For this reason, in the case of CO ligation at Co sites, we tracked the evolution of the sum of the resonant
signals, keeping in mind that the signal amplitude is proportional to the state population (coverage). To
simplify the model and obtain physical insight, the spectra imaged in Figure 5.6 were fitted with globally
optimized widths and phases. For the fundamental resonance of CO on Co, we obtain I'coo51=8.0£0.2
cm™ and ®cop1 = 1968.0 + 0.2 cm™, while for its hot-band we get I'15, = 14.8 £ 0.3 cm™ and w15, =
1942.0 £ 0.3 cm™. For the fundamental resonance of CO on Fe, we find T'cop>1 = 27.6 + 0.6 cm™ and
®coo>1 = 1909.0 + 0.7 cm™. Since the peak positions remain constant during uptake, both the
wavenumber and the Lorentzian linewidth were kept fixed for all spectra. The phases of the hot-band
and Fe-related resonances also remained unchanged and were, therefore, linked throughout the
uptake, whereas the phase of the CO fundamental transition on Co was allowed to vary, reflecting its
pressure-dependent evolution. The uptake profile obtained from the best fit of the data plotted in Figure
5.6 is reported in Figure 5.7. These profiles were derived by plotting the resonance amplitudes as a
function of the CO background pressure.
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Figure 5.7 a), b) and c) show CO saturation curves at different Co loadings, obtained from the evolution
of the IR-Vis SFG amplitude of the C-O internal stretch resonances (markers) extracted from the best fit
of the data reported in Figure 5.6, with the associated 1o confidence interval. For clarity, in black only
the best fit of the saturation curve according to the Temkin model (black) is reported.

The evolution of the resonance amplitude associated with CO adsorption at the Fe sites is shown in
blue, while the sum of the amplitudes of the fundamental and hot-band resonances of CO adsorbed on
Co sites is plotted in yellow. It can be readily observed that, independently of the Co loadings, Fe atoms
get saturated by CO earlier than Co atoms. The saturation pressures, however, vary with Co
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concentration: for the lowest Co loading (panel a) of Figure 5.7), Fe sites saturate around 10 mbar,
while Co sites saturate between 10%-102 mbar; for intermediate loading (panel b) of Figure 5.7), Fe
saturates slightly above 102 mbar and Co around 102 mbar; and for the highest loading (panel c) of
Figure 5.7), Fe saturates around 10“ mbar, whereas Co requires 102107 mbar. Interestingly, at the
highest Co coverage (Figure 5.7 c)), an anomalous trend is observed for Fe sites: after reaching
saturation, their signal decreases as Co sites approach saturation. This behavior may originate from a
change in the electronic configuration of the layer, caused by CO saturation at Co sites, such that
adsorption on Fe sites become less favored. The uptake profiles are best fitted with two different
models: the Temkin isotherm and the Hill equation. For clarity, only the Temkin fit is displayed in the
graphs (black lines), although both Temkin and Hill fits were applied to the data, as the curves look very
similar and would substantially overlap in the plots. These models are widely used in catalysis,
biochemistry, and pharmacology. The Temkin isotherm accounts for coverage-dependent adsorption
energies, while the Hill equation provides insight into the degree of cooperativity between adjacent
adsorption sites. Specifically, we can evaluate the adsorption energy of CO on FeTPyP-Co using the
Temkin isotherm, an extended version of the Langmuir isotherm. The model has been largely misused
and cited in its dimensionally inconsistent form in the literature. Recently, significant effort has been
made to clarify this issue and recover its correct form and approximations [117]. Here, we adopt the
following expression, already applied to describe adsorption on metal porphyrins [118]:

6 ) , (5.1)

sat

Eads(g) = Ec(z)ds (1 +ar

where E, 45 is the coverage-dependent adsorption heat, Egds is the initial adsorption heat (formally the
non-cooperative limit, which corresponds to the zero-coverage limit), ar is the Temkin parameter, €
and 6O, are the coverage and saturation coverage, respectively. The approximation of a linear
adsorption heat dependence on @ reflects the degree of (anti)-cooperativity of the process, with
ar assuming values < 0 (anti-cooperativity), = 0 (no cooperativity), or > 0 (cooperativity). From the
SFG data, we extract the evolution of the normalized coverage term 6/8;,:, obtained from the
normalization of the resonant amplitude of the C-O stretching mode to its saturation value. In parallel,
the Hill equation provides complementary insight into the degree of cooperativity between adsorption
sites [119]. Originally introduced by Hill more than a century ago to describe the cooperative binding of
oxygen to hemoglobin [120], the model relates the fraction of occupied receptors to the ligand
concentration as:

n

6 p
Osat p35+pn'

(5.2)

where 6 /68, represents the ratio between occupied and total available binding sites, p is the gas
pressure, po.s5 is the pressure at which half of the receptors are occupied, and n is the Hill coefficient
[119]. The latter can assume only positive values, larger or smaller than 1, corresponding to cooperative
and anti-cooperative binding, respectively. The n = 1 case indicates a non-cooperative response, in
which adsorption at one site is not influenced by the occupation of the neighboring sites. It is worth
recalling that both the Temkin and Hill models reproduce the non-cooperative Langmuir isotherm, for
ar =0and n =1, respectively. For the different Co loadings, the following best-fit values were obtained
and visualized in Figure 5.8 (panels a) and b)). In each panel, the Temkin coefficient (a, left axis) and
the Hill coefficient (n, right axis) are plotted as a function of Co loading and the parameters summarized
for clarity in Table 5.2.1.

At low Co concentration, both Fe and Co sites are consistent with a non-cooperative CO adsorption
mechanism (ay = 0, n = 1). With increasing Co loading, a shift towards anti-cooperative behavior is
observed on both sites, obtaining ar = -0.09 and n = 0.64 for Fe and a7 =-0.11 and n = 0.63 for Co. At
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the highest Co loading, Fe sites revert to a non-cooperativity response, whereas Co sites exhibit stronger
anti-cooperativity.

ar n Do s(mbar) E2,(eV)
4% Co loading 0.01 +0.02 0.99+0.14 (4.24 £ 0.65) x 10°® 0.75+0.01
Fe 0.004 £0.024 1.10+£0.15 (1.53 £0.20) x 10°® 0.77 £0.01
40% Co loading | -0.11+0.01 | 063+0.02 | (2.25+0.11)x10° | 0.744 +0.003
Fe -0.09 £0.01 0.64 £0.04 (3.80 £0.33) x 10°® 0.78 £0.01
70% Co loading -0.18 £ 0.01 0.49 +0.02 (3.12+0.24) x 10° 0.766 + 0.004
Fe 0.01£0.02 1.10+0.11 (3.67 £0.41) x 10°® 0.75£0.01

Table 5.2.1 Temkin and Hill coefficient (ar, n), half-saturation pressure (pg5) and adsorption energy at
zero coverage (Egds) with associated 1o confidence interval, obtained by fitting the uptake curves in
Figure 5.7.

The half-saturation pressures (pg.5) extracted from the uptake profiles further support this trend.
Independent of the Co loading, Fe sites always reach half-coverage at lower pressures than Co sites. The
adsorption energies at zero CO coverage (Egds), shown in panel ¢ of Figure 5.8, reveal a clear site
preference in the early stages of the uptake: CO binds preferentially to Fe atoms at low Co
concentrations. However, as the Co loading approaches the FeTPyP:Co = 1:1 ratio, a crossover occurs,
with stronger CO adsorption observed on Co relative to Fe. This trend is fully consistent with the DFT
calculations shown in Figure 5.5.
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Figure 5.8 a) and b) reported Temkin (left axis) and Hill (right) coefficients as a function of Co loading.
The dashed line indicates the non-cooperative regime, separating cooperative (above) from anti-
cooperative (below) behavior. While Fe displays a minimum, Co sites exhibit a linearly increasing anti-
coopertivity. c) The initial adsorption heat E2, for Fe (blue) and Co (yellow) is shown as a function of Co
loading, indicating that CO initially prefers to bind to Fe sites and gradually shifts to Co sites as Co
approaches saturation.
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The value obtained for Egds indicates weak binding (for comparison, the adsorption energy of
CO/Ir(111) is 1.4-1.9 eV) [121], accounting for the observed reversibility of ligation at room
temperature. In the FeTPyP-Co system, we find clear evidence of anti-cooperativity (n < 1; a; < 0)
despite the large intermolecular distance (of the order of a few nm) between the most adjacent Co and
Fe sites within the network, which rules out the presence of lateral interaction. Indeed, for CO
adsorption on bare metal surfaces, such as Ir(111) [116], Pt(111) [122] and Ru(0001) [115,123],
blueshifts of 30-80 cm™ of the fundamental CO resonance are observed during the uptakes at RT. These
shifts are well explained by strong CO dipole-dipole coupling between adjacent molecules, separated
by only a few A. By contrast, in the FeTPyP-Co system, STM images show that the shortest distance
between two adjacent adsorbed CO molecules on the metal sites is significantly larger: ~1.9 nm
between Fe-Fe and Co-Co sites and ~1.4 nm between Fe-Co sites. At such distances, direct lateral
interactions between ligands can be considered negligible, in line with previous observations for
CO/FePc [106], CO/CoTPyP-Co [76] and CO/MnTPyP-Co [23]. Indeed, the direct dipole-dipole interaction
potential energy can be written in the form:

2

U(r) = (4.4)

41reyr3

where r is the intermolecular distance, d the dipole moment, and & the vacuum permittivity. Using
d=dco =0.112 D [76,106] and r = 1.8 nm for Fe-Fe and Co-Co sites and r = 1.4 nm for Fe-Co sites, the
resulting interaction energies are U = 1.43 x 10® eV and U=2.85 x 10°° eV, respectively. These
correspond to a wavenumber blue-shift of the order of 0.01 cm™and 0.02 cm™.

Thus, direct dipole-dipole coupling can be safely excluded as a candidate for the observed anti-
cooperativity. Likewise, we can rule out the possibility of Forster transfer of excitations [115,116].
According to Forster’s model, an excited oscillator can exchange vibrational energy with an unexcited
one by means of dipole-dipole coupling. The local-oscillator behavior of CO on Ru(001) has a breakdown
at around 0.33 ML, due to the strong dipole-dipole coupling among adsorbates and the resulting
vibrational energy delocalization [115], similarly to the case of CO/Ir(111) [116]. As a consequence, the
hot-band is quenched while the fundamental resonance broadens with increasing CO coverage, which
is not compatible with our data. Furthermore, we already demonstrated above that in our case the
dipole-dipole interactions are negligible, ruling out this mechanism as well.

Therefore, the observed anti-cooperativity is most plausibly attributed to structural and electronic
effects of the heterostructure itself, such as charge transfer and distortion of the organic backbone
induced by carbonylation, in close analogy to what has been demonstrated for related systems CoTPyP-
Co/ and MnTPyP-Co/Gr/Ir(111) [23,76].

5.2.2 Electronic Properties

CO ligation on the bimetallic system (Co slightly above the stoichiometric FeTPyP:Co ratio 1:1, avoiding
at the same time Co clusters on graphene) is further confirmed by NAP-XPS investigation. Core level
spectra of Fe and Co 2ps/, along with O and N 1s were collected at room temperature before, during
and after CO exposure, as shown in Figure 5.9. The maximum CO pressure used was 0.03 mbar, chosen
as a compromise: sufficiently high to ensure saturation of Fe and Co sites, as observed in the SFG
measurements, while remaining as low as possible to minimize the contribution of residual O,, which is
the common contaminant in the CO high-pressure bottle (99.97% purity). In the bottom row of each
panel in Figure 5.9, the core level spectra of the as-prepared FeTPyP-Co layer are shown, previously
described in the UHV characterization (Section 4.2). Upon CO exposure at room temperature, a
stationary adsorption-desorption equilibrium is established.

Modifications in the O 1s spectrum (panel d) of Figure 5.9, red) are observed, with the CO gas phase
appearing at 538.1 eV [124]. In addition, between the gas phase contribution and the O species bound
to graphene (grey, 531.5 eV) and to metal sites, shifted 0.1 eV toward lower binding energies (blue,
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529.7 eV), a new component arises at 533.9 eV (red). This feature is attributed to CO adsorbed at metal
sites, with values up to 534.1 eV also reported for weakly bound terminal species [125]

The presence of CO ligation is further supported by DFT calculations, as shown in Figure 5.5, while the
disappearance of this component upon pumping out the gas is fully consistent with SFG observation.
These binding energies are in line with previous NAP-XPS studies of CO adsorption on MnTPyP-Co/Gr
layer [23], with the key distinction in the markedly higher reactivity of the FeTPyP-Co system toward O,
activation, as already demonstrated in the UHV characterization. Notably, the relative contributions
between the O-graphene (grey) and O-metal (blue) deviate from the trend observed under UHV and
0, conditions. Specifically, under CO exposure, the O-graphene component increases to nearly three
times its initial value, whereas the O-metal contribution grows by only ~20%.
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Figure 5.9 Synchrotron radiation XPS spectra of the a) Fe 2ps/, b) Co 2pss, ¢) N 1s and d) O 1s core levels
of the FeTPyP-Co/Gr layer collected at room temperature in UHV (bottom row, orange), at equilibrium
in 0.03 mbar CO (central row, red), and after recovering UHV conditions (top row, cyan). Photon energies:
a,b) 1000 eV, c) 514 eV and d) 750 eV.
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Upon pump out, the O-graphene signal remains nearly unchanged, while the O-metal contribution
further increases by ~70%. Taken together with the disappearance of the CO-related feature, these
results indicate that, under CO pressure, a dynamic equilibrium is established between CO adsorption,
0, ligation/activation, and CO recombination. A plausible scenario is that CO molecules either adsorb
on metal sites or recombine with the O atom bound to these sites, thereby regenerating the metal for
further interactions. Concurrently, the residual presence of O, during CO exposure promotes its ligation
and activation at the metal sites. Following activation, some O atoms spillover onto the graphene
support, while those remaining at the metal sites may undergo further recombination with CO.

A similar trend is observed in the N 1s spectra (panel c¢) of Figure 5.9). The O-M-N component (blue),
already identified in the UHV characterization, decreases by ~20% during CO exposure and partially
recovers (+10%) after pump out. In parallel, the iminic and pyridinic contributions (green and pink)
evolve differently: the iminic component increases by ~8% under CO pressure and by ~16% after
pump out, whereas the pyridinic component decreases by ~20% during CO exposure but fully recovers
after gas removal. Despite the growth of the of O-metal species after pump out, the N 1s spectrum
does not fully revert to its UHV spectral distribution, particularly for the iminic and O-M-N components.
This indicates that CO adsorption not only modifies the local coordination but also induces structural
distortions of the organic macrocycle and the pyridinic terminations. As previously discussed in the
vibrational characterization, and consistent with observations on MnTPyP-Co/ and CoTPyP-
Co/Gr/Ir(111) networks [23,76], such distortions alter the electronic environment of the coordinating
nitrogen atoms, accounting for the observed spectral evolution.

Both metal species are strongly affected by CO exposure. In the Fe 2ps/; spectra, the most evident effect
is the quenching of the Gunnarsson-Schénhammer component (green), reflecting suppression of the
charge transfer mechanism responsible for this feature under UHV conditions. At the same time, the
intensity of the higher oxidation contributions (dark) is modulated, while the predominant feature shifts
to 710 eV, consistent with Fe in the +3 oxidation state. Notably, while the carbonylation process is
reversible, consistent with SFG observations, the residual contamination is not; as a result, the GS
feature does not recover, whereas the contributions associated with higher oxidation states regain
intensity. This behavior is consistent with the strong reactivity of the system toward O,, already
evidenced under UHV conditions.

A similar, though not identical, response is observed for Co. Upon CO adsorption, the GS component
(pink, ascribed to Co(l)) is reduced by ~85%, in contrast to Fe core level, in which the complete
guenching of the GS component is observed. This difference may be explained by the extreme reactivity
of Fe(l) towards O,; therefore, after CO recombination at metal sites, Fe centers are instantaneously
reoxidized, whereas Co atoms reoxidize more slowly. After pump out, the GS component does not
regenerate and it decreases further by ~50%, consistent with the gradual oxidation of Co sites. During
and after CO exposure the dominant feature is located at 780.2 eV, the same position found after O,
exposure, characteristic of Co(ll), while a new component emerges at 789.4 eV (orange) which, as
observed in the Section 5.1.2, could be due to MS component of Co(lll) [84].

As in the UHV and O, cases, the observed oxidation states were compared with spin-polarized DFT
calculations using the PBE exchange-correlation functional, with Bader charge analysis used to quantify
the electronic population at each metal center. The simulated results are only partially consistent with
the experiment: during CO adsorption, the calculated Bader charge for Co is = 8.1e",consistent with
Co(Il), while for Fe it is = 6.8e", indicative of high-spin Fe(ll). Ideally, without concurrent O, exposure,
both Fe and Co would therefore be expected to stabilize predominantly in the +2 oxidation state.
Moreover, based on the SFG measurements and by analogy with the MnTPyP-Co/Gr/Ir(111) network
[23], where the GS component of Co was restored after pump out, one would expect both metals to
return to the +1 oxidation state upon gas removal. However, these expectations are experimentally
hindered by the pronounced reactivity of the layer toward O,, whose presence cannot be fully removed
under the present experimental conditions.
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5.3 Conclusion

In summary, the FeTPyP layer is inert toward both CO and O,, whereas distinct properties emerge in the
bimetallic system. As demonstrated in the UHV studies, the incorporation of Co into the monometallic
FeTPyP layer forms a FeTPyP-Co network, in which Fe(l) exhibits pronounced reactivity toward both O,
and CO ligation, highlighting the markedly different electronic properties of the bimetallic system.
Leveraging the extreme surface sensitivity of IR-Vis SFG, the evolution of the vibration components was
tracked as a function of CO pressure over eight orders of magnitude up to close-to-ambient conditions.
By varying the Co loading, the evolution of cooperative mechanism beyond the nanometer range was
investigated, including the determination of relative adsorption energies at zero CO coverage, where
the initial preference for CO binding on Fe sites shifts to Co above a specific Co loading threshold. The
unavoidable presence of O, in the background pressure limits XPS analysis under CO exposure.
Nevertheless, combined with DFT calculations, the oxidation states of Fe and Co could be determined.
In an idealized case, starting from +1 oxidation states, both metals would be expected to switch to +2
under CO pressure and revert to +1 after restoring UHV conditions. However, the oxidation states are
experimentally found to be +2 for Co and +3 for Fe, and the system displays a non-reversible behavior.
This discrepancy arises from the high reactivity of the network toward O,, where its activation is
observed already under UHV conditions. XPS, IR-Vis SFG measurements and DFT calculations confirm
the O, ligation (forming weakly chemisorbed superoxo O, species) and activation at both metal sites,
with the Co and Fe oxidation states (+2 and +3, respectively) in perfect agreement with the theoretical
calculations.
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6 ‘ Structural and Electronic Characterization of a Heme

Monolayer on Au(111) under UHV conditions

This chapter provides a detailed investigation of the geometric and electronic structures of a heme
(Ferriprotoporphyrin IX) monolayer grown on Au(111). The characterization of the layer was carried out
by means of microscopy (STM) and spectroscopy techniques (XPS and NEXAFS) under UHV conditions.

6.1 Structural Properties

The STM measurements were carried out at the STM Laboratory of the Graz University (Austria) in
collaboration with Dr. Maximilian LaRhofer, Prof. Martin Sterrer and Prof. Giovanni Zamborlini. All STM-
derived quantitative evaluations correspond to averages of unit cell parameters measured across
multiple high-resolution images. The uncertainty associated with each value is reported as three times
the standard deviation of the mean (30,,), providing a conservative estimate that accounts for both
statistical variability and instrumental noise. All STM measurements presented in this work were
performed at liquid nitrogen (LN,) temperature.

Upon deposition at RT onto Au(111), heme molecules organize into long-range ordered islands. The
order is driven by lateral intermolecular interactions, which prevail over the weak molecule-substrate
coupling. A close-up view is shown in Figure 6.1 a).

a) STM b) Corresponding conduction map

Figure 6.1 a) STM image of a heme monolayer on Au(111) with the oblique unit cell outlined in blue. b)
Corresponding conduction map, which enables clear identification of Fe-free molecules (circled in green
and pink), which appear as depressions, and Fe-filled molecules, which appear as bright protusions.
Applied bias: V =-0.45 V.

The molecules form a close-packed arrangement well described by an oblique unit cell, with lattice
parametersa=1.57+0.03nm, b=1.46 £+ 0.02 nm and 6 = 105° + 2°, outlined in light blue in Figure 6.1
a). This arrangement is consistent with the findings of Tao et al. [126], who reported that Fe-
protoporphyrin IX adsorbed on graphite also forms a hexagonal lattice describable by an oblique unit
cell. The absence of features at the molecular center at —0.45 V bias voltage further confirms the loss
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of chlorine atoms during the degassing step prior to evaporation [78]. The corresponding conduction
map in Figure 6.1 b) reveals the mixed composition of the deposited layer. As will be discussed in the
next section, exclusive deposition of Fe-filled molecules (heme) is not achievable. Instead, both Fe-filled
and Fe-free (protoporphyrin IX) molecules are co-deposited in a variable ratio, depending on the
outgassing and evaporation history of the crucible, as will be explained in Section 6.2. In the
corresponding conduction map, bright protrusions correspond to Fe-filled molecules, whereas
depressions (circled in green and pink) correspond to Fe-free species.

It should be noted, however, that the identification of empty sites in STM images is not always
straightforward. Indeed, at certain bias voltages, Fe-free molecules may also appear with a central bright
protusion in the STM images (two examples are circled in pink in panel a) of Figure 6.1), which could be
misassigned as Fe-filled molecules. Therefore, the conduction maps are essential, as the absence of the
central feature (circled in pink) provides an unambiguous signature of Fe-free molecules.

In addition to the molecular centers visible in the STM image, bright protrusions are observed at the
molecular periphery, without a clear periodic arrangement. For better visualization, a close-up of Figure
6.1 a) is reported in Figure 6.2 a).

OH

Figure 6.2 a) Zoom-in of Figure 6.1 a). The rectangle highlighted in green indicates two hemin molecules
rotated by 90°, with the corresponding schematic shown in b). Cyan arrows mark carboxylic groups that
overlap with neighboring molecules.

Among these bright protrusions, a particular orientation is highlighted by the green rectangle in Figure
6.2 a), corresponding to two heme molecules rotated azimuthally by 90° relative to each other, as
illustrated in panel b) of Figure 6.2. The bright protrusions are therefore attributed to the carboxylic
acid (-COOH) groups of the molecule. However, as shown in panel a) of Figure 6.1, not all molecules
display exactly two bright protrusions, as would be expected from the number of carboxylic groups
present in each molecule. A plausible explanation is that these features are only visible when the
carboxylic groups are tilted out of the molecular plane. When they lie coplanar with the macrocycle,
they do not appear bright and thus seem absent in the STM images.

Moreover, depending on the configurations, some carboxylic terminations may overlap a neighboring
macrocycle, with their protrusions extending toward the molecular center, as indicated by the cyan
arrows in Figure 6.2 a). This interpretation is inspired by the work of Garcia-Lekue et al. [127], who,
investigating protoporphyrin IX on Cu substrates, observed hydrogen bonding between the carboxylic
groups and the iminic nitrogen atoms of adjacent molecules. Their NEXAFS measurements revealed that
the carboxylic groups are not coplanar with the tetrapyrrole ring, which led them to propose a
schematic illustration for high (> 1 ML) and low (< 1 ML, comparable to our case) molecular coverages,
as reported in Figure 6.3. The adsorption model, proposed in their work for the low coverage regime,
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does not directly apply here, since Fe-free molecular centers exhibit the same flat adsorption
configuration of the Fe-filled ones, as shown in the STM image reported in Figure 6.1.

b)Low coverage

Figure 6.3 Schematic illustration of the adsorption geometry of protoporphyrin IX on Cu(110) at low
temperatures, extracted from the NEXAFS data, for high a) and sub-monolayer b) coverage. Image taken
from [127].

Conversely, the configuration with tilted carboxylic groups pointing toward the centers of neighboring
macrocycles (right case in the low coverage regime) is consistent with our observations (cyan arrows in
panel a) of Figure 6.2). To further support this interpretation, complementary techniques (XPS and
NEXAFS) are presented in the next section, to highlight this intriguing molecular arrangement.

6.2 Electronic Properties

As demonstrated by the structural characterization of Heme/Au(111), the layer consists of a mixture of
Fe-filled and Fe-free molecules, reflecting the composition of the starting biological material, since
hemin is typically derived from porcine or bovine blood. This mixed composition is further confirmed
by XPS, as revealed through the evolution of N 1s core level by comparing evaporations at progressively
higher crucible temperatures (Figure 6.4). Each evaporation was performed for the same duration,
yielding approximately 1 ML in 25 minutes, and was carried out on a freshly cleaned Au(111) sample.
Two main components are identified: one at approximately 398 eV and the other around 400 eV, which
are respectively attributed to Fe-filled and Fe-free molecular contributions, for the following reasons.
At lower evaporation temperatures (598 K, blue spectrum), the ~400 eV feature dominates, with only
a minor contribution from the ~398 eV component. As the evaporation temperature increases to 618
K (pink spectrum), the contributions from the two components become comparable. At 628 K (orange
spectrum), the ~ 398 eV component becomes predominant, and its intensity further increases at 638
K (green spectrum), accompanied by a corresponding decrease of the ~400 eV feature. This evolution
demonstrates that the ~400 eV features originates from Fe-free molecules, whereas the ~398 eV
component is associated with Fe-filled species, consistent with STM observations. Thus, increasing the
evaporation temperature leads to an increased amount of Fe-filled molecules deposited on the
substrate.

However, obtaining a layer composed exclusively of Fe-filled molecules is impossible. Indeed, beyond
628 K, maintaining a stable evaporation rate requires increasing the temperature by approximately 5 K
for each subsequent deposition step. This inevitably leads to a point at which no further molecules are
evaporated, likely due to molecular polymerization. A detailed analysis of the Fe 2ps, N, O and C 1s
core levels of a hemin monolayer grown on Au(111) under UHV conditions is presented in Figure 6.5.
All fit parameters are reported in Appendix A.4.

The Fe 2ps/; core level, panel a) of Figure 6.5, is best fitted with four Voigt components located at 707.5
eV (green), 708.8, 710.3 and 712.0 eV (grey). The first component, as previously observed for the
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FeTPyP/Gr/Ir(111) system in Section 4.2, corresponds to a well-screened final state of Fe(ll), consistent
with the Gunnarsson-Schénhammer model. Higher binding energy components are attributed to MS
features of Fe(ll), in agreement with the systematic study of the multiplet splitting structure of first-row
transition metals in various oxidation states, conducted by Biesinger et al. [84].
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Figure 6.4 Evolution of the N 1s core level after successive evaporations of hemin on Au(111). The number
on the left side of each curve denotes the temperature to which the crucible was heated. Before each
deposition the substrate was cleaned.

On this basis, and considering the main component located at 708.8 eV, we conclude that the central
Fe atom is in the +2 oxidation state. To ensure physical consistency and avoid overfitting, all peaks were
constrained to share a common optimized Lorentzian width I' = 0.31 eV. The Gaussian width was
allowed to vary between GS and MS components, yielding G = 0.83 and 1.79 eV for the GS and MS
features, respectively. Figure 6.5 b) shows the O 1s core level spectrum, which is best modelled by two
Voigt envelopes at 531.6 and 533.6 eV (orange and dark grey, respectively). These correspond to the
chemically distinct oxygen atoms of the carboxylic acid groups, assigned to C=0 and C—0OH, respectively.
No evidence of deprotonation is observed, as this would appear as an additional COO~ component at
530.9 eV [128]. Each heme molecule contains two carboxyl groups (-COOH), so a 1:1 stoichiometric ratio
between the C=0 and C—OH contributions would be expected. However, the experimental spectra show
an approximate area ratio of 2:1. We attribute this deviation to the formation of intermolecular
hydrogen bonds between neighboring carboxylic groups of adjacent molecules, consistent with the
different configurations observed in the STM images. In such configurations, the hydroxyl hydrogen of
one carboxylic group interacts with the carbonyl oxygen of a neighboring molecule, partially
redistributing the electron density within the C-OH bond and thereby shifting its binding energy to lower
values.

Further evidence of hydrogen-bond formation emerges from the N 1s spectrum shown in Figure 6.5 c),
which is best fitted with three Voigt components at 397.9, 399.1, and 400.5 eV (red, cyan, and dark grey,
respectively). The feature at 397.9 eV is assigned to nitrogen atoms coordinated to Fe in the metalated
molecules, while the components at 399.1 and 400.5 eV arise from the contribution of Fe-free
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molecules, consistent with the N 1s evolution reported in Figure 6.4. However, the assignment of these
latter higher binding energy components is not straightforward.

In porphyrin-based systems, it is well-established that the N 1s signal of nitrogen atoms coordinated to
the metal center lies between those of iminic (=N-, typically 397/398 eV) and pyrrolic (-NH-, typically
399/401 eV) nitrogen [89,129,130]. This trend does not appear to apply here, as evidenced by the N 1s
evolution in Figure 6.4. A possible explanation can be drawn from the study of 2HTPP metalation on
Au(111), in which two N 1s components at approximately 399 and 400 eV were observed and both
attributed to pyrrolic nitrogen atoms, with the higher binding energy feature arising from their
interaction with the Au substrate [131].
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Figure 6.5 Synchrotron radiation XPS spectra of the a) Fe 2ps/,, b) O 1s, c) N 1s and d) C 1s core levels of
hemin (1 ML) deposited on Au(111) collected at room temperature in UHV. Photon energies: a) 1000 eV,
b) 660 eV, c) 514 eV and d) 400 eV.

In contrast, during self-metalation of phthalocyanines on Ag(100), the N component coordinated to the
metal center appeared to have a lower binding energy than both the iminic and pyrrolic contributions,
which is consistent with our observations [132].

Interestingly, investigations of protoporphyrin IX (H2PPIX) metalation on Cu(100) and Cu(110) found no
evidence of an iminic contribution at room temperature; only nitrogen atoms coordinated to the metal
center and pyrrolic components were detected. This behavior was attributed to hydrogen bonding
formation between H atoms of one molecule and the iminic N sites in the macrocycle of another,
effectively converting iminic nitrogen into an (-NH-)-like environment and eliminating the corresponding
low BE iminic signal [128]. An example of this configuration is shown on the right side in Figure 6.3 b).
Considering these findings and the N 1s evolution observed here, where the area ratio of the 399.1 and
400.5 eV components approaches unity as the Fe-free contribution decreases, as will be discussed in
Figure 7.2, we assign the 399.1 eV component to iminic (=N-) nitrogen and the 400.5 eV component to
pyrrolic (-NH-) nitrogen. The fact that, in Figure 6.5 c), the contribution of the pyrrolic component is
nearly twice the iminic one can be rationalized by STM data: the images reveal configurations where
carboxylic groups from one molecule overlap a neighboring macrocycle (highlighted by cyan arrows
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shown in Figure 6.2). When the neighboring molecule is Fe-free, hydrogen bonding may form between
a -OH group and an iminic nitrogen site, reducing the population of iminic N while increasing that of
pyrrolic-like (-NH-) nitrogen atoms, thereby enhancing the higher BE component contribution.

Finally, the C 1s core level spectrum (panel d) of Figure 6.5), is best fitted with five Voigt components at
283.7,284.4,284.7, 286.3 and 289.3 eV. These features can be tentatively assigned as follows: the peak
at 283.7 eV is attributed to methyl groups (grey) [133], the 284.4 eV component corresponds to C-C/C-
H bonds (pink) [134], the 284.7 eV feature arises from C-N contribution (blue) [134], the 286.3 eV
component is assigned to carbon atoms in carboxylic groups (-COOH, green) [134] and the feature at
289.3 eVis attributed to a shake-up (yellow).

To elucidate the geometric arrangement of molecular moieties at the interface, partial-yield NEXAFS
spectra of the N and C K-edges, as well as of the Fe L-edge, were acquired (Figure 6.6) at incidence
angles 8 = 0° (normal to sample surface) and 8 = 70° (grazing) to extract information about the
molecular orientation. Additional measurements were performed at 8 = 42°, an intermediate angle
between normal and grazing incidence, to clearly follow the angular dependence. In flat-lying porphyrin
systems, 6* resonances dominate at normal incidence, where the electric field vector lies in the surface
plane, while * resonances are enhanced at grazing incidence, where the electric field vector lies close
to the surface normal in the scattering plane.
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Figure 6.6 Synchrotron radiation NEXAFS spectra of N, C K—edges and Fe L3 ,—edge of hemin (1 ML)
deposited on Au(111) collected at room temperature under UHV conditions. Each panel shows spectra
acquired at grazing incidence (green), normal incidence (blue) and an intermediate angle (red).

The N K-edge spectra shown in panel a of Figure 6.6, exhibit three distinct * features observed at
398.8, 401.7 and 404.0 eV, assigned to m*(eg), m*(bay, €g), and m*(az) transitions of nitrogen atoms
coordinated to Fe center [135,136], along with two o* resonances at 406.7 and 416.0 eV. The strong
dichroism observed between grazing and normal incidence indicates predominantly flat adsorption of
the macrocycle, in agreement with the STM images. However, the residual intensity of the 398.8 eV
feature at normal incidence suggests a saddle-shaped configuration of the macrocycle. The C K-edge
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spectra, presented in panel b) of Figure 6.6, show transitions at 284.4, 285.1 and 288.0 eV. The first two
peaks correspond to 1* transitions associated with the macrocycle (C-C and C-N contributions) [137-
139]. Their residual intensity at normal incidence further supports a saddle-shaped distortion of the
macrocycle, as also indicated by the N K-edge spectra. The higher-energy resonance at 288.0 eV,
highlighted by the light orange rectangle, is assigned to m* transitions associated with the carboxylic
groups [127]. Moreover, this feature exhibits residual intensity at normal incidence, indicating that the
carboxylic groups are not fully coplanar with the macrocycle and may adopt a tilted orientation relative
to the surface, in agreement with the STM observations and supporting our interpretation. These
findings provide evidence for the three-dimensional configuration of the peripheral residues, which may
influence the chemical reactivity of the layer. Finally, the Fe L-edge spectra are shown in panel c of Figure
6.6. Two main resonances are observed in the Lz region, with a similar trend reflected in the L, region.
The first feature, at 707.6 eV (Ag), exhibits maximum intensity at grazing incidence, whereas the second,
at 708.9 eV (A.), dominates at normal incidence. This angular dichroism indicates different spatial
orientations of the final states involved in the transitions. The Ag component is assigned to transitions
into out-of-plane 3d orbitals, namely d,z(aig) and dy,/d,,(eg). Conversely, the A, resonance is
attributed to transitions into in-plane 3d orbitals, specifically dyz_,z2(big), dyy(bzg), which lie
predominantly in the plane of the molecule and thus parallel to the substrate [140,141].

6.3 Conclusion

In summary, STM and NEXAFS measurements indicate that the deposition of hemin on Au(111) under
UHV conditions leads to the formation of an ordered layer, with the macrocycle lying flat in a saddle-
shaped configuration. STM images show bright spots for each molecule, attributed to the carboxylic
terminations. However, the number of these features does not match the stoichiometric number of
carboxylic groups expected per molecule. This suggests that the bright spots are only observed when
the carboxylic groups are not flat-lying and overlapping with adjacent neighbors, as supported by
NEXAFS results. XPS data further indicate that, depending on the molecular arrangement, hydrogen
bonds can form either between carboxylic groups of adjacent molecules or between a carboxylic group
and the iminic nitrogen atoms of a neighboring molecule, when the termination is oriented toward the
center of an Fe-free species.

This preliminary characterization of the heme layer provides the starting point for exploring its reactivity
under near-ambient pressure conditions, particularly to examine whether the carboxylic groups tilted
out of the molecular plane can influence the layer’s reactivity when located near the center of an Fe-
filled molecule.
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7 ‘ Heme Reactivity toward CO and O,: Role of Carboxylic

Groups in O, Ligation

Following the UHV characterization, the reactivity of a heme monolayer on Au(111) toward CO and O,
was investigated under near-ambient pressure conditions by means of NAP-XPS. The study was carried
out analogously to the FeTPyP and FeTPyP-Co systems, with the aim of evaluating whether the presence
of carboxylic groups in hemin influences its reactivity.

7.1 Reactivity toward Carbon Monoxide

The behavior of a hemin monolayer on Au(111) under 0.3 mbar of CO was monitored through its Fe
2ps2, O, N and C 1s core level spectra, as shown in Figure 7.1. The spectra represent the layer in three
states: as-prepared in UHV (blue), under CO pressure (red) and after pumping out the gas (cyan). All
fitting parameters are reported in Appendix A.5.
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Figure 7.1 Synchrotron radiation XPS spectra at the a) Fe 2pss,, b) O 1s, ¢) N 1s and d) C 1s core levels of
the heme layer collected at room temperature in UHV (bottom row, blue), at equilibrium in 0.3 mbar CO
(central row, red), and after recovering UHV conditions (top row, cyan). Photon energies: a) 1000 eV, b)
660eV, c) 514 eV and d) 400 eV.
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For each core level, the bottom panel displays the UHV heme spectrum previously discussed in Section
6.2. In summary, the deposited layer consists of a mixture of Fe-free and Fe-filled molecules, as revealed
by the N 1s spectrum. Evidence of hydrogen-bond formation is indirectly reflected in both the O and N
1s core levels. Depending on the molecular configurations, hydrogen bonding can occur between two
different carboxylic groups of adjacent molecules, or between a carboxylic group and the iminic nitrogen
(-N=) atoms when Fe is not present in the macrocycle. The latter effect arises from the non-coplanarity
of the carboxylic groups, as supported by both STM and NEXAFS measurements presented in Chapter
6. Upon exposure to 0.3 mbar of CO, the presence of gas-phase carbon monoxide is evident from the
higher binding energy components in both C and O 1s core level, corresponding to the gas-phase signal
[124,142]. No other significant changes are observed in C 1s and Fe 2ps; spectra, which remain
consistent with Fe in the +2 oxidation state throughout the process and display spectral profiles, after
pumping out the gas, identical to those in UHV.

This indicates that CO does not interact with the Fe center. In contrast, the O 1s spectrum (red) shows
that the grey dark component at 533.6 eV, assigned to C-OH in the UHV characterization, undergoes an
irreversible shift of 1.1 eV toward lower binding energies. Concurrently, the iminic and pyrrolic nitrogen
components of the Fe-free molecules in the N 1s spectrum (cyan and grey dark components) shift by
0.4 and 0.2 eV, respectively, toward lower binding energy. These findings suggest that CO may interact
with the-OH groups of the carboxylic acid terminations. Such interaction perturbs the hydrogen-
bonding interaction with the iminic nitrogen atoms of Fe-free macrocycles, leading to an electronic
rearrangement and the observed irreversible binding energy shifts. However, conclusive evidence for
CO interaction with-OH groups is lacking, as the changes observed in the O and N 1s spectra may also
arise from residual contaminants present in the CO high-pressure bottle (99.97% purity). Therefore, we
conclude that Heme/Au(111) system is inert toward CO and proceed to investigate its reactivity towards
0..

7.2 O, Reactivity and Role of Carboxylic Terminations

The interaction of O, with a heme monolayer was investigated by monitoring the evolution of the Fe
2p3p, O, N and C 1s core level spectra acquired in UHV (blue), under 0.1 mbar of O, (red) and after
pumping out the gas (cyan), as shown in Figure 7.2. All fit parameters are reported in Appendix A.6.

It is important to note that the UHV spectra presented here differ from those discussed in the previous
section (and during the UHV characterization in Chapter 6). As discussed in Section 6.2, maintaining a
constant evaporation rate required increasing the deposition temperature by 5 K for each successive
deposition step, until no further evaporation was possible, likely due to molecular polymerization. In
the present case, the evaporation temperature was 628 K, corresponding to the last N 1s spectrum
shown in Figure 6.4.

At this temperature, a larger fraction of Fe-filled (heme) molecules was evaporated compared to the
Fe-free (protoporphyrin IX) species, accounting for the observed differences across all core-level
spectra. In particular, the N 1s spectrum (blue) in panel ¢) of Figure 7.2 shows that the red component
at 397.9 eV, attributed to N atoms coordinated to Fe, nearly doubles compared to the UHV spectrum
in Figure 6.6, while the contributions from Fe-free molecules decrease by approximately 30%.
Consistently, the Fe 2ps;, spectrum exhibits an overall increase in all spectral components, along with
the appearance of a new feature at 713.9 eV, possibly corresponding to a MS component of Fe(ll) [84]
which was not detected in the previous sample preparation due to the lower amount of Fe. In the C 1s
core level, panel d) of Figure 7.2, a reduction of the Gaussian width by 0.1 eV is observed for the C-C/C-
H component (pink) and 0.4 eV for the C-N component (blue). The observed narrowing suggests an
increase in the structural homogeneity, consistent with a higher fraction of Fe-filled molecules in the
layer. In the O 1s region, Figure 7.2 b), two components are identified corresponding to C=0 and C-OH
contributions of the carboxylic groups, consistent with the observations in Section 6.2. Exposure of the
system to 0.1 mbar of O, (middle row of each panel, red spectrum) leads to pronounced changes in the
O 1s spectrum. In addition to the O, gas phase components at higher binding energies [102], two new
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features emerge at 530.6 eV (blue) and 532.5 eV (pink). These components evolve concurrently; they
grow simultaneously in O, atmosphere and decrease together after pumping out the gas, with a
residual contribution indicating partial irreversibility of the process at RT.

Concurrently, changes are observed in the Fe 2ps/; spectrum: the most intense component shifts by
+0.2 eV, while no further shifts in binding energies are detected, suggesting the absence of a significant
change in the Fe oxidation state. The overall spectral intensities decrease under O, exposure, likely due
to the attenuation from gas-phase scattering, as also observed in the CO case discussed previously. In
contrast to CO, however, the intensities do not fully recover after pumping out the gas, consistent with
the persistence of the additional O 1s components.

This behavior indicates that an irreversible modification of the system has occurred, although its
interpretation remains nontrivial given the unchanged Fe oxidation state.
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Figure 7.2 Synchrotron radiation XPS spectra of the a) Fe 2ps/,, b) O 1s, c) N 1s and d) C 1s core levels of
the heme layer collected at room temperature under UHV conditions (bottom row, blue), at equilibrium
in 0.1 mbar O; (central row, red), and after recovering UHV conditions (top row, cyan). Photon energies:
a) 1000 eV, b) 660 eV, c) 514 eV and d) 400 eV.
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In biological systems, it is well established that the first step in O activation by heme proteins involves
the coordination of molecular oxygen to the metal center. Despite decades of investigation, the precise
electronic structure of the Fe-0, species in heme complexes remains a subject of debate. Historically,
the discussion has converged on three principal models: Pauling, Weiss and McClure-Goddard
descriptions [143]. In the Pauling model, the Fe-O, species is described as a low-spin Fe(ll) bound to
neutral O,, with both dioxygen and ferrous center in the singlet (5=0) state. The Weiss model, instead,
proposes a ferric-superoxide complex, Fe(lll)-O,™. The McClure-Goddard model represents a hybrid
between Fe(l1)-O, and Fe(lll)-O,~ configurations, involving partial electron transfer and spin coupling,
leading to a mixed (S=1) system [143,144]. However, none of these models fully accounts for the
present observations.

Here, Fe is clearly found in the +2 oxidation state. According to the Pauling or McClure-Goddard
descriptions, one would expect the formation of neutral or only weakly bound dioxygen to the metal
center. However, such species would not remain stable after pumping out the gas. A more stable adduct
would require O, to bind in a peroxo or superoxo species, but the Weiss model would imply Fe(lll),
which is not observed in our spectra.

In the case of oxyhemoglobin and oxymyoglobin, an alternative explanation that merges aspects of the
Pauling and Weiss models has been proposed [145]. Upon O, coordination to the ferrous center, a
Fe(ll1)-O5~ species initially forms. The negative charge on the superoxo ligand is then stabilized through
hydrogen bonding with the distal histidine in the heme pocket, effectively restoring the Fe oxidation
state to +2, in agreement with the Pauling description. In our system, the role of the distal histidine
could be mimicked by the tilted carboxlic groups, which in certain configurations are non-coplanar with
the macrocycle and positioned near a neighboring molecular center (cyan arrows in the STM image,
Figure 6.2). This arrangement could enable hydrogen bonding between the Fe-bound O, and the
carboxylic groups, effectively recreating the second coordination sphere and stabilizing the Fe-0O,
species. This interpretation also explains the appearance of the new components in the O 1s spectra.
In the FeOOH species, the two oxygen atoms are chemically distinct: the oxygen atom proximal to the
hydrogen of the carboxylic groups, FeOOH, gives rise to the 532.5 eV component while the oxygen atom
directly bound to Fe, FeOOH, corresponds to the component at 530.6 eV. A similar behavior has been
reported in the CoTPyP/Gr system, where stabilization of a hydroperoxyl-water (OOH-H,0) cluster was
observed at the Co single-metal atom catalytic site at room temperature in O,+H,0 water atmosphere
[99] In that case, two additional components appeared in the O 1s core level spectrum at 533.4 and
531.8 eV assigned to OOH and OOH species, with an energy separation of 1.6 eV, close to the 1.9 eV
separation observed in the present case. Our interpretation is further supported by the C 1s core level,
panel d) of Figure 7.2, where the -COOH contributions (green component) shift by approximately 0.2
eV toward lower binding energies after pumping out the gas, compared to the UHV spectrum.
Concurrently, changes are also observed in the N 1s core level, cyan spectrum in Figure 7.2 c¢), with a
different area ratio of the iminic and pyrrolic components (cyan and dark grey) in the Fe-free molecules
contribution. These changes could result from O, interaction with the -OH terminations, in a similar way
to the previously discussed CO case

7.3 Conclusion

In summary, the heme layer is almost inert toward CO, with no interaction detected with the metal
centers according to NAP-XPS data. Possible interactions with the -OH groups of the carboxylic
terminations cannot be ruled out. However, there is insufficient evidence to attribute these changes
specifically to CO rather than the residual contaminants present in the CO high-pressure bottle. In
contrast, exposure to 0.1 mbar of O, induces pronounced changes in the O 1s hemin core level, with
two additional components evolving concurrently and persisting after pumping out the gas, indicating
anirreversible process. Consistent with the O 1s observations, modifications are also detected in the Fe
2ps/2 spectrum, where the spectral components do not fully recover to those of the as-prepared layer
after pumping out the gas, while Fe centers preserve the +2 oxidation state.
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Considering the several models in the literature describing the electronic contribution of Fe-O, species
in heme complexes, our experimental results are best interpreted by analogy with the role of a second
coordination sphere offered by the distal histidine in oxyhemoglobin and oxymyoglobin. In our surface
scenario, the tilted carboxylic groups mimic the distal histidine, forming hydrogen bonds with O,
molecules and possibly stabilizing the interaction between the Fe center and the O, molecule.
Therefore, depending on the molecular configuration, a carboxylic group that overlaps an Fe-filled
molecule and terminates near its center can stabilize O,, effectively mimicking the second coordination
sphere observed in biological systems.
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8 ‘ Heme Trans-metalation process: In Situ Synthesis of

Co-Protoporphyrin IX

In the previous chapters, the properties of a heme monolayer grown on Au(111) were investigated.
Chapter 6 addressed its structural and electronic properties under UHV conditions, while Chapter 7
examined its reactivity toward CO and O, at near-ambient pressure. A key outcome of these studies
was the identification of a mixed layer composed of both Fe-filled and Fe-free molecules. Based on
these considerations, Co atoms were deposited after the layer formation with the aim of occupying the
empty metal sites and thereby creating a bimetallic structure. The resulting Co-modified layer
(heme+Co) was subsequently exposed to 0.1 mbar of O, to explore its potential for catalytic processes
and energy-storage applications. Its structural characterization was carried out by STM, while the
electronic properties were probed by XPS across a pressure range from UHV to near-ambient pressures
of molecular oxygen.

8.1 Structural Properties

Following the preparation of a heme monolayer on Au(111), as reported in Figure 6.1, Co atoms were
deposited, with a total coverage below 1% of a ML, with the aim of occupying the Fe-free sites. The
corresponding STM image of this sample is shown in Figure 8.1, where three distinct molecular species
can be identified, higlighted in green, pink and cyan.

Figure 8.1 STM image of a heme monolayer on Au(111) after deposition of Co atoms (Co coverage <1%
of a ML). Three different molecular species are revealed, circled in green, white and cyan. Applied bias:
V=-01V

At this bias voltage, these three molecular species exhibit distinct macrocyclic contrasts: a dark feature
(outlined in green), a bright protrusion (circled in pink), and a larger protrusion (outlined in cyan). These
variations arise upon Co deposition and likely correspond to different stages of the second metal
incorporation. To further investigate this behavior, a close-up STM image was acquired at two different
bias voltages (left panels of Figure 8.2), together with its corresponding conduction maps (right panels
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of Figure 8.2). Despite the limited resolution, the three molecular species remain clearly distinguishable
in both STM images, following the same color scheme as in Figure 8.1.

a) STM Conduction Map

Figure 8.2 STM topographies and corresponding conduction maps of a close-up region acquired at two
different bias voltages: a) V = -0.2 V and b) V= +0.1 V. The same color scheme as in Figure 8.1 is used:
green for macrocycles with dark contrast, white for macrocycles with a bright protusion and cyan for
macrocycles with a larger protusion.

In the conduction map acquired at V =-0.2 V, Figure 8.2 a), the molecule outlined in green appears as
a bright protusion, whereas the species circled in pink and cyan both display dark depressions, with no
distinction between the latter two at this bias. However, upon changing the bias voltage to V=+0.1 V
(Figure 8.2 b)) a clear difference emerges: the molecule outlined in cyan now exhibits a bright protusion,
while the one circled in white remains dark. For the green-circled molecule, although the resolution is
limited, no dark depression is observed at either bias voltage. These observations indicate that the
three molecular species correspond to distinct configurations resulting from Co incorporation.
However, given the known coexistence of Fe-free molecules within the layer, a definitive assignment
cannot be made based solely on the conduction maps.

To gain chemical insight, STS measurements were performed. The resulting spectra, acquired by
positioning the tip over each of the three molecular species (green, pink and cyan), and recording the
di/dV as a function of the applied bias voltage, are presented in Figure 8.3. The STS spectra provide
deeper insight into the structural modification induced by Co deposition. Focusing on the molecular
species outlined in green, the corresponding spectrum exhibits a shoulder around -0.2 V, a dip at the
Fermi level and a feature around +2 V. This behavior is consistent with that observed for FeTPP
molecules adsorbed on Au(111), with the tip positioned above the Fe center [146]. Consequently, we
assign the molecular species with a dark macrocycle appearance to Fe-filled molecules. For the species
outlined in pink, the corresponding spectrum displays a pronounced maximum near the Fermi level.
Similar features have been observed in STS studies of CoTPPBr;l, and CoTPP respectively adsorbed on
Au(111), where positioning the tip above the Co center produces a sharp resonance near the Fermi
level, attributed to the Kondo effect [147,148]. Based on CoTPP/Au(111), this effect arises due to
exchange interaction of spin between out-of-plane Co orbitals and the conduction electrons of Au
[149]. Therefore we ascribe the pink circled molecules, which display a bright protusion at the
macrocycle, to Co-filled molecules (Co-protoporphyrin I1X).
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The third molecular species, highlighted in cyan, differs markedly from both Fe- and Co-filled
configurations in both STM and STS measurements.

According to the literature, at certain bias voltages, the large bright protusion observed in the STM
images may be associated with a metal center displaced out of the macrocycle plane [150].

This suggests that this species corresponds to an intermediate state, which could arise either from (i) a
Co atom on top of an empty macrocycle or (ii) a Co atom located above an Fe-filled molecule. To gain
a deeper understanding of the processes occurring upon Co deposition, complementary electronic
characterization is required and will be presented in the next section.

—— Fe-filled
—— Co-filled
—— Intermediate state

dl/dV (arb. units)

-0.4 -0.2 0.0 0.2 0.4
Vbias (V)

Figure 8.3 Raw STS spectra acquired with the tip positioned above each of the three molecular species,
following the same color scheme used in Figures 8.1 and 8.2. The green circled molecule is identified as
Fe-filled (green spectrum), the pink-circled one as Co-filled (pink spectrum) and the cyan-circled molecule
as an intermediate state (cyan spectrum).

8.2 Electronic Properties

From the structural characterization, three distinct molecular species were identified upon Co
deposition. By combining STM, conduction maps and STS, we established that the layer contains Fe-
filled molecules, Co-filled molecules and a third intermediate species. The nature of this intermediate
state is not straightforward. It may originate either from Co atoms on top of an empty macrocycle or
from Co in an out-of-plane configuration on a Fe-filled molecule, thus capturing partial metalation or
trans-metalation, respectively. To clarify this point, the electronic properties of the modified layer were
further investigated by XPS. All fit parameters are reported in Appendix A.7.

Figure 8.4 shows the N 1s core level spectra of the as-prepared layer (blue) and those of the same
sample after stepwise Co deposition. The spectrum obtained after the first 10-minute Co deposition is
shown in brown, while an additional 5 minutes of Co exposure yields the orange spectrum. After the
full 15 minutes of Co deposition (orange spectrum), the total Co coverage corresponds to approximately
1% of a ML, which corresponds roughly to the amount of Fe centers in a heme monolayer.

Upon Co addition, the contribution previously assigned to N atoms coordinated to Fe (397.9 eV, red)
decreases by approximately 40%, while a new component appears at 398.6 eV (purple). This new
feature can initially be attributed to N atoms coordinating to Co, consistent with the structural evidence
of Co incorporation. However, upon further analysis, this assignment is not fully supported. As the Co
loading increases (half the deposition time of the previous step, orange spectrum), the purple
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component increases by only ~20%, whereas the spectral weight associated with Fe-free molecules
(cyan and dark grey components) remains essentially unchanged throughout the different Co
depositions. These observations indicate that the new feature cannot originate from Co coordination to
empty molecules, but instead involves Fe-filled molecules undergoing a trans-metalation process.
Combining these results with the structural evidence discussed in the previous section, upon Co
deposition, the 397.9 eV feature reflects N atoms coordinate to a metal center (either Fe or Co),
whereas the new component at 398.6 eV is attributed to an intermediate trans-metalation state within
Fe-filled molecules, in which Co and Fe likely adopt an out-of-plane configuration relative to the
macrocycle plane, located above and below it, respectively.

~@— Heme layer + 10" Co deposition

Intensity (arb. units)

—@- Heme layer as prepared

403 402 401 400 399 398 397 396
Binding Energy (eV)

Figure 8.4 Evolution of the N 1s core level upon Co deposition under UHV conditions. The spectrum of
the as-prepared layer is shown in blue, the modified spectrum after the first 10 minutes of Co deposition
in brown, and the same spectrum following an additional 5 minutes of Co deposition in orange. The total
Co coverage is approximately 1% of a ML.

For the remaining core-level spectra, the Heme/Au(111) sample was prepared under conditions similar
to those used to obtain the core levels shown in Figure 7.2. The resulting N 1s spectrum in UHV (blue,
Figure 8.4) matches the corresponding N 1s reference (blue, Figure 7.2), leading us to conclude that an
equivalent layer was reproduced. Accordingly, only the N 1s evolution was monitored during Co
addition, while the other core levels were acquired after the final Co deposition. Therefore, the
remaining core-level spectra of the modified layer after the full 15-minute Co deposition are directly
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compared with the corresponding reference of the pristine layer (blue spectra) from Figure 7.2, which
are reproduced in the bottom panels of Figure 8.5.

Starting with the Fe 2ps,; core level, Figure 8.5 a), several modifications are observed upon Co
deposition. A new component appears at 706.5 eV (purple), while the higher binding energy feature
previously observed at 713.9 eV and assigned to the MS component of Fe(ll), disappears. This evolution
likely reflects the ~40% overall decrease in the Fe 2ps/, spectral area. Based on the observations, these
spectral changes can be rationalized as follows. Upon Co addition, two parallel processes occur: for a
significant fraction of the molecules, a complete trans-metalation takes place, with Co atoms occupying
the macrocycle center and Fe atoms being released onto the Au substrate. For the remaining molecules,
an intermediate configuration occurs in which both Co and Fe remain coordinated to the same
macrocycle in an axial geometry.
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Figure 8.5 Synchrotron radiation XPS spectra of the a) Fe 2ps/,, b) Co 2ps/,, ¢) C 1s and d) O 1s core levels
of the heme layer collected at room temperature under UHV conditions (bottom row, blue) and after 15
minutes of Co deposition (top row, orange), the total Co coverage is approximately 1% of a ML. Photon
energies: a),b) 1000 eV, c) 400 eV and d) 660 eV.

The reduced Fe signal is therefore attributed to (i) isolated Fe atoms that may segregate into the Au(111)
bulk, and (ii) Fe atoms in the intermediate state, which are partially screened due to their possible
displacement below the macrocycle plane associated with the formation of a metallic dimer with Co.

On this basis, the new feature at 706.5 eV, consistent with Fe(0) [84], is also assigned to Fe atoms
displaced beneath the macrocycle and in contact with the Au surface. To avoid overfitting and ensure
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physical consistency, this Fe component was constrained to share the same optimized Lorentzian width
(' = 0.31 eV) and Gaussian width (G = 0.81 eV). Upon Co addition, the grey components, previously
attributed in Chapter 6 to MS features of Fe(ll), retain their original lineshape, whereas the Gaussian
width of the formerly assigned to a well-screened final state of Fe(ll) (green), increases by 0.1 eV.
Figure 8.5 b) shows the evolution of the Co 2ps/; spectra upon Co deposition. Analogous to the
interpretation of the Fe 2ps/ spectrum, the Co spectral components are rationalized by considering
three distinct Co environments. Upon deposition, a fraction of Co atoms replaces Fe within the
macrocycle, while another fraction adopts an intermediate configuration, likely positioned above the
macrocycle plane without fully completing the trans-metalation process. Finally, a fraction of Co atoms
remains uncoordinated on the Au(111) surface, where they either aggregate into small clusters or bind
to surface defect sites, such as step edges. On this basis, the final spectrum was best fitted using five
Voigt envelopes at 777.8,779.3, 781.8, 784.5 and 787.0 eV. The 777.8 eV component (pink) is attributed
to Co atoms adsorbed on the substrate, Co(0) [84], and those in the intermediate state, while the higher
binding energy features correspond to MS features of Co(ll) (grey), arising from Co atoms caged in the
macrocycle center [84]. To prevent overfitting, all the components were constrained to a common
optimized Lorentzian width (I" = 0.20 eV), while the Gaussian contribution is 1.0 eV for the lowest
binding energy component (pink) and 2.49 eV for the remaining MS features (grey components).
Evidence of the intermediate Co-Fe state is further supported by the C 1s core level reported in Figure
8.5 c). Compared to the as-prepared layer, the main change occurs in the component assigned to C-N
contributions (blue), which shifts by 0.2 eV toward lower binding energy and becomes the dominant
spectral feature. This behaviour is consistent with our previous observations about the intermediate
state, which induces modifications in the macrocycle and consequently in C-N bonds.

The Gaussian width of this component also evolves, increasing from approximately 0.9 eV to 1.3 eV,
reflecting the presence of different species at the molecular centers: Fe-filled, Co-filled and (Co-Fe)-
filled intermediate state.

Further changes are also observed in the O 1s core level, top panel of Figure 8.5 d), where the C-OH
components shift by 1.2 eV toward lower binding energy with respect to the case without Co. This shift
indicates a modified interaction between the hydroxyl groups in the carboxylic terminations and the
new species formed upon Co deposition, a further, indirect proof of a direct interaction between these
latter moieties and the center of the macrocycle, suggesting molecular overlapping.

8.3 Effect of Dioxygen Exposure on Trans-metalation

After establishing the structural and electronic properties of the modified layer in UHV, attention was
turned to its behavior under near-ambient pressure conditions, with a particular focus on its interaction
and reactivity toward O,. To this end, the evolution of the Fe 2ps/,, Co 2ps2 O, C and N 1s core levels
was monitored, comparing the as-prepared layer (orange, previously discussed in Section 8.2) with the
spectra acquired under 0.1 mbar of O, (red) and after subsequent gas removal (cyan), Figure 8.6. All fit
parameters are reported in Appendix A.8.

Starting with the Fe 2ps/, core level (panel a) of Figure 8.6), substantial changes are observed upon O,
exposure. The component at 706.5 eV, attributed to Fe(0) species on the Au substrate and to Fe in the
intermediate state located below the macrocycle plane, is suppressed. This is accompanied by an
approximately 80% decrease in the green component (the well-screened Fe(ll) state) and the evolution
of the most intense feature, which is now located at 710.5 eV, consistent with Fe in a +3 oxidation state
[84]. Moreover, a new component arises at 714.6 eV, assignable to a MS feature associated with Fe(lll)
[84]. After gas removal, the spectrum does not recover its original UHV profile, indicating that an
irreversible oxidation process has occurred.

Panel b) of Figure 8.6 shows the evolution of the Co 2ps/, core level, where significant changes are also
evident upon O, exposure, similar to those observed for Fe. The component assigned to Co(0) and to
Co in the intermediate state decreases by approximately 80%, while the most intense feature shifts by
0.4 eV to higher binding energy, now centered at 779.6 eV, consistent with Co in the +2 oxidation state
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[84]. Additionally, a new component appears at 789.2 eV, which could be attributed to the MS feature
associated with Co(lll) [84]. Similar to Fe, the Co 2ps/; spectrum after gas removal does not recover its
initial profile, confirming the occurrence of an irreversible process.

For both Fe and Co, the lowest binding energy components (purple and pink, respectively) decrease
upon O, exposure. Specifically, in the Fe case, this component is totally suppressed, whereas for Co it
is only partially reduced.

As will be further discussed in this section, based on the analysis of the other core levels, this behavior
likely arises from two concurrent effects: (i) the trans-metalation process further promoted and
facilitated by the O, exposure, and (i) the screening induced by atomic oxygen adsorbed at the
macrocycle center. The combination of the latter with the distinct geometrical position of Fe and Co
(located below and above the molecular plane, respectively) can rationalize why the Fe contribution is
fully suppressed, while the corresponding Co component remains detectable.
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Figure 8.6 Synchrotron radiation XPS spectra of the a) Fe 2ps/, b) Co 2pss, ¢) N 1s and d) O 1s core levels
of the heme layer collected at room temperature under UHV conditions (bottom row, blue), at
equilibrium in 0.1 mbar O (central row, red), and after recovering UHV conditions (top row, cyan).
Photon energies: a),b) 1000 eV, c) 514 eV and d) 660 eV
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Further insight into the processes occurring during O, exposure is provided by N 1s core level, panel c)
of Figure 8.6. Upon 0O, exposure (red spectrum), the component, previously attributed to the
intermediate trans-metalation state (purple), shifts by 0.3 eV toward lower binding energy and
decreases by ~20%, with an additional ~15% decrease after pumping out the gas (cyan spectrum).
Concurrently, the feature associated with N atoms coordinated to metal centers (Fe or Co) increases
by 50% compared to the UHV signal. This trend indicates that trans-metalation is promoted when
exposing the system to high pressures of molecular oxygen. Furthermore, the shift of the purple
component toward lower binding energy suggests partial oxidation of the mixed Co-Fe state within the
macrocycle, suggesting O, decomposition at the metal centers. From the combined analysis of the Fe,
Co and N core levels, the following processes are proposed to occur during O, exposure. With the
presence of Fe and Co atoms on the Au substrate, interaction with O, leads to molecular activation:
one O atom remains coordinated to the metal atom, while the other diffuses across the surface. These
oxygen atoms may: (i) bind to Fe or Co atoms caged in the macrocycle, (ii) interact with Fe atoms in the
intermediate states, pulling them out from the macrocycle and facilitating Co incorporation into the
molecular center, (iii) in cases where Fe atoms are not completely displaced, the metal dimers remain
bound to the macrocycle, possibly forming Co-Fe-O or Co-O-Fe bridge-like configurations, or (iv) bind
to Co atoms in the intermediate state leading to the formation of O-Co-Fe complexes. The presence of
atomic oxygen coordinated to metal atoms is further confirmed by O 1s core level spectra shown in
Figure 8.6 d). Exposure of the system to 0.1 mbar of O, results in an irreversible spectral evolution,
characterized by the appearance of two new components at 529.1 and 530.8 eV (blue and green,
respectively) and a shift of +0.6 and +0.7 eV in the carboxylic contributions (orange and black,
respectively).
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Figure 8.7 Synchrotron radiation XPS spectra of the a) C 1s 2ps;; of the heme layer collected at room
temperature under UHV conditions (bottom row, blue), at equilibrium in 0.1 mbar O, (central row, red),
and after recovering UHV conditions (top row, cyan). b) Au 4f core level recorded for a clean substrate
(black, UHV) and during exposure of the (heme+Co)/Au(111) system to 0.1 mbar O,. Photon energies:
a),b) 400 eV.

The first component is well established and can be attributed to atomic oxygen bound to metal species
[91-93]. The assignment of the second component, however, is not straightforward.
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Literature suggests that a peak at around 530.8 eV could arise from oxygen adsorbed at the Au surface
or subsurface sites [151], but this interpretation is inconsistent with our observation. Indeed, the Au
4f;/, core level spectra (panel b) of Figure 8.7) show no additional components when comparing the
clean Au substrate (black spectrum) with the (heme+Co)/Au(111) system under O, pressure. The
absence of new features rules out the possible Au-oxide formation, which is typically accompanied by
surface restructuring [152]. Instead, only an overall attenuation in intensity is observed, suggesting that
oxygen atoms just further screen the substrate signal.

Another possible explanation could involve distinguishing the contributions of oxygen atoms bound to
Fe and Co sites on the Au substrate (component at 529.1 eV) from those coordinated within the
macrocycle (component at 530.8 eV). However, this interpretation is not plausible, since the area of
the latter feature should be comparable to the contributions of the oxygen species already present in
the molecule (carboxylic terminations, orange and black components) on a stoichiometric basis.
Similarly, atomic oxygen interacting with peripheral CHy (-CH»-, -CH3) groups, potentially leading to
partial oxidative degradation of these species, is ruled out by C 1s core level spectra (panel a) of Figure
8.7). During O, exposure, the previously described interaction of atomic oxygen with metal centers
occurs, leading to a carbon spectrum (cyan) in which the components closely resemble those in Figure
7.2 (cyan spectrum), where only Fe-free and Fe-filled molecules are present. Minor changes in Gaussian
widths and component positions are observed, consistent with the presence of different environments
atthe molecular centers. Nevertheless, the overall similarity of the spectral features indicates increased
system homogeneity compared with the as-prepared layer (orange spectrum), i.e., a higher fraction of
molecules containing a single central atom, further confirming that the trans-metalation process is
promoted by O, exposure.

Based on these considerations, the O 1s spectrum can be framed within the context of final-state
screening effects, analogous to observations reported for CO adsorption on several metal substrates
[153,154]. Depending on the strength of the coupling between the adsorbate and the surface, multiple
features can appear in the O 1s core level, reflecting different degrees of charge-transfer screening. In
systems with strong coupling, the lower binding energy component corresponds to a well-screened
final state, referred to as the adiabatic feature and is typically the most intense peak, whereas the
higher binding energy components represent satellite features. Conversely, in weakly interacting
systems, such as CO adsorbed on Ag(110), inefficient screening gives rise to intense giant satellites, and
the resulting XPS final states no longer accurately represent the ground-state configuration due to the
limited coupling and ultrafast timescale of the photoionization process.

By analogy, the two components observed in the present system under O, exposure may originate from
the same chemical species: an oxygen atom bound to the metal center. The feature at 529.1 eV may be
associated with the adiabatic component, well-screened state, while that at 530.8 eV likely corresponds
to a satellite feature. Given the strong coupling between atomic oxygen and the metal centers, the
overall spectral shape would be expected to resemble the O 1s spectra for CO strongly adsorbed on
metal surfaces, like in the Ni(100) case. Instead, the shape observed here, characterized by the presence
of a giant satellite, more closely resembles that of weakly bound CO adsorption. This apparent
inconsistency may arise from the fundamentally different nature of the systems involved, namely, an
individual oxygen atom bound to a metal center embedded within an organic matrix weakly coupled to
the Au substrate, versus a molecular adsorbate directly interacting with a metallic surface. Furthermore,
in a related yet unpublished study on FeTCNB monolayer grown on Au(111), exposure to O, resulted in
dioxygen activation at the Fe centers, yielding an O 1s core-level components identical to that observed
in our case, thereby supporting our hypothesis.

Although this interpretation provides a consistent framework for understanding the O 1s spectral
features, no similar observations are reported in the literature to our knowledge and therefore it
remains tentative. Further theoretical calculations will be required to validate this model and to
guantitatively assess the role of final-state screening in the observed spectra.
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8.4 Conclusion

From the previous Chapters, it is known that, starting from a heme monolayer grown on Au(111), both
Fe-free and Fe-filled molecules are present within the layer. To create a bimetallic structure, Co atoms
were subsequently deposited with the initial purpose of filling the macrocycles of the empty molecules.
However, microscopy and spectroscopy measurements reveal that, after deposition, the Fe-free
molecules do not interact with Co atoms, in contrast to the Fe-filled species. Indeed, a trans-metalation
process occurs, leading to a final system comprising Fe-free, Fe-filled and Co-filled porphyrins, along
with an intermediate configuration in which both Co and Fe are embedded within the macrocycle. After
the characterization of the layer, the system was exposed to 0.1 mbar of O,, where, interestingly, the
trans-metalation process is promoted. The coexistence on the substrate of both Fe released during
transmetalation and Co atoms that did not interact with Fe-filled molecules provides active sites that
facilitate O, activation. Consequently, atomic oxygen can diffuse across the surface and interact with the
molecular metal centers. Several processes can then occur: oxygen atoms may bind to Fe- or Co-filled
molecules, or interact with the intermediate states. In the latter case, if Fe atoms are located beneath
the macrocycle, oxygen can pull them completely out, facilitating Co incorporation and thus promoting
trans-metalation. Alternatively, as evidenced by the N 1s core level spectra, O remains bound to the
intermediate states. Together with these findings, an interpretative picture for the O 1s core level
spectra has been proposed in the context of final-state screening effects. This interpretation may pave
the way for a revised understanding of O 1s spectra when atomic oxygen species are bound to single
metal sites embedded within metallorganic layers.
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9 ‘ Conclusions and Future Perspectives

The aim of this work was to investigate novel 2D materials based on metalorganic architectures, inspired
by strategies already adopted by nature for processes such as light harvesting, chemical conversion and
synthesis. These systems provide a versatile platform for stabilizing single metal atoms on surfaces, with
properties that can be tuned through the surface trans-effect, interactions with axial ligands, lateral
coordination and the chemical nature of peripheral residues. Specifically, we focused on iron-centered
2D materials, namely FeTPyP and hemin, deposited on weakly interacting substrates such as Gr/Ir(111)
and Au(111), respectively. The structural and electronic properties of these layers were characterized
under UHV and near-ambient pressure conditions. Subsequently, Co atoms were deposited in both
systems to probe their structural and electronic response and to explore their behavior under reactive
conditions.

Starting from the FeTPyP system, the molecules self-assemble on the Gr/Ir(111) system into a close-
packed structure, driven by intermolecular interactions between the electronegative N atoms of the
pyridyl end groups and the peripheral H atoms from the neighbouring pyrrole moieties, with Fe centers
in the +2 oxidation state. Upon Co deposition, the second metal coordinates at the pyridinic
terminations altering the lateral coupling and producing a network with distinct geometrical and
electronic properties. Whereas in analogous systems Co at the pyridinic sites is typically found in the +1
oxidation state [35,37], this is the first instance in which the metal embedded in the macrocycle is
reduced upon Co coordination, forming Fe(l), a species highly reactive towards Os.

Under near-ambient pressure, the monometallic layer remains inert toward O, and CO, whereas the
bimetallic network exhibits distinct reactivity, with both metal sites participating in the reactions. In the
case of O, exposure, IR-Vis SFG and NAP-XPS measurements reveal clear evidence of O, ligation and
activation, confirming the reactivity previously observed under UHV conditions and highlighting
potential applicative approaches. For CO exposure, IR-Vis SFG spectroscopy was employed to investigate
the cooperativity and the adsorption energy, at the nanometer scale, for both Co- and Fe-centered sites
as a function of Co loading. Interestingly, increasing Co loading leads to a stronger anti-cooperative trend
among Co sites, whereas Fe sites exhibit a non-cooperative behavior for the low and high Co loadings,
and an anti-cooperative trend at the intermediate coverage. Regarding the adsorption energy, CO
preferentially binds to Fe sites up to a Co loading threshold, beyond which this tendency reverses.
NAP-XPS measurements combined with DFT calculations enabled the determination of the oxidation
states of both metal centers. Upon Co deposition, both Fe and Co are found to be theoretically
compatible with a +1 oxidation state. However, due to the high reactivity of Fe(l) toward O,, Fe is
predominantly observed experimentally in the +2 oxidation state. Exposure to O, further oxidizes Co to
+2 and Fe to +3 oxidation states, in excellent agreement with theoretical predictions. In contrast, under
CO exposure, experiment results diverge from theory. Co and Fe oxidation states are expected to change
to +2 under CO pressure, returning to +1 after gas removal. Experimentally, however, the residual
oxygen presence during CO exposure stabilizes Co and Fe in the +2 and +3 oxidation states, respectively.
To further explore the influence of molecular environment and peripheral groups on metal reactivity,
hemin, the core component of hemoglobin, was deposited on Au(111). The resulting layer consists of a
mixture of Fe-free and Fe-filled molecules due to the limited purity of the biological precursor. STM
measurements, supported by NEXAFS analysis, reveal the presence of intact molecules on the surface,
with the carboxylic terminations, visible in the STM images only when they are not coplanar with the
molecular plane. Different molecular configurations are observed, with some carboxylic groups located
close to the macrocycle of an adjacent molecule. Depending on the molecular arrangement, hydrogen-
bond interactions can form either between the carboxylic groups of neighboring molecules or between
a carboxylic termination and the imininc nitrogen atom, when the Fe center is absent in the macrocycle.
XPS analysis shows that the Fe centers are predominantly in the +2 oxidation state.
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The reactivity of the layer was then tested toward CO and O, exposure, revealing distinct behavior. In
the case of CO, there is insufficient evidence for a direct interaction with the heme layer, indicating that
the system is inert toward this gas. In contrast, O, stabilization occurs at Fe sites when carboxylic
terminations are positioned close to neighboring molecules. Here, carboxylic groups mimic the distal
histidine in oxyhemoglobin and oxymyoglobin, forming hydrogen bonds with O, and stabilizing the Fe-
0, interaction, effectively reproducing the second coordination sphere seen in biological systems.

To create a bimetallic structure, Co atoms were deposited after the formation of the heme layer in an
attempt to occupy the vacant metal centers. However, Co preferentially interacts with the heme
molecules, resulting in a system composed of Fe-free, Fe-filled and Co-filled species, along with an
intermediate configuration in which both Co and Fe are simultaneously present within the molecular
macrocycle. Upon O, exposure, the trans-metalation process is promoted due to the coexistence of Fe
and Co atoms on the substrate.

In this scenario, oxygen activation occurs, leading to the formation of atomic oxygen species that diffuse
across the surface, where several processes, including trans-metalation, take place.

These results open a promising perspective for future experiments. The identification of Fe(l) species is
particularly significant, as this oxidation state is proposed to play a key role in nitrogenase enzymes
during N, ligation and activation [155—158]. In biological systems, the formation of Fe(l) centers within
the FeMo-cofactor is thought to weaken and cleave the N=N bond, initiating the reduction process that
ultimately leads to NH3 formation. Future efforts will focus on strategies to efficiently stabilize Fe(l)
species in metalorganic networks, providing a possible pathway toward the artificial emulation of
nitrogenase activity.

The observed trans-metalation process provides a strategy to engineer active sites at the atomic level,
while the O, stabilization represents a first successful mimic of the second coordination sphere, which
is still unexplored in the surface science scenario and cannot be disregarded to achieve an effective
biomimetic approach. In the near future, a further step toward understanding the role of the third
dimension will be addressed by employing an electrospray source, a novel evaporation technique that
enables the deposition of larger molecules, thereby providing a pathway to replicate the second
coordination environment of natural enzymes.
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APPENDIX — Fit Parameters

This section presents the fitting parameters associated with the XPS and SFG spectra discussed in the
results chapter. The XPS data were modeled using Doniach-Sunji¢ line shapes with the asymmetry
parameter fixed at a = 0, resulting in Voigt profiles. As a remains zeero for all fits, it is not included in
the the parameter tables. The fitting parameters reported for the XPS spectra below include the
Lorentzian width (I'), Gaussian width (G), amplitude (A), and binding energy (BE), or the binding energy
shift (ABE) relative to the first peak. All energies and widths are given in electronvolts (eV).

The SFG spectra were fitted using Equation 3.23, with parameters defined accordingly, and convoluted
with a Gaussian profile when necessary to account for sample inhomogeneity.

Each vibrational resonance is characterized by its amplitude (A), relative phase (A@), frequency (w), and
Lorentzian width (I'), together with the non-resonant background amplitude A, and Gaussian width
(G), where applicable. All the spectra were acquired using ppp polarization.

A.1 FeTPyP and FeTPyP-Co on Gr/Ir(111)

Value o Value I} Value I}
I 0.14 0.14 0.18
G, 0.61 0.83 0.87

A; 0.37 |0.01| 0.020 | 0.003 | 0.050 |0.003
BE, |398.29 0.01 |397.61 0.10 529.84 | 0.04
I, 0.14 0.14 0.18

G, 0.61 0.84 1.77

A, 0.37 |0.01| 0.250 H0.004 | 0.100 | 0.004
ABE, | 0.28 [ 0.01| 099 | 0.09 1.63 | 0.05
I3 0.14 0.14

Gg 1.60 0.83

Ag 0.13 | 0.01| 0.300 | 0.004

ABE; | 1.02 [ 0.05| 159 | 0.09

r, 0.14
G, 0.83
A, 0.200 | 0.003
ABE, 257 | 0.09
Is 0.14
Gs 0.83
As 0.070 | 0.004
ABE; 342 010
T, 0.14
G 237
A, 0.050 | 0.005
ABE, 4.88 | 0.20

Table A.1 Fit parameters of N and O 1s core levels in the FeTPyP and FeTPyP-Co spectra presented in Section 4.2,
collected in UHV.
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UHV FeTPyP FeTPyP-Co FeTPyP-Co
Fe 2ps3p Fe 2ps3p Co 2p3p
Value o Value o Value o

I 0.31 0.31 0.20

G, 0.67 0.43 1.06

A 0.030 | 0.001 | 0.005 | 0.001 @ 0.350 | 0.003

BE, | 707.63 | 0.01 | 706.81 @ 0.03 | 77825 | 0.01

I, 0.31 0.31 0.20

G, 2.03 2.03 2.67

A, 0.060 | 0.001 | 0.040 | 0.001 @ 0.370 | 0.005

ABE, 131 0.03 131 0.04 1.61 0.02

Iy 0.31 0.31 0.20

Gs 2.03 2.03 2.67

A, 0.030 | 0.001 | 0.030 | 0.001 A 0.230 | 0.005

ABE; | 4.02 0.06 3.22 0.05 4.23 0.04

I, 0.31 0.20

Gy 2.03 2.67

A, 0.020 | 0.001 | 0.100 | 0.005

ABE, 4.77 0.07 6.63 0.08

I 0.31 0.20

Gs 2.03 2.67

Ag 0.020 | 0.001 | 0.050 | 0.004

ABEg 6.72 0.08 9.23 0.14

T 0.31

Ge 2.03

Ag 0.020 | 0.001

ABE, 9.17 | 0.12

I, 0.31

G, 2.03

A, 0.030 | 0.002

ABE, 115 | 0.07

Table A.1.1 Fit parameters of Fe and Co 2ps,, core levels in the FeTPyP and FeTPyP-Co spectra presented in

Section 4.2, collected in UHV.
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UHV

FeTPyP

FeTPyP-Co

FeTPyP

FeTPyP-Co

1200 —1400 cm™ | 1200 —1400 cm™ | 1500 —1650 cm™ | 1500 — 1650 cm'*

Value g Value g Value o Value o

ALr 4.7 0.1 8.3 0.1 5.9 0.1 7.0 0.1

G 0 18 3 0 2.6 0.4
A, 14 4 75 4 24 2 15 2
Ag, 52 10 31 3 142 5 275 8
w4 1217 4 1217 4 1531 2 1531 2
I 9 2 9 2 8 3 8 3
A, 20 2 55 3 34 3 27 3
A, 174 7 223 5 63 4 129 14
W, 1239 1 1246 3 1579 2 1570 3
I, 6 1 6 1 12 2 12 2
A, 9 1 25 6 28 1 21 1
A@, 150 8 85 8 334 2 33 5

w3 1359 2 1359 2 1593.6 0.2 1597.8 0.5

I3 6 2 6 2 2.8 0.2 2.8 0.2

Table A.1.2 Fit parameters of the FeTPyP and FeTPyP-Co IR-Vis SFG spectra presented in Section 4.3, collected in
the 1200-1400 and 1500-1650 cm™ ranges under UHV conditions

A.2 FeTPyP-Co on Gr/Ir(111): Reactivity toward O,

UHV 0.01 mbar O, Pump Out
FeTPyP-Co | 1200 —1400 cm™ | 1200 —1400 cm™ | 1200 —1400 cm™?
Value g Value Value Value o
Ay, 83 0.1 6.3 0.1 6.6 0.1
G 18 3 5.7 0.5 4.7 0.5
A, 75 4 52 17 82 4
Ag, 31 3 53 14 73 3
wq 1217 4 1217 4 1217 4
I 9 2 9 2 9 2
A, 55 3 50 10 38 3
Ay, 223 5 153 17 167 6
w, 1246 3 1246 3 1246 3
T, 6 1 6 1 6 1
A, 25 6 32 2 37 2
A, 85 8 67 5 71 3
w5 1359 2 1356 1 1353.8 0.7
I 6 2 6 2 6 2

Table A.2 Fit parameters of the FeTPyP-Co IR-Vis SFG spectra presented in Section 5.1.1, collected in UHV, at 0.03
mbar O, and after restoring the UHV conditions, in the 1200-1400 cm™ range.
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UHV 0.01 mbar O, Pump Out
FeTPyP-Co = 1500 —1650 cm™ 1500—1650 cm™ 1500 —1650 cm!
Value Value Value Value Value g
A, 7.0 0.1 4.8 0.1 5.3 0.1
G 2.6 0.4 2.1 0.2 1.7 0.2
A 15 2 37 3 39 2
Ag, 275 8 279 306
wq 1531 2 1552.4 0.6 1552.4 0.6
I 8 3 6.6 0.6 6.6 0.6
A, 27 3 30 32 1
A, 129 14 267 306 3
W, 1570 3 1593.1 0.3 1593.1 0.3
I, 12 2 2.8 0.5 2.8 0.5
A, 21 1 20 2 38 1
Ag, 33 5 43 6 119 2
w3 1597.8 0.5 1613 1 1613.0 1
I3 2.81 0.2 5 1 5 1

Table A.2.1 Fit parameters of the FeTPyP-Co IR-Vis SFG spectra presented in Section 5.1.1, collected in UHV, at
0.03 mbar O and after restoring the UHV conditions, in the 1500-1650 cm™ range.

UHV 0.03 mbar O, Pump Out
O1s O1s O1s
Value o Value o Value o
I 0.18 0.184 0.184
G; 1.16 1.164 1.164
A 0.100 | 0.003  0.250 | 0.004 | 0.280 | 0.004
BE; | 529.89 | 0.03 |529.39  0.01 |529.52 0.01
I, 0.184 0.184 0.184
G, 1.77 1.77 1.77
A, 0.220 | 0.004 @ 0.710 | 0.004 | 0.640 | 0.004
ABE, 1.84 0.03 1.728 0.01 1.77 0.01
I, 0.184
G 2.55
A, 0.07 0.01
ABE, 4.29 0.13

Table A.2.2 Fit parameters of O 1s core level in the FeTPyP-Co spectra presented in Section 5.1.2, collected in UHV
at 0.03 mbar O, and after restoring UHV conditions.
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UHV

N 1s

Value a
I 0.14
G, 0.83
A 0.070 | 0.003
BE; |397.61 0.03
I, 0.14
G, 0.84
A, 0.340 | 0.004
ABE,  0.99 | 0.03
I 0.14
G 0.83
A, 0.440 | 0.004
ABE; | 1.59 | 0.03
L, 0.14
G, 0.83
A, | 0300 | 0.003
ABE,  2.57 | 0.03
I 0.14
Gs 0.83
A 0.040 | 0.003
ABE; | 3.43 | 0.03
T 0.14
Ge 2.37
A, | 0.090 | 0.005
ABE, | 4.83 | 0.08

Table A.2.3 Fit parameters of N 1s core level in the FeTPyP-Co spectra presented in Section 5.1.2, collected in

0.03 mbar O,
N 1s
Value o

0.14
0.83
0.070 | 0.003
397.61 | 0.03
0.14
0.84
0.610 | 0.004
0.99 0.03
0.14
0.83
0.210 | 0.004
1.65 0.03
0.14
0.83
0.150 | 0.003
2.41 0.03
0.14
0.83
0.040 | 0.003
3.43 0.05
0.14
2.37
0.100 | 0.005
4.88 0.08

UHV at 0.03 mbar O, and after restoring UHV conditions.

Pump Out
N 1s
Value g

0.14
0.83
0.060 | 0.004
397.61 @ 0.04
0.14
0.84
0.580 | 0.005
0.99 0.04
0.14
0.83
0.350 | 0.005
1.54 0.04
0.14
0.83
0.220 | 0.004
2.44 0.04
0.14
0.83
0.040 | 0.004
343 0.06
0.14
2.37
0.090 | 0.006
4.88 0.11
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UHV

Fe 2psp

Value g
I 0.31
G, 0.43
A; | 0.004 | 0.001
BE; | 706.81 0.05
I, 0.31
G, 2.03
A, | 0.040 | 0.001
ABE, 156 | 0.05
I 0.31
G 2.03
A; | 0.040 | 0.001
ABE; | 3.23 | 0.05
L, 0.31
G, 2.03
A, | 0.030 | 0.001
ABE, 4.75 | 0.06
I 0.31
Gs 2.03
Ag | 0.020 | 0.001
ABE;  6.71 | 0.09
T 0.31
Ge 2.03
Ag | 0.009 | 0.001
ABE,  9.17 | 0.20
I, 0.31
G, 2.03
A, | 0.010 | 0.002
ABE,  11.50 | 0.15

0.03 mbar O,
Fe 2[)3/2

Value
0.31

0.43
0
706.81
0.31
2.03
0.010
1.57
0.31
2.03
0.040
3.23
0.31
2.03
0.030
4.75
0.31
2.03
0.020
6.71
0.31
2.03
0.009
9.17
0.31
2.03
0.020
11.50

g

0.001
0.13

0.002
0.04

0.002
0.08

0.001
0.11

0.001
0.30

0.002
0.14

Pump Out
Fe 2psp
Value g
0.31
0.43
0
706.81
0.31
2.03
0.020 | 0.001
1.57 | 0.08
0.31
2.03
0.040 | 0.001
3.23 | 0.04
0.31
2.03
0.030 | 0.001
4.75 | 0.05
0.31
2.03
0.020 | 0.001
6.71 | 0.09
0.31
2.03
0.015 | 0.001
9.17 | 0.14
0.31
2.03
0.010 | 0.002
11.50 | 0.20

Table A.2.4 Fit parameters of Fe 2psy; core level in the FeTPyP-Co spectra presented in Section 5.1.2, collected in
UHV at 0.03 mbar O, and after restoring UHV conditions.
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UHV 0.03 mbar O, Pump Out

Co 2p3p Co 2psp Co 2p3p
Value 4 Value o Value g

I 0.20 0.20 0.20

G, 1.06 1.06 1.06

A 0.360 | 0.002 0 0
BE, | 778.25| 0.04 | 778.25 706.25

I, 0.20 0.20 0.20

G, 2.67 2.24 2.24

A, 0570 0004 081 001 0.780 0.004
ABE, 180 001 205 001 195 001

r, 020 0.20 0.20

Gy | 2.67 2.67 2.67

A, | 0340 0004 046 001 050 001
ABE, 423 002 423 003 415 002

r, 020 0.20 0.20

G, 267 2.67 2.67

A, 0160 0004 027 001 030 001
ABE, 663 004 691 004 699 @001

I, 020 0.20 0.20

G | 267 2.67 2.67

A. | 0100 0003 020 001 020 001
ABE. 923 006 923 005 923 004

T, 0.20 0.20

G 2.67 2.67

Ag 0.080 001 009 001
ABE, 11.15 012 11.15 0.08

Table A.2.5 Fit parameters of Co 2ps/, core level in the FeTPyP-Co spectra presented in Section 5.1.2, collected in
UHV at 0.03 mbar O, and after restoring UHV conditions.
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A.3 FeTPyP-Co on Gr/Ir(111): Reactivity toward CO
COonFe

4% Co loading

Ar
0.02
0.02
0.04
0.17
0.14
0.17
0.28
0.43
0.32
0.65
0.79
0.90
0.92
0.95
1.16
0.96
0.97
1.09
0.99
1.08
0.98

4
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.07
0.07
0.08
0.07

40% Co loading

A
0.01
0.03
0.06
0.03
0.13
0.19
0.27
0.28
0.35
0.46
0.57
0.69
0.65
0.75
0.87
0.83
0.86
0.99
1.01
1.04
1.02

o
0.04
0.04
0.04
0.05
0.04
0.04
0.04
0.04
0.04
0.04
0.03
0.04
0.03
0.03
0.04
0.04
0.04
0.03
0.03
0.04
0.04

70% Co loading

Ar
0.001
0.001
0.001
0.001

0.04
0.15
0.19
0.16
0.22
0.42
0.62
0.53
0.79
1.03
1.02
0.98
0.91
0.99
1.01
0.92
0.81

o
0.064
0.072
0.068
0.065

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.07
0.07
0.07
0.07
0.07
0.07
0.06
0.06
0.06

Table A.3 Evolution of the IR-Vis SFG amplitude of the C-O internal stretch resonances on Fe atoms at different Co
loadings, presented in Figure 5.7, from UHV up to 102 CO mbar.

4% Co loading 40% Co loading 70% Co loading
A, o A, o A, o
0.05 0.09 0.01 0.03 0.01 0.02
0.03 0.10 0.002 | 0.030 0.01 0.03
0.03 0.09 0.009 | 0.030 0.02 0.03
0.04 0.10 0.02 0.03 0.06 0.03
0.09 0.09 0.07 0.03 0.09 0.02
0.10 0.10 0.06 0.03 0.10 0.03
0.12 0.10 0.12 0.03 0.14 0.03
0.13 0.09 0.13 0.03 0.15 0.03
0.24 0.09 0.13 0.03 0.18 0.03
0.41 0.08 0.20 0.03 0.29 0.03
0.51 0.08 0.31 0.02 0.33 0.03
0.69 0.08 0.38 0.02 0.39 0.03
0.75 0.08 0.40 0.02 0.43 0.03
0.86 0.08 0.54 0.02 0.48 0.03
0.98 0.07 0.62 0.02 0.50 0.03
0.93 0.07 0.65 0.02 0.55 0.03
0.81 0.07 0.81 0.02 0.53 0.02
0.92 0.07 0.92 0.02 0.82 0.02
0.99 0.07 0.97 0.02 1.01 0.02
1.07 0.07 1.02 0.02 0.99 0.02
1.07 0.07 1.02 0.02 1.02 0.02
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Table A.3.1 Evolution of the IR-Vis SFG amplitude of the C-O internal stretch resonances on Fe atoms at different

Co loadings, presented in Figure 5.7, from UHV up to 10? CO mbar.

¥
Gy
Ay
BE,
¥

ABE;
Is
Ge
As

ABE,

UHV
N 1s

Value
0.14
0.83

0.020

397.61

0.14
0.84
0.250
0.99
0.14
0.83
0.320
1.59
0.14
0.83
0.210
2.57
0.14
0.83
0.070
3.42
0.14
2.37
0.050
4.88

o

0.003
0.10

0.004
0.09

0.004
0.09

0.003
0.09

0.004
0.10

0.005
0.18

0.03 mbar CO
N 1s
Value g
0.14
0.83
0.030 0.003
397.61 0.08
0.14
0.84
0.20 0.01
0.99 0.07
0.14
0.83
0.30 0.01
1.49 0.08
0.14
0.83
0.170 0.003
2.46 0.08
0.14
0.83
0.060 0.004
3.43 0.08
0.14
2.37
0.05 0.01
4.88 0.20

Pump Out
N 1s

Value g
0.14
0.83

0.020 0.003

397.61 0.08
0.14
0.84

0.220 0.004
0.99 0.08
0.14
0.83

0.400 0.004
1.51 0.08
0.14
0.83

0.210 0.003
2.50 0.08
0.14
0.83

0.040 0.003
3.43 0.09
0.14
2.37

0.050 0.005
4.88 0.20

Table A.3.2 Fit parameters of N 1s core level in the FeTPyP-Co spectra presented in Section 5.2.2, collected in UHV
at 0.03 mbar CO and after restoring UHV conditions.

| UHV 0.03 mbar CO Pump Out
0 1s 0 1s 0 1s
Value o Value o Value o
I; 0.18 0.18 0.18
G, 0.87 0.87 1.16
A, 0.050 | 0.003 | 0.060 | 0.004 | 0.100 | 0.004
BE, 529.84 0.04 529.68 0.01 529.84 0.01
I, 0.18 0.18 0.18
G, 1.77 1.77 1.77
A, 0.120 | 0.004 | 0.360 | 0.004 | 0.340 | 0.004
ABE, 1.63 0.05 1.82 0.01 1.82 0.01
T 0.18
G, 2.23
A, 0.060 | 0.005
ABE, 423 | 013

Table A.3.3 Fit parameters of O 1s core level in the FeTPyP-Co spectra presented in Section 5.2.2,
collected in UHV at 0.03 mbar CO and after restoring UHV conditions.
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UHV 0.03 mbar CO Pump Out

Fe 2ps/ Fe 2ps/ Fe 2ps/
Value 4 Value 4 Value 1

I 0.31 0.31 0.31

G, 0.43 0.43 0.43

A 0.005 | 0.001 0 0
BE; | 706.81  0.03 | 706.81 706.81

I, 0.31 0.31 0.31

G, 2.03 2.03 2.03

A, 0.040 | 0.001 | 0.010 | 0.001 | 0.020 | 0.001
ABE, 131 | 004 | 131 | 008 | 1.31 | 0.07

I3 0.31 0.31 0.31

Gg 2.03 2.03 2.03

Ag 0.030 | 0.001 | 0.030 | 0.001 | 0.040 | 0.001
ABE; 322 | 005 | 3.23 | 0.04 | 3.22 | 0.04

L, 0.31 0.31 0.31

G, 2.03 2.03 2.03

A, 0.020 | 0.001 | 0.020 | 0.001 | 0.030 | 0.001
ABE, 477 | 007 | 477 | 0.07 | 477 | 0.05

Iy 0.31 0.31 0.31

Gg 2.03 2.03 2.03

Ag 0.020 | 0.001 | 0.010 | 0.001 | 0.030 | 0.001
ABE;  6.72 | 008 | 6.72 | 0.11 | 6.72 | 0.07

T 0.31 0.31 0.31

Gg 2.03 2.03 2.03

Ag 0.020 | 0.001 | 0.003 | 0.001 | 0.020 | 0.001
ABE,  9.17 | 012 | 9.17 | 0.12 | 9.17 | 0.09

I, 0.31 0.31 0.31

G, 2.03 2.03 2.03

A, 0.030 | 0.002 | 0.009 | 0.002 | 0.040 | 0.002
ABE,  11.50 | 0.07 | 11.50 | 0.08 | 11.50 | 0.07

Table A.3.4 Fit parameters of Fe 2ps,; core levels relative to the FeTPyP-Co spectra presented in Section, collected
in UHV, 0.03 mbar CO and Pump Out.
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UHV 0.03 mbar CO Pump Out
Co 2,03/2 Co 2,03/2 Co 2,03/2
Value o Value o Value o
I 0.20 0.20 0.20
G, 1.06 1.06 1.06
A 0.350 | 0.003 | 0.050 | 0.002 | 0.020 | 0.002
BE, | 778.25 0.01 | 778.25| 0.04 | 706.25 | 0.07
I, 0.20 0.20 0.20
G, 2.67 2.67 2.67
A, 0.370 | 0.005 | 0.520 | 0.004 0.50 | 0.004
ABE, 1.61 0.02 199 | 0.04 1.99 | 0.07
I 0.20 0.20 0.20
Gs 2.67 2.67 2.67
A, 0.230 | 0.005 | 0.290 | 0.004 0.30 | 0.004
ABE; 4.23 0.04 | 423 | 0.04 423 | 0.07
L, 0.20 0.20 0.20
G, 2.67 2.67 2.67
A, 0.100 | 0.005 | 0.180 | 0.004 0.20 | 0.04
ABE, 6.63 0.08 695 | 0.05 6.85 | 0.080
I 0.20 0.20 0.20
Gs 2.67 2.67 2.67
A 0.050 | 0.004 | 0.100 | 0.004 0.10 | 0.004
ABE. 9.23 0.14 | 9.23 | 0.07 @ 9.23 | 0.080
T 0.20 0.20
Gg 2.67 2.67
Ag 0.060 1 0.004 = 0.060 | 0.004
ABE, 11.15 | 0.11 | 11.15 | 0.12

Table A.3.5 Fit parameters of Co 2psy, core level in the FeTPyP-Co spectra presented in Section 5.2.2, collected in
UHV at 0.03 mbar CO and after restoring UHV conditions
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A.4 Heme on Au(111)

| UHV Hemin
N 1s 0O 1s Cls Fe 2psp
Value g Value o Value g Value g
I; 0.15 0.47 0.13 0.31
G, 0.66 1.33 0.55 0.83

A; | 0.440 | 0.004 | 0.060 | 0.002

3.00 | 0.04 | 0.020 | 0.001

BE, 39791 0.01 |531.63| 0.03 | 283.73 | 0.01 | 707.50 | 0.02

r, 015 0.47

0.13 0.31

G, 155 235

0.55 1.79

A, 0.20 | 0.01 | 0.030 | 0.002

430 | 0.06 | 0.050 | 0.002

ABE, 123 | 005 197 | 0.12

0.63 | 0.01 1.28 | 0.05

r, 015

0.13 0.31

G, 154

1.33 1.79

A, 030 001

3.90 | 0.08 | 0.030 | 0.002

ABE, 261 | 0.02

095 | 0.02 | 282 | 0.12

T, 0.13 0.31
G, 2.82 1.79

A, 1.80 | 0.01 0.020  0.002
ABE, 261 008 455  0.10
Is 0.13

Gs 4.20

As 0.80 | 0.06

ABE, 556 | 0.20

Table A.4 Fit parameters of N, O 1s and Fe 2ps,; core levels in the heme spectra presented in Section 6.2,

collected in UHV.

5. Heme on Au(111): Reactivity toward CO

UHV 0.3 mbar CO Pump Out
N 1s N 1s N 1s
Value o Value o Value o
I 0.15 0.15 0.15
Gy 0.66 0.66 0.66
A, 0.440 | 0.004 | 0.30 0.01 0.40 0.01
BE, | 39791 | 0.01 | 39791 0.01 | 39791 | 0.01
I 0.15 0.15 0.15
G, 1.55 154 154
A, 0.20 0.01 | 0.180 | 0.008 | 0.230 | 0.007
ABE, | 1.23 0.05 0.80 0.07 0.80 0.05
I 0.15 0.15 0.15
Gs 1.54 154 154
A, 0.30 0.01 | 0.250 | 0.007 | 0.320 | 0.006
ABE; | 261 0.02 2.36 0.03 2.36 0.02

Table A.5 Fit parameters of N 1s core level in the heme spectra presented in Section 7.1, collected in UHV.
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UHV
O1s
Value
I 0.47
G, 1.33
A 0.060 | 0.002
BE; | 531.63
L, 0.47
G, 2.35

A, 0.030 | 0.002
0.12

ABE, = 1.97

o

0.03

0.3 mbar CO

O1s
Value o
0.47
1.33
0.050 | 0.005
531.43 | 0.04
0.47
2.35
0.320 | 0.005
1.05 0.20

Pump Out
O1s
Value o

0.47
1.33
0.050 | 0.004
531.45 | 0.03
0.47
2.35
0.050 | 0.005
1.05 0.11

Table A.5.1 Fit parameters of O 1s core level in the heme spectra presented in Section 7.1, collected in UHV at 0.3

mbar CO and after restoring UHV conditions.

UHV
Cls

Value

I; 0.13
G, 0.55
A, 3.00
BE; | 283.73
I, 0.13
G, 0.55
A, 4.30
ABE, | 0.63
Iy 0.13
Gy 1.33
A, 3.90
ABE; | 0.95
I, 0.13
G, 2.82
A, 1.80
ABE, | 2.61
I 0.13
Gg 4.20
Ac 0.80
ABE; | 5.56

o

0.04
0.01

0.06
0.01

0.08
0.02

0.01
0.08

0.06
0.20

0.3 mbar CO
Cls

Value 1

0.13

0.55

2.40 0.04
283.73 | 0.01

0.13

0.55

3.20 0.06

0.63 0.01

0.13

1.33

3.30 0.09

0.95 0.02

0.13

2.82

1.40 0.08

2.61 0.12

0.13

4.20

0.60 0.09

5.56 0.40

Pump Out
Cls

Value 1

0.13

0.55

2.90 0.04
283.73 | 0.01

0.13

0.61

4.50 0.07

0.63 0.01

0.13

1.33

3.70 0.09

1.00 0.02

0.13

2.82

1.90 0.06

2.55 0.09

0.13

4.20

0.90 0.07

5.56 0.20

Table A.5.2 Fit parameters of C 1s core level in the heme spectra presented in Section 7.1, collected in UHV at 0.3

mbar CO and after restoring UHV conditions.
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UHV 0.3 mbar CO Pump Out

Fe 2p3p Fe 2ps Fe 2ps/
Value o Value o Value o
I 0.31 0.31 0.31
G, 0.83 0.83 0.83

A 0.020 | 0.001 | 0.010 | 0.003 | 0.020 | 0.001
BE, 707,50 0.02 | 70750  0.06 | 707.50 0.03

I, 0.31 0.31 0.31

G, 1.79 1.79 1.79

A, 0.050 | 0.002 | 0.040 | 0.004 | 0.050 | 0.002
ABE, = 1.28 0.05 1.28 0.20 1.28 0.05

I3 0.31 0.31 0.31

Gy 1.79 1.79 1.79

A, 0.030 | 0.002 | 0.030 | 0.0044 | 0.030 | 0.002
ABE; = 2.82 0.12 2.82 0.15 2.82 0.09

I, 0.31 0.31 0.31

G, 1.79 1.79 1.79

A, 0.020 | 0.002 | 0.010 | 0.001 | 0.010 | 0.001
ABE, = 455 0.10 4.55 0.13 4.55 0.12

Table A.5.3 Fit parameters of Fe 2ps, core level in the heme spectra presented in Section 7.1, collected in UHV at
0.3 mbar CO and after restoring UHV conditions.

A.6 Heme on Au(111): Reactivity toward O,

UHV 0.1 mbar O, Pump Out
N 1s N 1s N 1s
Value o Value o Value o
I; 0.15 0.15 0.15
G, 0.66 0.66 0.66

A 0.80 0.01 | 0.760 | 0.001 0.82 0.01
BE, 39791  0.01 | 39791 | 0.01 | 397.91 | 0.01

I, 0.15 0.15 0.15

G, 1.54 1.54 1.54

A, 0.20 0.01 | 0.170 | 0.002 0.27 0.01
ABE, 111 0.06 1.11 0.02 1.11 0.09

Iy 0.15 0.15 0.15

Gy 1.54 1.54 1.54

A, 0.20 0.01 | 0.140 | 0.002 0.20 0.01
ABE; 2.61 0.04 2.61 0.01 2.61 0.07

Table A.6 Fit parameters of N 1s core level in the heme spectra presented in Section 7.2, collected in UHV at 0.1
mbar O, and after restoring UHV conditions.
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‘ UHV 0.1 mbar O, Pump Out
O1s O1s O1s
Value o Value o Value o
I; 0.47 0.47 0.47
G, 1.33 1.72 1.72
A 0.030 | 0.002 | 0.070 | 0.002 | 0.040 | 0.002
BE; | 531.59 | 0.05 | 530.63 | 0.03 | 530.63 @ 0.05
I, 0.47 0.47 0.47
G, 2.35 1.33 1.33
A, 0.020 | 0.002 | 0.040 | 0.003 | 0.030 | 0.002
ABE, 191 0.14 1.01 0.06 1.01 0.07
I, 0.47 0.47
Gs 1.43 1.43
A, 0.060 | 0.003 | 0.030 | 0.003
ABE, 1.83 0.03 1.83 0.05
I, 0.47 0.47
G, 2.35 2.35
A, 0.030 | 0.003 | 0.020 | 0.003
ABE, 2.90 0.11 2.90 0.05

Table A.6.1 Fit parameters of O 1s core level in the heme spectra presented in Section 7.2, collected in UHV at 0.1
mbar O, and after restoring UHV conditions.

UHV 0.1 mbar O, Pump Out
Cls Cls Cls
Value o Value o Value o
I 0.13 0.13 0.13
G, 0.55 0.53 0.61
A 3.60 0.02 3.10 0.03 3.60 0.03
BE, | 283.71 | 0.01 | 283.68 0.01 | 283.67 0.01
I, 0.13 0.13 0.13
G, 0.42 0.42 0.48
A, 4.40 0.04 3.70 0.06 4.30 0.06
ABE, | 0.71 0.01 0.71 0.01 0.67 0.01
Iy 0.13 0.13 0.13
Gs 0.95 0.95 0.95
A, 4.10 0.05 3.80 0.08 3.40 0.07
ABE; | 0.95 0.01 0.95 0.01 0.95 0.01
I, 0.13 0.13 0.13
Gy 2.82 2.82 2.82
A, 2.20 0.03 1.90 0.05 2.70 0.04
ABE, | 242 0.04 2.42 0.06 2.24 0.04
I 0.13 0.13 0.13
Gs 4.20 4.20 4.20
A 1.20 0.04 1.10 0.05 1.40 0.04
ABE; | 5.56 0.08 5.56 0.15 5.56 0.08
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Table A.6.2 Fit parameters of C 1s core level in the heme spectra presented in Section 7.2, collected in UHV at 0.1
mbar O, and after restoring UHV conditions.

UHV 0.1 mbar O, Pump Out
Fe 2ps/ Fe 2ps/ Fe 2ps/
Value o Value o Value o
I 0.31 0.31 0.31
G, 0.83 0.83 0.83

A, 0.030 | 0.001 | 0.020 | 0.002 | 0.020 | 0.001

BE, | 70741 | 0.02 | 707.41  0.03 | 707.41 0.02

I, 0.31 0.31 0.31

G, 1.79 1.79 1.79

A, 0.090 | 0.001 A 0.080 | 0.005 | 0.080 | 0.001
ABE, 1.17 0.02 1.31 0.02 1.22 0.02

I3 0.31 0.31 0.31

Gg 1.79 1.79 1.79

A, 0.060 | 0.001 | 0.050 | 0.004 | 0.050 | 0.001
ABE; = 2.90 0.03 2.90 0.03 2.90 0.03

L, 0.31 0.31 0.31

G, 1.79 1.79 1.79

A, 0.020 | 0.001 | 0.030 | 0.003 | 0.030 | 0.001
ABE, 4.44 0.05 4.44 0.05 4.44 0.05

Iy 0.31 0.31 0.31

Gg 1.79 1.79 1.79

A 0.010 | 0.001 | 0.010 | 0.001 | 0.010 | 0.001
ABE; @ 6.52 0.11 6.52 0.11 6.52 0.10

Table A.6.3 Fit parameters of Fe 2ps/, core level in the heme spectra presented in Section 7.2, collected in UHV at
0.1 mbar O, and after restoring UHV conditions.
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A.7. Heme+Co on Au(111)

| UHV Heme Heme +10'Co  Heme+5’ Co
N 1s N 1s N 1s
Value o Value o Value o
I; 0.15 0.15 0.15
G, 0.66 0.54 0.54
A 0.80 0.01 | 0.500 & 0.004 0.430 | 0.004
BE, 39791 | 0.01 | 39797 | 0.01 | 39797 | 0.01
I, 0.15 0.15 0.15
G, 1.54 0.87 0.87
A, 0.20 0.01 0.30 0.01 0.40 0.01
ABE, 111 0.06 0.65 0.01 0.65 0.01
I3 0.15 0.15 0.15
Gy 1.54 1.54 1.54
A, 0.20 0.01 0.20 0.01 0.20 0.01
ABE; 2.61 0.04 1.23 0.03 1.23 0.03
T, 0.15 0.15
G, 1.54 1.54
A, 020 001 020 001
ABE, 2.61 0.03 2.61 0.03

Table A.7 Fit parameters of N 1s core level in the spectra presented in Figure 8.4, collected after successive Co
deposition steps under UHV conditions.

A.8 Heme+Co on Au(111): Reactivity toward O,

Heme + 15’ Co UHV 0.1 mbar O, Pump Out \
N 1s N 1s N 1s
Value o Value o Value o

I 0.15 0.15 0.15
G, 0.54 0.54 0.54
A 0.430 0.004 | 0.40 | 0.01| 0.640 | 0.004
BE, 397.97 | 0.01 |397.92 0.01|397.92  0.01
I 0.15 0.15 0.15
G, 0.87 0.87 0.87
A, 0.37 | 001 | 030 | 0.01| 030 | 001
ABE, 0.65 001 | 034 ' 001| 034 | 001
I 0.15 0.15 0.15
Gy 1.54 1.54 1.54
A, 020 | 001 | 020 | 0.01| 0.20 | 0.01
ABE, 1.23 | 0.03 1.09 002 1.09 | 0.02
T, 0.15 0.15 0.15
G, 1.54 1.54 1.54
A, 020 001 | 010 | 0.01| 0.10 | 001
ABE, 260 | 0.03 | 244 /0.03| 244 | 0.03

Table A.7.1 Fit parameters of N 1s core level in the heme+Co spectra presented in Section 8.3, collected in UHV at
0.1 mbar Oz and after restoring UHV conditions.
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Heme + 15’ Co UHV 0.1 mbar O, Pump Out
O1s O1s O1s
Value o Value o Value o
I; 0.47 0.47 0.47
G, 1.33 0.60 0.60
A 0.030 | 0.003 | 0.04 0.02 | 0.050 | 0.001
BE, 531.63 | 0.05 | 529.10 | 0.03 | 397.26 | 0.01
I, 0.47 0.47 0.47
G, 2.35 1.48 1.48
A, 0.020 | 0.003 | 0.400 | 0.002 | 0.310 | 0.002
ABE, 0.67 0.20 1.77 0.03 1.77 0.01
I, 0.47 0.47
G 1.33 1.33
A, 0.070 | 0.004 | 0.060 | 0.003
ABE4 3.12 0.04 3.12 0.03
I, 0.47 0.47
G, 2.35 2.35
A, 0.040 | 0.004 | 0.040 | 0.003
ABE, 3.94 0.10 3.94 0.09

Table A.7.2 Fit parameters of O 1s core level in the heme+Co spectra presented in Section 8.3, collected in UHV at
0.1 mbar Oz and after restoring UHV conditions.

Heme + 15’ Co UHV 0.1 mbar O, Pump Out
C1ls C1s C1ls
Value o Value o Value o

I 0.13 0.13 0.13

G, 0.55 0.55 0.55

A 1.30 0.01 2.10 0.01 2.62 0.01
BE, 283.60 H 0.01 | 2883.50 | 0.01 | 283.50 | 0.01

I, 0.13 0.13 0.13

G, 0.55 0.55 0.53

A, 2.80 | 0.02 3.60 0.02 | 4.62 | 0.02
ABE, 0.85 | 0.01 0.71 0.01 | 074 | 0.01

I3 0.13 0.13 0.13

G 1.33 1.33 1.33

A, 8.00 | 0.04 3.80 0.03 480 | 0.03
ABE4 095 | 0.01 1.06 0.01 | 1.03 | 0.01

W 0.13 0.13 0.13

Gy 2.82 2.96 2.96

A, 2.10 | 0.03 2.40 0.03 220 | 0.03
ABE, 2.61 0.19 2.81 0.02 2.83 0.02

I 0.13 0.13 0.13

Gg 4.20 4.20 4.20

A 1.10 | 0.03 1.00 0.05 1.30 | 0.03
ABEg 5.56 | 0.06 5.56 0.08 ' 556 | 0.06

Table A.7.3 Fit parameters of C 1s core level in the heme+Co spectra presented in Section 8.3, collected in UHV at
0.1 mbar Oz and after restoring UHV conditions.
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Hemin + 15’ Co UHV

Co 2p3p

Value o
I, 0.20
G, 1.03
A, 0.140 | 0.001
BE, 777.83 | 0.01
I 0.20
G, 2.49
A, 0.380 | 0.003
ABE, 1.45 | 0.01
Iy 0.20
G 2.48
A, 0.200 | 0.003
ABE4 4.01 | 0.03
L, 0.20
G, 2.49
A, 0.090 | 0.003
ABE, 6.65 | 0.06
I 0.20
Gg 2.49
A 0.042 | 0.002
ABE¢ 9.21 | 0.11
Te
G
Ag
ABE,

Table A.7.4 Fit parameters of Co 2ps/, core level in the heme+Co spectra presented in Section 8.3, collected in

UHV at 0.1 mbar O, and after restoring UHV conditions.

0.1 mbar O,
Co 2p3p
Value o
0.20
1.03
0.020 | 0.002
777.83
0.20
2.49
0.410 | 0.003
1.80 | 0.05
0.20
2.48
0.30 | 0.03
4.01 | 0.06
0.20
2.49
0.150 | 0.003
6.64 | 0.06
0.20
2.49
0.120 | 0.003
9.06 | 0.07
0.20
2.49
0.040 | 0.003
11.36 | 0.12

Pump Out

Co 2p3p
Value o
0.20
1.03
0.020 | 0.002
777.83
0.20
2.49
0.440 | 0.003
1.80 | 0.05
0.20
2.48
0.290 | 0.002
4.01 | 0.05
0.20
2.49
0.170 | 0.002
6.64 | 0.05
0.20
2.49
0.130 | 0.002
9.07 | 0.06
0.20
2.49
0.040 | 0.002
11.36 | 0.10
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Hemin + 15’ Co UHV

Fe 2psp

Value o
I, 0.31
G, 0.81
A, 0.020 | 0.001
BE, 776.55 | 0.02
I 0.31
G, 0.97
A, 0.020 | 0.001
ABE, 0.98 0.02
I3 0.31
G 1.79
A, 0.040 | 0.001
ABE; 2.05 0.03
L, 0.31
G, 1.79
A, 0.030 | 0.001
ABE, 3.86 | 0.04
I 0.31
Gg 1.79
A 0.010 | 0.001
ABE¢ 5.64 | 0.08
Te
G
Ag
ABE,

Table A.7.5 Fit parameters of Fe 2ps/, core level in the heme+Co spectra presented in Section 8.3, collected in

UHV at 0.1 mbar O, and after restoring UHV conditions.

0.1 mbar O,
Fe 2psp
Value o
0.31
0.81
0
776.55
0.31
0.97
0.004 | 0.001
0.98 | 0.14
0.31
1.79
0.030 | 0.001
2.58 | 0.04
0.31
1.79
0.040 | 0.001
394 | 0.03
0.31
1.79
0.020 | 0.001
5.79 0.06
0.31
1.79
0.004 | 0.001
8.04 | 0.03

Pump Out
Fe 2psp
Value o
0.31
0.81
0
776.55
0.31
0.97
0.005 | 0.001
0.98 0.10
0.31
1.79
0.030 | 0.001
2.57 0.04
0.31
1.79
0.040 | 0.001
3.94 0.03
0.31
1.79
0.020 | 0.001
5.79 0.06
0.31
1.79
0.004 | 0.002
7.32 0.29
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