




A B ST R A C T

Bi-dimensional metal-organic frameworks (2D-MOF) are a relatively new class of materi-

als that are gaining particular interest in surface science. Their dimensionality naturally

allows the exploitation of many surface-sensitive techniques, beneficial to study with great

detail their geometry, electronic structure, and chemical reactivity. On the other hand,

the well-defined chemical environment of the active sites makes them ideal single-atom

catalysts for heterogeneous catalysis. In this thesis, we focus on the Ultra High Vacuum

(UHV) growth and characterization, and on the investigation of the reactivity from UHV to

Near Ambient Pressure (NAP) of M1TPyPM2 2D Metal-organic Frameworks (MOFs, with

M1,2 = Fe, Co, TpyP = Tetra Pyridyl-Porphyrin) self-assembled on almost free-standing

Graphene/Ir(111). In the first part, some selected monolayers have been investigated in

UHV with a combination of vibrational- (IR-Vis SFG), real-space imaging and spectroscopy

(STM/STS), and electronic- (NEXAFS, XPS) sensitive techniques, and the results compared

with the literature and ab initio DFT. In the second part, we exposed a CoTPyP/Gr/Ir(111)

monolayer to a mixture of water and oxygen gases (up to fractions of mbar), and an

intense bending mode appeared at 1712 cm−1 in Sum Frequency Generation spectra

collected in situ: this is associated with the hydroperoxyl molecule, an important reaction

intermediate for the Oxygen Reduction Reaction. NAP-XPS measurements confirmed

our thesis through O 1s and Co 2p core levels analysis, while pump-probe SFG allowed

us to directly inspect the coupling between the hydroperoxyl and the surrounding water

molecules representing the solvent. In the last part, carbon monoxide has been exploited

as a probe to investigate the CoTPyPCo/Gr/Ir(111) local sites’ electronic structure and

coordination. The IR-Vis SFG spectra collected in situ showed evidence of both long-range

MOF-driven interactions, including the anti-cooperativity of the CO adsorption process,

provided that active sites are sufficiently close to each other. This experiment has been

revealed to be an effective approach to investigate subtle effects in the MOF chemical

affinity, possibly responsible for the remarkable non-linear increase of the electrocatalytic

performances of such M1TPyPM2 compounds, which is one of the scientific interests at

the basis of this thesis.
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1 I N T R O D U C T I O N

1.1 challenges and solutions

The 21st century needs to deal with multiple and interconnected challenges, which involve

complex scientific, technological, geopolitical, economic, social, and ethical facets that

shall be solved in multiple and synergic solutions [1]. Global warming, the related clean

energy transition, and the urgency of global energy supply will partially change our

currently unsustainable technological and economic model. In every scenario, the supply

of raw materials is an important problem that must be taken into account.

Indeed, in the last years, the European Commission listed 27 “critical raw materials” that

cover a major role in industry, modern technology (a single smartphone contains up to 50

different kinds of metals), and environmental-related technologies (solar panels, wind

turbines, electric vehicles, and energy-efficient lighting) [2, 3], both for their economic

importance and supply risk (Fig. 1.1). To give an example, it is estimated that by 2050

the world’s wind turbines will require 300% more metals than they do today, solar panels

200% more, and energy storage devices 1000% more [4].

The need for raw metals tackles economic problems (price trend, the concentration

of production, economical monopoly...) [5–7], socio-ethical problems (international

agreements, child labor in mining...) [7], and concurrent problems such as the large

footprint caused by the extraction and refining processes [5].

One path which is logical to follow is the enhancement of the recycling process and

the use of “smart” technologies that minimize the use and maximize the efficiency of

raw metals. The last goal, in particular, will be achieved if fundamental research will

succeed to understand and engineer the intricate mechanisms that underly even cur-

rently available technologies [1]. For instance, it is astonishing how little is known of the

fundamentals of catalysis, which is involved in virtually any energy-related process (Fig.

1.2A): in the processing of crude oil into fuels, in all of the biological reactions involved in

photosynthesis, in fixing CO2, in biodegradation, in the hydration of CO2 to carbonate, in

the displacement of electrons in batteries, in the operation of fuel cells, in the cleanup of

exhaust gases from internal combustion engines, and many others [1].

In this perspective, nanoscience and surface science offer today a new approach to the

problem since we can synthesize and control catalysts with very well defined active sites,

investigate the system with atomic resolution in situ and operando, and even mimic the

enzymatic active site within a biomimetic approach [8–10].
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2 introduction

To give an example, the oxygen reduction reaction (ORR) is at the basis of the fuel cell

working principle, since we can extract energy by reducing molecular oxygen to water (by

combination with hydrogen). To work, this process involves the transfer of four electrons,

which is a sluggish process and reduces the overall performance of the cell [1]. It is

evident that a deep understanding of the electron transfer mechanisms and the role of

the intermediate species are necessary requisites to develop novel and more efficient fuel

cell devices or (in the case of the reverse process) electrolyzers to produce H2 from water.

Also, the chemistry of CO2 is a key knowledge for the challenges of this century, playing a

major role in global warming [1].

To conclude, even photosynthesis, a ubiquitous process at the foundation of Life as

we know it today, is not “an optimized marvel” [1]: some steps are thermodynamically

inefficient and several key reactions have a poor yield. Nevertheless, this means a tech-

nological opportunity for re-engineering biological photosynthesis for greater efficiency,

with the goal, for example, of photochemical production of fuels or energy storage [1, 9].

1.2 single-atom catalysts based on metal-organic frame-
works

As depicted above, catalysts play a major role in 21st-century challenges. Indeed, they are

widely used for the synthesis of chemicals and energy vectors (Fig. 1.2A). By definition, cat-

alytic materials are able to speed up the rate of a chemical reaction, by lowering, without

being consumed, the activation energy (or energies) of the corresponding reaction path.

They can be divided into two big families: homogeneous catalysts and heterogeneous

catalysts. In the first class, the catalyst and the reactants are in the same phase, principally

in solution; generally, homogeneous catalysts show a higher selectivity, and are easier to

study, but more difficult to separate from the reaction products at the end of the process.

Also, for the latter reason, heterogeneous catalysts, where the catalytic material and the

reactants are in distinct phases (such as solid-gas or solid-liquid), are largely employed.

Henceforth, we’ll focus on heterogeneous catalysts only.

Supported metal nanostructures play a major role in heterogeneous catalysis. It is well

established that the size of the metal cluster is a crucial parameter of the catalyst’s specific

activity (activity per active site) (Fig.1.2B-C). The reason is that low-coordinated metal

atoms often function as catalytically active sites [12], thus only a fraction of the atoms in a

nano- or sub-nanoparticle are catalytically active. A striking example is the chemically

inert gold, which exhibits extraordinary catalytic performance in many heterogeneous

reactions upon downsizing bulk gold to nanoparticles or even to sub-nanoclusters [13,

14]. In general, the reduction of size implies not only a larger fraction of active sites

(because of the increase of the surface-to-volume ratio) but also quantum effect size (as

the discretization of the energy levels) and a different (usually stronger) interaction with
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Figure 1.1: Mapping minerals with relevant applications in the fields of energy production

and storage technologies [3]
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the support (charge transfer, magnetic coupling...). Furthermore, nano- and subnano-

clusters are intrinsically composed, despite their tiny size, by non-equivalent active sites

which, from one side, makes them very challenging to study, and from the other side,

lowers their selectivity, yielding unwanted products for the specific process. In addition,

pressure and temperature induced sintering hinders their study in operando.

In this perspective, the ideal limit for a metal nanostructured catalyst is the single-atom

catalyst (SAC), i.e. isolated metal atoms dispersed on a suitable support, that prevent

their clustering (Fig.1.2D). Indeed, the reduction of the size implies also an increase in

the particle’s free energy and, hence, their tendency to aggregate (Fig. 1.2B). Hence, the

presence of a single metal species optimizes the metal usage and its specific activity,

improves the fine-tuning control at a fundamental level, and makes the active sites all

identical.

As mentioned, a major challenge in the preparation of SACs is that single metal atoms

tend to aggregate. There are many solutions to the problem, from wet chemistry to mass

selection starting from bulk materials [12], but a promising method is the stabilization

of the metal center by an organic matrix or cage, with the subsequent formation of a so-

called metal-organic framework (MOF). These compounds, characterized by a high degree

of crystallinity, due to the highly anisotropic bonding nature of the organic linkers, offer

multiple advantages such as high surface area, solid bonding of the metal, a well-defined

structure, and a high degree of engineering possibilities, which comes from the choice of

the cation center or organic linker, and the interaction with the substrate. Furthermore,

the embedding of different metals and/or the presence of non-equivalent active sites offer

a degree of flexibility for different catalytic preferences.

Figure 1.2 (preceding page): A) Relevance of catalysis for the chemical industry. Over

90% of the world’s manufactured consumer goods in-

volve catalysis at one or more stages. Approximately 80%

of all catalytic processes require heterogeneous catalysts,

15% homogeneous catalysts, and 5% biocatalysts [11]; B)

Schematic illustrate the changes of surface free energy and

specific activity per metal atom with metal particle size and

the support effects on stabilizing single atoms [12]; C) Spe-

cific activity as a function of metal loadings/sizes [12]; D)

Overview of subclasses of catalysts comprising an isolated

atom as the active site (SAC= single- atom catalysts; SAA=

single-atom alloy; SOMCats= surface organometallic cata-

lysts) [11]; E) Table showing STM images of metal-organic

networks incorporating different metal centers. Typical

functional groups of the most common ligands are listed

at the bottom [9]
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1.2.1 Two-dimensional Metal-organic Frameworks

Surface coordination chemistry can be exploited for the synthesis of very thin MOFs at

the very well-defined metal facets, down to the single atom thickness. For this reason,

we refer to them as two-dimensional metal-organic frameworks (2D MOFs). They can be

self-assembled starting from relatively simple organic ligands and co-deposited metal

atoms [9]. The modular approach allows the combination of multiple metals and ligands,

enriching the chemistry of the system and yielding ideal platforms to model the reactive

sites of enzymes (Fig. 1.2E) [9, 15]. As in their 3D counterpart, the electronic structure

and consequently the chemical reactivity are determined by the elementary type of the

metal, the number and the geometry of the coordinating molecular functional groups,

and the electron affinity of the organic molecules. But the true advantage resides in the

presence of open coordination sites, which makes the network highly reactive toward

binding of ligands or reactants from gas/liquid phase at these positions, together with the

stronger interaction with the supporting metal surface, which strongly affects the elec-

tronic structure. In addition, the presence of the substrate can modify the MOF adsorption

properties through the so-called surface trans effect, accounting for the competition for

the electronic charge between the surface and the potential ligand, at the opposite sides

of the metalorganic plane.

Another benefit of working with 2D MOFs is the possibility of taking full advantage of the

powerful surface science growth and characterization techniques, which nowadays offer

an incredible level of insight on the geometry, electronic and magnetic structure of the

layer with the possible presence of adsorbates, with techniques running even in situ and

operando conditions, and compare the results with ab initio methods. The effectiveness of

these techniques is combined with the high level of control regarding the growth and the

contamination of the sample, since many of these 2D MOFs can be synthesized directly

in ultra-high vacuum (UHV) conditions, as in this thesis work.

1.3 secondary batteries and bifunctional materials

As we shall see in this paragraph, MOF-based catalysts can be technologically relevant

in the field of energy storage. Indeed, the transition from fossil fuels to renewable but

intermittent energy sources, like wind and sun, fosters the production of new, cheap, and

efficient energy storage devices [16, 17]. In particular, rechargeable (secondary) batteries

allow re-using the same device over thousands of cycles, saving materials and energy.

At present, lithium-based secondary batteries are the most widespread energy storage

devices available on the market (Fig. 1.3A). However, lithium supply is limited and its cost

is high, besides the serious issues concerning safety and environmental unfriendliness

[18].



1.3 secondary batteries and bifunctional materials 7

Figure 1.3: A) Theoretical specific energies, volumetric energy densities, and nominal cell

voltages for various metal anodes in aqueous and non-aqueous metal-air

batteries. Specific energy values account for oxygen uptake in the battery by

numeric integration between the fully charged and fully discharged states [16];

B) Schematic of an aqueous rechargeable zinc-air battery at charging status

[16].
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Recently, metal-air batteries have been proposed as a possible alternative to Li-ion

batteries, with several advantages [16]. The main constituting elements of a metal-air

battery, schematized in Fig. 1.3B, are the metal-electrode (where the metal is stored),

the electrolyte (which allows ion current), the separator (which denies the metal to pass

through), the catalyst layer, the gas diffusion layer, and the external air. The gas diffusion

layer, in the air electrode, allows oxygen to reach the internal layer and at the same

time prevents electrolyte leaks. On the catalyst layer, during the discharge, molecular

oxygen (coming from the external air) is reduced to water, combining with hydroxide

(OH−) species in the electrolyte. For this reason, the reaction is called Oxygen Reduction

Reaction (ORR), described by the equation:

O2 +4H++4e− → 2H2O (1.1)

During charging, the opposite reaction occurs, called the Oxygen Evolution Reaction

(OER): in this case, di-oxygen is released again into the air and the OH− species solvate

the metallic electrode, after crossing the separator layer. It is important to underline that

both reactions occur on the same catalyst.

Metal–air batteries display considerably high energy densities (WhKg−1) because oxy-

gen is used as the reactant at the positive electrode and is stored outside of the battery

(i.e. in the atmosphere) [16]. A high volumetric energy density is particularly desirable for

mobile and portable devices because there is a limited volume for mounting the batteries

in these applications [19]. The energy storage density of Li-ion batteries (265 WhKg−1) is

relatively low if compared to the Li-air (3458 WhKg−1) or Zn-air (1086 WhKg−1) ones [18].

For secondary metal-air batteries, lithium is still considered to be a valid anode candidate

since it has the highest theoretical specific energy. However, lithium in the metallic form

is plagued by its inherent instability when exposed to air and aqueous electrolytes [20], so

research efforts are focusing on alternative elements, in particular zinc. Compared with

lithium, zinc is inexpensive and more abundant in the earth’s crust, readily available in

many regions of the world. In addition, Zn as a metal is safer than Li and can be fully recy-

cled. It is worth noting that even though Li, Ca, Mg, and Al have higher specific energies

than Zn, they exhibit significantly more negative electrode potentials and therefore are

more prone to self-discharge, making rechargeable schemes more demanding [21, 22].

Despite all recent years efforts, the development of rechargeable Zn–air batteries is still

a challenge, due to irregular dissolution and re-deposition of Zn on the anode, corrosion

of Zn electrode materials, formation of deposits from side reactions products, and the

sluggish ORR/OER reactions occurring on the catalyst. Currently, catalysts are optimized

for just one or another reaction, including carbon nanostructures, metal clusters, transi-

tion metal oxides, and metal-organic frameworks [23]. The most diffused catalysts are

noble metals and alloys, in particular, carbon-supported platinum (Pt/C) for ORR and

noble- or transition metal oxides for OER, such as RuO2 or IrO2 [18]. However, these

catalysts are really expensive and are usually active towards only one of the two reactions

[23]. Currently, the “solution” is the mixture of separately optimized catalysts on an engi-
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neered substrate, which supports the active medium and avoids aggregation [24]. A much

better solution would be to develop a bifunctional, cheap, efficient, and stable catalyst for

ORR/OER to take place alternately on the same electrode material [16–18, 23].

An example of monophasic bifunctional catalyst is based on single-atom cobalt, consid-

ered a low precious metal, in an N-doped graphene-like carbon support, which performed

as a good catalyst for both ORR and OER when used at the air electron of a Zn-air battery

[25]. Thanks to their crystalline porous structure, high surface area, well-defined structure,

accurate designability [26], smooth electron and mass transfer pathways, and active sites

with different catalytic preferences, MOF-based SACs emerge as a novel and interesting

solution to bifunctionality. Besides, they are relatively easy to study, meaning that the

most crucial features can be understood and fine-tuned.

1.4 porphyrin-based mofs for orr/oer

Recently, 2D MOFs based on self-assembled porphyrins have attracted attention due to

their interesting ORR/OER electrocatalytic activity. Before entering into the details of

these findings, it is useful to provide the reader with a brief description of such molecules.

Porphyrins belong to the big family of tetrapyrroles that, as the name suggests, are

quasi-planar molecules formed by the cyclic junction of four pyrrole groups through

four methine bridges [27] (Fig. 1.4A). This stiff organic backbone, called macrocycle,

is responsible for the porphyrins’ high thermal and chemical stability [30]. The four

pyrrolic nitrogen atoms, internal to the macrocycle, allow the hosting of a single metal

atom, typically a transition metal in a formal +II oxidation state when no other ligand is

bound (Fe, Co or Mg prevail in biological systems [30]). The metalation of a porphyrin

represents a primary “dial” for the tuning of its electronic, photochemical, catalytic,

optical, magnetic, chiral, and adsorption properties [27, 30–36]. Moreover, it is possible

to attach flexible residues to the carbon atoms of the methine bridges (Cβ), affecting in

this way especially the molecule-molecule and the molecule-substrate interaction and

fine-tuning the electronic configuration of the macrocycle (Fig. 1.4B) [37–40].

Porphyrins, together with other caged single atoms embedded in a protein backbone

[41], cover fundamental biological tasks, and often constitute the prosthetic group of a

protein: to give an example, hemoproteins alone, containing a heme-prosthetic group

with a central Fe atom in a porphyrinic cage (Fig. 1.4C), are responsible for the oxygen

transport and storage (Fig. 1.4D) (hemoglobin, myoglobin, neuroglobin, cytoglobin),

catalysis (cytochrome P450s, cytochrome c oxidase, peroxidases), electron transfer (cy-

tochromes a, b, and c) and defense (catalase) [27]. Indeed, metalloenzymes constitute

about one-third of the known enzymes [42]. Another striking example is chlorophyll (Fig.

1.4E), an Mg-based porphyrinoid, notoriously responsible for photosynthesis. It is not a

case, indeed, that the study of porphyrins started to answer the question of why leaves

are green or blood is red and, both for their dyeing properties and their essential role in
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biochemistry, porphyrins are also called “the pigment of life” [30]. The functionality of

the porphyrinic active site in the protein environment is given by a complex interplay

between the chemical identity of the metal, the peripheral structure of the tetrapyrrolic

cage, the nature of the axial ligand, and the distal superstructure of the hosting protein

[42–44]. Indeed, during the enzymatic reaction, the reactant1 binds coordinatively to the

metal within the three-dimensional organic pocket of the enzyme, ensuring substrate

selectivity, reaction selectivity, and stereoselectivity [9, 45]. Sometimes, even the organic

cage itself plays an active role, as in the case of P450 that favors benzene hydroxylation

[46]. Another example is myoglobin (Fig. 1.4D), a heme prosthetic group with a central Fe

atom, that tunes the binding of a dioxygen molecule by means of the (proximal) imidazole

ring of a histidine residue in trans-configuration, together with a (distal) histidine [29]:

while the latter is involved in a simple hydrogen bonding, the proximal ligand exploits the

molecular trans-effect, i.e. the competition between two ligands in trans position binding

to the same metal center. In general, the presence of an additional axial ligand weakens

1 The "reactant" is called "substrate" in biochemistry

Figure 1.4 (preceding page): A) Structure of a porphyrin. Adapted from [27]; B) Cova-

lent bond formation between Br-substituted tetra-phenyl-

porphyrins adsorbed on Au(111). As it can be noticed, the

shape of the nanostructure strongly depends on the number

and the position of the Br substitutions; C) Schematics of an

oxygenated myoglobin protein: the heme prosthetic group

is encapsulated in the complex protein scaffold. Atoms

color legend: green-oxygen, red-iron, blue-heme group [28];

D) Detail of the O2 binding in the myoglobin active site:

the ligation is affected by the molecular trans-effect of the

proximal histidine and the H-bonding of the distal His64

residue. Atoms color legend: red-oxygen, grey-carbon, blue-

nitrogen, white-hydrogen, yellow-iron [29]; E) Different

structural conformations induced by the STM tip in the

chlorophyll a phytyl chain, immobilized under cryogenic

conditions on Au(111) [30]; F) Schematic characteristics of

porphyrins and their control at surfaces: typical investiga-

tion methods involving tip, photon, and/or electron spec-

troscopies/microscopies; control by lateral and vertical in-

teraction; adsorption of ligands with a possible consequent

change of the molecule magnetic properties; formation of

low-dimensional nanostructures via supramolecular engi-

neering [30].
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the adsorption of the other ligand, because the same metal orbitals are involved in both

covalent bondings [47].

In the last decades, great attention has been devoted to porphyrins adsorbed at surfaces,

with multiple advantages (Fig. 1.4F):

• The quasi-planar configuration that gives almost parallel adsorption of the macro-

cycle [30], which is ideal for a surface scientist;

• The possibility of using them as tectons for creating two-dimensional nanomate-

rials via supramolecular assembly, which is mainly determined by the molecule-

molecule and the molecule-substrate interaction; [30, 36, 39, 48, 49]

• Altering the porphyrin’s chemical, electronic, geometric, and magnetic properties

by means of metalation, choice of the substrate, lateral interaction, gas exposure, or

tip-manipulation (Fig. 1.4E) [30, 32, 33, 50–54];

• In a biomimetic approach, tuning the adsorption capabilities by exploiting the

molecular trans-effect, in particular by using the surface as the proximal ligand and,

for this reason, called surface trans-effect [30, 33, 47, 51, 55];

• The conformational changes possibly induced by the strong interaction with sub-

strate or ligands, that often play an important role in the porphyrin’s functionality

[44, 56].

In this thesis, we will give particular focus to tetra-pyridyl-porphyrins (TPyPs), in the

perspective of their potential role in the assembly of effective, promising ORR/OER cata-

lysts, as we shall see in a moment. The TPyP molecule is a porphyrin with four pyridine

residues attached at the meso-positions. They usually exhibit attractive lateral interac-

tions, and they typically form near-hexagonal or near-square 2D lattices when deposited

on relatively weakly interacting metals, such as Ag(111) or Au(111), where large islands

are formed [32, 39]. The interest in these molecules resides in the 4 N atoms of the

pyridinic terminations that can easily form extra coordinative sites [9]. In this way, by

co-deposing extra metal atoms, two-dimensional bimetallic frameworks can be easily

grown at surfaces in vacuo [32], or even sub-micron monolayers at the liquid/air interface

using Langmuir–Blodgett methods [57], the latter being of extreme interest for practical

bottom-up MOF growth methods [58].

D. Hötger et al. have demonstrated how FeTPyP and CoTPyP self-assembled on Au(111)

show good electrocatalytic performance and stability with respect to the ORR reaction

(CoTPyP is even more active than Co nanoclusters), while both MOFs quickly deteriorate

under OER conditions [59]. B. Wurster et al. performed ORR and OER reactions with all

combinations of M1TPyPM2/Au(111) (M1,2=Co, Fe) where M2 is the metal co-deposited

in UHV which coordinates to the four adjacent molecules at the pyridinic N atoms of (Fig.

1.5A). The results show a non-linear increment of the catalytic conversion of about two

orders of magnitude for the bimetallic systems, with a maximum yield for CoTPyPCo [32]
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(Fig. 1.5B). They suggest that this cooperative behavior “stems from more fundamental

properties such as changes in the electronic structure of the metals in mono- vs bimetallic

catalysts as a result of synergetic effects of the two metal centers” [32, 60]. Insight in

this sense is provided by the ab initio simulation of Mandal et al., who showed how

the two metals can be magnetically coupled even at 7 Å of distance (Fig. 1.5C) thanks

to the polarization of the organic matrix, for the free-standing Fe- and Co- bimetallic

TPyP frameworks [54]. Furthermore, they found that coordination of the second metal

provides further stability to the structure, because of the electrostatic interaction, and

their simulations show the presence of Bloch states with linear dispersion (Fig. 1.5D),

delocalized throughout the molecules, that could aid the 4-electron transfer in the OER,

thus explaining the increase of the catalytic activity [54]. Baranowski et al. have proven

that NiTPP π-conjugated molecular networks can have a dispersive character, indicating

that delocalized block states can be effectively established through the molecular network

[61].

1.5 mind the gap - a quest for in situ and operando
approaches

At this point, it is worth pointing out that most of the discussed investigations have been

conducted in UHV or ex situ. The issue with the first is the huge pressure gap (1013 or-

ders of magnitude) with the ambient pressure, where real-life applications take place.

Besides, some studies are even conducted at cryogenic temperatures, which constitutes

also an extra gap from the real-working conditions. It is well known that some phe-

nomena, crucial for the catalyst activity (or inactivity), are triggered exactly from those

high-pressure/temperature conditions, such, for example, the formation of active phases,

structural changes, or bonding cleavage/formation [8, 62]. Moreover, the issue with the

Figure 1.5 (preceding page): A) 2D MOF based on tetra-pyridyl porphyrin self-

assembled on Au(111): the additional extra metal (M2)

forms a tetravalent bonding with the N atoms of the pyridyl

endgroups [32]; B) Cyclic voltammetry at 0.05 V s−1 in

NaOH 0.1 M Ar saturated solution for all combination of

the molecular catalysts depicted in panel (A): the bimetal-

lic compounds show better catalytic performance [32];

C) Schematic diagram showing through-bond spin po-

larization in CoTPyPFe and FeTPyPCo [54]; D) The plot

of charge density around 0.25 eV above the Fermi level

(isovalue=0.01) in CoTPyPCo reveals the extension of the

electronic state over many molecular units [54].
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second (i.e. ex situ measurements) is the missing of possible changes that occur only dur-

ing a catalytic reaction at ambient pressure, such as the formation of metastable chemical

species, phase changes, or reaction pathways that strongly depend on the partial pressure

of the reactants, temperature, time on-stream, etc. [8]. Many orders of magnitude of dif-

ference in pressure create a fundamental uncertainty in how far the phenomena observed

in vacuo can be transferred to other environments. Thus, it is of utmost importance the

necessity to investigate the reaction in situ and operando, meaning at the conditions of

interest as the evolution is proceeding.

Working in situ and operando is a challenge for most standard surface science tech-

niques, due to contamination, the probes mean free path, change of work function,

pumping systems, and filament burning, just to name a few issues. For this reason, ex-

perimental techniques that offer atom-detailed information beyond UHV are needed.

Currently, sophisticated and constantly improved methods allow the extension of Scan-

ning Tunneling Microscopy (STM) [63–65], Transmission Electron Microscopy (TEM), and

X-Ray Photoemission Spectroscopy [66] to the near ambient pressure regimes (∼1 mbar),

while vibrational information can be extracted from Polarization-Modulation InfraRed

Reflection Adsorption Spectroscopy (PM-IRRAS) [67] and Infrared-Visible Sum-Frequency

Generation Vibrational Spectroscopy (IR-Vis SFG) [44, 67]. The latter, in particular, repre-

sents the main technique used in this thesis, exploiting non-linear optics and symmetry

arguments to collect information only and directly from interfaces.

1.6 aim of this thesis

In this thesis, we focused on the growth, UHV characterization, and reactivity to small

gases at near ambient pressure of TPyP-based mono- and bi-metallic 2D MOFs self-

assembled on almost free-standing graphene on Ir(111). For this purpose, we exploited

a combination of standard (STM, NEXAFS, ARPES, XPS, 2PPE, UPS) and non-standard

(IR-Vis SFG, NAP-XPS) experimental and ab initio (DFT) techniques, yielding atomic-

resolution insight into the electronic, magnetic, and geometrical structure of the layer.

The choice of using the almost free-standing [68] graphene, grown at the (111) termi-

nation of an iridium single-crystal, lies in a multitude of reasons: firstly, the majority of

the literature deals with 2D MOFs assembled at “weakly” interacting metal surfaces, also

because of the relatively easy experimental constrains of such specimens, for instance,

Au(111) or Ag(111). But even if they are often considered as “weakly” interacting sub-

strates, it is well established that their interaction with the MOF is not at all negligible,

because a direct covalent bonding is often formed between the bare metallic substrate

and the single metal of the MOF [33, 69, 70]. Thus, it is impossible to discuss an isolated

single metal atom without accounting for the support, unless the latter is really “weakly”

interacting and, in this sense, Gr/Ir(111) is a good candidate. The second reason is the

graphene chemical passivation of the substrate, which comes very useful when studying
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Figure 1.6: The surface trans-effect, allowing adsorption of carbon dioxide at near ambi-

ent pressure, is triggered, in a FePc monolayer, by graphene oxidation [55].
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the system at near ambient pressure, focusing in this way only on the MOF active sites.

The third reason comes from the – already mentioned – surface trans effect, i.e. the

competition for the transition metal orbitals between the surface and the axial ligand

[47]. In addition, a strongly interacting surface could drain electrons from the MOF, at

the expense of its activity towards ligation: for example (Fig. 1.6), it has been demon-

strated that an adsorbed Fe-Phthalocyanine can activate the notoriously stable CO2 upon

oxidation of the graphene support[55], driving the injection of extra charge into the ph-

thalocyanine plane. Although graphene doping is not assessed in this thesis, this is still

an interesting and powerful perspective to investigate. In conclusion, the weakening of

the molecule-substrate interaction strengthens the tectons’ lateral coupling, yielding the

growth of ordered layers and charge delocalization for excitonic fission, energy funneling,

or efficient charge conductivity. . .

1.7 ab initio calculations

In this thesis, novel results from ab initio calculations are reported to corroborate the ex-

perimental data and gain a deeper insight in the physics of the system under examination.

The method used is Density Functional Theory (DFT), and the computational results are

the fruit of the work of a colleague Ph.D. student, Davide Bidoggia, under the supervision

of prof. Maria Peressi, both affiliated with the University of Trieste. The author of this

thesis did not give any active contribution to such theoretical work. We now report the

essential computational details.

1.7.1 Computational details

Because of the small interaction between Gr and the Ir(111) substrate, the latter was

always neglected in order to minimize the computational effort. However, the CoTPyP-Gr

interaction could not be ignored, yielding an adsorption energy of 1.95 eV/molecule and

determining the CoTPyP geometric and electronic structures.

All DFT calculations were performed using the open source Quantum ESPRESSO pack-

age[71–73], based on plane waves and pseudopotentials approach. The exchange correla-

tion energy was described by the Perdew-Burke- Ernzerhof (PBE) functional within the

generalized gradient approximation (GGA) method. Vanderbilt ultrasoft pseudopotentials

were employed except for the Co atom, for which a Rappe-Rabe-Kaxiras-Joannopoulos

ultrasoft pseudopotential was used, instead [74]. For an efficient treatment of the Co 3d

states we used the Hubbard-U correction [75] with an U parameter of 3.5 eV in order to

recover the 5.5 eV distance between occupied and unoccupied 3dz2 levels in CoTPyP, as

suggested in the literature [76]. Van der Waals interactions were included through the

Grimme DFT-D3 approach [77]. A plane-wave basis set with energy cutoff of 60 Ry was
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used for the wave functions, together with a 240 Ry cutoff for the charge density. The

lattice parameters and the choice of the Monkhorst-Pack k-point sampling grid for the

Brillouin zone integration is specific for the treated system:

• In Chapters 3 and 5, where close-packed CoTPyP and CoTPyPCo are treated, Bril-

louin zone integration was performed with a Monkhorst-Pack 4×2×1 k-points sam-

pling grid for self-consistent field (SCF), while 8×4×1 is used for nonself-consistent

field (NSCF). The CoTPyP molecules are close-packed in a triangular lattice with

dCo−Co ≃ 1.5 nm (distance between adjacent macrocyclic cobalt atoms), while a

square lattice with a dCo−Co ≃ 1.4 nm has been used for CoTPyPCo, according to

the experimental data.

• In Chapter 4, where isolated CoTPyPs are simulated, the triangular lattice is charac-

terized by a larger distance (dCo−Co ≃ 1.7 nm), and the Brillouin zone is integrated

on a 4×4×4 and a 8×8×8 k-point sampling grid for SCF and NSCF calculations,

respectively. In order to investigate the bonding nature of the O2H-H2O/Co system,

different postprocessing tools were used in this chapter. All the plots showing elec-

tron density rearrangement due to adsorption of component B on component A

were calculated as the difference in electron density distribution between the full

system (A+B) and the individual, separated components in the positions assumed

in the total system:

∆n(r )−nA+B (r )− (nA −nB )(r ).

In order to identify the character and the strength of the interaction, the reduced

density gradient (RDG) (s(r ) = |∇n(r )|
2(3π2)1/3n4/3 ) was calculated together with the electron

density multiplied by the sign of the second Hessian eigenvalue, following [78].

Spatially resolved energy-integrated local density of states (ILDOS) was calculated

in order to visualize charge density in bonding regions. Interesting energy regions

to calculate ILDOS were identified by comparing the projected density of states

(PDOS) of a bonding configuration with respect to the PDOS of the individual,

separated constituents. After full optimization of the CoTPyP/Gr system, which

leads to an almost flat Gr layer, the optimization of the structures with adsorbed

O2H and, subsequently, H2O, was made keeping Gr fixed. Oxygen core level shifts

were obtained from total energy differences between SCF calculations, in which

one O atom at a time was described by a pseudopotential taking into account a full

core hole in 1 s state, using the final state approximation [79].

Because of the metallic behavior of the system, a Methfessel-Paxton scheme [80] was

used for the occupation of the electronic states, with a smearing of 0.01 Ry. Optimized

structures were obtained using the Broyden, Fletcher, Goldfarb, and Shanno algorithm

with energy and force convergence threshold of 1.0×10−6 Ry and 1.0×10−3 a.u. respec-

tively. Oxidation states for the Co metal center were determined according to the literature
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[81], counting the number of valence electrons to be assigned to the atom as the number

of its fully occupied 3d-orbitals (i.e., Lowding population of the orbital=1).



2 E X P E R I M E N TA L M E T H O D S

In this thesis, several techniques are complementarily exploited to characterize the sys-

tems in UHV and probe their reactivity at near ambient pressure. In particular, Infrared-

Visible Sum-Frequency Generation Spectroscopy (IR-Vis SFG), Near-Ambient Pressure

X-Ray Photoemission Spectroscopy (NAP-XPS), Scanning Tunneling Microscopy (STM)

and Spectroscopy (STS) are the principal methods used in this work. Useful additional

information can be extracted also from UV Photoemission Spectroscopy (UPS) and time-

resolved 2 Photon Photoemission Spectroscopy (tr-2PPE), for which a brief description is

also provided in this chapter.

2.1 ir-vis sum-frequency generation spectroscopy

IR-Vis SFG is a surface-sensitive photon-in photon-out technique that provides both

vibrational and electronic information about interfaces. Being a second-order optical

technique, the SF signal can only be generated from non-centrosymmetric materials,

therefore it is an intrinsically surface-sensitive technique. These second-order processes

have typically a low yield, thus pulsed laser radiation is required to have the high peak

power necessary to obtain a detectable output signal [82]. Surface sensitivity, combined

with the long mean free path of photons in the gas phase, makes this technique suitable

for the investigation of many interfaces (such as solid-vacuum, solid-liquid, solid-gas,

liquid-gas) both in UHV and at NAP conditions. For the system to be SF active for a specific

normal mode at a metal surface, the corresponding dipole must have a net component

normal to the surface and a net orientation on a range of a few hundred nanometers,

which is the typical wavelength of a visible photon [83, 84].

2.1.1 Theoretical background

The IR-Vis SFG signal is generated at an interface using two laser beams, one in the visible

light region and the other in the IR region: in our setup, the visible beam is green with 532

nm wavelength, and the one in the infrared region is tunable between 2300 and 10000

nm. In order to generate SFG radiation IR and visible laser pulses need to overlap at the

surface, both spatially and temporally. The visible beam induces an electronic transition

to an excited virtual state, while the tunable IR beam can excite a vibrational transition

when the radiation energy matches the energy of a vibrational resonance of the system.
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Figure 2.1: The SFG signal is generated from two laser beams, IR and visible, imping on a

surface (left). Schematic representation of SFG transitions (right). Image taken

from [85]

Both the IR or the Vis photons can be first absorbed, but since the vibrational excited

state has a longer lifetime than the electronic one, usually the anti-stokes process where

the IR photon is absorbed prior to the Vis photon is generally favored.

The relaxation of this excited state generates the emission of radiation with energy given

by the sum of the visible and infrared energies

ωSFG =ωV I S +ωI R (2.1)

A schematic representation of the process is reported in Fig. 2.1. SFG radiation intensity is

measured as a function of the IR energy to identify molecules and gas adsorbates through

their specific vibrational energies.

SFG as a non-linear optical process

In the description of a material’s response to an oscillating external electric field, it is

easier to start from a scalar electric field E(t ) that generates a polarization P (t ). In linear

optics processes, the polarization dependence on the electric field is usually expressed by

P (t ) = ε0χ
(1)E(t ) (2.2)

where ε0 is the vacuum dielectric constant and χ(1) is the first order susceptibility of the

material. This relation is valid for weak fields.

In the presence of strong external fields (E ∼ 106 V/m) this relation is no longer valid and

it is necessary to expand the polarization as a power series in E (t ): using the formalism of

[86] the expression for the polarization becomes

P (t ) = ε0
[
χ(1)E(t )+χ(2)E 2(t )+χ(3)E 3(t )+ ...

]
≡ P (1)(t )+P (2)(t )+P (3)(t )+ ...

(2.3)
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where the coefficients are now given by higher orders susceptibilities. It is possible to

generalize this description to take into account the vectorial nature of E (t ) and P (t ) using

tensorial notation for the susceptibilities: χ(1) becomes a second-order tensor and χ(2) 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 ) = E1(ω1)e−i (ω1t−φ1) +E2(ω2)e−i (ω2t−φ2) + c.c. (2.4)

where E n(ωn) ≡ 1
2 E ne i kn ·r and E n is the product of the amplitude and the polarization

vector. Using the relation En(−ωn) = En
∗(ωn) a more compact form of (2.4) can be written:

E (r , t ) =∑
n

E n(ωn)e−i (ωn t−φn ), n =−2,−1,1,2 (2.5)

where the sum extends over positive and negative frequencies, with ω−n =−ωn , taking

into account the complex conjugate. It is now possible to write a cartesian component of

the second order polarization as

P (2)
i (r , t ) = ε0

∑
j k

∑
nm

χ(2)
i j k (ωn +ωm ;ωn ,ωm)E j (ωn)Ek (ωm)e−i [(ωn+ωm )t−(φn+φm )] (2.6)

where it is easy to see that the resulting components of the second order polarization

oscillate at different frequencies ωn +ωm with respect to the oscillation frequencies of

the field components. The sum over n and m produces different components: second

harmonic generation (SHG) at 2ω1 and 2ω2, difference frequency generation (DFG) at

ω1 −ω2, sum frequency generation (SFG) at ω1 +ω2 and optical rectification (OR) that is a

non-oscillating term.

We can now focus on the SFG component, with ω3 =ω1 +ω2, that becomes

P (SFG)
i (r , t ) = ε0

∑
j k

[χ(2)
i j k (ω3;ω1,ω2)E j (ω1)Ek (ω2)

+χ(2)
i j k (ω3;ω2,ω1)E j (ω2)Ek (ω1)]e−i (ω3t−φ3) + c.c.

(2.7)

using the relation χ(2)
i j k (−ω3;−ω1,−ω2) = χ(2)

i j k (ω3;ω1,ω2)∗. Assuming that the nonlinear

susceptibility has intrinsic permutation symmetry χ(2)
i j k (ω3;ω1,ω2) =χ(2)

i k j (ω3;ω1,ω2) [86]

the dummy indexes j and k can be interchanged, thus SFG polarization can be expressed

by

P (SFG)
i (r , t ) = 2ε0

∑
j k
χ(2)

i j k (ω3;ω1,ω2)E j (ω1)Ek (ω2)e−i (ω3t−φ3) + c.c.

= 1

2
ε0

∑
j k
χ(2)

i j k (ω3;ω1,ω2)E1, j E2,k e i (k3·r−ω3t+φ3) + c.c.
(2.8)

and neglecting the spatial and temporal dependence a more compact form is obtained

P (SFG)
i = ε0

∑
j k
χ(2)

i j k E1, j E2,k (2.9)
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Figure 2.2: Reflection at an interface for p and s polarized radiation. Image taken from

[83].

Equation (2.9) is useful to derive a fundamental property of the SFG signal that is the

interface specificity, due to the fact that χ(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 χ(2)
i j k does not change sign because a cen-

trosymmetric material is identical under inversion, thus χ(2)
i j k =χ(2)

−i− j−k . It is possible to

write

−P (SFG)
i = ε0

∑
j k
χ(2)

i j k (−E1, j )(−E2,k )

= ε0
∑
j k
χ(2)

i j k E1, j E2,k

(2.10)

that for a centrosymmetric materials only holds when χ(2)
i j k vanishes.

This property is largely exploited in SFG spectroscopy experiments: due to the fact that

gas phases and many 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 imping electric fields consist of a visible beam and a tunable infrared

beam. The visible beam is green 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 limiting beam damage [83]. In the description

of reflection at a surface, it is useful to decompose an incident field E I into components

polarized parallel (p) and perpendicular (s) to the incidence plane as follows:

E I ,x =−Ep cosθ

E I ,y = Es

E I ,z = Ep sinθ

(2.11)
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Figure 2.3: Generation of an SFG signal on a surface from IR and visible laser beams in

reflection geometry. Image taken from [83].

where θ and the coordinate convention refer to Fig. 2.2. The total electric field at the

surface is given by the sum of the incident and reflected beams. If we define the Fresnel

amplitude coefficients for reflection (rp ,rs) as in [83], the components of the total electric

field at the surface can be written as

Ex =−(1− rp )Ep cosθ ≡ Kx Ep

Ey = (1+ rs)Es ≡ Ky Es

Ez = (1+ rp )Ep sinθ ≡ Kz Ep

(2.12)

Exploiting equation (2.12), the SFG polarization in (2.9) can now be expressed in term

of the amplitude of the incident fields E I ,1 = E I R and E I ,2 = EV I S :

P (SFG)
i = ε0

∑
j k
χ(2)

i j k K I R, j E I R KV I S,k EV I S (2.13)

The nonlinear polarization generates a surface bound SFG electric field. The emission

angle of the SFG signal is determined by the phase-matching condition [83] that expresses

the momentum conservation at the interface:

nSFG kSFG sinθSFG = nI R kI R sinθI R +nV I S kV I S sinθV I S (2.14)

where n is the refractive index of the propagation medium, k the wavevector and θ the

angle between the beam and the normal to the surface. In our case all the beams propagate

in the same medium, thus refractive indexes can be neglected. Angle notation refers to

Fig. 2.3

It is possible to express the SFG electric field in term of the induced polarization in-

troducing the nonlinear SFG Fresnel factors (L factors) defined in [83] and not reported

here

Ei ,SFG = Li P (SFG)
i (2.15)
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The intensity of the SFG signal depends on the square modulus of the electric field,

therefore the following relations hold:

ISFG ∝
∣∣∣∣∣∑

i
Ei ,SFG

∣∣∣∣∣
2

∝
∣∣∣∣∣∑

i
Li P (SFG)

i

∣∣∣∣∣
2

∝
∣∣∣∣∣ε0

∑
i j k

Liχ
(2)
i j k K I R, j E I R KV I S,k EV I S

∣∣∣∣∣
2

(2.16)

Using the convention of Fig. 2.2 we note that p polarization can have x and z components,

while s polarization only has y components. The polarization of the incident beams deter-

mines the susceptibility tensor’s components that can be measured, thus it is important

to have the control over polarizations in SFG experiments.

Microscopic approach

The relation between SFG signal intensity and χ(2), that is the macroscopic average of

molecular polarizabilities, has been found in the previous paragraph. Microscopic molec-

ular polarization µ and imping electric field E are linked by the relation

µ=µ0 +αE +βE 2 +γE 3 + ... (2.17)

which includes non-linear effects. β and γ are the first and second order hyperpolarizabil-

ities of the molecules adsorbed on the surface [87]. The tensor β is a third-rank tensor, the

same dimension of χ(2), describing the nonlinear response of molecules on the surface to

incident electric fields: different components refer to different vibrational modes. The

second-order susceptivity tensor is the macroscopic average of β: hyperpolarizability β

undergoes substantial changes when IR radiation is tuned through a resonance that is

observed, through SFG measurements, as a change in χ(2).

We can use a molecular bound coordinate system identified with indexes (a,b,c) instead

of the surface one (i , j ,k): an example is reported in Fig. 2.4 where a molecule adsorbed

on the surface is tilted of a θ angle. The molecular coordinate system is simply related to

the surface one by three rotational matrixes R(ψ)R(θ)R(φ) that refer to the Euler angles

(ψ,θ,φ). The hyperpolarizability tensor becomes R(ψ)R(θ)R(φ)β and its macroscopic

averaging can be written as:

χ(2)
i j k = N

ε0

∑
abc

〈
R(ψ)R(θ)R(φ)βabc

〉
(2.18)

where N is density of adsorbed molecules and the matrix element represents an orien-

tational averaging. A quantum mechanical expression for βabc can be derived using

perturbation theory [88]. In the case of visible radiation ωV I S far from electronic res-
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Figure 2.4: A molecule adsorbed on a surface, tilted of an angle θ. The two coordinate

systems are related by a rotation matrix R(θ). Image taken from [83].

onances and infrared radiation ωI R close to a vibrational resonance ω0, the following

simplified version can be used:

βabc =
1

2—h

MabTc

ω0 −ωI R − iΓ
(2.19)

where Γ−1 is the relaxation time of the vibrational excited state, Mab and Tc are the

Raman and infrared transition moments respectively, defined in [87]. A selection rule is

immediately derived from (2.19): a resonance must be both Raman and infrared active

in order to be observed through an SFG transition [89]. Eq. (2.19) has the shape of a

Lorentzian resonance and when inserted in (2.18) it reveals the origin of the SFG signal

intensity changing when the energy of the infrared laser approaches the energy of a

vibrational resonance on the surface.

If we imposed a generic cylindrical symmetry, which is a reasonable assumption since

we’re dealing with surfaces, we would notice that many of the 27 χ(2)
i j k components vanish

(see. ref. [83] for more details). The non-zero components, and corresponding polar-

izations, are reported in Tab. 2.1. With dielectric surfaces such as silica, both s and p

incident laser polarizations result in substantial surface electric fields and all the shown

combinations, therefore, achievable. However, for metallic substrates, the reflectivity in

the infrared wavelength region is often particularly high and it may be shown that the

incident beam results in a large surface E field in the z direction, but negligible fields in

the x and y direction [83]. Thus, for a metallic substrate, where almost all of the incident

infrared beam is reflected from the surface, only resonant susceptibilities with a z infrared

component generate a substantial SF signal, as listed in the last column of Tab. 2.1.

2.1.2 Time-resolved IR-Vis SFG

Ideally, one should use three different pulses to perform a proper time-resolved IR-Vis

SFG experiment: one pump and two probes. Their duration should be short enough to
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Figure 2.5: Graphic comparison between non-resonant and resonant SFG transitions:

when the infrared energy matches the energy difference between the ground

and vibrationally excited state the SFG signal is enhanced. Image taken from

[83].

Polarization Non-vanishing Non-vanishing

combinations χ(2)
i j k components χ(2)

i j k components

by C∞ on metals surfaces

pss zyy

sps yzy

ssp yyz yyz

ppp zzz,zxx,xzx,xxz zzz,xxz

Table 2.1: All possible polarisation combinations and the elements of X (2)
i j k that contribute

to the spectrum [83]

set the limit for the time resolution required for the experiment. The energy of the pump

depends on the kind of experiment. In our case, we used an IR pulse of about 1700 cm−1

(see section Fig. 4.3). The two probes should be the IR and Vis spatially and temporally

overlapped pulses which generate the SF signal. The time delay τ between the pump and

the probes should be tunable in order to collect the spectra as a function of τ.

Unfortunately, our setup is equipped with only two delayable pulses (IR and Vis). Given

this restriction, we exploited their intrinsic time-width (FWHM∼ 30 ps) as depicted in Fig.

2.6, which shows the intensities of the IR and Vis pulses, delayed by τ, as a function of time:

the time-resolved experiment, discussed in the following chapters, is thus performed with

the pumping pulse (IR in this case) initially exciting the system and at a later time, when
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Figure 2.6: Intensity of delayed IR and Vis pulses as a function of time. As shown, the two

pulses need to overlap in order to generate a SF signal (colored area). Our setup

produces pulses with a FWHM of ∼ 30 ps.

both the Vis and the same IR still have a nonnegligible overlap, also the SF signal can be

generated from the excited state.

Of course, the SF signal can be also directly generated from the ground state. For this

reason, if no physical evolution is occurring, one would notice just a general decrease

of the SF signal due to the diminishing of the time overlap of the IR and Vis pulses. On

the contrary, if there is an actual time evolution of the system, one would expect an

important change in the SFG spectra collected at the different delays. The intensity of

the non-resonant background can be readily used to normalize the spectra taking into

account the different overlap at the considered delay τ.

In conclusion, the limitations of our time resolved SFG experiment are:

1) The range in which τ can be varied is limited by the pulse duration: in order to

generate the SFG signal it is necessary to have both spatial and temporal overlap

between the IR and visible pulses, and the resulting SFG intensity depends on their

overlap area (Fig. 2.6);

2) A proper pump-probe experiment is performed by means of a fixed-energy pump

beam and a probe beam with variable energy. In our setup the IR pump and probe

beams are necessarily the same, thus the pump wavelength also varies as the probe

is changed. Nevertheless, we adopted this approach that allowed the investigation

of relevant relaxation dynamics of the porphyrin layers.

2.1.3 Lineshape modeling

The description that led us to eq. (2.19) is based on an oversemplification 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 contribution. The molecular

contribution to the susceptibility tensor χ(2)
RES varies sensibly as the infrared radiation is
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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 χ(2)
N R susceptibility, usually

approximated with a constant value. The total susceptibility is therefore

χ(2) =χ(2)
RES +χ(2)

N R (2.20)

For dielectric materials χ(2)
N R contribution is small compared to the resonant part. When

the substrate is metallic χ(2)
N R contribute is significant, due to the presence of surface

plasmon resonances [83].

To a practical extent, it is common to replace the susceptibility tensor introducing an

effective scalar susceptibility [82] shaped as

χ(2)(ωI R ) = AN R e iφN R +∑
n

Ane iφn

ωI R −ωn + iΓn

= e iφN R

[
AN R +∑

n

Ane i∆φn

ωI R −ωn + iΓn

] (2.21)

where the sum runs over the various resonances of the system. The parameters are real-

valued amplitudes An , phases φn , resonance frequencies ωn and resonance broadenings

Γn related to their lifetimes. In the second line of eq. (2.21) the non-resonant phase has

been factorized and the phase differences ∆φn have been introduced: these represent the

relative phase-shift of the nth resonance to the non-resonant background. The amplitudes

An depend on the density of molecules N and the electronic and vibrational transition

moments, respectively Mn and Tn as

An ∝ N MnTnδρn (2.22)

and the population difference between the ground and excited state δρn [67]. As said,

SFG spectra can be modeled exploiting an effective scalar susceptibility, and combining

equation (2.21) with (2.16) we obtain an expression for the SFG signal intensity as a

function of the infrared frequency

ISFG (ωI R ) ∝
∣∣∣∣AN R +∑

n

Ane i∆φn

ωI R −ωn + iΓn

∣∣∣∣2

IV I S I I R (ωI R ) (2.23)

Frequency dependence has been explicitated in the infrared intensity to emphasize that,

while visible radiation intensity is constant (except for laser instabilities), I I R varies with

the IR tuning: it is thus important to normalize the measured SFG intensity taking into

account for this effect.

2.1.4 Experimental setup

SFG measurements were performed at the Visible and Infrared Spectroscopy Labora-

tory (VISpLab, University of Trieste) exploiting a customised setup purchased from the
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Figure 2.7: Scheme of the experimental setup (top view). The fundamental IR beam is

generated in the laser unit, then enters HU to generate the second harmonics,

tunable IR radiation is provided by the PG/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.

Lithuanian laser manufacturing company EKSPLA. All the components are controlled via

LabVIEW software. Samples are prepared in a UHV chamber and SFG spectra are taken in

a high-pressure cell. In this section the setup is described, in order to give a clear picture

of how SFG signal is generated and understand some features that will be important to

understand the experimental data analysis.

SFG setup

SFG measurements are performed using pulsed laser radiation: green light at 532 nm and

infrared radiation in the range 2300−10000 nm are generated in the laser setup, overlap

at the sample surface and then SFG output signal is measured. The principal components

of the setup are:

• a fourth class 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/∆t (E being the maximum pulse energy and∆t the pulse duration)

is ∼ 1 GW; the mean power is therefore ∼ 1.25 W. The beam diameter is ∼ 6 mm;

• a Harmonic Unit H500 where second harmonics radiation at 532 nm (green) is

generated. Three outputs are produced at this stage: a beam at the fundamental

wavelength (1064 nm) 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; the other, with 10 mJ maximum energy per pulse, is
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exploited to generate the tunable infrared radiation. In this unit the temporal

overlap of IR and visible pulses can be modified by means of a delay line;

• an Optical Parametric Generator PG501/DFG1P where the 2300−10000 nm tunable

mid-IR radiation is generated using the fundamental radiation and one of the visible

beams. The measured pulse average energy is ∼ 200 mJ;

• the SFG box: here 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 in the range 432−505 nm.

Fig. 2.7 is a schematic top view of the laser setup and SFG spectrometer where the different

sections described above can be identified. Information about the laser setup and SFG

spectrometer can be found in [90].

Experimental chamber

We are interested in the investigation of different metal-organic systems, focusing on

the surface characterization. In order to obtain a reliable surface characterization, it is

important to prepare the samples in a controlled environment to prevent contamination

both during the preparation 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 LEED setup is helpful to obtain information about the surface

structure and quality of the sample, and Auger electron spectroscopy gives chemical

information about the surface composition.

The experimental chamber (see. Fig. 2.8) consists of a cylindrical diamagnetic stainless

steel UHV chamber 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 (10) coupled with a titanium sublimation pump, and an

ion pump (12). The preparation chamber is also pumped by a turbo molecular pump

(4), prepumped by a diaphragm pump. When the gate valve between the preparation

chamber and the pumping section is opened, a background pressure of 5×10−11 mbar

can be achieved. The presence of a fast entry lock loading system (5) 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 (11) for the pre-pumping (we

will refer to this pumping group as turbo pumping station), that grants a background

pressure lower than 10−8 mbar.

A magnetic transfer arm (7) is employed to load (or unload) the sample-holder from

the fast entry lock and the two manipulators (the preparation chamber’s one and the one

present in the HP cell). The sample-holder allows to heat the sample up to 1300 K in UHV

and 700 K at 1 bar by means of resistive heating. The sample is caged by a tantalum wire

(0.2 mm diameter) fitting in a slot on the sample’s side. Such configuration minimizes
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Figure 2.8: Overview of the preparation chamber, equipped with: (1) a manipulator, (2) a

mass spectrometer, (4) a turbo molecular pump, (5) a fast entry lock loading

system, (6) a LEED setup, (7) a transfer arm, (8) a gas line, (9) a scroll pump,

(10) a cryogenic pump, (11) a turbo pumping station and (12) a ionic pump.

The SFG box (3) can be seen.

the mechanical stress due to the wire thermal expansion and contraction, thus reducing

the probability of sample damage 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 (BaF2) windows

that allow the transmission of the visible, IR and SFG radiation with nearly 100% efficiency.

They can sustain a pressure difference up to 1 bar. IR and visible beams are not at normal

incidence with respect to the window, in order 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 5×10−9−103 mbar range, that

is made of a cold cathod gauge and a pirani gauge connected in series. A gas line, which

can handle up to three different gases, is present. The SFG cell can be independently

pumped by the scroll pump (9) and by the turbo pumping station (11).

As said before, the preparation chamber is dedicated to the preparation and characteri-

zation of samples. It is equipped with a LEED (low energy electron diffraction) setup (6)
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Figure 2.9: Schematic diagram of an STM setup: a bias is applied between the tip and the

sample and electrons can tunnel, producing a tunneling current I (adapted

from [91]).

and an Auger electron spectroscopy setup. A mass spectrometer (2), an ion gun (used to

sputter the sample) and a gas line (8) are also present. The pressure is measured using an

ion gauge working in the range 3×10−11 −10−3 mbar. An evaporator is included in the

chamber: the molecules are contained in a quartz crucible and evaporated by resistive

heating of the surrounding tungsten filament; a Co (or Fe) filament is also mounted on

the evaporator and metal atoms are evaporated by means of Joule effect. The deposition

rate can be calibrated using a retractable quartz balance. The top part of the preparation

chamber ends with the manipulator (1) that provides four degrees of freedom: the three

translations (x,y,z) and the polar rotation.

2.2 stm and sts

A Scanning Tunneling Microscope has been used for the first time by Binnig and Roher

in 1982 [92]. This technique consists in scanning a surface while locally probing it with a

metal tip in order to investigate the topological and electronic structure of such surface.

Using this method, samples are directly explored in real space with atomic resolution, and

fundamental information such as the unitary cell shape, distribution and deformation

of molecules inside the cell, and long-range structures (for example the moiré pattern in

graphene) are observed.

STM measurements consist in applying a voltage between a sharp metallic tip and the

sample and scanning the surface along x and y coordinates: there are two possible ways to

map the sample, measuring the resulting tunnelling current I or the sample-tip distance

d . In the first case, the vertical coordinate z is fixed and the tunneling current (that

depends on d) is measured. In the second case I is held at a constant value: z is constantly

adjusted by means of a feedback loop circuit in order to keep the current constant. The
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Figure 2.10: Fermi levels of two grounded metals (one represents the sample, the other

the tip) when a bias Ug ap is applied and their their Fermi levels are shifted

by +eUg ap (a) and −eUg ap (b). An electron tunneling current can flow from

occupied states of the one with higher EF to unoccupied states of the other.

Image taken from [95].

set of measured I or z respectively, is used to create a 2D map that represents the sample’s

surface structure [93]. The tunnelling current depends not only on the sample-tip distance

but also on the chemical species that the tip is probing, through the density of states.

Typical distances are z ∼ 1 nm, current and bias typical values are of the order of

I ∼ 1pA−10nA and V ∼ 1 V [93, 94]. In Fig. 2.9 a bias is applied between the metallic tip

and the sample, and the tunneling current is measured.

If we consider a metal tip and a metal surface that are placed close to each to other, they

have different Fermi levels and work functions. Their work function difference gives the

Fermi levels offset:

Φc = E L
F −E R

F (2.24)

where E L,R
F refer to the Fermi levels and Φc is the work function difference. When the

metals are grounded together their Fermi levels coincide and no electrons can flow from

one side of the potential barrier to the other. When a potential U is applied, as in Fig.

2.10a,b, their Fermi levels shift up or down of ±eU , depending on the direction of the

applied potential difference: if the potential is inverted the current flows in the opposite

direction.

If the two metals are brought sufficiently close together, their wavefunctions overlap

and there is a non zero probability of tunneling: the tunneling current I depends on the

distance as

I ∝ e−2αz (2.25)

where α2 = 2m
—h2 (eUB −E) with UB the potential barrier and E the energy of the state from

which the tunnelling occurs. Typical values of α are ∼ 1Å−1, thus the current intensity is

extremely sensitive to distance changes of the order of the Å or less [96].

Electrons flow from occupied states of the component at higher Fermi energy to the

unoccupied states of the other and the probability of transition depends on the density
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of states of both the tip and the sample: STM images represent the convolution of their

density of states.

Often, adsorbates (such as porphyrins in our case) are highly mobile at room temper-

ature, due to the weak coupling with the substrate (i.e. graphene); in these cases, low

temperature is used to freeze the kinetics, yielding more stable measuring conditions.

For the very same reason, also the tip is more stable at low temperature, and its atomic

configuration changes less frequently: in this way, all the differences measured in an STM

image are physical and can be attributed to the sample-tip system [97].

Information about the electronic Density of States (DOS) can also be obtained from a

scanning tunneling setup (Scanning Tunneling Spectroscopy or STS). As tunneling current

I is proportional to the integral of the density of states from Fermi level to eV, taking a

numerical derivative yields DOS of the sample at a given energy eV:

d I

dV
∝ ρs(eV )

Depending on the sign of the voltage bias, occupied and unoccupied states can be

revealed: by convention, negative bias corresponds to electrons going from the sample

to the tip (occupied states), and vice versa. From a practical standpoint, taking directly

the numerical derivative of the I/V profile yields extremely noisy data. For this reason,

a lock-in amplifier is commonly used. During the acquisition of a dI/dV spectrum, the

feedback loop (which determines the tip-sample distance) is turned off, and the voltage is

swept while the lock-in signal is recorded. Afterward, one can calibrate the conductance

scale ([dI/dV]=siemens) by matching with the numerical derivative of the I/V profile,

which is also recorded during the measurement.

If the dI/dV signal is collected, at a certain voltage bias, while scanning the surface at a

constant height, the spatial distribution of the density of states is revealed (dI/dV maps).

As shown in Fig. 2.11, one can collect dI/dV maps at different biases, thus obtaining the

3D DOS map of the system.

Our STM measurements have been performed in the laboratories of the University of

Trieste at the CNR-IOM (TASC laboratory, Trieste), in the groups of prof. S. Modesti and

prof. G. Comelli. All the STM images have been acquired in UHV. The experimental setup

consist of a vacuum chamber in which samples are prepared, and and the presence of a

cryostat allows to measure at low temperature (typically with liquid nitrogen or helium).

2.3 single-photon photoemission spectroscopies

A one-photon photoemission experiment consists in exposing the sample to monochro-

matic radiation, of energy hν, and measuring the kinetic energy distribution of the pho-
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Figure 2.11: Schematic of 3-dimensional data sets obtained on a pixel grid (3D “DOS”

maps) and main types of STM measurements. Image taken from [98]

toemitted electrons. Using laser sources or tunable synchrotron radiation, electrons are

emitted and detected through an electron analyser. Their kinetic energy Ek is given by

Ek = hν−EB −ΦS (2.26)

where EB is the binding energy andΦS the work function of the sample, with EF the Fermi

level and EV AC the vacuum level (Fig. 2.13). Electrons have a short mean free path in gas

phase: photoelectrons should travel from the sample surface to the analyser and through

the analyzer to the detector. For this reason, standard photoemission experiments are

carried out in UHV.

Typical photon energies for X-ray photoemission spectroscopy (XPS) are in the range

102 −103 eV. Quantitative information about the chemical identity of the surface species

can be inferred by the energy of the atomic core level. Binding energies are affected by

the surrounding environment and it is possible to distinguish bulk from surface atoms,

gas phase from adsorbed species or identical elements involved in different chemical

bonding.

Photon energies in the UV range 10−100 eV (UPS) are employed to map the valence

band. A schematic representation of the photoemission process is reported in Fig. 2.12

where UPS and XPS features are distinguished: the first explores the valence band and the

second refers to core levels.

2.3.1 XPS

X-ray Photoelectron Spectroscopy (XPS) is a photon-in-electron-out surface science tech-

nique. Besides having element sensitivity, XPS allows gaining information about the

chemical environment of an atom, structural dishomogeneities, lifetime of the excited

state induced by photoemission process and metallicity. It is based upon the study of the
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Figure 2.12: 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 (from [99]).

core-level photoelectrons, extracted by X-rays via photoelectric effect from the sample and

retrieves information through analysis of their core-level’s spectrum lineshape, binding

energy and intensity. Due to the short mean free path of electrons through a gas phase,

XPS is commonly employed in vacuum up to ∼ 10−6 mbar . In order to work with near

ambient pressure (NAP) (∼ mbar ) systems, it is necessary to modify the electron energy

analyser as described in the following paragraphs.

From a theoretical point of view, the photoemission process can be treated with time-

dependent perturbation theory. A semiclassical approach is conventionally adopted,

meaning that apart from the electromagnetic field, which is treated classically, the theory

is developed in the quantum mechanical framework [101]. The unperturbed system (elec-

trons in a time-independent potential) is subject to the time-independent Hamiltonian

H0 and, at the instant t0 = 0, it is perturbed by a monochromatic electromagnetic field

(with oscillation frequency ω, with ω= 2πν ). As a consequence, the Hamiltonian is given

by the sum of H0 with a time-dependent term HI (t) that describes the perturbation (r

indicates the position of the electron):

H(r, t ) = H0(r)+HI (r, t ) (2.27)

Using minimal coupling p −→ p− e
c A, the interaction Hamiltonian can be written as

follows:

HI (r, t ) = e

2mc
(A · p p · A)−eφ+ e2

2mc2 (A · A) (2.28)
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Figure 2.13: Connected sample and analyzer have the same Fermi level but different work

functions. The photoemitted electrons have kinetic energy ranging from 0 to

hν−Φ: when a negative bias is applied to the sample all the photoelectrons

can be detected. Adapted from [100]
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where A = A(r, t ) and φ=φ(r, t ) are the vector and scalar potential. p is the momentum

operator [102]. The perturbation depends explicitly on time through A. If the Coulomb

gauge is chosen, then ∇· A = 0. Maxwell equation for the potentials can be solved by

choosing φ= 0. A2, which represents the two photon scattering, can be neglected, being

a second-order term in A. Eventually, considering that {A, p} = 2A · p+ i —h∇· A, HI (r)

can be simplified as follows:

HI (r, t ) = e

mc
A(r, t ) · p. (2.29)

Starting from here, it is possible to calculate, using Fermi’s golden rule, the photoioniza-

tion probability per unit time w for a transition. In the case of XPS, this transition starts

from a N-electron initial state ψi , to a final state ψ f in which a core electron has been

ejected. The resulting expression for w is

w ∝ 2π

—h
| 〈ψi |HI (r)|ψ f 〉 |2δ(E f −Ei −—hω), (2.30)

where HI (r) is only the space-dependent part of equation 2.29. Because of the delta func-

tion in equation (2.30), the transition may occur only when the photon energy matches

the energy difference between the final and the initial state of the system. Supposing

that A(r, t) generates a monochromatic radiation, HI (r) in equation (2.30) is equal to

(qe =electron charge):

HI (r) = cost ·qe A0 ·p e i k·r : (2.31)

since the relevant integration domain in equation (2.30) is given by the minimum ex-

tension between the two wavefunction ψi and ψ f , in this region of space the term e i k·r

can be considered constant if the radiation’s wavelength is sufficiently large. In our case,

ψi represents the core levels with extension of few angstroms; so, it is sufficient to use

radiation with energy hν≤ 800 eV, with a corresponding wavelength of ∼ 1.5 nm. This

assumption allows to take just the first term of the expansion of the exponential, namely

1. Using the commutation relation

[r, H0] = i —h

me
p (2.32)

the matrix element in (2.30) can be written as (neglecting constants):

〈ψi |HI (r)|ψ f 〉 ∼ 〈ψi |qe p|ψ f 〉 ∼ 〈ψi |qe [r, H0]|ψ f 〉 ∼ (E f −Ei )〈ψi |qe r|ψ f 〉 . (2.33)

This is the so called Dipole Approximation. It is important to point out that the cross

sections (which are proportional to the probability of photoionization w) depend on the

integral of the radial part of the wave function, which is directly defined by the value

assumed by the quantum numbers n and l , since the wavefunction can be written as

follows (in spherical coordinates):

ψn,l ,m(r ,θ,φ) = Rn,l (r )Yl ,m(θ,φ). (2.34)
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Figure 2.14: Photoionization cross-section at 1.5 keV as a function of the atomic number.

Image from [102]

In Fig. 2.14 it is clearly demonstrated that, given a photon energy, the cross section is

different for each shell within the same atom. Of course the cross section is also dependent

on the atomic number of the element considered. Working with synchrotron radiation,

which has the advantage of having a tunable energy, this fact can be exploited choosing

the right photon energy in order to maximise the photoelectron signal.

interatomic relaxation shift When the energies of core levels are investigated

with high energy resolution, it is found that differences in binding energy between two

non-equivalent atoms of the same species can be detected. These energy differences are

called chemical shifts and depend on the bonding environment around the atom and, in

particular, on its oxidation state. To explain chemical shifts, further understanding of the

relation between the binding energy and the electronic configuration of a photoionized

atom is necessary.

The binding energy Eb of an electron k undergoing photoemission from a n-electron

atom within a solid is given by the difference in energy between the final and initial states

of the atom, that is

Eb(k) = E f (n −1)−Ei (n) (2.35)

If there were no rearrangement of all of the spectator electrons, Koopmans’ approximation

would hold. In this case, the initial state atomic wavefunction ψi could be written as

ψi (n) =ϕ jΨ j (n −1) (2.36)

where ϕ j is the wavefunction of the electron that will be removed andΨ j is the wavefunc-

tion on the (n-1)-electron ion. Instead, the final state wavefunction ψ f of the ion would

be

ψ f (n −1) =Ψ j (n −1). (2.37)
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Consequently, the binding energy of the electron that gets photoemitted would be given

by the unique value Eb =−ϵ j , where ϵ j is the energy of the j-th energy level of the initial

state, and only one peak would be expected in the photoelectron spectrum.

Yet, this approximation is too rough, since electrons cannot be treated as frozen in

their configuration; a more sophisticated picture is required. The final state, achieved

by removing one electron, corresponds to an ionic state in which a hole exists in place

of the ejected photoelectron. This does not correspond to the ground state of the final

ionic state. The electrons in the ionized atom, but also those on neighbouring atoms, can

relax in response to the ionization eventa and, thereby, lower the energy of the final state

wavefunction. In fact, it should be written in terms of the s eingenstates of the ion with a

core hole in the j-th orbital

ψ f (n −1) =Φ j s(n −1) (2.38)

The fact that a relaxation of the ion core occurs in the final state, means that the wave-

function Ψ j (n −1) is not an eigenstate of the ion. Therefore, it must be projected onto

the actual eigenstate of the ion Φ j s(n −1). This results in the formation of one or more

possible final state wavefunctions, yielding therefore to multiple eigenvalues and final

state energy values. In terms of photoelectron spectrum this mens that there will be a

main peak, but also additional ones, called satellite lines.

From the above discussion, it is clear that both the initial state and final state effects

influence the binding energy. Initial state effects are caused by chemical bonding, which

influences the electronic configuration in and around the atom. For this reason, the ener-

getic shift caused by initial state effects is known, as mentioned before, as chemical shift.

This energy shift strongly depends on the oxidation state of the atom, and, usually, the

binding energy increases with the oxidation state; in fact the greater the electronegativity

of an atom, the higher the binding energy. This can be understood on the basis of simple

electrostatics. The first ionization energy of an atom is always lower than the second,

as the higher the effective positive charge on the atom, the higher the binding energy

of the photoelectron. Most of the atomic relaxation results from the rearrangement of

outer shell electrons, while the inner ones, possessing higher binding energy, scarcely

contribute. The material’s conductivity determines the extra-atomic relaxation. In a

conducting material such as a metal, valence electrons are free to move from one atom

to a neighboring one and screen the hole created by photoionization. In an insulator,

the electrons do not possess such mobility, so they react by being polarized by the core

hole. Hence, the magnitude of the extra-atomic relaxation in metals is greater than that of

insulators.

surface sensitivity Photoemission-spectroscopy gains its surface sensitivity from

the fact that electrons have a high cross section for inelastic scattering with matter. This is

shown in the graph in Fig. 2.15, which reports the inelastic mean free path of electrons in

a solid as a function of the electrons energy. This curve is known as the universal curve

because its shape does not depend strongly on the chemical composition of the solid.
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Figure 2.15: The universal curve of electron mean free path in solid matter based on the

equation in [103].

Figure 2.16: Energy level diagram showing the filling of a core hole, giving rise to (a) direct

photoemission, (b) X-Ray Fluorescence, and (c) non-radiative Auger electron

emission. Image taken from [105]

Photoelectrons emitted with a kinetic energy between 10 and 1000 eV are particularly

suitable for surface elemental analysis, as their mean free path is below ∼ 10 Å.

XPS Lineshape and data analysis

lineshape The basic lineshape of a photoemission process is given by a Lorentzian

function [104]. The natural line width is determined by the lifetime of the core hole

generated by the photoelectron in the ionized atom, which is related, via the Heisenberg

principle, to the probability of the core hole to be filled by an electron in a lower binding

energy level. The more decay channels through which electrons can fill the core hole, the

shorter is the life time. As schematically pictured in Fig. 2.16, decay channels can be, for

instance, Auger or radiative processes.

Given Γ the intrinsic peak width, and τ the core hole lifetime, the uncertainty relation

states that

Γ= h

τ
(2.39)
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where h is the Planck constant. By means of Fermi’s golden rule for matter-radiation

interaction, the X-ray photoemission cross section can be evaluated, considering the

metal ground state and the Fermi sea + a hole + the photoelectron in the initial and

final states, respectively [106]. The photoemission peak lineshape is therefore generally

expressed as

ILor (Eki n) = I0
Γ/2π

(Eki n −E0)2 +Γ2/4
(2.40)

where the Full Width at Half Maximum (FWHM) is denoted by Γ and E0 is the position for

the maximum intensity I0. The experimental energy resolution (related to both the photon

source and the energy analyser), the excitation of phonons in the solid, and the intrinsic

sample inhomogeneity contribute to a Gaussian broadening of the photoemission peak.

Moreover shake-up and shake-off events may impact on the lineshape with an asymmetry

contribution: when ejected, a photoelectron may cease part of its energy to other electrons.

In metals, for example, photoelectrons may create electron-hole pairs at the Fermi level

or may excite plasmons (shake-up event). In a generic system, other electrons can be

emitted as a consequence of core ionization (shake-off event). In both cases the actual

photoelectron kinetic energy is lowered, thus the XPS peak has an asymmetric tail at

higher binding energy. The most common parametrization for the core-level lineshape

in photoemission spectra, including all the previously mentioned physical effects, is a

Doniach-Šunjić function convoluted with a gaussian function [106]. The mathematical

expression for a Doniach-Šunjić is basically a Lorentzian function with an asymmetry

parameter α:

IDS(Eki n) = I0
ΓE (1−α)

((Eki n −E0)2 +Γ2/4)(1−α)/2
ξ(Eki n) (2.41)

where α is the asymmetry parameter, ΓE is the Euler Gamma function, and

ξ(E) = cos

[
πα

2
+ (1−α)t an−1

(
E0 −E

Γ/2

)]
(2.42)

In our experiments, the energy scale of the XPS spectra has been calibrated by taking

the bulk component of Ir 4f 7/2 core level as reference (@60.87 eV). The absolute error

associated with the binding energy calibration is about 50 meV.

data fitting The spectra were analysed with a fitting procedure based on χ2 min-

imisation. As explained earlier, the fitting function is a Doniach-Šunjić profile convoluted

with a Gaussian. Each peak is described by five parameters: the Lorentzian linewidth

(Γ), the asymmetry parameter (α), the Gaussian linewidth (G), the intensity (I0), and the

binding energy position (E0).

2.3.2 NAP-XPS

As it was reported above, X-ray photoelectron spectroscopy is a surface-sensitive tech-

nique. XPS spectra are obtained by irradiating a material with a beam of X-rays, while



44 experimental methods

Figure 2.17: Electron elastic mean free path through an oxygen gas environment as a

function of kinetic energy. At 100 Pa (1 mbar) a 400 eV electron travels

approximately 4 mm before suffering an inelastic collision. Ten Pa-meter

represents the same number of molecules as approximately 1 monolayer, if

projected on a surface. Image from [107].

simultaneously measuring the flux and the kinetic energy of electrons that escape from

the surface of such material. The electron energy analyser requires ultra high vacuum

conditions in the analysis chamber (P ≤ 10−8 mbar). In fact, once photoelectrons are

emitted from the sample surface, they undergo elastic and inelastic collisions from atoms

or molecules in the gas-phase [107]. The electron mean free path λe , or the average dis-

tance between collisions, depend on its energy and on the gas pressure P in the chamber.

There are very scarce available experimental data about the relation between pressure

and λe , and from a theoretical point of view there are some difficulties in the modeling,

nevertheless they present a linear relashionship on a log-log scale, of the order of 100

um at 1 mbar and 10 m at 10−5 mbar [108, 109]. Fig. 2.17 reports the variation of λe as

a function of the electron energy in an oxygen gas environment. For electrons of 400 eV

kinetic energy, λe is about 4 mm when the oxygen pressure is ∼1 mbar (similar values are

found for other gases).

Since λe is inversely proportional to P, its value decreases to about 30 µm at 100 mbar,

which makes the collection of unscattered electrons very challenging. The count rate of

detected photoelectrons decreases exponentially with sample-analyser distance. There-

fore, λe at high pressure needs to be maximised in order to limit XPS signal loss. For these

reasons, it is difficult to conduct investigations of surfaces under applicative conditions,

namely in the presence of gases, such as in the case of interfacial chemical reactions in

electrochemistry or catalysis. With Near Ambient Pressure XPS (NAP-XPS), some issues in

the experimental set-up are addressed, allowing to operate even in near ambient pressure
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Figure 2.18: Schematic representation of the differential pumping system used for photo-

electron spectroscopy in ambient gas pressures. Electrostatic lenses refocus

the electron trajectories into the apertures connecting the differential pump-

ing stages. Image from [107].

(up to a few tens of mbar). Inside the NAP cell, an analyser is equipped with a skimmer

which acts as passage channel for the generated photoelectrons. Then, these electrons

pass through differential pumping stages (see Fig. 2.18) which reduce the pressure by

several orders of magnitude, so to diminish electron scattering. The skimmer opening

diameter must meet both the necessity of high photoelectron flux and low pressure in the

energy analyser chamber while maintaining the desired pressure on the sample. Account-

ing for gas flow and pressure distribution conditions in the geometry of a commercial

setup, the aforementioned constraints are satisfied with a skimmer opening of about ∼0.3

mm, and a skimmer-sample distance of ∼ 0.3 mm.

the hippie beamline @max iv The NAP-XPS data presented in this manuscript

were collected at the HIPPIE beamline of Lund 3 GeV Synchrotron. HIPPIE is a soft X-ray

beamline equipped with a novel ambient pressure X-Ray photoelectron spectroscopy

instrument. Here follows a brief description of the endstation characteristics [66].

The source of the beamline is an APPLE-II-type elliptically polarizing undulator, with a

period of 53 mm for a total length of 3.9398 m. It was chosen to satisfy the requirement of

full polarization control at a minimum energy of 250 eV, which corresponds to a minimum

undulator gap of 11 mm. The optical apparatus is constituted by (going downstream):

a toroidal mirror, a plane mirror, a monochromator (blazed profile, 1200 lines/mm), a

cylindrical mirror to focus vertically the photons dispersed by the monochromator, and

finally the beam is refocused by a single toroidal mirror. The described configuration

allows a beam size of about 100×25 µm on the sample. The endstation (Fig. 2.19) is
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Figure 2.19: Top view of the Ambient Pressure XPS setup at the HIPPIE endstation. Image

from [66].

provided with a preparation chamber, an analysis chamber, a radial distribution chamber

(UFO), and a load lock. The preparation chamber has a base pressure of 1×10−10 mbar

and is pumped by a turbomolecular and an ion getter pump. Common surface science

instruments are available, such as a LEED, a quadrupole mass spectrometer, a quartz

crystal microbalance, an ion source, and spare ports for the user equipment. The sample

can be heated with an e-beam up to 1200 °C. The analysis vacuum vessel is similar to the

preparation chamber, with a similar pumping system and base pressure. It is equipped

with a ScientaOmicron HiPP-3 analyzer which can work up to 30 mbar. The nozzle

diameter is about 0.3 mm. Inside the chamber, the ambient pressure regime is achieved

through a cell-in-cell configuration. The gas inlet contains eight gas lines equipped with

individual mass flow controllers. The pre-defined gas mixture is dosed into the ambient

pressure cell, either directly or via an adjustable leak valve (as was done with water, in our

experiment). In this way, it is possible to reach any total pressure between 1×10−8 and

30 mbar. The pressure is read directly into the ambient cell either with a Pirani (1×10−4-

30 mbar) or a capacitance manometer (1.3×10−2-133 mbar). In our experiment, the

additional full-range gauge was kept off, to avoid chemical contamination from the cold

cathode gauge. The composition of the gas mixture is monitored with a quadrupole mass

spectrometer located in the first pumping stage of the analyzer. Finally, the experiment is

performed in a dynamic flow of gas, with a continuous pumping via a 4 mm tube partly

open.
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2.3.3 UPS

Photon energies in the range 10−100 eV are appropriate to study the valence band of

solids by photoemission spectroscopy. UPS measurements have been performed at the

ANCHOR endstation at the Elettra synchtrotron in Trieste, exploiting an helium lamp as

UV radiation source: the used energies are He I (21.2 eV) and He II (40.8 eV) emission

lines.

Complementary information obtained by UPS in our case are the valence band spec-

troscopy and the sample’s work function. A negative bias has been applied to the sample

in order to measure the value ofΦ. Work function values are extracted from UPS spectra

considering that in Fig. 2.13 extracted electrons have binding energies ranging from 0 to

hν−Φ: the applied bias ensures that all extracted electrons reach the analyzer, and are

not partially blocked by the detector’s work function. Thus, the energy difference between

the electrons with maximum and minimum kinetic energy corresponds to

∆E = hν−Φ (2.43)

from which the value ofΦ is easily obtained.

2.3.4 NEXAFS

Near-edge X-ray absorption fine structure spectroscopy (NEXAFS) is a spectroscopic

technique, initially devised in the 1980s with the goal of investigating the structure of

molecules bonded to surfaces. The technique constantly developed during the following

decades [110] and now is routinely exploited in surface science. Despite the technical

requirements, first of all the need for a high performance synchrotron source, NEXAFS

spectroscopy is a major method in order to achieve reliable information about the geo-

metric and electronic structure at surfaces. This section contains a concise but as far as

possible complete description of NEXAFS principles and methods, without any claim to

be exhaustive, referring eventually to Stöhr’s book [110] for a more detailed discussion.

The NEXAFS data discussed in this thesis have been acquired at the CNR-IOM ALOISA

beamline at the Elettra synchrotron facility in Trieste.

Principles and Physics

As already seen in section 2.3.1, the transition probability w describing the absorption of a

photon by an electron excited from an initial state |ψi 〉 to a final state |ψ f 〉 is proportional

to:

w ∝|〈ψ f |e ·p|ψi 〉 |2. (2.44)

The cross section expressed in this way is relative to a single transition: in order to obtain

the total one, all possible initial and final states must be summed. In general all shells must
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be considered, but working at photon energies close to a specific core level edge allows to

neglect contributions from others shells, because the energy-dependent contribution of

their absorption is smooth in this range and orders of magnitude smaller. Final states can

be bound, like molecular orbitals (MO) or Rydberg states, or in the continuum, like when

the electron is photoemitted above the vacuum level (VL) or excited in a continuous level

close to Fermi (FL), as it takes place in metals.

Whether the electron is excited in a vacuum state or not, a hole is created in the inner

shell, with a finite lifetime. There are two major ways for the hole to be filled: X-ray fluo-

rescence and Auger electron emission (See Fig. 2.16). In the first one, the recombination

creates a photon with energy correspondent to the electron transition, while in the second

one the exceeding energy is transferred to another electron that is emitted from the atom.

The latter is called an Auger electron. These two different possibilities of recombination

allow to investigate x-ray absorption by detecting either photons or electrons. Auger

electrons detection is usually preferred because Auger emission has larger probability

with respect to fluorescence in low Z atoms, mainly present in biological molecules. In

addition, Auger signal detection offers a better surface sensitivity because electrons have

a way smaller inelastic mean free path in solids with respect to fluorescence photons.

The NEXAFS experiments discussed in this work were performed in the so-called Partial

Electron Yield (PEY) mode, consisting in suppressing lower kinetic energy electrons,

emerging from the sample, by applying a retarding voltage. In fact, this mode is frequently

exploited for the investigation of adsorbates at surfaces because the surface sensitivity is

considerably enhanced, allowing only those electrons that emerge 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 selected in energy in order to collect only

Auger electrons.

Dichroism

Through NEXAFS it is possible to obtain important information on the geometric structure

of the molecules absorbed on a surface. In particular, investigation of transitions to MO is

usually revealing. In fact, one important feature of molecular orbitals is that they have

strong directional character and there is a one-to-one correlation between the spatial

orientation of the orbitals and the molecular geometry. Thus, for oriented molecules and

linearly polarized X-rays the intensities of resonances associated with, for example, σ∗

and π∗ final states should exhibit a dramatic and different angular dependence.

The angular dependence of the cross section is contained in the dipole matrix element,

that for linearly polarized X-rays in the direction of unit vector e assumes a simpler form

〈ψ f |e ·p|ψi 〉 = e· 〈ψ f |p|ψi 〉 ≡ e ·O, (2.45)
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where O is the Transition Dipole Moment (TDM) and, if the initial state is the total-

symmetric 1s orbital, it points in the direction of the final state orbital. The cross section

(and therefore also the transition intensity) becomes:

Ii f ∝|〈ψ f |e ·p|ψi 〉 |2 = |e ·O|2 = cos2δ (2.46)

where δ is the angle between the vector field and the TDM.

During the experiments discussed in this work, X-ray absorption has been investigated

with linearly polarized photons in perpendicular or parallel direction with respect to the

plane of incidence (polarization s and p, respectively). Thus, in s polarization the electric

field oscillates parallel to the Ir surface while in p polarization and for small incidence

angles the predominant component of the electric field is perpendicular to the surface.

Differences in the integral area of a resonance between p- and s-polarization is called

dichroism. By analyzing dichroism of some MO resonances it is possible to deduce the

orientation in space of the whole molecule with respect to the surface. The specific

formula to be used in order to obtain angles from dichroism depends on the experimental

apparatus and on the investigated system. In the present case, the substrate three fold

symmetry cancels the azimuthal angle dependence in intensity [111]. The formula to find

tilt angleΦ, with respect to the surface, from the dichroism of a π∗ resonance, specifically

for our experimental setup is

Φ(Ap /As) = ar csi n(

√
2cos2θ

Ap /As +3cos2θ−1
) (2.47)

where Ap and Ap are respectively the p- and s-polarization NEXAFS intensities given by

the integral area of the π∗ resonance and θ = 6° is photon incidence grazing angle with

respect to the surface.

NEXAFS data analysis and fitting procedure

energy calibration Photon energies are affected by a systematic error caused

by the mechanical backlashes of the monochromator and by changes in the electron

beam position in the ring. This yields rigid energy shifts of the obtained spectra, thus

a preparatory energy calibration is necessary to correct it. Calibration is carried out

by exploiting the drain current (I0) of the last mirror which focuses the X-ray beam on

the sample, measured simultaneously with the course of the experiment. Calibration is

carried out by comparing the absorption current I0, collected during the experiment, with

reference absorption current (I R
0 ): the reference spectrum was previously collected while

measuring the NEXAFS spectrum of molecules in the gas-phase (N2, CO), with transitions

whose energy is well-known. Thus, by computing the energy difference between these

resonances and the toroidal mirror absorption features, it is possible to derive the correct

absolute energy positions of the latter within a 0.02 eV uncertainty. In conclusion, the

effective calibration procedure consists in shifting the NEXAFS spectrum in order to match

the corresponding I0 to the I R
0 reference current.
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normalization The normalization of the N 1s and Fe 2p absorption edges consists

in a division by the corresponding Gr/Ir(111) sample spectrum. This procedure allows

eliminating also the modulation of the spectra caused by the energy-dependent transmis-

sion function of the beamline, mainly associated with the energy-dependent absorption

of the last mirror.

X-ray absorption by the graphene carbon atoms makes quite complex the normalization

process for the NEXAFS C 1s edge absorption. In particular, performing the simple

division by the clean sample spectrum, i.e. Gr/Ir(111), would be incorrect. In fact, we

expect the X-ray absorption by the graphene carbon atoms to change after the molecules

deposition. According to this argument, the result of the simple division by the clean

sample spectrum would be affected by unpredictable anomalous effects. We used an

alternative normalization method, exploiting the absorption signal (I0) of the last mirror:

In particular, supposing the photon flux coming out from the monochromator to be nearly

constant, at least in the energetic range of interest, the procedure consists in determining

the energy-dependent reflectivity of the toroidal mirror from I0. Then, normalizing

the sample absorption spectrum to the mirror reflectivity, we expect to eliminate the

modulation induced by the energy-dependent transmission function of the toroidal

mirror. With this normalization procedure, the C 1s edge spectra will contain both the

contribution of the adsorbed molecular layer and the graphene support. The Kramers-

Kronig relations were used to calculate the reflectivity from the measured absorption

signal, a process that still has some degrees of freedom left, coming from the choice of

the integration constants: the best parameters were chosen in order to reproduce the

same modulation reported in literature for the Gr/Ir(111) C 1s edge signal intensity in the

283−287 eV energy range.

fitting As mentioned above, the final states can be divided in bound states and a

continuum of final states:

• The transitions to bound states are resonant processes, thus yielding absorption

peaks in the spectra. Typical NEXAFS features are resonances to molecular orbitals

or Rydberg states, which are electronically excited states whose energies converge to

the VL. The Rydberg peaks are usually very sharp and intense in the absorption spec-

tra of atoms or molecules in the gas phase, but in the case of absorbed molecules,

they weaken and merge into the ionization potential step, making it difficult to

unambiguously resolve the two features. The unoccupied molecular orbitals are

usually labeled byσ∗ and π∗ according to the spatial symmetry. Resonant transition

processes are theoretically described by a Lorentzian function with the FWHM that

is inversely proportional to the mean lifetime of the final electronic state. Besides, it

is possible to find asymmetric peaks, usually associated with σ∗ resonances located

above the IP step, due to the relative vibrational fine structure or to the dependence
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of the final state lifetime on the kinetic energy, related to the overcoming of the

centrifugal potential barrier;

• In NEXAFS spectra, in addition to resonance peaks, one or more step-like features

are always present, caused by electronic transitions to a continuum of states. The

first and usually more evident type of step is located at the Ionization Potential (IP)

and it is due to transitions to the continuum of free electron final states above the

VL. The fit function for the IP is a square step function convoluted with a Lorentzian

and a Gaussian function. In addition to the IP step, absorbed molecule spectra

usually exhibit a step located at lower energies, corresponding to the transitions

from states above the FL (Fermi fit function).

It is important to point out that the absorption spectra of the same system, collected

with different polarizations, must be fitted letting varying only the amplitudes, according

to the corresponding dichroic behavior, while all lineshapes are expected to be the same.

2.3.5 ARPES

Valence Band (VB) spectroscopy, also known as Ultraviolet Photoelectron Spectroscopy

(UPS), is another valuable tool for the characterization of materials. As XPS, it is based

on the photoelectric effect but, instead of probing the strongly bound core electrons,

VB spectroscopy usually employs less energetic radiation to explore the valence band of

the specimen. For molecules in the gas phase or adsorbed at the surface, this technique

allows to access the frontier orbitals in the proximity of the vacuum level.

The resulting spectrum at the sample surface includes the following features: the onset

of the photoemission signal at the Fermi edge, primary peaks associated with occupied

frontier orbitals, a valence band from the metal substrate, and a sloping background

caused by secondary electrons. Because of the improved energy and momentum resolu-

tion, reduced beam damage, and higher cross-section for excitation, the valence band is

best investigated at low photon energies (typically < 100 eV for ultraviolet). The typical

photoemission spectrum has a sharp cutoff at zero kinetic energy (Eki n) that can be used

to determine the sample work function (see section 2.3.3). As XPS, photoemission data in

this thesis are presented versus binding energy, setting to zero the Fermi level of the metal

substrate.

If an angle-resolved setup is utilized, i.e. using Angle-Resolved Photoemission Spec-

troscopy (ARPES), the parallel and perpendicular momenta of the outgoing electron are

determined by:

k// =
√

2me Eki n/—h2si nθ (2.48)

k⊥ =
√

2me Eki n/—h2cosθ (2.49)
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or further converting k// into two cartesian components kx and ky :

kx = k//cosφ (2.50)

ky = k//si nφ (2.51)

where θ and φ are the polar and azimuth angles at which the electrons leave the surface,

respectively. As mentioned before, unlike the wave vector components parallel to the

surface, the perpendicular kz component is not conserved when the photoelectrons are

transmitted from the sample into the vacuum above. The full angular distribution of the

photocurrent (I (kx ,ky )), also known as a momentum map, can be acquired in one single

image.

One important consideration of using electron spectroscopy for surface analysis is the

high surface sensitivity. In the kinetic energy range of interest, 10 to 100 eV, the mean

free path λ for photoelectrons is only of a few Ångstroms (see Fig. 2.15). Therefore,

photoemission spectroscopy is suited to probe the near-surface region, where the main

contribution of the total photoemission intensity originates from.

Data analysis

The non-conservation of kz , which depends on the angle of emission, yields an uneven

distribution of the electron energy in the (ideally) isoenergetic I (kx ,ky ) maps. To fix this

error, a quadratic interpolation is applied to all the I (Eki n ,kx ,ky ) stacks, in such a way

to have a homogeneous intensity in the image with Eki n = 0 (Fermi level). Then, a rigid

interpolation is applied to set the Fermi level at zero binding energy.

To limit the beam damage of the specimen, data has been acquired in raster scan mode

in our case. Because of surface irregularities, sometimes the image is slightly misaligned:

therefore, when summing the stacks to improve statistics, a rigid translation is applied to

each (kx,k y) layer to match the addendum one.

NanoEsca Beamline

The ARPES data reported in this thesis were acquired at the NanoESCA beamline of the

Elettra synchtrotron in Trieste, Italy, run by Peter Grünberg Institute 6 of Forschungszen-

trum Jülich. The endstation consists of an UHV setup with a commercially available

NanoESCA PEEM, which has been modified as descibed in [112] and a separated chamber

for in-situ preparation. Generally, the microscope can be operated in a direct and a mo-

mentum imaging mode. Momentum maps were collected to analyze the photoemission

intensity in a lateral reciprocal space range of kx ,ky ∈ [−2.1,+2.1] Å−1. In all the measure-

ments performed here the sample was kept at a constant temperature of 90 K, achieving a

total energy and momentum resolution better than 100 meV and 0.0.3 Å−1, respectively.
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Figure 2.20: Single-photon (left), two-photon (center) and time-resolved two-photon

photoemission mechanisms. One-photon photoemission requires energy hν

to be larger than the work function Φ; for 2PPE hν1 and hν2 energies are

smaller thanΦ and two photons are needed to have photoemission; on the

left, the electron can relax for a time t before photoemission (from [114]).

2.4 two-photon photoemission spectroscopies

Two-photon photoemission is a well-established surface science technique frequently

used to characterize organic layers. In standard UPS, electrons are directly photoemitted

by the absorption of a single photon with energy greater than the work function. In

2PPE the photon energy hν is not high enough to have direct photoemission: in this case

electrons are first excited to a virtual state by a pump photon of energy hν1 (hν1 < Φ)

and then photoemitted by a probe photon with hν2 energy. Fig. 2.20 is a schematic

representation of standard photemission and 2PPE processes: from the left to the right

there are one-photon photoemission, two-photon photoemission and time-resolved

two-photon photoemission. By means of this double-photon process it is possible to

have an insight into initially unoccupied states lying above the Fermi Level, measuring

photoelectrons’ kinetic energy as described in the previous section [113].

In the case of emission by absorption of two photons, the kinetic energy is given by the

same equation (2.26) used for one-photon photoemission

Ek = hν2 −EB −Φ (2.52)

where the photon energy hν2 is the probe pulse energy (see Fig. 2.20): in this case the

binding energy EB will be positive because electrons are photoemitted from excited states

lying between EF and EV AC .
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Figure 2.21: Drawing of the ANCHOR endstation and SUNDYN apparatus: the electron

analyser and the laser light have been used for 2PPE experiments; UPS mea-

surements have been performed using the helium discharge lamp [116].

2.4.1 Time-resolved 2PPE

We said that 2PPE spectroscopy is performed exploiting high power sources like pulsed

lasers: if the pulses are short enough, it is possible to study the dynamical behaviour of

excited electrons as a function of time. Indeed, ultrafast laser pulses have made possible

to access electronic dynamical properties, down to a few femtoseconds [115]. Electrons

are first excited above EF by a pump pulse and then photoemitted by a probe pulse:

by varying the delay ∆t between pump and probe pulses it is possible to map the time

evolution of electronic states near the Fermi level [116]. The acquired data are usually

reported as 2D maps of intensity as a function of binding energy (from Eq. (2.52)) and

pulses delay time. Time-resolved 2PPE mechanism is explained in Fig. 2.20 where on the

right the excited electron state evolves for a time t before photoemission.

2.4.2 ANCHOR-SUNDYN setup

Tr-2PPE measurements have been performed at the ANCHOR branchline of the ALOISA

beamline (CNR, at the Elettra synchrotron radiation facility, Trieste). The setup consists of

a pulsed laser radiation source, coupled with the UHV chamber and the electron analyser.

Samples were prepared in the UHV chamber and the molecules were evaporated by means

of the same evaporator used for SFG experiments; laser radiation reaches the sample in

the chamber and the photoemitted electrons enter the analyser.
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The SUNDYN radiation source is a Yb:YAG fiber laser, with a fundamental wavelength

of 1030 nm (1.2 eV). Nonlinear beta barium borate (BBO) crystals are used to generate

the higher harmonics up to the 5th (515, 343, 257 and 206 nm). The laser can operate at

repetition rates between 175 kHz and 2 MHz, controllable by software. In this range, it

provides > 35 W of average power. Consequently, the energy/pulse ranges from 200 µJ

down to ∼ 18 µJ. The pulse duration can be varied from 310 fs up to 10 ps. An optical

parametric amplifier (OPA) is installed in order to have full photon energy tunability in

the 210−2600 nm wavelength range. It has been configured for operation at 385 kHz.

The SUNDYN optical table lies close to the ANCHOR endstation and the optical beam

can be delivered into the UHV chamber at an angle of 90◦ or 35◦ with respect to the

incoming synchrotron beam (see Fig. 2.21). The spot size of the laser at the sample when

delivered through the hemispherical analyser is about 700×300 µm2, while in the other

configuration it is 200 µm2. A LabVIEW software package has been developed for data

acquisition and for controlling the laser and beamline optics. More setup details can be

found in [116].

In this setup the sample can be excited by a tunable pump pulse with energy hν1 in the

range 0.5−5.9 eV and probed by fourth (hν2 = 4.8 eV) or fifth (hν2 = 6 eV) harmonic pulses

of the laser. The time delay between pump and probe pulses is varied via a motorized

delay line with a travel length of 50 cm.
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3.1 gr/ir(111)

3.1.1 Sample Preparation

The Ir(111) surface was cleaned by standard cycles of Ar+ sputtering (ISput t ∼ 10 µA, 2

keV) and annealing @1300−1350 K, alternated with treatments in oxygen background

in the 330−1070 K temperature range. Before growing graphene, the sample was finally

annealed to 1300−1350 K in UHV. Graphene was grown by thermal cracking of ethylene

dosed from the background in vacuo, following established recipes [117]. In detail, after

saturation with ethylene at room temperature, the crystal was annealed to 1000 K. At 1100

K, an ethylene background was introduced, and the temperature was further increased

up to 1300 K. A temperature cycle (1300− 500− 1300 K) followed, always in ethylene

background. The complete Gr growth treatment lasted about 30 min.

3.1.2 SFG

The clean graphene IR-Vis SFG spectrum, reported in Fig. 3.1 for the 1450−1700 cm−1

energy range, shows two resonances fitted with the same width Γ= 14±2 cm−1: the one at

1625 cm−1 is attributed to the graphene optical G phonon [55, 118], while the one at 1640

cm−1 is attributed to a replica of the principal graphene phonon induced by the Moiré

pattern [119, 120]. A similar splitting of the graphene phonon was also observed in good

quality graphene spectra previously measured in our setup [55].

3.1.3 LEED

The quality of graphene was checked by monitoring the corresponding LEED pattern

(see Fig. 3.2A-D). As well known, graphene on Ir(111) shows a Moiré pattern due to

the mismatch between the graphene cell and the iridium underneath. In particular, 10

graphene unit vectors repeat over 9 iridium cells, with a resulting Moiré periodicity of ≃ 2.5

nm and a corrugation in z of less than 0.3 Å (see Fig. 3.2E) [117, 119, 121]. Locally, graphene

forms three lattice structures above the iridium atoms, resulting in alternating hexagonal-

closed-package (hcp) and face-centered-cubic (fcc) arrangements in the proximity of

the Moiré valleys and atop-type regions in Moiré domes (where a Gr aromatic ring is

centered on an Ir atom). In our LEED images, the diffraction spots related to the Ir,
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Figure 3.1: IR-Vis SFG spectrum of clean graphene and best fit. The fit function includes

two resonances of same width Γ attributed to graphene phonon (≃ 1625 cm−1)

and its Moiré-induced replica (≃ 1640 cm−1).

graphene, and Moiré unit cells can be clearly distinguished and, in the latter case, even

the second diffraction order can be resolved (see Fig. 3.2B): this is representative of the

high crystallographic quality of the graphene sheet, confirmed also by the absence of

rotational domains.
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Figure 3.2: A-D)LEED patterns of the bare, as prepared graphene monolayer on Ir(111)

collected at room temperature, as a function of the electron energy. Bluw spots

correspond to the iridium unit vector, red spots to graphene unit vector, and

yellow spots to the moiré first order diffraction pattern; E) Atomic resolution

STM image @77 K of the graphene single foil obtained on the Ir(111) following

the recipe described in the text. Scale bar=3 nm, Iset = 1 nA, Ubi as =−100 meV;

F) Schematic illustration of the DFT optimized C(10×10)=Ir(9×9) unit cell.

Shading of the C atoms corresponds to their heights as calculated by DFT. 1st,

2nd, and 3rd layer Ir atoms are colored cyan, red, and green. Hcp-type region:

full circle, fcc-type region: short-dashed circle, atop-type region: dashed circle

segments [121].
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3.2 mono-metallic mofs: cotpyp and fetpyp

In this section the geometry, vibrational and electronic structure, and thermal stability in

UHV of the mono-metallic CoTPyP/Gr/Ir(111) and FeTPyP/Gr/Ir(111) monolayers will be

addressed. The results are functional for the following study of CoTpyP-based bi-metallic

MOFs and near ambient pressure experiments.

3.2.1 MOF growth

The (Co-Fe)TPyP/Gr/Ir(111) monolayers have been grown in vacuo by physical vapor

deposition of the molecules on the Gr substrate. Cobalt and iron tetra-pyridyl-porphyrins

chlorides1 (CoTPyPCl and FeTPyPCl) were purchased from Frontier Scientific. The molec-

ular source was a heated boron nitride crucible. The deposition time for a monolayer, in

the range of 15−40 min, was calibrated either by means of a quartz microbalance, N 1s

and C 1s core levels intensity ratio analysis (in XPS), or direct STM inspection, depending

on the currently available technique. In order to avoid long outgassing of the molecules

in UHV, necessary to get rid of the residual organic contaminants, the molecules have

been kept at 500 K for a night directly during the bake of the organic evaporator, with a

pressure lower than 10−6 mbar. The (Co-Fe)TPyP deposition on graphene/Ir(111) was

performed with the sample kept at 500 K (unless specified otherwise) in a residual back-

ground pressure of 5×10−10 mbar. The temperature of the crucible is about 600 K for both

molecules. The chloride ligand, which guarantees the chemical stability of the porphyrin

in air, detaches from the molecule in the evaporation process [32, 122].

3.2.2 STM - CoTPyP

When deposited on graphene, the CoTPyP molecules aggregate forming large islands

hundreds of nanometers wide (Fig. 3.3A). As expected, this indicates the relatively weak

coupling that these porphyrins have on this support, as already reported for a similar

systems [55, 118, 123]. At closer inspection (Fig. 3.3 B-D), the molecular ordering is

revealed, showing that they alternate in two rows, particularly evident at a negative bias

(Fig. 3.3B). Inside of a single row, the CoTPyPs appear to be identical, while in the adjacent

row they have a different azimuthal orientation. We can provide the unit cell by taking a

1.50×2.80 nm2 rectangular Bravais lattice with base, as shown in Fig. 3.3C. The different

azimuthal rotation of the CoTPyPs inside the unit cell, whose mirror axes are not aligned

with the principal unit vectors, yields a chiral domain (Fig. 3.3C, green lines). This packed

structure is favored by the attractive interaction between the electronegative N-atom of

the pyridyl endgroup and one H-atom from a neighboring pyrrole moiety [124–126].

1 CoTPyPCl = 5,10,15,20-tetra(4-pyridyl)21H ,23H-porphyrin Co(III) chloride; FeTPyPCl = 5,10,15,20-tetra(4-

pyridyl)21H ,23H-porphyrin Fe(III) chloride
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Figure 3.3: STM images @77 K of ∼ 0.5 ML of CoTPyP/Gr/Ir(111) at different bias and

scales. The unit cell is indicated with blue lines. A) On a large scale, large CoT-

PyP islands are visible, indicating the high porphyrin mobility on graphene

during the MOF growth and the predominant lateral attraction, mediated

by the pyridyl residues (scale bar = 50 nm, Iset = 0.1 nA, Ubi as =+2.0 V); B)

At negative bias, where the HOMO is visible with a four lobes "butterfly-like"

shape, the CoTPyPs are packed into two rows (black lines). In each row, the

molecules are simply translated, while, in the adjacent one, they show a dif-

ferent azimuthal rotation (scale bar = 5 nm, Iset = 0.1 nA, Ubi as = −2.0 V);

C) With a bias closer to the HOMO-LUMO gap, the topography of the layer is

clearer, with the CoTPyPs’ two-fold symmetry due to saddle-shape adsorption

configuration, the alternatively rotated pyridyl groups yielding a rectangular

appearance (red rectangle), and the chirality of the cell originating from mis-

alignment between the molecule principal axis (green lines) and the unit cell.

a = 1.5 nm, b = 2.8 nm (scale bar = 2 nm, Iset = 0.3 nA, Ubi as = +1.4 V); D)

At +2.0 V, the LUMO appears as a spherical protrusion centered on the cobalt

atom (scale bar = 5 nm , Iset = 0.2 nA , Ubi as =+2.0 V).

The STM appearance exhibits a strong dependence on the applied bias. No image could

be acquired in the −1.0 - +1.0 V bias range, a sign of a large HOMO-LUMO energy gap,

as confirmed by the STS investigation. At −2.0 V bias (Fig. 3.3B), the molecular HOMO
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shows a butterfly shape, with the molecular orbital extending over the whole macrocycle.

At +2.0 V bias, instead, the LUMO appears as a spherical protrusion highly localized on

the cobalt atom (Fig. 3.3D), surrounded by four smaller features attributed to the pyridyl

residues [39, 123]. At lower bias (+1.4 V), the geometry of the porphyrin becomes even

clearer (Fig. 3.3C), with a more defined shape of the pyridinic and pyrrolic groups. Indeed,

when the applied bias is within the gap, the tip-sample distance is reduced because of

the absence of molecular states, with a subsequent increase of the topographic rather

than electronic information [127–129]. A closer inspection in Fig. 3.3C reveals that the

molecules show a rectangular rather than a square-like appearance (red rectangle): this is

attributed to the alternatively rotated out of the porphyrin plane, as already reported in a

similar case of 2HTpyP/Ag(111) [39, 123], lowering the symmetry from four-fold D4h to

two-fold D2d . In the same image, also the macrocycle shows a two-fold symmetry, due to

the typical saddle-shape adsorption configuration, where the pyrrolic groups forming the

macrocycle are lifted/lowered in opposite pairs, to reduce the steric hindrance [48, 130,

131]. As we will see in the following paragraph, the whole geometric interpretation is fully

supported by DFT and NEXAFS.

3.2.3 STS - CoTPyP

Scanning Tunneling Spectra and Maps have been acquired in the range between −2

and +2 V (probing occupied and unoccupied states, respectively) to characterize the

electronic structure of the CoTPyP/Gr/Ir(111) heterostack, as reported in Fig. 3.4 and 3.5.

In particular, the two figures refer to two different tip configurations and measurement

parameters.

The two STS spectra of fig 3.4 and 3.5, both acquired on top of the cobalt atom, have

been measured with an initial setpoint of 2.0 V/0.2 nA for Fig. 3.4 and −2.0 V/0.2 nA for Fig.

3.5. The two curves show similar results: a large gap of more than 2 eV can be observed

in both graphs. Remarkably, looking at the two insets, the weak signal shows a linear

dispersion that can be attributed to the underlying graphene which, despite the great

spatial separation from the tip, can still be measured. In the range between −2.0 and −1.3

V, an intense signal, in both graphs 200 times stronger than graphene LDOS, is attributed

to the molecular HOMO. A signal of comparable magnitude can be observed above the

Fermi level, attributed to the molecular LUMO, in the range between +1.3 and +2.0 V.

The comparison between the two tips shows modulation of the local density of states,

which is thus a function of the tip configuration and/or functionalization. In particular, tip-

effects can also be attributed to the unphysical negative d I /dV signal reading, together

with the barrier height for the tunneling electrons that is a function of the applied voltage

[129]. The thermal drift, which should cause a negative offset in the d I /dV curve if the tip

moves away from the sample, can be neglected by checking the good matching between

two consecutive d I /dV curves, not reported in this thesis. Additional STS spectra taken on
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Figure 3.4: STS spectrum, d I /dV maps (blue palette), and simultaneously acquired cur-

rent signal (red palette) of the CoTPyP/Gr/Ir(111) monolayer at 77 K. In the

inset, a zoom of the STS curve is reported. The STS spectrum is acquired on the

cobalt with an starting setpoint of 2.0 V/0.2 nA. The d I /dV maps are collected

with an initial setpoint of +1.4 V/300 pA, with the tip on top of the cobalt atom

(6×6 nm2).

the CoTPyP macrocycle, also not reported in this manuscript, do not show any significant

additional information but a decrease of the LUMO intensity, since it is highly localized

on cobalt at the center of the molecule.

The spatial distribution of the discussed states is revealed by looking at the local density

of states maps in Figs. 3.4 and 3.5, also in this case acquired with two different tip

configurations. The STS maps (blue palette) are shown together with the simultaneously

acquired current output (red palette).

• In the HOMO energy range, the strongest signal intensity (look at the side color

scale numbers) is found at about −1.4 V, where the spatial electron charge distribu-

tion is spread throughout the macrocycle. The latter shows a two-fold configuration,

due to the macrocycle adsorption configuration (saddle shape): indeed, the charge
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Figure 3.5: STS spectrum, d I /dV maps (blue palette), and simultaneously acquired cur-

rent signal (red palette) of the CoTPyP/Gr/Ir(111) monolayer at 77 K. In the

inset, the a zoom of the STS graph is reported. The STS spectrum is acquired

on the cobalt with an starting setpoint of −2.0 V/0.2 nA. The d I /dV maps

with a distance set by the initial −1.35 V/100 pA setpoint on the cobalt (6×6

nm2. Another tip configuration is used, with to respect the data shown in Fig.

3.4. The maps at −0.8, +0.5, and +0.8 V have such a flat signal that only the

lock-in carrier modulation can be detected)

is located mainly on the pyrrolic groups, with a vertical (w.r.t the surface) nodal

plane passing in between the Cβ and the closest iminic nitrogen atom, that gives the

“butterfly” shape, together with dim spherical charge distribution at the center of

the porphyrin. At an even lower bias (−1.9 V), the orbital on top of the cobalt atom

is more pronounced, and the nodal plane at the center of the pyrroles disappears. At

the same energy, some charge on the pyridinic residues, barely visible at −1.4 V, can

be observed, which gives the molecule the “H” envelope, due to their alternating

dihedral angle rotation (see paragraph 3.2.2).
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• In the LUMO energy range, the most intense signal is detected between +1.4 and

+1.9 V, depending on the tip functionalization, and corresponds to a bright spherical

charge distribution on top of the cobalt atom, which we may attribute to the Co 3dz2 .

Typically, in Co-metalated porphyrins, a large splitting of the 3dz2 spin channels

has been observed, yielding an unoccupied channel, which is often the LUMO (our

case) or LUMO+1, while the occupied counterpart is located even below the HOMO

[27]. If the substrate is sufficiently interacting, the unoccupied 3dz2 spin channel

can be lowered and partially occupied, with the formation of a covalent bond [27].

In our case, this is not observed, indicating the weak interaction of the CoTPyP with

graphene.

• In the gap, instead, just noise is detected, as in Fig. 3.5, or a faint signal if the

tip is sufficiently close, as in Fig. 3.4. However, in the latter case, it is important

to keep in mind that the images at, for example, +0.5 and +1.4 V, have a current

intensity (d I /dV signal) modulation ratio of the order of 10 (100), meaning that

some electrons can still tunnel from the tip into the sample even in the HOMO-

LUMO gap; as can be noticed in d I /dV maps at −0.8 and +0.5 V of Fig. 3.4), the

resemblance of the HOMO and LUMO states, respectively, would suggest a second

order electron tunneling that sees the HOMO/LUMO orbitals as intermediate virtual

states [129, 132].

3.2.4 DFT - CoTPyP

STM and STS images have been simulated with ab initio DFT and reported in Fig. 3.6

[133]. In general, there is very good agreement with the experimental data (Fig.s 3.4 and

3.5). The iridium atoms have been omitted in the simulation since - in presence of Ir - we

observed no geometry variation of the Gr carbon atoms, nor the presence of graphene

pinning. A large gap of about 2 eV is present, with intense molecular state contributions

both in the HOMO and LUMO range. In more detail:

• In the HOMO energy range, the "butterfly" shape is evident from −1 to −1.5 eV,

corresponding to states localized, as observed in the experimental data, on the

tilted macrocyclic pyrroles. Carefully looking at the −1.2 eV image, we can observe

a mirror nodal plane (vertical w.r.t. the surface) cutting the two lobes (red line in the

figure), which disappears at higher energy (−1.5 eV), as observed also experimen-

tally. The projection on the cobalt 3d orbitals shows a contribution of the 3dzx and

3dz y , and they can even be seen in the STS image at −1.5 eV, by the presence of four

smaller lobes, with four-fold symmetry, with the principal rotation axis passing by

the CoTPyP center. At −0.8 eV, both STS and STM simulation show the topography

of the molecule, with the saddle-shaped macrocycle, the cobalt, and the pyridinic

groups, once again in agreement with the corresponding experimental images (in

Fig. 3.4)
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Figure 3.6: Ab initio DFT-simulated STS (blue palette) and STM images (red palette) of

the CoTPyP/Gr layer, with the corresponding DOS curves, projected on the 3d

and 4s cobalt states. The Fermi level is set in correspondence of the Dirac cone.

The images has been obtained with the Tersoff Hamann approximation, at a

constant height between 2.5 and 3.0 Å, with an integration interval of 0.1 eV

for the STS maps.
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• In the LUMO energy range, two main contributions are present: at +1.3 eV, the

PDOS is mainly constituted by the planar 3dx y and 3dx2−y2 cobalt orbitals and, thus,

scarcely visible with STS; at +2.1 eV, instead, the sharp 3dz2 empty orbital is highly

localized at the porphyrin center, and couples with experimental data, where we see

such orbital at a lower energy (in a broad range between 1.5 and 2.0 eV). By looking

at the simulated STM image at 2.1 eV, the H-shape is recovered, arising from the

joint contribution of the cobalt, tilted pyrroles, and alternatively rotated pyridinic

groups.

3.2.5 XPS - CoTPyP and FeTpyP

The core level analysis is a valuable tool to probe the chemical environment of a selected

element. In this section, the N 1s, Co 2p3/2, and Fe 2p3/2 core levels for pristine CoT-

PyP/Gr/Ir(111) and FeTPyP/Gr/Ir(111) are reported. These results will be used at a later

stage to prove the formation of bi-metallic TPyP-based networks, to spectroscopically

characterize them, and to use this information for later NAP experiments. As we will see,

the use of different metal combinations (iron and cobalt) greatly simplifies the complex

Co 2p3/2 and Fe 2p3/2 core level analysis, thanks to the building-block approach. The data

presented here have been acquired at the ALOISA beamline (CNR-IOM) at the Elettra

Synchrotron in Trieste.

N 1s

Figure 3.7A-B shows the N 1s core-level spectra of CoTPyP/Gr/Ir(111) and FeTPyP/Gr/Ir(111)

with the corresponding deconvolution profiles. The line profiles of the two non-equivalent

species of nitrogen atoms are modeled with two Voigt functions, centered at 399.1 eV

(398.94) for the pyridinic and 398.82 eV (398.48) for the iminic species in the CoTPyP

(FeTPyP) monolayer, in agreement with the literature [134, 135]. As a first approximation,

all components share the same Lorentzian width of 0.27 eV, which is the value found in our

other experiment with better energy resolution [135]. In addition, a shake-up feature has

been fitted with a Gaussian function centered at higher binding energy, in the specific at

400.31 eV in CoTPyP and at 399.96 eV in FeTPyP. The best fitting parameters are reported

in Appendix (Tab. A.1).

thermal annealing In order to investigate the thermal stability of the layer, two

annealing experiments have been made for CoTPyP/Gr/Ir(111) and FeTPyP/Gr/Ir(111)

monolayers, in a range of temperatures between RT (MOF growth temperature) up to

about 970 K. Hence, we report the evolution of the N 1s core level spectra, measured at

RT after stepwise flashes to selected temperature values. For both series (Fig. 3.8), the

pyridinic and iminic components have a fixed Lorentzian width of 0.27 eV, coherently

with the previous analysis. The position and the Gaussian parameters, instead, were let
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Figure 3.7: A-D) XPS experimental data for the N 1s core level (dotted curves), together

with their fit function (blue solid lines) and deconvolution (filled profiles). The

corresponding samples are labeled in the figure.

free to vary, in order to take into account possible structural rearrangements. The two

nitrogen species share the same Gaussian width.

For CoTPyPs (Fig. 3.8A), annealing to 470 K induces a chemical shift of +130 meV

for the iminic and +210 meV for the pyridinic nitrogen species, possibly indicating the

coexistence, at lower temperature, of a metastable phase where the pyridinic nitrogen

does not directly interact with pyrrolic hydrogen atoms [136]. The Gaussian width does

not change within the error, indicating an irrelevant change in the sample heterogeneity.

A further investigation, which should be carried out with parallel STM measurements,

is behind the purpose of this thesis. Hence, only the most thermodynamically favored

phase (hexagonal lattice, see section 3.2.2) has been taken into account in the rest of this

manuscript. Annealing to 550 K does not induce any relevant change. Similarly, FeTPyPs

annealed to 550 K (Fig. 3.8B) exhibit a negligible change of the Gaussian width (from

0.60±0.02 eV to 0.61±0.03), and a ∼+110 meV increase of the binding energy of both

iminic and pyridinic components.

At higher temperature, the line shape and the relative BE of the three peaks were locked,

while the absolute BE of the whole envelope was left free.

In the CoTPyP/Gr/Ir(111) system (Fig. 3.8A), from 550 K and above, we added to the

fit-function a further (weak) Gaussian component at ∼ 402 eV, associated with graphitic
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N atoms (i.e. nitrogen atoms substituting carbon atoms in the graphene honeycomb-

like lattice) [137, 138]. Although this component is adiabatic, we decided to fit it with a

Gaussian profile in place of a Voigt function, due to the low signal-to-noise ratio of these

spectra collected at high temperature. The occurrence of this peak at high binding energies

can be explained in terms of the decomposition of the CoTPyP molecules. Moreover, at

970 K, we introduced another Voigt centered at low binding energy (398.27 eV), associated

with a strongly substrate-interacting nitrogen species [139]. The same component can

be observed also in the FeTPyP series, where it appears at 700 K and is the only one to

survive at 970 K, with almost the same intensity (Fig. 3.8B).

The intensity of the spectral contributions remains almost constant up to 550 K for

both systems, which is a clear sign of good stability within this temperature range. Fi-

nally, for higher temperature, there is a significant decrease in the signal intensity of the

spectroscopic features, which is attributable to the partial desorption of porphyrins from

graphene.

Co 2p3/2

The Co 2p3/2 core level of the CoTPyP monolayer has a complex structure due to the

coupling, in the photoemission process, between the ionized 2p core-level and the high-

spin valence electrons (see Fig. 3.9A) [135, 139, 140]. The multiplet splitting (MS) structure

has been empirically modeled, according to literature, with a Doniach Šunjić (DS) function

centered at 780.6 eV (Γ= 0.1 eV) and a Gaussian component at 782.2 eV. An additional DS

at 779.4 eV accounts for the Gunnarsson and Schönhammer (GS) transfer of the screening

charge [140, 141]. Indeed, in the CoTPyP multilayer spectrum (Fig. 3.9A, top) the GS is

quenched, since the transfer charge from the substrate is suppressed.

Fe 2p3/2

For the description of the complex MS structure of the Fe 2p3/2 XPS core level in the

FeTPyP/Gr/Ir(111) heterostack, a similar argument to the Co 2p3/2 analysis has to be

taken into account [142] as reported in Fig. 3.9B. The partially unresolved MS structure is

modeled by two DS centered at 708.9 and 710.1 eV (Γ= 0.05 eV), and by a broad Gaussian

at 712.5 eV, which accounts also for the non-adiabatic photo-emitted electrons. Also in

this case, the GS screening charge is present, as indicated by the DS at lower binding

energy (707.9 eV).

3.2.6 NEXAFS - CoTPyP and FeTpyP

NEXAFS is a powerful tool sensitive to the chemical environment of a selected element,

since it indirectly probes close-to-Fermi unoccupied states. In this paragraph we will

describe the N 1s absorption edge, since nitrogen species are an optimal benchmark to

prove the binding of a single metal species to the pyridinic groups.
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Figure 3.8: N 1s core level spectra of A) CoTPyP/Gr/Ir(111) and B) FeTPyP/Gr/Ir(111) col-

lected at room temperature and subsequent heating to the indicated temper-

atures. The best fit envelope and the respective deconvolution are shown for

each spectrum. Fill colors: green refers to iminic nitrogen and magenta to

pyridinic nitrogen; grey refers to satellite features.

N 1s

Fig. 3.10A-D show the N 1s edge NEXAFS spectra collected for CoTPyP/Gr/Ir(111) and

FeTPyP/Gr/Ir(111), respectively, with the best fit curve and the corresponding deconvolu-

tion profiles, together with the assignment of the spectral components based on literature,

which are also shown for each spectrum. As said, these MOFs contain four iminic nitrogen

in the macrocycle and four pyridinic N in the external residues; this means that, as a first

approximation, we can use a “building block” method for the attribution of the NEXAFS

resonances. Fig. 3.11 reports the literature N 1s edge NEXAFS spectra of FeTPP thin films

(panel A) and gas-phase Pyridine (panel B) [143, 144]. The two molecules were chosen in

such a way to present alternatively the iminic or the pyridinic contribution, respectively.
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Figure 3.9: XPS experimental data for the A) Co 2p3/2 and B) Fe 2p3/2 core level (dotted

curves), together with their fit function (blue solid lines) and deconvolutions

(filled profiles). The corresponding samples are labeled in the figure.

By comparison with our monometallic MOF (Fig. 3.10A-D), we can make three observa-

tions: 1) the two resonances centered at about 401 and 402 eV in MTPyP in p-pol relate

to those in FeTPP at the same energies; 2) the resonance at 402.5 eV in Pyridine clearly

appears in MTPyP s-pol (Fig. 3.10B,D) and as a shoulder in p-pol (Fig. 3.10A,C); 3) lastly,

the sharp component at 398.5 eV is present in all cases, and it is thus ascribed both to

the iminic and the pyridinic species. Based on these observations, we fitted the MTPyP

data identifying as π∗ all the discussed transitions using Voigt functions. In particular, the

two contributions (iminic and pyridinic) at 398.5 eV were constrained to share the same

line shape, to limit the fit degrees of freedom: as a result, we find the iminic species to

be centered at 398.64 eV (398.58) and the pyridinic one at 399.04 eV (398.98) for CoTPyP

(FeTPyP). In addition to the already discussed transitions at 401.0 (iminic), 402.0 (iminic),

and 402.5 eV (pyridinic), the introduction of an unassigned resonance centered at about

404.5 eV (fitted with a Gaussian function) is necessary in order to properly describe the

experimental data.

Following the literature assignment [144], we set at 404.8 eV the initial value for the

ionization potential step position before relaxing both its lineshape and its energy position

for CoTPyP p-pol: the new set of parameters so found were kept constant for all spectra.

In addition, the non-zero absorption in the 400−402 eV energy region (MTPyP s-pol)
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Figure 3.10: NEXAFS experimental data for the N 1s absorption edge (dotted curves),

together with their fit function (red solid lines) and deconvolutions (filled

profiles). A) CoTPyP p-pol; B) CoTPyP s-pol; C) FeTpyP p-pol; D) FeTPyP s-

pol; E) CoTPyPFe p-pol; F) CoTPyPFe s-pol; G) FeTpyPFe p-pol; H) FeTpyPFe

s-pol.

indicates the presence of another step, which is attributed to the transition to the contin-

uum of the graphene’s empty states, hence fitted with a Fermi function. Ultimately, two

σ∗ resonances have been identified at higher photon energies, especially examining the

s-polarization spectra; they were both fitted with a Gaussian function, with an asymmetry
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parameter for the higher energy one, associated with an unresolved vibrational structure.

The data were fitted with the sum of the listed spectral components convoluted with a 0.2

eV Gaussian function, in order to take into account the known experimental resolution of

the beamline configuration adopted for the measurements.

Figure 3.11: N 1s edge NEXAFS spectra of A) thin films of FeTPP/MoS2, adapted from

[143], and B) of Pyridine in the gas phase, adapted from [144].

The molecular adsorption geometry can be inferred by the dichroic behavior of the

resonances. We can attribute a tilting angle (with respect to the graphene plane) of 36±4°

for the pyridinic residues and 38±4° for the iminic group, analyzing the resonances in the

399−400 eV range. Nevertheless, the hypothesis of the adsorption geometry consisting in

the whole macrocycle inclined with respect to the surface may be quite confidently ruled

out. Indeed, the resonances centered at about 401 eV and 402 eV, ascribed likewise to

the iminic component, show almost perfect dichroism in all the best-fit deconvolutions

(see Fig.3.10A-D), thus strongly suggesting the horizontal plane adsorption geometry for

the macrocycle. The non-zero inclination angles obtained for the iminic resonance is

explained, in agreement with STM (see section 3.2.2), by a non-planar geometry of the

macrocycle called saddle-shape, featuring the two pairs of opposite macrocyclic pyrrole

rings tilted by the same angle but in the opposite vertical directions [145–147].

3.2.7 SFG - CoTPyP and FeTpyP

In this section, an SFG characterization in the 1100−3100 cm−1 of the CoTPyP/Gr/Ir(111)

and FeTPyP/Gr/Ir(111) layers has been carried out by means of coverage-dependent,

temperature-growth dependent, and stepwise annealing experiments. The characteriza-

tion includes the description of the vibrational modes of the layer, its stability in temper-

ature, and the possible presence of metastable phases (whose thorough description is

beyond the purpose of this thesis).
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Coverage dependence @RT and @500K - CoTPyP

Two different coverage uptake experiments have been performed, on CoTPyP/Gr/Ir(111),

by means of IR-Vis SFG: in the first case, the sample was kept at RT during the MOF growth,

while in the second case it was heated at 500 K after each deposition.

deposition at room temperature The first experiment is the stepwise deposi-

tion @RT of CoTPyPs on Gr/Ir(111) in 0.1 ML steps up to monolayer completion. In Fig.

3.12, the first spectrum at the bottom is clean graphene, needed as a reference for the

identification of the molecular-related modes. At each CoTPyP deposition, we measured

an IR-Vis SFG spectrum in the 1200−1760 cm−1 and 2950−3150 cm−1 ranges. We are

interested in the system behavior up to 1 ML coverage: higher coverage spectra have not

been fitted, but they are reported for completeness, to show the comparison with the

monolayer.

Figure 3.12: Room temperature CoTPyP coverage uptake: from the bottom to the top

there are the clean graphene spectrum and the increasing CoTPyP coverage

spectra. The last two at (1.2 ML and 2 ML) have not been deconvoluted

due to the complexity of the observed modulations. In grey the fit functions,

with deconvolutions at 0.4 ML and 0.8 ML : the first is well-representative

of the spectrum at low coverages and the differences with the high coverage

spectrum (discussed in this paragraph) can be observed.
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In the 1200−1280 cm−1 range, two resonances are present, at 1214 cm−1 and 1238 cm−1.

Their phases evolve with surface coverage, their amplitudes increase but the position

is nearly constant. Their Lorentzian width has been fitted in parallel for the all series,

procedure that we refer to as "global-fitting". The attributed modes are the pyridinic group

symmetric bending mode δ(pyr ) and ν(Cα−N ) stretching of the macrocycle, respectively.

Two molecular features have been found in the 1340−1450 cm−1 range at 1368 cm−1

and 1408 cm−1. Positions and width have been fitted globally, while amplitudes and

phases were optimized for each spectrum. The resonances could be associated with the

δ(Cm −pyr ) bending and ν(Cα−N ) stretching.

Six additional resonances have been distinguished in the 1450−1760 −1 range, and

their positions were left free to evolve with coverage. Their energy values (the average

value over the 0.1−0.8 ML spectra) are 1465 cm−1, 1498 cm−1, 1538 cm−1, 1577 cm−1 ,

1593 cm−1, 1610 cm−1. The large feature centered at about 1610 cm−1 (199.6 meV) that is

present also in the first spectrum of clean graphene, has been attributed to the graphene

G phonon (section 3.1.2). The graphene G phonon shifts with the TPyPs coverage from

1609 to 1616 cm−1. The most evident molecular feature is the one at 1593 cm−1, related

to the pyridinic group bending δ(pyr ), the others corresponding to stretching modes of

the macrocycle. Pyridinic and graphene modes have been treated differently from the

other macrocycle resonances. As it is possible to see in Fig. 3.12A, the graphene feature is

wider than the others, and the pyridinic one is sharper: thus, graphene and δ(pyr ) modes

widths have been global-fitted on the spectra series, and the other resonances widths

have been global-fitted together. In this energy range, positions and phases evolve with

coverage, as it is possible to see from the fit parameters in Appendix (Tab. A.1).

Between 0.4−0.5 ML some relative phases change abruptly, suggesting that at 0.4 ML

(and lower coverages) the molecules undergo a different geometrical arrangement. This

behavior will be more evident in the coverage uptake with annealing spectra, where the

heating favors the molecules self-assembly and ordering. Positions and widths have been

fitted globally in the range 2970−3150 cm−1, yielding resonant energies of 3010 cm−1,

3053 cm−1 and 3063 cm−1. Amplitudes and phases have not been global-fitted, but in this

case, phases are compatible with constants. The modes in this energy range are generally

assigned to the ν(C −H) [148–150].

deposition at 500 k By increasing the sample temperature from RT to 500 K

during CoTPyP deposition, changes in the SFG peaks’ relative intensities have been

observed (Fig. 3.13). The analysis has been carried out in analogy to the room temperature

experiment.

The identified resonances relative to the macrocycle normal modes do not shift with

coverage and show little amplitude changes. On the contrary, the intensity of the δ(pyr )

mode at 1614 cm−1 has a much greater amplitude increase, toward the monolayer satu-

ration, much greater with respect to the room temperature experiment: the non-linear
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growth of the peak with coverage suggests a rotation of the pyridinic rings out of the

surface plane that enhances the out-of-plane dipole moment, detected with SFG.

The variations in amplitude and energy position of some features upon deposition at

different temperatures and coverages are likely to relate to different geometrical phases of

the porphyrins self-assembled on graphene. According to the previous experiment, there

is a sudden variation in the phases from 0.5 ML to 0.67 ML (Fig. 3.13C-F) which could

suggest a change in the structural organization of the layer. In both the coverage uptake

experiments, the graphene phonon shifts towards higher energies as a function of the

molecular coverage, as said for the room temperature uptake: this could be interpreted to

be an effect of molecules-graphene interaction.

In conclusion, thermal annealing promotes the hexagonal closed-packed phase, as

already seen in STM, which turns out to be the most stable. Hence, for all the experiments

in this paper, unless explicitly specified, the MOF has been grown at 500 K.

Thermal stability - CoTPyP

Temperature stability of the CoTPyP/Gr/Ir(111) layer has been investigated in UHV at

temperatures ranging from RT up to 600 K. The sample is prepared by CoTPyP physical

vapor deposition at room temperature, and, then, SFG spectra were collected after each

heating step. The normalized data and spectral deconvolutions are reported in Fig. 3.14.

The fitting parameters have been globally optimized in the full temperature range. The

Lorentzian width has been kept the same for all resonances, and the energy locked for

each vibrational mode. The best fitting parameters are reported in Appendix (Tab. A.9).

In conclusion, the data suggest that the layer remains almost unaltered below 550 K

and then, at higher temperatures, the molecules progressively desorb and degrade, until

resonances are no longer identified. This is in agreement with the corresponding XPS

data, as discussed in section 3.2.5.
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Figure 3.13: A-B) CoTPyP coverage uptake @500 K. Experimental data are plotted with

black circles, the best fitting curve with solid grey lines, and the deconvolu-

tions with filled profiles; C-F) Plot of some SFG resonance relative phases

as a function of the CoTPyP coverage, corresponding to the spectra shown

in the same figure. In particular, Φ2 in C), Φ1 in D), and Φ2 in E) show a

sudden variation at about 0.5 ML, probably a sign of a phase change at this

coverage. The phases corresponding to the other resonances are constant or

undetermined, so they have not been plotted.
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Figure 3.14: A-B) IR-Vis SFG spectra of the CoTPyP layer, heated at the indicated tempera-

tures in the graph. At 600 K, the molecular features are no longer identifiable.
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3.3 bi-metallic mof: cotpypco, cotpypfe, and fetpypfe

In this section, we will discuss the formation and the characterization of the TPyP-based

bi-metal-organic frameworks grown with combinations of iron and cobalt atoms. The

metal atoms have been evaporated on the hot sample (500 K), with the molecular layer

already prepared, by means of thermal sublimation. From now on, we well adapt the

notation CoTPyPy Cox , where y is the absolute CoTpyP coverage, in the CoTPyP unit cell,

and x is the absolute coverage of the evaporated cobalt, with the same unit. When not

specified, x and/or y have the value of 1. It must be kept in mind that 1 CoTPyP ML

corresponds to about 2% ML with respect to the Ir(111) unit cell. The typical metal atom

deposition time is of the order of 10 minutes, with the sample-metal source distance

of about 10 cm. In analogy with the previous section, the system will be tackled by

means of STM, STS, space-averaging spectroscopic techniques, and comparison with ab

initio DFT simulations carried out within the framework of a collaboration. Additional

measurements are also addressed at the end of the section.

3.3.1 STM - CoTPyPCo

Unsaturated CoTPyPCo

The STM images of CoTPyP0.5 Co0.3 are shown in Fig. 3.15, acquired at different bias and

scales. The first striking difference after cobalt deposition is the radical change of the

molecular arrangement, passing from a hexagonal to a near-square lattice. In particular,

when a cobalt atom lands on a CoTPyP island it coordinatively binds, as expected, to

four adjacent CoTPyP molecules through their pyridinic residues, with the formation of a

square (CoTPyP)4Co "block", and, thus, prevailing the lateral direct interactions of the

tectons. Interestingly, on a more interacting substrate, such as Au(111), Co and Cr can

coordinate to TPyPs in a similar four-fold manner only if the molecules were previously

assembled in a near-square lattice (and not if the metal lands on a TPyP close-packed

pattern) [136].
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Figure 3.15: STM images @77 K on the unsatureted CoTPyP0.5Co0.3 layer, taken at differ-

ent bias and scales. Co-coordinated (non-coordinated) CoTPyP HOMO is

highlighted with yellow (cyano) dotted ovals. The (2×2) unit cell is indicated

with white lines. A) (scale bar=5 nm, Iset = 100 pA, Ubi as =−2.5 V); B) (scale

bar=5 nm, Iset = 50 pA, Ubi as =−2.0 V); C) The (2
p

2×2
p

2)R45° supercell,

taking into account the chiral structure indicated with the green "pinwheel",

is indicated with purple lines (scale bar=10 nm, Iset = 100 pA, Ubi as =+1.4

V); D) Non ab initio (see text for explanation) topographic simulation of

the (2×2) structure; E) (scale bar=4 nm, Iset = 100 pA, Ubi as = +2.0 V); F)

The H-shape is highlighted with green lines. In the inset, lower pyridinic C

atoms are darker. A non-coordinated CoTPyP is enveloped with cyano solid

line. Refer to the text for detailed discussion (scale bar=5 nm, Iset = 60 pA,

Ubi as =+2.5 V).
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The presence of the evaporated cobalt atoms can be spotted both at negative (panels

A and B) and positive bias (panels C, E, and F). At −2.5 and −2.0 V, a bright spherical

protrusion can be seen on top of the new cobalt. The butterfly-shaped HOMO molecular

state, observed also in the CoTPyP pristine layer, is highlighted by dotted ovals in Fig.

3.15A-B). At positive bias, bright four-leaf clover-shaped states appear in correspondence

with the new cobalt atoms, similarly to what was observed for Co-TCNPP/Au(111) after

deposition of Fe atoms [151]. In panel F, with a bias of −2.5 V, both Co-coordinated and

non-coordinated CoTPyPs have been highlighted with green and cyano lines, respectively:

the H shape is preserved in both cases, coming from the alternating rotation of the

pyridinic dihedral angles, as shown in the inset of panel F (where lower pyridinic carbon

atoms are darker). In the same panel, it can be seen how four CoTPyPs coordinate to

cobalt forming a cell that can have a chiral clockwise or anticlockwise orientation of the

pyridinic groups surrounding the cobalt and, when two cells are adjacent, their orientation

is reversed, as indicated by the yellow circular arrows in the same panel. A similar behavior

has already been observed for other pyridyl-substituted porphyrins [152]. At the same

bias, a spherical charge distribution can be observed at the center of the porphyrin. With

a tip change, the latter can be much more pronounced, as in panel E.

Interestingly, looking at panel C of Fig. 3.15, it can be noticed that, at low coverage,

the cobalt atoms initially arrange themself to form a (2×2) structure 2, as indicated by

the white unit cell in the figure. Carefully looking at the same image, it can be seen

that the molecular ordering surrounding the new Co centers is such that the whole

molecular domain has a specific chirality: to guide the eye, a green pinwheel is drawn,

following the position and the orientation of the pyridinic terminations. If we consider

this superstructure, which contains 16 CoTPyPs for each “pinwheel”, we can describe the

lattice with a near-square (2
p

2×2
p

2)R45° unit cell with basis.

Since ab initio DFT simulations of the (2×2) unsaturated structure is currently com-

putationally unaffordable, non ab initio tomographic map has been simulated starting

from the relaxed CoTPyP geometry of the fully saturated CoTPyPCo layer, and matching

by hand positions and rotational angles according to the STM map. The resulting image

(3.15D) shows that this supercell has a double nature: 1) the alternating rotation of the

pyridyl dihedral angles, which gives also the H-shape to the porphyrin; 2) if we think of

four CoTPyPs bonded to one Co as a single square block, then the four blocks are all rigidly

rotated by about 7° anticlockwise: this favors lateral attraction mediated by N-H bonding,

highlighted with cyano dotted lines in panel D. It is possible, indeed, that the formation of

the (2×2) structure could be driven by this lateral bonding network; in this perspective,

molecular dynamics simulations could shed light on the MOF growth mechanism. On the

other hand, intuition would suggest that the (1×1) pattern at saturation (x = 1) would

be the most favourable one, since it should involve the least amount of CoTPyP turns:

in this view, the stability of the (2×2) structure must be explained by some other effect

2 The (1×1) structure refers to CoTPyPCo saturation, where the stoichiometry between CoTPyP and Co atoms

is 1:1.
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rather than simple electrostatic attraction, such, for example, magnetic polarization of the

macrocycle/pyridyl residues, overall electronic configuration and stability, or substrate

mediated-interaction. By looking at the CoTPyP0.5Co0.3 layer on a larger scale, such as in

Fig. 3.16, it is clear that the (2
p

2×2
p

2)R45° lattice is dominant, followed by a “crossword-

like” pattern where the new cobalt atoms are embedded into the MOF in single rows and

adjacent sites and, very rarely, the diagonal (
p

2×p
2)R45° arrangement.

Increasing the cobalt coverage, the “crossword-like” pattern becomes the most abun-

dant (Fig. 3.16), and saturation is soon achieved at the borders of the MOF islands. This

could be partially due to the cobalt atoms coming from the graphene sheet, which are

highly mobile at the growth temperature of 500 K [153], or also to the lower CoTPyP

coordination number, implying lower barriers and lower kinetic hindrance for molecular

rearrangements. The last reason is particularly evident due to the presence of many

vacancy defects in the MOF lattice. Indeed, it is probable that, for an optimal MOF crys-

talline quality, the molecules and the cobalt atoms should be evaporated at the same

time and the same (sufficiently low) rate. When fully saturated, some small islands (∼ 20

nm wide) even detach completely from their main domain and migrate on graphene, a

further indication of the weak coupling with the substrate and the structural integrity of

the saturated MOF. In the inset of Fig. 3.16A, the contrast is enhanced in order to show the

cobalt cluster (their height is about 0.2 nm) on graphene formed by the extra cobalt atoms

that were not able to be loaded into the MOF. The histogram of the azimuthal angles of the

CoTPyPCo network with respect to the graphene moiré shows a broad variety of values

(see Fig. A.12 in Appendix); thus, the absence of a preferential orientation is a sign of the

weak interaction between the MOF and the substrate.

It is worth mentioning that, in the literature, Ni, Fe, Co, and Cr atoms were found to

coordinate TPyPs in a similar four-fold pyridyl junction, but often with the presence of

a vertical metal dimer and/or different tilting of the pyridinic residues [136, 152, 154]:

though, in all cases, the different types of junctions can be easily identified by STM visual

inspection. In our case, we find a homogeneous appearance of the coordinative site,

suggesting the presence of only a single cobalt atom in the four-fold TPyP-junction.

Saturated CoTPyPCo

The STM images of a CoTPyPCo saturated island are shown in Fig. 3.17. Taking into

account the alternating orientation of the pyridinic group, highlighted by the yellow

circular arrows, the lattice is described by lattice vectors with magnitude 2.84 and 2.02

nm and a 45 degrre angle between them (white lines in the figure). The STM appearance

follows what already said for the unsaturated layer: at positive biases (panel A, B, and

D) the four-leaf clover-shaped orbital is visible on top of the evaporated cobalt atom.

At 1.2 V, the alternating rotation of such orbital in a chessboard pattern is visible (green

dotted lines in panel B). Besides, at this bias, the tip is sufficiently close to detect also the
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spherical charge distributed on the Co in the macrocycle, which disappears at a higher

bias (panel D). At −2.0 V, both cobalt species appear as spherical blobs.
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Figure 3.16: STM images @77 K on CoTPyP0.5Cox for: A) x = 0.3 (scale bar = 20 nm,

Iset = 0.1 nA, Ubi as = +2.0 V), B) x = 0.8 (scale bar = 5 nm, Iset = 0.05 nA,

Ubi as =+2.2 V), C) x = 1.2 (scale bar = 100 nm, Iset = 0.05 nA, Ubi as =+2.2

V), and D) x = 2.0 At this coverage, we measure an average 45±7% of y/x

saturation ratio (Cox TPyPCoy ) in the bulk of the island, i.e. away from the

fully saturated borders (scale bar= 50 nm, Iset = 0.05 nA, Ubi as = +2.2 V).

In the inset of panel A, the contrast is enhanced to show cobalt clusters on

graphene.
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Figure 3.17: STM images @77 K on a saturated CoTPyPCo island at different scales and

bias. The 2.84×2.02 nm2 unit cell is indicated (white line), and the purple

asterisk indicates the position of the same physical spot on the sample.A) The

alternating orientation of the pyridinic terminations are indicated with the

yellow circular arrows (scale bar = 10 nm, Iset = 50 pA, Ubi as =+2.2 V), B)

(scale bar = 5 nm, Iset = 50 pA, Ubi as =+1.2 V), C) (scale bar = 5 nm, Iset = 50

nA, Ubi as =−2.0 V), and D) (scale bar=5 nm, Iset = 50 pA, Ubi as =+1.4 V).
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3.3.2 STS - CoTPyPCo

Unsaturated CoTPyPCo

Fig. 3.18A shows STS spectra collected on a selection of the 25 possible xLyD (x, y ∈
[0,4]) unsaturated configurations (read the figure caption for the notation). In a first

approximation, HOMO and LUMO states rigidly shift as a function of the particular

structure. For example, in the 0L0D, 0L1D, and 0L2D the HOMO linearly shifts by about

−0.4, −0.3, and −0.2 eV (with the 4L4D taken as a reference) while an abrupt change occurs

in 0L4D, with a resulting energy shift of more than −0.6 eV. Additionally, the position in

energy of the HOMO in the saturated layer (4L4D), which has its maximum intensity

at about −1.0 V, is different from any other configuration. In general, we can state that

there is a long-range influence between the different CoTPyPCo sites, which depends

on the specific geometry. In a future outlook, systematic measurements with the use of

Spin-Resolved Scanning Tunneling Microscopy could shed more light on the mechanism

of such interactions.

Saturated CoTPyPCo

In analogy with the experiment carried out for the CoTPyP/Gr/Ir(111), Scanning Tunnel-

ing Spectra and Maps have been acquired in the range between −2 and +2 V (probing

occupied and unoccupied states, respectively) to characterize the electronic structure of

the fully saturated CoTPyPCo/Gr/Ir(111) heterostack, as reported in Fig. 3.19. In Figure

3.20, the simultaneously acquired current maps are also shown. In particular, the images

have been acquired at the center of the Co-saturated island in Fig. 3.17. The STS spectra

and STS maps have been acquired with two different tip conditions, due to tip instability

at liquid nitrogen temperature. Despite some small discrepancies between STS spectra

and STS maps, the main picture is coherent for both techniques.

STS curves have been acquired in the −2.0 - +2.0 V energy range on pyridinic cobalt

(CoTPyPCo, blue curves in Fig. 3.19) and on the cobalt atom in the macrocycle (CoTPyPCo,

red curves). It can be noticed that the two cobalt species show very different features, as

already guessed by the STM images previously discussed.

• The CoTPyPCo curve is already different from the one previously observed for the

CoTPyP layer, which is characterized by a large gap and distinct features at ∼−1.4

and ∼+1.7 V, whereas in the bimetallic network, the HOMO-LUMO gap is about 1

eV. Nevertheless, it must be kept in mind that the tip finite lateral resolution causes

a signal leakage from the surrounding LDOS, especially if the signal is weak, or the

tip-sample distance is large, such as in the case of CoTPyPCo, where the maximum

intensity is 4 (20) times lower with respect to the maximum intensity in LUMO

(HOMO) CoTPyP LDOS (Fig. 3.4 and 3.5). At any rate, the feature at ∼ +0.4 V is

definitively a new feature, absent in the CoTPyP case.



86 uhv characterization

Figure 3.18: A) STS spectra were collected on some different CoTPyPCo structures of the

unsaturated layer, with the tip located on CoTPyPCo. As indicated in the

lateral diagram, the notation xLyD refers to the 25 possible configurations

surrounding a single (CoTPyP)4Co block, that in panel B appears as a single

bright square (scale bar=9.6 nm, Iset = 50 pA, Ubi as =+2.0 V); xL notation

corresponds to the number of lateral "squares", sharing one edge, and with

0 ≤ x ≤ 4, while yD corresponds to the number of diagonal "squares", sharing

one vertex, and with 0 ≤ y ≤ 4; C) False color 2D plot of the HOMO shift of

the investigated structure, with respect to the 4L4D system, as a function

of xL and yD. The spectra labeled with an asterisk (legend of panel A) have

been acquired with the same tip state and on the same physical region of the

sample.

• The CoTPyPCo curve, instead, reveals a widespread LDOS with an onset at about

0.6 V, dramatically increasing in intensity at about +1.7 V. Below Fermi, an intense

feature appears at −1.0 V, with some modulations at lower energies.

The analysis of our STS maps gives more information on the nature of the states just

described:

• In the LUMO energy range, we notice the presence of two distinct shapes of charge

distributions: a spherical distribution is observed on top of the CoTPyPCo up to 0.5

V; at higher energy, instead, the four-leaf clover shape, observed also in STM images

(see the previous section), is centered on CoTPyPCo and extends up to +2.0 V. A
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tenfold increase of the intensity, related to such state, is recorded by increasing the

tip-sample voltage from 1.4 to 1.6 V. Indeed, at higher bias, the manual retraction of

the tip was needed in order not to saturate the lock-in reading. The corresponding

current maps in Figure 3.20 perfectly match the d I /dV data: close to Fermi, a

spherical shape on CoTPyPCo is visible; from +0.6 to +1.6 V, four-leaf clover states

also appear; at +1.8 and +2.0 V, only the states on CoTPyPCo remain, because of

their much higher intensity, and because of tip retraction.

• In the HOMO energy range, instead, a weak signal is detected from Fermi down

to −0.4 V, showing spherical electron distribution localized on top of both cobalt

atoms. At −0.1 V, with the tip being sufficiently close to the MOF, also the pyridyl

groups morphology can be revealed. In the range between −0.8 and −1.0 V, in

agreement with STS curves, a bright protrusion is observed only on top of the

CoTPyPCo, persisting down to −2.0 V. Sometimes, in this range, the lock-in reads

negative values, as already noticed in the CoTPyP case, probably due to change of

tunneling barrier as a function of the voltage applied, as discussed in section 3.2.3.

Also in this case, the parallel current maps carry similar information, with a signal

of the order of just few pA from Fermi down to −0.6 V, and then increasing from 20

to 300 pA from −0.8 down to −2.0 V, coherently with the d I /dV spectra.

Moreover, it must be kept in mind that, according to our DFT calculations, the CoTPyPCo

is about 0.2 Å higher than CoTPyPCo: this means that the intensity ratio of the two cobalt

species states, observed in the STS map, must be always treated cum grano salis since

electron tunneling spectroscopy is extremely sensitive to such tiny topographic variations.

This means that, for example at −1.4 and −2.0 V, the dim signal at the CoTPyP center,

about six times with respect to the one observed on the CoTPyPCo, must be in reality

more intense. This would partially explain also some relative intensity differences among

the same atomic species, for example much evident at −0.8 V of both Fig. 3.19 and 3.20. A

final remark is the absence of the intense butterfly-shaped state, localized on the tilted

macrocyclic pyrroles, previously associated with CoTPyP HOMO, and sometimes visible

in the unsaturated CoTPyPCo (see Fig. 3.15A-B).

3.3.3 DFT - CoTPyPCo

Analogously to the monometallic case, ab initio DFT simulations have been carried

out also for CoTPyPCo to have a deeper insight into the MOF electronic structure, and

corroborate the data presented so far [133]. For what concerns the omission of the Ir

atoms, the same considerations that we did for the previous case (see section 3.2.4) are

still valid. In Fig. 3.21, STS and STM images have been simulated starting from the relaxed

geometry, within the unit simulation cell indicated in the figure (green lines). Already

at first glance, by looking at the PDOS for the two cobalt species, we can confirm the
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different chemical identity, due to the different charge redistribution with the different

surrounding chemical environments. In more detail:

• In the HOMO energy range, we observe a −0.2 eV shift of the CoTPyPCo states,

and the presence of new features at −0.8 and −2.0 eV coming from the pyridinic

cobalt. In particular, the intense peak at −0.8 eV gives origin to the spherical shape,

localized on the CoTPyPCo, visible in Fig. 3.21: it comes from the hybridization of

the vertical Co 3dzx and 3dz y , the planar 3dx y and 3dx2−y2 , with the pyridinic states

which are responsible of the chiral appearance, predicted also by DFT, which we

previously discussed in the corresponding STM images. A closer inspection reveals

a "hole" right at the center of the cobalt species, obviously coming from the nature

of the aforementioned orbitals, and that could not be resolved experimentally.

• In the LUMO energy range, we observe the same −0.2 eV shift of the CoTPyPCo,

together with the presence of a very broad band from +1.0 to +2.0 eV, attributable

to CoTPyPCo, and with the four-clover leaf appearance experimentally observed.

The latter, in particular, originates from the contribution of the 3dz2

In general, we have a remarkable agreement between theory and experiment. The only

discrepancy arises from the rigid shift of the CoTPyPCo states, upon Co atom evaporation,

which in the experiment is larger (of the order of −0.7 eV), while the DFT predicts only −0.2

eV. The information is pretty robust since STS, UPS (section 3.4.1), and ARPES (section

3.4.2) all converge to the same conclusion. Thus, we consider this discrepancy a DFT

limit.

Figure 3.22 reports the 4s and 3d orbitals electron occupancy in the two cobalt species.

The macrocyclic Co shows almost no change, between CoTPyP and CoTPyPCo, as already

suggested by the simulated PDOS, where only a rigid shift of −0.2 eV is observed. The

CoTPyPCo, instead, shows a different occupancy of the 3dx y orbital, with a larger spin

polarization with respect to the CoTPyPCo counterpart: 3 this reflects on different values

for the oxidation state, considering only electrons not involved in chemical bonding (thus,

with an occupancy larger than 50%). For the same reason, we get a magnetization of

∼ 1µB for the macrocyclic Co, and ∼ 2µB for the pyridinic one.

3 The 3dx y computed for CoTPyPCo and the computed 3dx2−y2 for CoTPyPCo refer to the same physical

orbital, because of the local 45° frame of reference between the two species.
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Figure 3.19: STS spectrum, d I /dV maps of the fully saturated CoTPyPCo/Gr/Ir(111)

monolayer at 77 K. The STS maps are acquired with a starting setpoint

of 2.0 V/50 pA on top of the pyridinic cobalt. Blue STS spectra are acquired on

top of the external Co, while red STS spectra are acquired at the macrocycle

center. Red asterisk and circle indicates images taken with the tip 1 ångström

farther or closer with respect to the initial setpoint. Convenctional unit cell is

shown with yellow lines. Map size: 6×6 nm2
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Figure 3.20: Current output simultaneously acquired with the corresponding d I /dV

maps reported in Fig. 3.19. The STS curves are the same of Fig. 3.19.
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Figure 3.21: Ab initio DFT simulations of the STS (blue palette) and STM images (red

palette) of the CoTPyPCo/Gr layer, with the corresponding DOS curves, pro-

jected on the 3d and 4s states of the two different species of Co atoms. The

Fermi level is set in correspondence of the Dirac cone. The images has been

obtained with the Tersoff Hamann approximation, at a constant height be-

tween 2.5 and 3.0 Å, with an integration interval of 0.1 eV for the STS maps.
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Figure 3.22: Ab initio DFT gives insight in the electronic occupancy of the cobalt species in

the CoTPyP and CoTPyPCo MOFs. The length of the black arrows indicates

the electron spin-resolved occupancy. For oxidation state calculation, an

electron is counted if its occupancy is greater than 50%. The red and blue

arrows indicate the physical equivalence of the 3dx2−y2 and 3dx y orbital in

CoTPyPCo and CoTPyPCo,respectively (and vice-versa), simply due to the

local 45° rotation, around the out-of-plane axis, of the reference frame for

the two cobalt species.
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3.3.4 XPS - CoTPyPCo, CoTPyPFe, and FeTpyPFe

The formation of the TPyP-based bi-metallic frameworks grown on Gr/Ir(111) reflects

important changes in the photoemission of nitrogen, iron, and cobalt core levels that

will be described in this section. The N 1s core level shows shifts of the order of 0.5 eV,

and a radical change of the shake-up spectral weight. The analysis of the Co and Fe 2p3/2

core levels indicates firstly that the influence of the external metal on the one inside

the macrocycle can be detected in terms of BE shift and multiplet splitting structure

remodulation and, secondly, that the two metals are chemically non-equivalent in the

case of the homo-metallic layers.

N 1s

Coordination of pyridinic N with Fe atoms yields relevant changes in the N 1s core level,

as shown in Fig. 3.7C-D.

The fitting strategy consists in starting from the parameters of the corresponding mono-

metallic layer and releasing the amplitudes, the Gaussian widths, and the binding energies

of the three peaks. The two DS, attributed to the iminic and the pyridinic N atoms, share

the same amplitude and Gaussian width.

According to our interpretation, the DS attributed to pyridinic N undergoes a chemical

shift of +330 (+550) meV in the case of CoTPyPFe (FeTPyPFe), due to direct binding

to elemental iron. A minor chemical shift is observed for the DS corresponding to the

iminic N atoms species, +210 meV for CoTPyPFe and +470 meV for FeTPyPFe, indicating

that also the electronic configuration of the macrocycle is partially affected in the metal-

organic framework. The other possible interpretation, in which the pyridinic component

does not shift and the iminic component undergoes a shift of ∼ 1 eV, is unlikely since

we expect the pyridinic species to undergo the major shift. The Gaussian width slightly

changes upon metalation, showing an inverse trend between CoTPyPFe (decreasing from

0.74±0.01 to 0.62±0.02 eV) and FeTpyPFe (increasing from 0.61±0.02 to 0.74±0.04 eV).

Further evidence of the Fe-N interaction resides in the remarkable growth of the non-

adiabatic spectral weight, given by the broad shake-up resonance, whose amplitude

almost triplicates in CoTPyPFe (from 0.21± 0.01 to 0.53± 0.02) and quintuplicates in

FeTpyPFe (from 0.06±0.01 to 0.30±0.04): this probably relates to the formation of new

states close to the pyridinic N atoms, which allow novel relaxation channels for the non-

adiabatic shake-up process [155].

In addition, DFT calculations predict a relative core level shift of ∆(N 1s)C LS = 0.28

eV between the pyridinic and iminic N species in CoTPyP, which increases to 0.82 eV in

the case of CoTPyPFe, in agreement with our experimental data and interpretation (the

relative positions of the two species are also correct) [133].
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Co 2p3/2

The consequence of the iron deposition on the Co 2p3/2 core level is shown in Fig. 3.9A:

the resonances associated with the MS shift towards higher binding energies, specifically

+0.3 eV for the DS at 780.1 eV, and +0.6 eV for the Gaussian component at 782.2 eV; instead,

due to its different origin, the Gunnarsson and Schönhammer resonance stays at the same

BE of 779.4 eV, while its spectral weight diminishes by 30%, possibly indicating a partial

decoupling from the substrate due to the suppression of the electron transfer [69]. The

MS described by the Gaussian component at 783 eV undergoes a broadening from 1.7

to 2.2 eV, witnessing a remodulation of the MS amplitudes, possibly associated with a

change of the electronic configuration in the cobalt valence states.

For the CoTpyPCo monolayer, the analysis is less straightforward because of the coex-

istence of both cobalt species, together with the absence of a reference spectrum where

only the cobalt bonded to the pyridinic terminations is present. The experimental data,

together with the best fitting curve and deconvolution, is shown in Fig. 3.9A (bottom):

the experimental curve is well deconvoluted by using three DS at 781.3, 778.8, and 786.3

eV. We attribute the DS at lower BE to the evaporated cobalt, since a BE close to ∼ 779

eV is usually attributed to Co(I) [47, 51, 156], in agreement with the oxidation number

predicted by our DFT calculations. In this picture, the DS at 781.3 eV would be associ-

ated with the cobalt inside the macrocycle that, shifting by about ∼+1 eV, would move

from a +2 towards a +3 oxidation state. At higher BE, the large component extending in

the range from 784 to 788 eV, absent in all the other treated systems, is attributed to a

shake-up resonance. As a first approximation, the three peaks have been fitted with the

same Lorentzian width, yielding a value of 1.2±0.7 eV: the large error is due to the poor

signal-to-noise ratio for this spectrum, yielding crosstalk with Gaussian enveloping.

Fe 2p3/2

Given the complexity of the iron 2p lineshape (Fig. 3.9B), we adopted a building-block

model where the Fe 2p3/2 profile in FeTPyPFe is a linear combination of the one in FeTPyP,

where only the iron in the macrocycle is present, and the one in CoTPyPFe, where only

the iron bonded to the pyridinic terminations is present. This model assumes a complete

decoupling between the metal atoms inside and outside the macrocycle, which we know

to be incorrect in light of the above analysis on the Co 2p3/2 core level. Nevertheless, as

we shall see, the large spectral difference between the Fe 2p3/2 profiles in FeTPyP and

CoTPyPFe encouraged us to use in any case this model as a first approximation.

In CoTPyPFe (Fig. 3.9B), the Fe 2p3/2 profile is described by two DS centered at 711.4

and 714.3 eV, associated with the MS structure, and a third one at 708.2 eV, associated

with the GS screening charge, as in the cobalt core level analysis. As said, the FeTPyPFe

Fe 2p3/2 envelope is fitted by using a linear combination, with equal weight, of the fitting

curves found for FeTPyP and CoTPyPFe, as highlighted in Fig. 3.9B (bottom) by means of

different colors: the pretty satisfactory result is a confirmation of the different chemical
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identities between the Fe embedded in the macrocycle and the one linked to the pyridinic

terminations.

3.3.5 NEXAFS - CoTPyPFe, and FeTpyPFe

N 1s

Following the Fe evaporation, the N 1s edge NEXAFS spectra show the most dramatic

difference in 398−400 eV energy region, as can be seen for the CoTPyPFe (Fig. 3.10E-F) and

FeTPyPFe (Fig. 3.10E-F) monolayers: indeed, we can now resolve, in both polarizations

and particularly well in FeTPyPFe, the presence of two 1s → π∗ resonances at 398.66

(398.56) eV and 399.29 (399.26) eV in CoTPyPFe (FeTPyPFe) absorption spectra. We

shell ascribe the first to the iminic N π∗ transition and the second to the pyridinic N π∗

transitions, since the second undergoes the major shift of almost +0.3 eV, due to direct

linking of pyridinic nitrogen atoms to the additional iron. On the contrary, the iminic

species exhibits an irrelevant shift of only 0.02 eV in both systems. The discussed energy

positions are summarized in Tab. 3.1. On the other hand, the other π∗ and σ∗ transitions,

whose parameters were relaxed as well in the bimetallic systems, do not show relevant

differences, both in energy and dichroism, meaning that the internal geometry of the

porphyrins is not heavily affected by the iron metalation. The fitting parameters of the

ionization potential and the Fermi level have been fixed to the pre-deposition values.

CoTPyP CoTPyPFe FeTPyP FeTPyPFe

Iminic 398.64 398.66 398.58 398.65

Pyridinic 399.04 399.29 398.98 399.26

Table 3.1: Energy position (in eV) of π∗ resonances, deconvoluted from the NEXAFS N 1s

absorption edge spectra, attributed to the iminic and the pyridinic nitrogen

species.

3.3.6 SFG - CoTPyPCo

So far, we’ve seen that when Co atoms are evaporated on the CoTPyP/Gr/Ir(111) mono-

layer, they bind to the nitrogen atoms of the pyridinic groups, as confirmed by STM, XPS,

and NEXAFS experiments, to form a covalent-bonded MOF associated with a deep change

in electronic structures. This difference could be appreciated also by looking at the IR-Vis

SFG spectra of the CoTPyP monolayer, with respect to CoTPyPCo, as reported in Fig. 3.23.

The first, striking difference is the huge increase of the non-resonant background, by a

factor of ∼ 50 (at 1700 cm−1): the easiest explanation is the reduction of the energy gap,

from ∼ 2.3 to ∼ 1.5 eV: indeed, considering the ∼ 1 eV intrinsic width of the HOMO and
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CoTPyP CoTPyPCo

1214±1 1207±3

1237±1 1250±9

1369±1 1368±1

1408±1 1415±1

1474±8

1496±1 1512±2

1535±2 1557±2

1567±1 1568±1

1595±1 1601±1

1639±3 1645±8

3012±4

3053±4 2998±2

3069±2 3077±1

Table 3.2: Energy of the CoTPyP and CoTPyPCo normal modes detected by IR-Vis SFG (in

wavenumber - cm−1 - units).

LUMO molecular states observed in this chapter with multiple techniques, and consider-

ing that our Vis photon has an energy of ∼ 2.3 eV, we expect a higher joint density of states

(JDOS) with the reduction of the energy gap.

Secondly, with cobalt loading into the MOF, the many molecular resonances change

positions and phases, indicating that Co ligation affects not only locally the pyridinic

termination, but the entire macrocycle. The comparison between vibrational energies of

CoTPyP and CoTPyP-Co is summarized in Tab. 3.2. In particular, it is worth to notice that

the mode associated with the asymmetric bending of the pyridinic groups at 1595 cm−1,

directly involved in the ligation with Co, undergoes a blue-shift of about 6 cm−1.

Thirdly, in literature, the typical assumption is that of a constant non-resonant back-

ground, very weakly depending on the the IR photon excitation energy. However, in our

case, a linear term had to be introduced in order to reproduce the experimental data,

according to the following equation:

Inor m(ωI R ) =
∣∣∣∣A(0)

N R + A(1)
N R (ωI R −ω0)+∑

n

Ane i∆φn

ωI R −ωn + iΓn

∣∣∣∣2

, (3.1)

where ω0 is arbitrarily chosen in order to roughly match the center of the different IR

energy windows corresponding to each SFG spectrum sub-range, and its introduction is

purely based on practical reasons (minimization of the crosstalk between A(0)
N R and A(1)

N R ).
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Figure 3.23: IR-Vis SFG spectra of a CoTPyP and a CoTPyPCo ML, with their best-fit (in

grey) and peak deconvolution; the same vibrational features are present in

both spectra, with energy shifts and phase rotations. The remarkable increase

in non-resonant background amplitude is evident at all energies.
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3.4 additional measurements

3.4.1 UPS and Work Function

The valence band of bare graphene, the CoTPyP monolayer, the CoTPyP multilayer, and

the CoTPyPCo layer has been investigated by means of UPS (He II, 40.8 eV) up to 15 eV of

BE (Fig. 3.24).

Figure 3.24: UPS (He II) spectra of bare Gr/Ir(111), CoTPyP monolayer, CoTPyP multilayer,

and CoTPyPCo. The molecular states in the CoTPyP monolayer, identified by

comparison with bare graphene and CoTPyP multilayer, undergo a rigid shift

of about 0.8 eV upon cobalt atom deposition. HOMO of CoTPyP monolayer is

visible at ∼ 1.5 eV, only slightly shifted with respect to the one corresponding

multilayer. The curves are vertically shifted for better clarity.

By comparison between bare graphene and CoTPyP multilayer, we can assign the peaks

centered at 1.5, 3.5, 7.0, 9.8, and 14 eV to the CoTPyP occupied states. The position

of the HOMO (1.5 eV), in particular, agrees with the one found in STS spectroscopy,

corresponding to electron density localized on the pyrrole groups. The small shift of the

valence states with respect to the multilayer, of the order of 0.2-0.4 eV, is a further sign

of the weak interaction that the layer has with graphene. The addition of cobalt atoms
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induces a further rigid shift of about +0.8 eV, and the formation of a new HOMO at about

+1.0 eV, in good agreement with what observed in STS spectroscopy, which we know to be

related with charge localized on the CoTPyPCo (see Fig. 3.19).

The work functions (WF) of the CoTPyP and CoTPyPCo monolayers, calculated by DFT

and experimentally measured, are reported in figure 3.25. Both theory and experiment

agree with a large WF decrease of about 1 eV (∆ΦE X P = 0.8 eV, ∆ΦDF T = 1.2 eV) upon

cobalt atom deposition. This value is remarkable, considering that a decrease of 1 eV of

WF has been observed after the deposition of a full monolayer of FeTPyP on an Au(111)

surface [126]. This implies that the tiny amount of evaporated cobalt contributes to a

radical change in the surface electronic structure, in agreement with the results presented

so far.

Figure 3.25: Work function of the CoTPyP and CoTPyPCo monolayers A) calculated by

DFT and B) experimentally measured (UPS, He I, hν= 21.2 eV, −2.5 V sample

bias). In panel B, the work function of the CoTPyP multilayer is also reported

(about 6 ML), and the curves are vertically shifted for better clarity.

3.4.2 ARPES

Momentum-resolved photoelectron distribution of the valence states (0−2.5 eV) was

measured to investigate the MOF band dispersion predicted by Mandal et al. [54]. An

electrostatic photoelectron emission microscope operated in the momentum mode (k-
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PEEM) was used, so that a (kx ,ky ) image, whose intensity indicates the photoelectron

distribution as a function of the parallel momentum, could be collected in a single shot, at

the selected kinetic energy. The molecular states appear to have a circular symmetry in the

parallel momentum plane, hence, we only report the vertical cut of the three-dimensional

data cube (Ebi ndi ng ,kx ,k y) along the M −Γ−M direction of the graphene Brillouin zone,

to avoid the intense graphene features as much as possible: the result is reported in Fig.

3.26 for the CoTPyP, CoTPyPCo, and CoTPyPFe MOFs. In each case, the signal of the

bare Gr/Ir(111) has been subtracted, after being scaled via affine transformation of all the

cubic data-set, to match the substrate features 4 partially attenuated by the metal-organic

layer: this step was necessary in order for the MOF signal to stand out from the Gr/Ir(111)

background, especially in the case of CoTPyPCo and CoTPyPFe. To validate this operation,

we observed that, following the Co(Fe) atom deposition, the graphene is only slightly

n-doped producing a downward shift of less than 30 meV of the Dirac cones.

In the CoTPyP/Gr/Ir(111) case (Fig. 3.26 top), the HOMO ring (orthogonal to the image

plane) extends in energy from 1 to 1.8 eV has a radius of 1.3 Å−1, in perfect agreement with

STS, UPS, and literature [157].

Following cobalt atom evaporation (Fig. 3.26 bottom left), we see a relevant change

in the valence states: the HOMO, previously found centered at 1.5 eV, has completely

disappeared. On the other hand, a new HOMO appears at 0.9 eV, once again in agreement

with STS and UPS, and a less intense HOMO−1 can be barely seen at 2.0 eV. With the

knowledge of UPS, which suggests a rigid shift of 0.7 eV of all the valence states in CoT-

PyPCo upon Co deposition, we can assign the HOMO−1 to the former CoTPyP HOMO

shifted by about +0.5 eV. The new HOMO, instead, is attributed to the new CoTPyPCo

state, and its intensity is the same all across the momentum space, as typically observed

for non dispersive 3d bands in cobalt substrates [158, 159]. For the CoTPyPFe case, a very

similar situation is found, with only some small shifts in energy. In general, as can be seen,

no band dispersion has been noticed. Nevertheless, it must be taken into account that:

• The sum of many rotational configurations could have a "flattening" effect over the

momentum space;

• The predicted dispersion has a modulation of only 100 meV [54], corresponding to

only 4 pixels in the images and, so, at the very edge of our experimental resolution;

• The strong background signal makes the analysis very challenging, and small mod-

ulations difficult to distinguish.

So, we cannot exclude the presence of dispersing features and, in a future outlook, a

similar experiment could be carried out on a weakly interacting substrate, as Au(111),

with less complex valence features, and on which the MOF has a preferential orientation.

4 In particular, the "vertex" of the Dirac cone was used, at about 100 meV below Fermi.
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Figure 3.26: Overview of the momentum-resolved photoelectron distribution along the

substrate M −Γ−M direction (graphene Brillouin zone indicated at the top

left) of CoTPyP monolayer (top), CoTPyPCo (bottom left), and CoTPyPFe

(bottom right) collected at a photon energy of 35 eV using p-polarized light.

The dotted lines are drawn to guide the eye at the edges of the molecular

HOMO and HOMO−1. The center of the band is indicated on the right side.

The sharp vertical features are attributed to the Gr/Ir(111) substrate.

3.4.3 Tr-2PPE

In this section, the unoccupied states of the CoTPyP, CoTPyPCo, and CoTPyP multilayer

are probed by means of tr-2PPE experiment. The three systems were excited with a pump

of 531 nm (2.33 eV) and probed with a 257 nm photon (4.82 eV), both in p-polarization.

The photoemitted electron intensity is reported in 2D plots as a function of the delay and

BE in Fig. 3.27. Only in this experiment, positive values of BE correspond to unoccupied

states above the Fermi level. Since the probe energy is larger than the sample work

function (measured in section 3.4.1), directly photoemitted electrons generate the noisy

bands below the Fermi level that can be seen in panels A, C, and D of figure 3.27.

In the CoTPyP multilayer (Fig. 3.27, panel A), a bright feature centered at +0.2 ps extends

from 0 up to 0.5 eV above the Fermi level, and rapidly decays in about 0.3 ps, value at

the edge of the experimental resolution. By plotting the intensity profile (Fig. 3.27B) as

a function of the delay, with an energy averaging from 0.05 to 0.25 eV (yellow rectangle
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Figure 3.27: Tr-2PPE photoemission intensity maps are plotted as a function of energy

and delay time, for A) the CoTPyP multilayer, C) the CoTPyP/Gr/Ir(111), and

D) the CoTPyPCo/Gr/Ir(111). B) Intensity plot as a function of delay time

averaged on the energy region evidenced by the vertical rectangular band in

A. In A and C, a bright short-lived state at 0 ps is visible up to 0.5 eV; at higher

delay times a long-lived state is observable (panel B). See text for further

details.

in Fig. 3.27A), we observe that, together with the aforementioned short-lived state, a

long-lived state is revealed looking at the higher mean value of the background. In this

case, the lifetime would be higher than 6 ps, which was the maximum delay available for

this setup. The origin of both states is currently unknown, considering that the large band

gap found with STS suggests the absence of any molecular-related state at 0.2 eV above

Fermi.

A similar picture is found for the CoTPyP case (Fig. 3.27C), where the short-lived

state is clearly visible; on the contrary, the long-lived one is likely to be hidden by the

noise. Interestingly, in CoTPyPCo (Fig. 3.27D), no excited state can be observed, a further

indication of the different electronic configurations of the two MOFs.
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3.5 main results

In this chapter we have witnessed the transition from a molecular array (M1TPyP) to a 2D

MOF (M1TPyPM2). STM and NEXAFS clearly show the bonding, in particular for the CoT-

PyPCo case, of the additional metal atom to four CoTPyPs, via in-plane tetra-coordination

to the nitrogen atoms of adjacent TPyP-pyridinic terminations. Remarkably, this strong

covalent bond completely rearranges the geometry of the layer, passing from a triangular

to a square lattice, by overcoming the weaker lateral inter-tectons interactions. Regarding

the electronic configuration, STS, DFT, XPS, and UPS agree on the non-equivalent chemi-

cal identity of the macrocyclic and pyridinic cobalt atoms in CoTPyPCo, even though both

present a local N tetra-coordination environment. In particular, macrocyclic Co under-

goes oxidation, from +2 (gas phase) towards a +3 configuration upon Co deposition, while

the other one shows a +1 oxidation state. Local STS on unsaturated CoTPyPCo suggests

the presence of long-range (> 1.5 nm) electronic interaction within the MOF, reflecting

shifts in the CoTPyPCo HOMO of the order of fraction of eV. Further UHV characterization

concerns the vibrational characterization of the layer (SFG), the thermal stability (XPS

and SFG), with degradation and desorption processes occurring only above 500 K, and

the probable presence of multiple phases below 500 K (SFG). In conclusion, no crystalline

band dispersions was observed with ARPES within the available moment and energy

resolution.
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As discussed in the Introduction, the both Oxygen Reduction Reaction (ORR) and the

Oxygen Evolution Reaction (OER) (Fig. 4.1) play essential roles in many technological

applications, such as electrolyzers (OER), fuel cells (ORR), or secondary metal-air batteries

(both ORR and OER). Now, let’s focus on the ORR, since every consideration will still be

valid for the opposite reaction [160].

Molecular O2 can be reduced in two ways [160], yielding the formation of water (4-

electron pathway) as shown in the chemical equation below, with the corresponding

Nernst equation:1

O2 +4H++4e−⇆ 2H2O (4.1)

EO2/H2O = E◦
O2/H2O − RT

4F
ln

a2
H2O

aO2 a4
OH+

, (4.2)

or hydrogen peroxide (2-electron pathway):

O2 +2H++2e−⇆ H2O2 (4.3)

EO2/H2O2 = E◦
O2/H2O2

− RT

4F
l n

a2
H2O2

aO2 a2
OH+

. (4.4)

In general, the formation of water is favored, considering the Nernst standard potentials

versus the standard hydrogen electrode (SHE) of E◦
O2/H2O =+1.229 V (in equation 4.2) and

E◦
O2/H2O2

=+0.695 V (in equation 4.4) [160]. Nevertheless, hydrogen peroxide, even being

one of the 100 most significant compounds for its many applications such as bleaching,

water treatment, and the production of organic compounds [162], is often an unwanted

and even detrimental side-product, such as in the case of metal-air batteries [16]. Thus, it

is important to understand the fundamentals of the reaction pathway and, in particular,

which mechanism steers the 2− vs 4− electron routes.

In the following paragraph, we will take advance of the current knowledge of the

ORR/OER reaction pathway occurring at the solid-aqueous interface in heterogeneous

catalysis, to then transfer this understanding to our experiment, dealing with the CoT-

PyP/Gr/Ir(111) solid-gas heterogeneous model catalyst.

The equilibrium equations 4.1 and 4.3 are overall expressions for the complete ORR

(and OER) processes. However, both reactions involve several elementary steps, and,

in particular, electron transfer, proton transfer (coupled or decoupled with the electron

transfer), bond-breaking (ORR) or bond-forming (OER) are involved [160, 163]. Focusing

1 ai is the activity of species i in water.
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Figure 4.1: Schematic illustration of the reactions and the equilibrium potentials during

the oxygen electrochemical reduction. Image taken from [161]

on the thermodynamically favored ORR reaction (H2O formation), an overview of the fun-

damental intermediate steps is provided in Fig. 4.2A [160]. In particular, three alternative

steps are proposed for the formation of OH ad s , the precursor of H2O:

• Dissociation: O2 immediately breaks into Oad s species, the latter subsequently

interacting with H+ in solution to form OH ad s ;

• Associative: Oad s
2 combines with H+ to form OOH , namely the hydroperoxyl radi-

cal; then, the O −O bond will be cleaved and OH ad s species is formed;

• Peroxo mechanism: upon Oad s
2 adsorption and OOH formation (as in the as-

sociative first step), the HOOH ad s peroxide group is formed (peroxide group =

R −O −O −R, R = any element). Then, the O −O bond is cleaved and OH ad s is

formed.

The first pathway (dissociation) involves very high O2 adsorption energies (1−10 eV,

Fig. 4.2B), with a considerable amount of charge transfer into the dioxygen molecule

that is needed to cleave the O −O bond [162]. From a geometrical point of view, this

process usually goes along with a horizontal O2 adsorption geometry (Fig. 4.2C), such as

Griffiths-type (side-on coordination on one metal atom) or Yeager-type (side-on bridge

coordination on two adjacent metal atoms) [162]. It is demonstrated that Pt catalysts

coated with amorphous carbon layers can eliminate accessible Pt ensemble sites and

promote selective end-on adsorption (Pauling-type, Fig. 4.2C) of O2 on the Pt surface,

which significantly enhances H2O2 selectivity in ORR [164]. This example is suggestive of
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Figure 4.2: A) Fundamental steps of ORR/OER [160]; B) One-dimensional potential en-

ergy diagram of an oxygen molecule approaching a metal surface [162]; C)

Schematic three types structure of O2 adsorption on metal surface [162].
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the strong correlation between the geometry of the active site, the O2 adsorption geometry,

and the catalyst selectivity, suggesting in this way that in principle, by properly tuning

the charge transfer amount, single-atom catalysts could switch between Griffiths- and

Pauling- adsorption type [70, 162], thus determining the reaction selectivity.

In both the associative and peroxo mechanisms, the formation of the hydroperoxyl

species occurs, as well as in the 2-electron ORR pathway, as shown in the equation below

(the asterisk indicating the catalyst active site) [162]:

∗+O(g )
2 +H++e− →∗ OOH (4.5)

∗OOH +H++e− →∗ +H2O(l )
2 (4.6)

Since its first observation [165], the hydroperoxyl molecule has gained the widely ac-

cepted role of the fundamental reaction intermediate [17, 162, 166]. Many theoreti-

cal/computational papers describe the stability of this molecule, its bonding geometry to

catalytically active metal sites, and the energetics of the fundamental ORR reaction steps

[162, 167, 168]. The influence of solvation is tackled in detail at the fundamental level

but only in the gas-phase, shedding light on the stability and properties of H2O −O2H

clusters [169–172] and the reactivity of singlet dioxygen species [173]. Despite all these

efforts, the O2H intermediate has shown an elusive behavior up to now, and thus, both its

stability and its effective, actual role in steering the ORR reaction pathway are liable to

be questioned. Pioneering in situ spectroscopic evidence of the formation of O2H and

its role in the ORR was obtained very recently on model single-crystal Pt terminations,

leaving however an open point about the possible role of “solution species” [174, 175].

Indeed, while the adsorbed reaction intermediates were successfully characterized, the

second interaction sphere with the solvent could not be experimentally addressed.

In this chapter, we report the spectroscopic evidence obtained at room temperature of a

stable O2H−H2O/Co complex at the solid-gas interface, at the limit of water condensation

conditions. We show that its formation is associated with its stabilization by a surprising

combination of charge transfer, dipole, and chemical H-bonding with physisorbed water.

Indeed, we work at room temperature and exploit the CoTPyP/Gr/Ir(111) single-atom

catalyst (SAC) at near-ambient pressure (NAP) conditions within the framework of a

biomimetic approach, at the limit of water condensation conditions. As explained in the

introduction, recent fundamental advances have allowed the investigation of biomimetic

tetrapyrrole-based 2D materials beyond UHV surface science conditions, up to the solid-

gas and solid-liquid interfaces [10, 27, 30, 55, 70, 118].

The system is characterized in situ at NAP by combining IR-Vis SFG, time-resolved IR-

Vis SFG, and high-resolution NAP-XPS with synchrotron X-Ray radiation. Complementary

information is obtained in UHV using STM, IR-Vis SFG, and XPS, while fundamental

insight is obtained by means of ab initio calculations performed within the framework of

DFT.
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4.1 results and discussion

O2 and H2O are dosed at room temperature on an ordered monolayer of cobalt tetrapyridyl-

porphyrins (CoTPyP) deposited and self-assembled on an almost free-standing graphene

(Gr) single sheet of excellent crystalline quality (grown in situ on the Ir(111) single crystal

termination [176] and checked with LEED).

Figure 4.3: Spectroscopic and geometric characterization of the hydroperoxyl-water com-

plex. A) IR-Vis SFG spectra of the pristine CoTPyP/GR layer in UHV (bottom)

and in 10−3 mbar O2 + 10−1 mbar H2O at room temperature (top); experimen-

tal data (markers) are reported together with the best fit (continuous lines) and

deconvolution envelopes (filled profiles) [177]. B) NAP-XPS spectra of the Co

2p3/2 (left, hν= 910 eV) and O 1s (right, hν= 660 eV) core levels correspond-

ing to the same conditions as in (A); red vertical lines indicate the binding

energies obtained for the optimized O2H-H2O complex on CoTPyP/Gr from

ab initio DFT calculations for different O 1s core levels, as labelled in (e): 1 –

physisorbed/wetting water, 2 – OOH, 3 – OOH, 4 – gas phase water. C) Top view

of the DFT optimized model of the O2H-H2O/Co/TPyP/Gr system. D-E) Side

views of the same system with an additional water molecule in the gas phase

from two different points of view, to show the order-2 rotational symmetry of

the CoTPyP, with a saddle shape macrocycle and peripheral pyridyl groups

alternatively rotated by +39±5° and -39±5° with respect to GR.
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As discussed in the previous chapter, the CoTPyP monolayer can be described by

an hexagonal lattice where the porphyrins alternate their azimuthal angle within two

alternating rows. This corresponds to a 1.5×2.8 nm2 rectangular unit cell with two base

vectors (see section 3.2.2). The local geometry of the self-assembled layer is more distorted

with respect to the almost square cell previously observed for similar porphyrins and

phthalocyanines on Gr/Ir(111)[118, 178] and on Au(111) [126, 134, 179].

The corresponding IR-Vis SFG spectrum is characterized in the 1500−1750 cm−1 range

by the presence of four main vibronic resonances (Fig. 4.3a, bottom panel; Table Appendix

A.8), ascribed to the νC −C modes at 1535 and 1567 cm−1 and to the δpyr mode at 1595

cm−1 of the porphyrins [180–182], together with the Gr/Ir(111) G phonon that shifts from

1608 to 1639 cm−1 after the CoTPyP deposition [55, 118].

4.2 exposure to o2 and h2 o

Exposure of the 2D system at room temperature to PO2 = 10−3 mbar or to PH2O = 10−1

mbar yields neither substantial vibrational (IR-Vis SFG), nor electronic (AP-XPS) spec-

troscopic modifications with respect to the pristine layer (Figs. S1-Fig. 4.4A-B). Instead,

exposure of the surface to the mixture of the two gases (Fig. 4.3a, top panel) yields dra-

matic changes, with rates depending on the order in which the reactants are introduced

(Fig. 4.4).

While only slight energy shifts and phase changes of the resonances associated with the

CoTPyP/Gr layer are detected, the growth of a new, very intense resonance at 1712 cm−1

is observed both in ppp and ssp polarization combinations (Fig. 4.4C). The feature can

be attributed to the δOOH mode of O2H in a metastable O2H-H2O complex, in remark-

able agreement with previous predictive calculations about the dynamical behavior of

hydroperoxyl radical water clusters, including the enhanced spectroscopic cross section

[170, 171]. We find that the complex reacts/dissolves already after mild heating (Fig. 4.4D)

above room temperature, coherently with an enhancement of the surface reaction rate

towards a mass-transport-limited condition.

Exposure of the CoTPyP monolayer to the oxygen/water mixture is also associated with

the growth of O 1s core level components (Fig. 4.3b, right) in the AP-XPS spectra. We can

distinguish the contribution from water at 535.4 eV [183] plus two features at 533.4 and

531.8 eV, respectively. Ab initio DFT calculations of the O2H-H2O/CoTPyP/Gr system (Fig.

4.3c) yield an optimized structure in which a water molecule participates in the formation

of a stable complex with the hydroperoxyl radical. The computed O 1s core level binding

energies for the different O species (from 1 to 4) are in remarkable agreement with the

spectroscopic line positions (vertical, red lines in Fig. 4.3b, right), thus allowing their

straightforward interpretation and confirming the vibrational assignment. Specifically, we

attribute the peak at 535.4 eV to both gas phase (4) and physisorbed/wetting (1) water. The

peaks at 533.4 (531.8) eV are assigned to the OOH (OOH) ligand at the Co site (numbers 2



110 o2 +h2 o on cotpyp/gr/ir(111)

Figure 4.4: A-B)Evolution of the IR-Vis SFG resonant intensity @ 1712 cm−1 as a function

of the reactants’ partial pressure. Time-dependent evolution of the intensity

(cyan, left axis) of the IR-Vis SFG resonance associated with the δOOH mode

observed at 1712 cm−1 measured in situ at room temperature as a function

of the reactants’ partial pressure (O2 – black, H2O – red, right axis); In A),

oxygen is introduced after water and a slow uptake is observed; In B), oxygen

is introduced before water, and a sudden uptake is observed; C) Comparison

between normalized ppp (bottom) and ssp (top) IR-Vis SFG spectra measured

in situ in 10−3 mbar O2 + 10−1 mbar H2O. D) IR-Vis SFG intensity at 1712

cm−1 as a function of the cycling of surface temperature measured in situ in

10−3 mbar O2 + 10−1 mbar H2O.
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and 3, respectively, in Fig. 4.3e). Accordingly, the two latter peaks are observed to grow in

parallel and with almost equal intensity as a function of the background gases pressure.

A broad, almost Gaussian contribution progressively develops at 532.4 eV upon aging

(hours of exposure) of the sample, associated with OH, OH-OH, O-H2O, C-O poisoning at

defective sites, and Gr oxidation [183–185], indicating its slow degradation.

The Co 2p3/2 core level lineshape is strongly influenced by the reaction (Fig. 4.3b, left),

displaying a strong remodulation of the multiplet splitting structure with respect to the

pristine sample, showing an intensity decrease of the components at 784.3, 782.1, and

780.1 eV and the growth of new peaks at 781.9, 780.3, and 779.6 eV. In a very recent report

on Co-based metalorganic frameworks [186], the latter component was associated with

CoOOH species. The lowest binding energy feature that is evident at 778.2 eV on the “as

grown” sample is due to the Gunnarsson and Schonhammer transfer of the screening

charge from the substrate [141, 187]. The observed quenching of the latter peak upon

exposure to the water/oxygen mixture witnesses binding of the ligands to the Co metal

site [142], possibly associated with a change of the metal oxidation state [185, 188].

4.3 the time-resolved ir-vis sfg experiment

To investigate the role of the O2H-H2O interaction, we exploited the IR-Vis tunable delay

and the intrinsic width of the two pulses to perform time-resolved SFG, as explained in

detail the method chapter, by measuring the SFG response as a function of the IR-to-Vis

pulse delay (Fig. 4.5a). When the system is pre-excited with the IR pulse, we observe that

the vibronic energy of the δOOH resonance is transferred to the water roto-vibrational

modes [189] on a 10 ps time-scale (Fig. 4.5A-B, Fig. in Appendix A.13). This indicates

strong coupling between the hydroperoxyl species and co-adsorbed water. The latter

phenomenon is known to participate in the stabilization of the complex, in analogy to

what theoretically predicted [169–173, 190] and observed by 2D-IR spectroscopy, regarding

hydration shell reorganization and H-bonding exchange [191]. Similarly, the hydrogen

bond strengthening, followed by relaxation and thermalization, mediating the energy

transfer process, was observed in liquid water [192]. While it was found that the former

process occurs on a 0.1-1 ps timescale, vibrational energy is then efficiently funneled

through the H-bonding network into all degrees of freedom in water on a several-ps time

scale, in agreement with our observations. This leads to an increased local temperature,

as water vibrations are known to have strongly mixed intra- and inter-molecular character

[192, 193].

Similar mechanisms take place also in heme enzymatic reaction centers. In Hb/Mb, an

imidazole group of the protein histidine residue provides a stabilizing H-bonded network

for the Fe-peroxo intermediate [194] so that, by artificially engineering the H-bonding

structure of Mb, the protein can be modified to promote O2 reduction to water via the

4e− mechanism [195]. In synthesized Fe porphyrin complexes, the H bonding network is
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Figure 4.5: Energy coupling and stabilization of the ligated hydroperoxyl-water cluster.

A) IR-Vis SFG spectra of the evolution of the δOOH mode lineshape at 1712

cm−1 as a function of the Vis-to-IR delay; the spectra were normalized by the

overlap integral of the IR and Vis pulses and are reported together with the best

fit (continuous lines) and deconvolution envelopes (filled profiles) [177]; in

the top part, IR roto-vibrational spectrum of gas phase water [189]. B) Sketch

of the delayed IR and Vis pulsed used to generate the time-resolved SF signal.

C-D) Best structural model of the O2H-H2O/CoTPyP/Gr system as obtained

from DFT calculations (as in Fig. 4.3c-e), evidencing the contribution of the

different moieties to the spectral evolution reported in (a) and (b); Gr is only

sketched for better clarity. E) Normalized IR-Vis SFG amplitude of the OOH

and water modes obtained from the fit as a function of the IR-to-Vis delay.
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exploited to promote protonation to specifically form the hydroperoxide intermediate

complex [196, 197].

4.4 ab initio calculations

In the case of the system discussed here, we find that water directly participates in the

stable O2H-H2O complex with concurrent bonding and energy transfer mechanisms,

while O2H binds directly to the Co center. The picture is consolidated by ab initio simula-

tions obtained within the framework of a collaboration, yielding a high complex-CoTPyP

binding energy of 6.12 eV for the most stable configuration with the terminal O(3) atom

of hydroperoxyl bound to the metal center (Co-OOH, Fig.4.6A, bottom panel), in line

with calculations on a similar model system [168]. Most interestingly, upon bonding,

three phenomena take place in parallel, contributing to the stabilization of the whole

system: i) 0.15 e− are transferred from the CoTPyP inner macrocycle to both O atoms of

O2H (Fig. 4.7) through the Co 3dz2 atomic orbital hybridization with the ligand’s orbitals

(Fig.4.6D-E); ii) O2H and H2O form a strong hydrogen-mediated bond within the complex,

with charge accumulation in the bond (Fig 4.6D-F); iii) long range van der Waals forces,

associated with charge redistribution and dipole formation, develop extensively among

the water molecule, hydroperoxyl, and adjacent pyrrolic and pyridinic moieties of the

CoTPyP (Fig. 4.6F). Interestingly, also hydroperoxyl alone would be strongly bonded to

the Co metal center (by 5.40 eV) (Fig. 4.6A-B, central panels).

However, water addition induces a charge redistribution also in the Co-OOH bond

(Fig. 4.6B, bottom left panel). The simultaneous adsorption of O2H and H2O on the Co

atom, with the water molecule interacting also with adjacent moieties of the tetrapyrrole,

stabilizes the complex itself, whose binding energy increases by 0.22 eV with respect to

the gas-phase configuration (Fig.4.6C). A second adsorption geometry for hydroperoxyl,

in which binding to Co occurs via the hydroperoxyl central O(2) atom (Co-OHO), is less fa-

vorable by only 160 meV, implying that both configurations (Co-OOH and Co-OHO) could

be populated in principle, depending on the temperature and on the local surrounding

environment.

4.5 main results

By means of a combination of in situ measurements and theoretical methods, we have

shown that a cobalt single-atom biomimetic model catalyst, based on a self-assembled

monolayer of Co-porphyrins grown on an almost free-standing graphene sheet, stabilizes

a hydroperoxyl-water cluster at room temperature in O2+H2O atmosphere. The interplay

between charge transfer, dipole and H-bonding, and water solvation is found to determine

ultimately the stability and bonding geometries, unveiling the core step of the ORR. This
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Figure 4.6: Ab initio insight on the bonding nature of the O2H-H2O/CoTPyP system. A)

From top to bottom, optimized models for CoTPyP/Gr, O2H/CoTPyP/Gr, O2H-

H2O/CoTPyP/Gr, showing that CoTPyP is globally unaffected by the adsorption

of O2H and H2O, apart from a small lifting of the Co atom by 0.16 Å. B)

Bonding-induced rearrangement of the electron density distribution in the

O2H-H2O/CoTPyP/GR system, with respect to the individual constituents. Iso-

surfaces upon adsorption of: (left) firstly O2H and then H2O; (right) the whole

O2H-H2O complex (red/blue for electron gain/loss, isovalues: ±0.001 a.u.). C)

Optimized configuration of the complex in gas phase, and electron charge

redistribution upon complex formation – isosurfaces as in (B). D-E) Spatially-

resolved Local Density of States integrated in two relevant energy ranges (Fig.

4.8A-E) (surfaces isovalue: 0.005 a.u.). In (D) the charge accumulation in the

O2H-H2O bonding region is visible, and in both (D) and (E) the hybridization

of the Co 3dz2 and 2p orbitals of the terminal O atom of O2H (O(3) in Fig.

4.3E). F) Visualization of noncovalent interactions by means of an isosurface

of the Reduced Energy Gradient (RDG): the blue color of the isosurface between

O2H and H2O indicates a region with rather strong noncovalent bonding, and

the green color of the isosurface between H2O and the pyrrolic and pyridinic

moieties of the CoTPyP indicates a region with moderate noncovalent bonding

(RDG value: 0.6 a.u., with color depending of the local value of the electron

density.
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Figure 4.7: Charge redistribution in the O2H-H2O/CoTPyP/Gr system upon bonding of the

O2H-H2O complex to the CoTPyP/Gr. The charge rearrangement is obtained

from the difference of the Löwdin atomic charges [198] between the entire

system (O2H-H2O/CoTPyP/GR) and the two constituents separately (O2H-H2O

and CoTPyP/GR). The color of each atom indicates the amount of electron

variation: red/blue correspond to electron gain/loss.

teases the mind towards a picture in which selectivity for 2 vs 4 e− ORR could be driven

by the configuration of the hydroperoxyl ligand at the catalysts’ active site, ultimately

defined by the unraveled interplay between charge transfer, chemical, dipole and H-

bonding (solvation) phenomena [172], thus paving the way towards novel approaches to

the reaction control.
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Figure 4.8 (preceding page): PDOS for some relevant atomic orbitals: A) H 1s (×3), B-D)

O 1s of the three different O atoms of the complex (×0.35),

E) 3dz2 of Co atom of the porphyrin. Solid black lines refer

to the full O2H − H2O/CoTPyP/GR system with the com-

plex bonded to the porphyrin; dashed grey lines refer to

the separated configurations of the constituents (pristine

CoTPyP/GR layer and isolated O2H −H2O complex). Blue

and orange vertical stripes identify selected energy ranges

(orange: from −8.65 eV to −8.31eV; blue: from −1.97 to

−1.93 eV) characterized by the superposition of Co 3dz2

and O 2p contributions in the bound configuration and

not in the separated configuration, in order to highlight

the orbital overlapping associated with chemical bonding.

The Local Density of States integrated in the two energy

windows and summed over all the relevant atoms is shown

in Fig. 4.6D −E. The simulation for O2H − H2O in gas

phase was made by leaving the molecular layer in the unit

cell and moving away the complex, to guarantee the same

reference energy for all the configurations.



5 C O AT N A P O N COTPYPCO

Carbon monoxide, thanks to its strong dipole and adsorption energy, is an ideal probe to

tackle the local adsorption environment of a MOF active site. In this chapter, by combining

NAP IR-Vis SFG experiments and ab initio DFT, we demonstrate the different chemical

nature of the two cobalt sites in CoTPyPCo/Gr/Ir(111) by exploiting CO as an extremely

sensitive probe able to detect the finest changes of the CO adsorption potential related to

long-range interactions (≥ 1.5 nm) driven by the MOF itself. In this experiment, the cobalt

evaporation rate is calibrated with Auger spectroscopy, by taking the graphene sheet as

the monolayer reference. Apart from the last section, where explicitly specified, the IR-Vis

SFG spectra are collected in ppp polarization.

The SFG spectra, that will be shortly presented, have been fitted with a simultaneous

optimization of the fitting parameters, a handy procedure already implemented in the

toolkit of Igor Pro 9 used for the analysis, which is called "Global Fit". In this way, parame-

ter constraints can be set across different spectra, making the analysis faster and more

reliable. From now on, when a fitting parameter will be simultaneously optimized over

different spectra in a data set, we shall refer to it as being "global-fitted". Lastly, all the

error bars reported in this analysis correspond to one standard deviation.

5.1 co adsorption in cotpypco

Panel A of Fig. 5.1 shows IR-Vis SFG spectra, acquired in the CO stretching range (1800−
2100 cm−1), as a function of the amount of cobalt atoms evaporated on a 0.5 ML CoTPyP/Gr/Ir(111)

submonolayer, and measured at a constant CO pressure of 1×10−3 mbar ar RT. Starting

from the bottom, the spectrum corresponding to the CoTPyP layer before cobalt exposure

is completely flat, indicating that no CO adsorption occurs on the CoTPyP molecules.

Going upward in the series, the second spectrum is collected after deposition of 0.12

ML of Co, corresponding to a CoTPyP:Co stoichiometry of about 8 : 1 (that is because,

as STM shows, the CoTPyPs do not uniformly spread on graphene but, rather, condense

in large islands). Two intense resonances arise at 1943 and 1965 cm−1, related to ν(CO).

Already from this simple experiment, we can already conclude the very different chemical

identities of the two cobalt species and, as we’ll demonstrate in this chapter, the CoTPyPCo

is the only active site for CO adsorption. We can exclude that the observed resonances

belong to CO adsorbed on the cobalt nanoclusters on bare graphene since, as we will

see in the following paragraph, their associated stretching mode is located above 2000

cm−1. The non-resonant amplitude also changes upon metalation, growing by a factor of
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5 (panel B of Fig. 5.1, dotted lines), probably due to the decrease of the HOMO-LUMO

gap (see section 3.3). We recall that in this experiment, carried at room temperature,

CO spontaneously desorbs because of thermal excitations. Thus, what we measure is a

dynamical equilibrium condition, where the actual CO average coverage results from the

balanced contribution of adsorption and desorption processes.

Figure 5.1: A)Normalized IR-Vis SFG spectra of CoTPyP0.5Cox /Gr/Ir(111) measured in

situ with a CO pressure of 1×10−3 mbar, as a function of evaporated cobalt

atom coverage (x); experimental data (black dots), best fitting curve (blu lines),

deconvolutions (filled profiles). In the inset, a schematic of the fundamen-

tal transition (0 → 1, ω01 ∼ 1965 cm−1) and the so-called hot-band (1 → 2,

ω12 ∼ 1945 cm−1); B,C,D) show the fitted evolution of amplitudes, phases, and

resonant energies, respectively, as a function of x; E) Comparison between SFG

spectra collected with full IR/Vis impulse energy (black line), half IR (green),

and half Vis (green) (see text for more details); F) evolution of the anharmonic

constant as a function of x.

By increasing the cobalt coverage to 0.23 ML (third spectrum from bottom), the profiles

remain identical, apart from a multiplication factor of about ×1.6. This is due, of course, to

the increase of concentration of the active sites. On a closer inspection, both resonances

slightly shift by about −2.7± 0.1 cm−1, indicating the slight change of the electronic

environment: indeed, in sections 3.2 and 3.3, we have observed (with STM) an ensemble

of many CoTPyPnCom structures that coexist below Co-saturation.
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At higher cobalt dosages (last three spectra in upper Fig. 5.1A), we observe a general

decrease of the intensities, probably correlated to a change of the electronic SFG matrix

element, also by looking at the parallel decrease of the non-resonant background (panel

B, dotted lines). It cannot be caused by the diminution of the squared dynamical dipole

moment (∂µ/∂z)2), since our spectra show an intensity decrease at least of a factor of 2,

while, for example for CO-Ni(111), only a 15% decrease of (∂µ/∂z)2 has been predicted

(and, so, SFG intensity) passing from a 0.08 to 0.14 ML of CO coverage (w.r.t the Ni(111)

unit cell), where the minimum distance of the p(2×2) CO adsorption pattern (the only

one present at θCO < 0.25 ML) is of about 7 Å, much lower than our case (∼ 1.5 nm) [199].

With increasing cobalt coverage, we also observe a spectral weight increase of the lower

energy resonance, and changes in the resonant energies and phases of both transitions

(panels C and D). The Lorentzian width has been global-fitted with a value of 14.5±0.4

cm−1 for the low- and 7.7±0.2 cm−1 for the high-energy resonance, respectively.

We now discuss the nature of the two peaks. Panel E in Fig. 5.1 shows three spectra,

acquired in a condition where both resonances are clearly visible (CoTPy0.5PCo0.12, PCO =
5×10−4 mbar): in the red spectrum, the visible impulse energy has been halved, while in

the green spectrum the same has been done for the IR pulse, and the black one is collected

at IR-Vis full power (∼ 250 µJ). Interestingly, while the red curve shows an identical profile

compared to the black one, in the green curve the spectral weight of the low-energy

resonance is quenched. This behavior, together with the separation in energy between

the two resonances, of the order of 20 cm−1, is in great agreement with what has been

already observed multiple times in literature [200–203], regarding CO probed by means

of SFG with sufficently high-intensity pulses. The right peak corresponds to the CO

fundamental transition, from the ground state to the first excited vibrational state, while

the low-energy one corresponds to the transition from the first to the second excited state

(see inset in Fig. 5.1A). The latter, often called "hot-band", was observed for the first time

by Hess et al. in 2000, while studying CO chemisorbed on Ru(001) with SFG, where the

hot-band was visible together with the fundamental and even the 2 → 3 transition, already

at θCO = 0.006 ML [201]. Indeed, the IR intensity pulse is strong enough (∼ 107 W) to

cause a population inversion, with the consequent partial population of the first excited

state, from where SFG can also occur. The energy difference between consecutive levels in

the CO vibrational spectrum that in the harmonic approximation are equispaced, shows

in reality a monotonic (decreasing) trend, due to the anharmonicity of the adsorption

potential. As a matter of fact, by assuming the Morse oscillator model and calculating

the energy correction with first-order perturbation theory, we get the expression for the

transition between vibrational level ν and ν+1:

ω(ν→ ν+1) =ωe (1−2χe (1+ν)), (5.1)
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where ωe is the harmonic frequency and χe is the anharmonicity constant [200]. So,

considering the transition energies for 0 → 1 and 1 → 2, which we will indicate with ω01

and ω12, respectively, and solving for χe , we get:

χe = ω01 −ω12

2ω01
. (5.2)

By using this equation, we calculated the anharmonic coefficient χe as a function of the

cobalt coverage, as shown in panel F of Fig. 5.1. As it can be seen, χe shows an increasing

trend, from 5×10−3 to 7×10−3, indicating a tuning of the shape of the CO adsorption po-

tential curve as a function of the Co coverage. For catalytic applications, this is particularly

important, since the anharmonic constant is strongly correlated with the C-O dissociation

energy. In addition, the Lorenztian widths of the fundamental and hot-band transitions

are in remarkable agreement with the values found, for example, for CO/Ru(001), where

Hess et al. measure (@390 K) Γ01 = 8.4± 0.2 cm−1 (fundamental) and Γ12 = 14.5± 0.6

cm−1 (hot-band) [201], in spite of the very different coordination environment (a bare

metal surface vs. an almost free standing MOF). In particular, they claim that the "excited

CO-stretch vibration is generally assumed to decay through electron-hole pair excitation

in the metal": since in our case the metal is far from CO and graphene, which is also

decoupled, giving only a small contribution to the close-to-Fermi density of states, we

could suppose that the main broadening mechanism is temperature-driven, or caused by

laser-stimulated deexcitation [201].

Before going on with the analysis, one aspect must be clarified. The hot-band transition

can be detected by two mechanisms: via population of ν= 1, or overtone polarization

[203]. The first process is dominant, accounting for about 99% of the 1 → 2 transition

probability: this means that, in order to see the hot-band, one should tune the IR energy

to the fundamental transition. In our case, the IR photon has an energy resolution better

than 0.3 cm−1, meaning that, while measuring the hot-band, we just match the Lorentzian

tail of the fundamental transition. By contrast, in the literature dealing with CO hot-

band, typically broadband IR pulses are used, centered at the fundamental transition

energy. The consequence is that the shape and the amplitude of the hot-band transition

are distorted with our measurement setup, since they both depend on the intensity

of the fundamental transition, the 0 → 1 transition probability, the lifetime in 1, and

the energy position where we are measuring (which in turn changes the intensity of

the fundamental...). Because of this complex convolution of factors, we decided not to

perform any data treatment on the hot-band. Ideally, in a controlled experiment one

should use an IR pump, always tuned with the fundamental transition, with fixed intensity,

and another IR pulse, involved in the SFG detection of the hot-band, sufficiently weak not

to affect the population distribution and sufficiently strong to generate SFG signal with

enough statistics. Thus, for the quantitative analysis that will shortly be presented, only

the parameters of the fundamental transition reflect a direct physical interpretation.
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5.2 co uptakes at nap

In the previous section, we have seen how the anharmonicity constant χe changes as

a function of the MOF electronic structure, i.e. the amount of cobalt loaded into the

MOF. We now show how long-range interactions, mediated by the MOF and triggered

by CO adsorption, induce measurable variations of χe as well, together with a CO non-

cooperative adsorption mechanism. For the last point, the Hill and Temkin models have

been successfully tested, giving coherent results. We will show how this information

can be extracted from the analysis of the CO uptake in pressure, at a fixed Co coverage.

Thus, for this experiment, two samples have been prepared ex novo to match the same

experimental conditions for the second and last spectrum of Fig. 5.1, corresponding

to the (CoTPyP0.5Co0.12) and the (CoTPyP0.5Co1.40) MOF layers. In particular, we will

demonstrate that, when the Co loading is sufficiently low (and, thus, the CO-CO average

distance is sufficiently high) the uptake is compatible with the classical Langmuir (non-

cooperative) uptake, and χe mildly varies within the error; on the contrary, with more

cobalt embedded into the porphyrinic network, the CO adsorption is better described by

non-cooperative models, and χe shows a monotonic increase (CO-CO distance ∼ 1.4 nm).

The CO pressure in the high-pressure SFG cell, during the uptake, has been monitored

by a full-range gauge (FRG), composed by a penning cold cathode and a Pirani filament,

which can measure from 5 × 10−9 to 1 bar. At the same time, the pressure was also

monitored in the main chamber via an adjustable pressure leak in the range between

1× 10−8 and 1× 10−7: in this way, the steadiness of the CO pressure could be doubly

checked, with variations less than 5%, and the purity of the SFG cell atmosphere could be

constantly checked with a residual gas analyzer. In order to correct for the low reliability

of the Pirani reading in its low-pressure range (∼ 1×10−4 mbar), a separate calibration has

been specifically done, in this range, by simultaneously measuring the SFG cell pressure

both in situ with the FRG and in the main chamber, by means of a hot gauge, by leaving a

small opening between the two chambers. The calibration has been done by assuming

as true the reading of the cold-cathode in its high-pressure range (6×10−4 mbar), the

Pirani reading above 1×10−2 mbar (which, according to the constructor, should be correct

within 10%), and assuming a linear behavior in between (Fig. A.14 in Appendix).

5.2.1 CO uptake with CoTPyP0.5Co0.12

As shown in Fig. 5.2, IR-Vis SFG spectra have been collected in situ on the CoTPyP0.5Co0.12

layer exposed to increasing CO pressure, from low 10−8 up to 10−3 mbar, where the CO

coverage is saturated. The SFG spectra cover the CO spectral range (∼ 1960 cm−1) and

the antisymmetric pyridinic stretching (∼ 1610 cm−1), which were the only two ranges

showing significant changes during the uptake.
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CO Uptake fitting strategy - CO range

In agreement with what already seen at the beginning of this chapter, two resonances

monotonically increase, as a function of the CO pressure, at about 1965 and 1950 cm−1,

corresponding to the 0 → 1 and 1 → 2 transitions of the CO vibrational levels (Fig. 5.2A).

For the first (the fundamental transition) the following fitting strategy has been adopted:

• Amplitude A01: free for each spectrum;

• Phase φ01: free for each spectrum; global-fitted up to 1×10−6 mbar;

• Resonant energyω01: free for each spectrum; global-fitted up to 1×10−6 mbar;

• Lorentzian width Γ01: global-fitted. Γ01 = 7.7±0.05 cm−1.

Regarding the low-energy transition (hot-band) we have:

• Amplitude A12: free for each spectrum;

• Phase φ12: free for each spectrum; global-fitted up to 5×10−7 mbar;

• Resonant energyω12: free for each spectrum; global-fitted up to 5×10−7 mbar;

• Lorentzian width Γ12: global-fitted. Γ12 = 13.8±0.1 cm−1.

Furthermore, as it can be seen, the pumpout spectrum is perfectly flat, sign of the

complete reversibility of the adsorption process. In Fig. 5.3, the evolution of the non-

constant parameters is shown. In panels A) and B), the evolution of the fundamental

(green) and hot-band (red) resonant amplitudes are fitted with two different adsorption

models [204]. The first is the Hill curve that describes cooperative adsorption processes,

typically used in the biochemistry, such as the sigmoidal di-oxygen binding curve of

hemoglobin . It has the same profile of the Langumuir uptake, but with an n exponent to

the pressure (or "ligand concentration", in biochem.):

θ(PCO)

θS AT
=

s0P n
CO

ρ
p

2πmCO mat kB T

s0P n
CO

ρ
p

2πmCO mat kB T
−ν0eEd /kB T

, (5.3)

where θS AT is the saturation coverage, n is the Hill coefficient, mCO = 28 u, mat =
1.66×10−27 Kg, ρ = 4.4×1017 (porphyrins/m2), kB = 1.3806×10−23 m2 kg s−2 K−1, T = 300

K, ν0 = 1×1013 s−1 (fixed in order to avoid crosstalk with Ed ), s0 = 1 (sticking coefficient),

Ed is the desorption energy, and pressure is expressed in Pa. The Hill coefficient is equal

to one for non-cooperative adsorption (Langmuir case), n > 1 for cooperative adsorption,

and n < 1 for anti-cooperative adsorption. In panel A, both fundamental and hot-band

curves are well fitted with the Hill model: the fundamental has n = 1.03±0.02 and, thus,

it is compatible with a Langmuir uptake. This is reasonable, since we expect at such low
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Figure 5.2: Normalized IR-Vis SFG spectra collected in situ on the CoTPyP0.5Co0.12 sub-

monolayer, in A) the CO range and in B) the pyridyl antysimmetric bending

range at the selected CO pressures (ω1 = 1603 cm−1, φ1 = 88°, Γ1 = 2.6 cm−1;

ω2 = 1612 cm−1, φ2 = 79°, Γ2 = 6.5 cm−1). The raw data (black dots) are

shown together with best fitting curve (blu lines), and deconvulutions for the

indicated pressure values (filled profiles).

cobalt loading not to have relevant coupling between the distant Co adsorption sites; the

desorption energy is Ed = 0.698±0.003 eV (indeed, CO desorbs from the MOF at room

temperature) and an additional 0.02 eV error must be taken into account if we consider

a systematic error of 10% on the pressure reading. The hot-band curve is well fitted

with a Hill coefficient less than one but, as mentioned at the beginning of the chapter,

the amplitude analysis of this fourth-order transition is tricky and won’t be considered

as reliable. Besides, it is clear that, from a physical point of view, the two transitions

must have the same evolution since they belong to the same CO molecule and, as a

consequence, the same Hill coefficient.

We used a second cooperative model - the Temkin model - in order to check the co-

herence with the Hill model and extract additional quantitative information, such as the
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change in adsorption energy [204]. The Temking model is a Langmuir model where the

desorption energy (or adsorption energy, if the activation barrier is absent) changes with

coverage according to the following expression:

Ed (θ) = E 0
d (1+αT θ/θS AT ), (5.4)

where αT is the Temkin coefficient and E 0
d is the adsorption energy in the low-coverage

limit. Positive values of αT yield cooperative adsorption, while negative values imply

anti-cooperativity. So, the CO coverage at equilibrium reads:

θ(PCO)

θS AT
=

s0PCO

ρ
p

2πmCO mat kB T

s0PCO

ρ
p

2πmCO mat kB T
−ν0eE 0

d (1+αT θ/θS AT )/kB T
, (5.5)

which cannot be solved analytically. We used an iterative approach where we construct

a θk sequence with the following property: limk→∞θk (PCO) = θ(PCO): once a certain PCO

value is fixed, the k = 0 term is calculated by using the Langmuir expression, and the k-th

value is calculated by recalling the k −1 term in this way:

θk (PCO ,θk−1)

θS AT
=

s0PCO

ρ
p

2πmCO mat kB T

s0PCO

ρ
p

2πmCO mat kB T
−ν0eE 0

d (1+αT θk−1/θS AT )/kB T
. (5.6)

The iteration is stopped when the relative difference between θk−1 and θk is less than 0.1%.

The fit results, reported in panel B, are compatible with the Hill model: indeed, for the

fundamental transition, the αT coefficient is compatible with zero (αT = 0.002±0.002),

indicating and confirming a non-cooperative uptake, and Ed is compatible within 6 meV

with the previous model. The evolution of the hot-band amplitude is also compatible

with the Hill model, with a negative Temkin parameter. It must be pointed out that the

compatibility with a Langmuir curve, for both models, is also a test to verify the goodness

of the pressure calibration procedure and data analysis, which is needed to justify and

corroborate the results reported in the following section, where the high-cobalt coverage

case is treated.

The resonance phases and energies are plotted in panel C of Fig. 5.3. While the fun-

damental transition does not exhibit, within the error, any shift in energy nor phase, the

hot-band shows slight drift of phase (∼ 30°) and energy (∼ 5 cm−1), which, in turn, yield

a very mild evolution of the anharmonic constant, plotted in panel E (same figure). It

must be considered that the potential energy for the CO dipole-dipole interaction, with

expression

U (r ) = p2
CO

4πε0r 3 , (5.7)

has a value of the order of 3×10−6 eV, which corresponds to about 0.02 cm−1 and, thus,

completely negligible (by setting r = 1.4 nm and pCO = 0.112 D) [118]. In addition, dipole-

dipole interactions generate a blue-shift, while we observe a mild red-shift of the hot-band

[205].
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CO Uptake fitting strategy - δas ym(P yr ) range

In the pyridyl antisymmetric bending region, at about 1580−1640 cm−1, the SFG spectra

are well fitted by two resonances at 1603 and 1612 cm−1 (Fig. 5.2B). The low energy one,

with Γ= 2.6 cm−1, is visible in UHV conditions (bottom spectrum), and is compatible with

the pyridyl groups non-coordinated with cobalt atom: Both its frequency (1603 cm−1)

and width are compatible with the ones observed in the previous UHV analysis. At this

cobalt coverage (CoTPyP0.5Co0.12), a larger SFG contribution from this pyridyl species

is expected, because of its relative abundance (about 1 : 7) in comparison with the Co-

coordinated one. The amplitude of this resonance linearly decreases during the uptake

(with CO pressure), as can be seen in Fig. A.15A. The other pyridyl-related feature grows

with the CO pressure, and does not show changes in energy, nor phase, and has a wider

Lorentzian width (Γ= 6.5 cm−1). The amplitude of the resonance at 1612 cm−1 is plotted,

as a function of the CO pressure, together with those of the CO vibrational transitions

(white-filled dots in Fig. 5.3A-B): interestingly, they overlap, a further indication of the

ligation of CO to CoTPyPCo. Finally, the Non-Resonant background of both CO- and

pyridyl-ranges are compared in panel D of Fig. 5.3, showing an identical trend. A separate

fit of the pyridyl-range uptake has been done by using only one resonance, as reported in

Fig. A.15B: the fit is still good, but the nonphysical increase of the Lorentzian width from

2.5 to 10 cm−1 allowed us to exclude this latter model (Fig. A.15C).

5.2.2 CO uptake with CoTPyP0.5Co1.4

The same experiment has been repeated with a cobalt coverage of 1.4 ML . On this layer

(CoTPyP0.5Co1.40) STM showed a high percentage of Co-saturation (see section 3.3.1),

with a consequent decrease of the mean distance between non-equivalent CO adsorption

sites. As we shall see, this reflects in important changes in the evolution of the hot-band

and, correspondingly, of χe . Again, the analysis of the pyridinic modes shows a trend

correlated with the CO amplitude evolution, similarly to what already observed in the

CoTPyP0.5Co0.12, a further confirmation of CoTPyPCo as the active site.

CO Uptake fitting strategy - CO range

Similarly to the previous case, when the CoTPyP0.5Co1.4 layer is exposed to CO, both the

CO fundamental and hot-band resonances grow, as a function of pressure, starting from

10−7 mbar and reaching saturation in the low 10−2 mbar, almost one order of magnitude

above the previous case (Fig. 5.4A). This time, because of the considerable amount of

cobalt clusters on bare graphene, the SFG signal coming from CO/Co/Gr/Ir(111) must

be taken into account: for this purpose, SFG spectra have been collected in an extended

pressure range from 1800 up to 2200 cm−1 (see Fig. A.16): the high-energy resonance

(blue filled profiles in Fig. 5.4A), which blue-shifts from 2015 cm−1 (at 10−8 mbar) up to
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Figure 5.3: Evolution of the SFG fitting parameters of Fig. 5.2. A-B) Resonant amplitudes

of the fundamental (green) and hot-band (red) CO transition, whose evolu-

tions are fitted in the two panels with two different uptake models (solid lines),

together with the evolution of the pyridinic resonance at 1612 cm−1 (blue

flled dots), C) Phase and Resonant energy, and D) Non-Resonant amplitude

evolution. In panel E), the measured anharmonic constant χe is plotted as a

function of the CO uptake pressure. [Ed ]=[eV].

2052 cm−1 (at 10−2 mbar) because dipole-dipole interactions is attributed to CO adsorbed

on Co clusters [206]. We can exclude the presence of CO intercalated under graphene

essentially for two reasons: firstly, we have observed in our setup CO intercalation (at

about 2040 cm−1) under graphene only above 1 mbar after several tens of minutes of



128 co at nap on cotpypco

exposure, and even without the porphyrin layer which could act as cap; secondly, two

subsequently acquired spectra, taken at the saturation pressure of 2×10−2 mbar, show no

progressive evolution of the signal, meaning that there is no CO accumulation and, thus,

excluding intercalation. The spectra including CO/Co have been fitted separately, and the

fitting parameters corresponding to such resonance (φCO/Co , ωCO/Co , ΓCO/Co) have been

linearly interpolated for the selected pressures in Fig. 5.4A, with the release of amplitude

only. It must be noticed that there is a slight fit discrepancy in the 1960−1970 cm−1 range

for the spectra up to 4×10−6 mbar. This is maybe due to the presence of additional CO

adsorbed on the cluster’s edges [206] and it has not been fitted to avoid overfitting. In fact,

the discrepancy is very small, and it only affects the amplitude of the hot-band, which

is non-zero already in low 10−8 mbar and, thus, the corresponding amplitude evolution

presents a non-zero background. For this reason, the hot-band phase (φ12) and the energy

position (ω12) have been locked together for the spectra collected up to 4×10−6 mbar.

It is also important to notice that this fitting discrepancy has no influence regarding the

most important results of this section (i.e. χe evolution and anti-cooperative adsorption),

since the evolution of χe is studied for PCO > 1×10−5 mbar, as well as the growth of the

fundamental resonance, as we shall see in a moment.

Thus, given these latter considerations, the following fit strategy has been adopted: for

the fundamental CO transition we have

• Amplitude A01: free for each spectrum, zero up to 4×10−6 mbar;

• Phase φ01: global-fitted, φ10 = 349±1° ;

• Resonant energyω01: global-fitted, ω10 = 1967.8±0.1 cm−1;

• Lorentzian width Γ01: fixed to the value found in the previous experiment, Γ10 = 7.7

cm−1,

while for the hot-band:

• Amplitude A12: free for each spectrum;

• Phase φ12: free for each spectrum; global-fitted up to 1×10−6 mbar;

• Resonant energyω12: free for each spectrum; global-fitted up to 4×10−6 mbar;

• Lorentzian width Γ12: fixed to the value found in the previous experiment, Γ12 =
13.8 cm−1.

In Fig.5.5, the evolution of the non-constant parameters is shown: in panel A, B, and

C the amplitudes of the fundamental (green) and hot-band (red) resonant amplitudes

are fitted with the Langmuir (Hill with fixed to n = 1), the Hill, and the Temkin model,

respectively. At a first glance, all three models seem to well reproduce the experimental

data. But if we focus on the green curve (fundamental transition), we notice that four
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Figure 5.4: Normalized IR-Vis SFG spectra collected in situ on the CoTPyP0.5Co1.4 sub-

monolayer, in A) the CO range and in B) the pyridyl antysimmetric bending

range at the selected CO pressures (ω1 = 1603 cm−1, Γ1 = 2.6 cm−1; ω2 = 1612

cm−1, Γ2 = 6.5 cm−1). φ1 = 235±4° except for PCO = 2.0×10−8 →φ1 = 273±9°;

PCO = 5.3×10−8 →φ1 = 280±8°; PCO = 8.2×10−8 →φ1 = 272±10é. The raw

data (black dots) are shown together with best fitting curve (blu lines), and

deconvolutions for the indicated pressure values (filled profiles).

experimental data-points are above the fitting curve, between 1×10−4 and 5×10−4 mbar,

and the following three experimental data-points lie below the fitting curve. In the other

two models, instead, only one/two data-points are further than 1σ. Looking at theχ2 value,

also reported in the same panels, the Temkin model results as the best one (χ2
Temki n = 118),

with a slightly lower value with respect to the Hill (χ2
Hi l l = 133) and a much lower one

with respect the Langmuir (χ2
Lang mui r = 181). In particular, the Hill coefficient, equal to

n = 0.84±0.02, reveals an anti-cooperative adsorption as well as the Temkin coefficient,

which is equal to −0.019±0.002. The maximum difference in adsorption energy ∆Ed ,

according to equation 5.4, is about ∆Ed = 15 meV, which correspond to about 2% of

its zero-coverage limit. This value is typically below the DFT computational error, and

experimentally very challenging to measure. Also for this reason, this is the first time, to
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our knowledge, that such small value has been measured on a comparable system. Indeed,

this is possible thanks to our SFG setup, which can easily measure such systems at the NAP

dynamical adsorption/desorption equilibrium, at room temperature, and with the high

confidence sample preparation level typical of UHV chambers. The amplitude evolution

of the hot-band also shows an anti-cooperative behavior but, as already discussed (see

section 5.2.1), it won’t be considered meaningful. Another interesting aspect concerns

the CO adsorption energy which, on the high-Co-coverage MOF, increases by about

0.015±0.003 eV (Hill model: Ed = 0.713±0.005 eV) and 0.007±0.003 eV (Temkin model:

Ed = 0.760±0.002 eV) (considering only the fundamental transitions), a further indication

of the MOF electronic structure change upon CoTPyPCo saturation.
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Figure 5.5: Evolution of the SFG fitting parameters of Fig. 5.4. A-C) Resonant ampli-

tudes of the fundamental (green) and hot-band (red) CO transition, whose

evolutions are fitted in the three panels with the three labeled uptake models

(solid lines); D) Evolution of the non-resonant background in the 1600 and

2000 cm−1 energy range; E) evolution of the CO hot-band resonance phase

and energy; F) evolution of the measured χe ; G) comparison between the CO-

related resonance amplitudes and the pyridinic asymmetric bending phase

(at 1612 cm−1); H) evolution of the pyridyl-related SFG resonant amplitudes.

[Ed ]=[eV].
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In panel E, of Fig. 5.5, the evolution of the hot-band phase and resonant energy is shown.

They have a similar trend, both substantially changing within the considered pressure

range (∆φ12 = 35 °, ∆ω12 = 7 cm−1). In particular, the blue-shift of the vibrational energy

corresponds to a remarkable evolution of χe , shown in panel F, which increases by about

50% from 3.0×10−5 to 4.5×10−2 mbar. This is coherent with our picture, since in the

Co saturated layer we expect a greater interaction, with respect to the unsaturated layer,

between the active sites. Also in this case, the uptake series is well fitted with constant

energy and phase for the fundamental transition, confirming once again the absence

of dipole-dipole interactions as already discussed. The resonant stretching frequency

(1967.8±0.1 cm−1) is only 3 cm−1 larger than the CoTPyP0.5Co0.12 case, indicating the

lower sensitivity of the fundamental transition, with respect to the hot-band, to the MOF

electronic structure changing.

An additional CO uptake curve has been extrapolated by summing the integrals of the

two SFG (fundamental and hot-band) resonances (see in Appendix, Fig. A.19). The data

have been fitted with the Hill model, which gives nHi l l = 1.25 for the CoTPyP0.5Co0.12 and

nHi l l = 0.80 for the CoTPyP0.5Co1.4 monolayers, respectively. As it can be seen, the same

anti-cooperative trend is preserved, in agreement with the rest of the analysis. However,

the cooperative uptake (nHi l l = 1.25) observed for the CoTPyP0.5Co0.12 is unphysical,

since we expect a non-cooperative adsorption for this layer with such diluted active sites.

Also for this reason, we proposed the other method as the empirically more appropriate

for this part of the analysis.

CO Uptake fitting strategy - δas ym(P yr ) range

As in section 5.2.1, SFG spectra have been collected in the pyridyl asymmetric bending

region (∼ 1610 cm−1) during the CO uptake. Also in this case, a reversible-with-pump-out

evolution of the SFG intensity is clearly visible and related to the parallel CO evolution.

The series have been fitted with the same two resonances found in the CoTPy0.5PCo0.12

case, at ω1 = 1603 and ω2 = 1612 cm−1, with the following strategy:

• Amplitude A1: free for each spectrum;

• Phase φ1: global fitted (see caption of Fig. 5.4);

• Res. energy ω1: Fixed (1603 cm−1)

• Lorentzian width Γ1: Fixed (2.6 cm−1),

for the low-energy resonance, attributed to non-Co-coordinated pyridyl residues, while

for the other (Co-coordinated) pyridyl species:

• Amplitude A2: free for each spectrum;

• Phase φ2: plotted in Fig. 5.5G;
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• Res. energy ω2: Fixed (1612 cm−1)

• Lorentzian width Γ2: Fixed (6.5 cm−1).

In agreement with our picture, the phase evolution of the 1612 cm−1 resonance perfectly

matches the evolution of the amplitudes of the CO transitions, as it can be seen in Fig. 5.5G,

indicating that one can use this MOF mode as a vibrational benchmark for the CoTPyPCo

active site. Furthermore, the intensity ratio of the two resonances is reversed (Fig. 5.5H)

with respect to the CoTPy0.5PCo0.12, since in the CoTPy0.5PCo1.4 layer we expect a higher

number of Co-coordinated pyridyl groups (with respect to non-Co-coordinated ones).

Also in this series, the Non-Resonant backgrounds of both CO- and pyridyl-range uptake

are compared in panel D of Fig. 5.5, where they, once again, show an identical trend.

5.3 final remarks

Before concluding, some additional aspects need to be discussed and clarified.

5.3.1 Comparison with DFT

Ab initio DFT calculations have been performed, in the framework of a collaboration, and

we obtained the overall energy gain of the CoTPyP/Gr and the CoTPyP1Co1/Gr systems

in presence of one or more chemisorbed CO ligands [133]. The iridium underneath has

been omitted from the simulation, because of the large computational effort, and since

its absence does not affect the outcomes, as discussed in section 3.2.4. The computed

adsorption energy values, summarized in Table 5.1, are consistent with the experimental

data. In fact, the CO adsorption energy is much larger on the pyridinic cobalt, rather than

on the Co embedded in the macrocycle, with an energy difference of almost 1 eV. This

is a further confirmation of our experimental results, which show that the CO uptake

is correlated with the parallel evolution of the δas ym(pyr ) mode. Regarding the anti-

cooperativity, instead, the presence of CO, bonded to adjacent CoTPyPCo adsorption sites

does not affect1 the adsorption energy, with respect to the case where only a single CO is

bonded to one of the two sites.

5.3.2 Absence of Förster transfer

It is known that, as well as excitons, also vibrational excitations can be transferred via the

non-radiative Förster process, mediated by dipole-dipole interactions. In this model, two

oscillators, an acceptor and a donor, can transfer the vibrational energy if their spectral

overlap integral J(ν̃) is different from zero, their relative distance R is sufficiently small,

1 Within the DFT error considered greater than 0.01 eV
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En. (eV) #CO En./CO (eV)

CoTPyP + CoTPyP 0.40 1 0.40

CoTPyP + CoTPyP 0.78 2 0.39

CoTPyPCo + CoTPyPCo 1 0.45

CoTPyPCo + CoTPyPCo 0.90 2 0.45

CoTPyPCo + CoTPyPCo 1.30 1 1.30

CoTPyPCo + CoTPyPCo 2.61 2 1.31

CoTPyPCo + CoTPyPCo 3.44 4 0.86

Table 5.1: Ab initio DFT calculations show the energy gain upon adsorption of one or

more CO molecules in the 2×CoTPyP(Co) unit cell. The unit cell contains two

CoTPyP molecules and two additional Co-atom in the saturated CoTPyPCo

case. In the first column, the adsorption site, where only on CO is bonded, is

indicated with bold font. In the second column, the total energy of the system is

reported. In the third column, the total number of CO in the simulation cell is

reported. In the last column, the average energy per CO molecule is reported.

the dipoles of the acceptor (µA) and of the donor (µB ) are non-zero, and if the dipole

geometrical factor k is also non-zero (for parallel dipoles, K = 1) [200]. Indeed, the transfer

Förster rate w can be calculated with the following expression:

w = 1

—h2c
·
(

1

4πε0
· kµDµA

R3

)2 ∫ ∞

0
d ν̃J (ν̃). (5.8)

For two normalised Lorentzians at center frequencies ν1 and ν2 and respective line widths

Γ1 and Γ2, the J (ν̃) integral term evaluates as [207]:∫ ∞

0
d ν̃J (ν̃) = 1

π

Γ1 +Γ2

(Γ1 +Γ2)2 + (ν1 −ν2)2 . (5.9)

In our case, even if we supposed the most favorable conditions for the transfer, by setting

Γ= 7.7 cm−1 (the lowest value found), a perfect frequency matching (ν1−ν2 = 0), a perfect

dipole alignment k = 1, a minimum distance of R = 14 Å, and a dipole intensity of µa =
µB = 0.4 D (one of the strongest found for CO in literature [200]), we find a value for the

Förster transfer rate of about w =(500 ps)−1, which is way above our laser pulse duration

(FWHM about 20 ps). Another proof of the absence of Förster transfer is that, in presence

of such energetic coupling, localized oscillators can be thought as delocalized phonons,

with a consequent breaking down of the classical harmonic oscillator levels, in favor of

a band structure. This phenomenon, which leads to the merging of the fundamental

and 1 → 2 states into a unique band, has already been observed multiple times for CO

adsorbed on metal surfaces [200–203]. In our case, we never observe such merging, thus

excluding such possibility. Additionally, we neither observe a change in the FWHM of

the CO transitions, also correlated to the excitation transfer and consequent reduction of

the lifetime. With these last considerations, we demonstrate how the changes in χe and

the anti-cooperative CO adsorption that cannot be induced by Förster transfer or other
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dipole-dipole interactions, are probably driven by the MOF itself. A possible mechanism,

for instance, could be the long-range magnetic coupling between metal centers caused by

partial magnetization of the organic macrocycle/pyridinic groups, as proposed by Mandal

et al. [54]. Substrate-induced effects are unlikely to occur, considering the weak coupling

that the MOF has with the supporting graphene sheet.

5.3.3 Polarization dependence

IR-Vis SFG spectra have been acquired at selected pressures, close to CO saturation, with

different polarization combinations (ppp and ssp) and reported in Appendix (Fig. A.17).

The CO ppp/ssp intensity ratio is about 10:1 in the CoTPyP0.5Co0.12, and about 5:1 in the

CoTPyP0.5Co1.4 layer. This could tentatively be associated with the CO molecule standing

more upright in the first case [208], meaning that the change of the MOF’s electronic

structure would induce also a geometrical adsorption distortion.

5.3.4 χe dependence on IR-Vis impulses delay

After the acquisition of the data collected in Fig. 5.1 we observed that there is a dependence

of the χe as a function of the delay (and, so, effective IR power) between Vis and IR (see Fig.

A.18 in Appendix). In particular, for the CoTPyP0.5Co0.12 layer, χe is constant from −30 up

to −15 ps, 2 and shows a 25% increase when the IR-Vis delay is zero. In order to get rid of

this dependence, we decided to measure at −15 ps of delay. To sum up, the data reported

in section 5.1 have been collected with zero delay, while all the other dataset with −15 ps

of delay. Nevertheless, it is important to remark that all the important outcomes reported

in this chapter are trends extracted from spectra collected in identical conditions, where

only one parameter (Co coverage or CO pressure) was changing.

5.4 main results

In this chapter, we studied the CoTPyPCo chemical affinity to CO by means of near

ambient pressure in situ IR-Vis SFG spectroscopy. Coherently with the UHV chapter, the

different chemical identity of the two (CoTpyPCo and CoTPyPCo) cobalt species reflects

in a different binding strength for CO, which is almost 1 eV stronger in the case of the

pyridinic cobalt. In this way, a sizable CO population is observed by measuring at room

temperature and PCO < 0.01 mbar. Pressure uptake experiments allowed us to inspect

the presence of an anti-cooperative adsorption mechanism, provided that the cobalt

saturation is large enough, possibly stemming from long-range electronic interactions:

indeed, after careful discussion, CO dipole-dipole interactions and Förster transfer can

2 negative delay values mean that the IR impulse hits the sample after the Vis one
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be both excluded. Though, the energety associated with the observed anti-cooperative

interaction is pretty tiny, of the order of 0.2% (15 meV) of the bonding energy.



6 C O N C LU S I O N S A N D F U T U R E
P E R S P E C T I V E S

This thesis focuses on the UHV growth and characterization, and on the reactivity to

small gases from UHV to near ambient pressure of TPyP-based mono- and bi-metallic 2D

MOFs self-assembled on almost free-standing graphene on Ir(111). Indeed, tetra-pyridyl-

porphyrins are already known to be promising single-atom catalysts for the Oxygen Re-

duction Reaction (ORR), an electrocatalytic process where molecular oxygen is converted

into water, of fundamental importance for energy storage and production applications

(i.e. fuel cells and metal-air batteries). For this purpose, we exploited a combination of

experimental surface science techniques in vacuo (STM, NEXAFS, ARPES, XPS, tr-2PPE,

and UPS) together with state-of-the-art approaches beyond UHV conditions (IR-Vis SFG,

NAP-XPS), corroborated by ab initio DFT techniques within the framework of an external

collaboration, yielding atomic-level insight into the geometrical, electronic, chemical,

and magnetic properties of the layer.

In the first part of the thesis (third chapter), we have characterized the geometry, the

electronic states, and some spectroscopic features of the already-metalated porphyrins

evaporated on the weakly interacting graphene support in UHV conditions. In particu-

lar, we found that such square molecules self-assemble in large islands with an almost

hexagonal lattice driven by lateral pyridinic-pyrrolic interactions. We checked that the

layers are generally stable up to 250 °C, while at higher temperatures desorption and

degradation processes occur. We have also hints of the presence of multiple phases if the

layer is grown at lower temperatures, but a systematic study is beyond the purpose of this

thesis and will be addressed in future works. Then, we have successfully demonstrated the

formation of bimetallic M1TPyPM2 (M1,2=Fe, Co) monolayers, grown in vacuo by phys-

ical evaporation of the transition metal atoms on the metalloporphyrin layer. We have

found complementary spectroscopic fingerprints of the metal bonding by all exploited

techniques. For the CoTPyPCo case, the fine details of the electronic structure have been

successfully examined by direct comparison of STS maps with DFT simulations. Thanks

to the weakly interacting support, we observe a complete change in the molecular ar-

rangement, passing from a hexagonal closed package to a square lattice. Furthermore, we

observed a remarkable chemical inequivalence between the two different metal species in

the homo-bi-metallic compounds that, as we have shown in the last chapter, is intimately

connected to the chemical affinity of the MOF. Real-space imaging showed the coexis-

tence of multiple chiral structures, in the cobalt unsaturated regions, driven by long-range

(> 1.5 nm) interactions, which, together with the MOF growth dynamics, could be an

interesting topic for future work (to be tackled, for example, with molecular dynamics

and fast-scanning STM studies). In addition, all experimental techniques converge in an
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important influence of the pyridyl-coordinated on the macrocyclic metal, resulting in a

rigid shift (∼ 0.7 eV) of all electronic states of the porphyrin. This is important because it

could be at the basis of the long-range interactions observed multiple times in this thesis.

We found that this effect can be only partially reproduced by DFT, which predicts a shift

of only 0.2 eV.

In the fourth chapter of this thesis, we exposed a CoTPyP/Gr/Ir(111) monolayer to a

mixture of water and oxygen gases (fractions of mbar), and an intense bending mode asso-

ciated with the hydroperoxyl molecule appeared @1712 cm−1 in sum frequency generation

spectra collected in situ. NAP-XPS measurements performed at the HIPPIE beamline of

Max IV confirmed our thesis: the interpretation of the O 1s core level corroborated by DFT

calculations is straightforward and one-to-one attribution is provided to the four oxygen

species, while the complex Co 2p core level lineshape indicates bonding of the ligand

at the cobalt site. Pump-probe SFG then allowed us to directly inspect the stabilizing

coupling between the hydroperoxyl and the surrounding water molecules. The detection

of this elusive intermediate, directly detected only a few times in literature, is at the core

of the Oxygen Reduction Reaction, strategic for many energy production and storage

applications. Indeed, the OOH is at the crossroad for the two ORR (two- or four-electron)

pathways, yielding either water or hydrogen peroxide.

In the last chapter, we used carbon monoxide as an optimal probe of the fine details of

the CoTPyPCo/Gr/Ir(111) local active sites, by investigating the system from UHV to CO

near ambient pressure. In more detail, the strong IR pulses, needed for SFG detection,

caused a population inversion in the CO vibrational levels, such that also the 1 → 2 transi-

tion was visible together with the fundamental one. This observation directly leads to the

direct measurement of the anharmonicity constant (χe ), which, as we observed, is affected

(up to 50% increase) by long-range MOF-driven interactions, provided that active sites are

sufficiently close to each other. In the finely detailed analysis of the SFG amplitude, the

CO amplitude uptake curves are - coherently to the observation of anti-cooperativity in

the adsorption processes - better fitted by the Hill and the Temkin anticooperative model,

with respect to the non-cooperative Langmuir curve. Dipole-dipole effects, including the

possibility of Förster vibrational energy transfer, have been excluded after discussion. The

parallel uptake of the MOF pyridinic resonance modes, as well as being a vibrational fin-

gerprint for the active site, shows perfect correlation with the CO-related feature and, thus,

we can attribute CoTPyPCo as the only active site, in agreement also with the DFT pre-

dictions. This experiment reveals to be an effective approach to investigate subtle effects

in the MOF chemical affinity, which could be responsible for the remarkable non-linear

increase of the electrocatalytic activity for ORR and OER of the bimetallic M1TPyPM2

compounds, which is one of the scientific interests at the basis of this thesis. Recent

experiments, performed by our group, have shown how the anharmonicity constant can

also be tuned by changing the chemical identity of the metal embedded in the macrocycle,

enlarging the parameter space needed for a deeper comprehension of such long-range

effects.
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a.1 uhv

a.1.1 XPS

CoTPyP CoTPyPFe FeTpyP FeTPyPFe

Value σ Value σ Value σ Value σ

Γ1 0.27 0.27 0.27 0.27

G1 0.74 0.01 0.67 0.03 0.61 0.02 0.74 0.04

A1 0.79 0.01 0.53 0.01 0.53 0.003 0.34 0.02

BE1 398.82 0.002 399.03 0.01 398.48 0.01 398.95 0.02

Γ2 0.27 0.27 0.27 0.27

G2 0.74 0.01 0.67 0.03 0.61 0.02 0.74 0.04

A2 0.79 0.01 0.53 0.01 0.53 0.003 0.34 0.02

BE2 399.10 0.01 399.43 0.02 398.94 0.01 399.49 0.02

Γ3 0.27 0.27 0.27 0.27

G3 2.10 2.10 1.34 1.34 0.14

A3 0.21 0.01 0.53 0.02 0.06 0.01 0.30 0.04

BE3 400.31 0.08 400.28 0.04 399.96 400.43 0.07

Table A.1: Best fit parameters of the N 1s core level. Γ: Lorentzian width (eV), G: Gaussian

width (eV), A: Amplitude (arb. units), BE: Binding Energy (eV). Asymmetry is

always set to zero. When the σ is missing, it means that the parameter has been

locked to a specific value. Subscripts 1 and 2 refer to iminic and pyridinic N

species, respectively, and 3 to non-adiabatic shakeup.

a.1.2 XPS stepwise annealing

139
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CoTPyP CoTPyPFe CoTPyPCo

Γ1 0.3 0.3 1.2±0.7

G1 1.7 2.2 2.1±0.6

A1 0.33 0.48 0.11±0.07

BE1 780.1 780.7 781.3±0.1

Γ2 0.3 0.3 1.2±0.07

G2 2.8 2.2 4.1±1.6

A2 0.3 0.36 0.044±0.06

BE2 782.2 782.8 786.3±0.4

Γ3 1.2±0.07

G3 0.7±0.6

A3 0.043±0.01

BE3 778.8±0.1

ΓGS 0.3 0.3

GGS 1.7 2.2

AGS 0.15 0.13

BEGS 778.9 778.9

Table A.2: Best fit parameters of the Co 2p3/2 core level for CoTPyP, CoTPyPFe, and CoT-

PyPCo. Γ: Lorentzian width (eV), G: Gaussian width (eV), A: Amplitude (arb.

units), BE: Binding Energy (eV). Asymmetry is always set to zero. Numerical

subscripts account for the multiplet splitting and shake up, and GS refers to

the Gunnarsson and Schönhammer resonance. When not explicitly written,

the error on binding energy is about 30 meV, and on Gaussian widths and

amplitudes is about 10% of the value.
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FeTPyP CoTPyPFe

Γ1 0.3 0.3

G1 1.1 4.0

A1 0.3 0.39

BE1 709.0 711.4

Γ2 0.3 0.3

G2 1.1 2.2

A2 0.16 0.85

BE2 710.1 714.3

Γ3 0.3

G3 2.6

A3 0.012

BE3 712.4

ΓGS 0.3 0.3

GGS 1.1 2.57

AGS 0.19 0.073

BEGS 707.9 708.2

Table A.3: Best fit parameters of the Fe 2p3/2 core level for FeTpyP and CoTPyPFe. Γ:

Lorentzian width (eV), G: Gaussian width (eV), A: Amplitude (arb. units), BE:

Binding Energy (eV). Asymmetry is always set to zero. Numerical subscripts ac-

count for the multiplet splitting and shake up, and GS refers to the Gunnarsson

and Schönhammer resonance. Error on binding energy is about 30 meV, on

Gaussian widths and amplitudes is about 10% of the value.
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300 K 470 K 550 K 650 K 970 K

Value σ Value σ Value σ Value σ Value σ

Γ1 0.27 0.27 0.27 0.27 0.27

G1 0.73 0.07 0.73 0.06 0.72 0.05 0.71 0.30 0.71 0.30

A1 0.83 0.02 0.79 0.02 0.73 0.02 0.08 0.01 0.01 0.02

BE1 398.67 0.06 398.80 0.03 398.76 0.03 398.93 0.11 398.82

Γ2 0.27 0.27 0.27 0.27 0.27

G2 0.73 0.07 0.73 0.06 0.72 0.05 0.71 0.30 0.71 0.30

A2 0.83 0.02 0.79 0.02 0.73 0.02 0.08 0.01 0.01 0.02

BE2 398.90 0.12 399.11 0.07 399.13 0.05 399.31 0.23 399.20 0.23

Γ3 0.27 0.27 0.27 0.27 0.27

G3 2.10 2.10 2.10 2.10 2.10

A3 0.36 0.02 0.30 0.02 0.34 0.02 0.05 0.02 0.13 0.02

BE3 399.82 0.09 399.95 0.09 399.95 0.09 400.07 0.09 399.97 0.09

Γ4 0.27 0.27 0.27 0.27 0.27

G4 1.00 1.00 1.00 1.00 1.00

A4 0.00 0.00 0.00 0.03 0.01 0.01 0.01

BE4 402.02 0.06 402.15 0.06 402.15 0.06 402.28 0.06 402.17 0.06

Γ5 0.27 0.27 0.27 0.27 0.27

G5 1.03 0.14 1.03 0.14 1.03 0.14 1.03 0.14 1.03 0.14

A5 0.00 0.03 0.00 0.03 0.00 0.03 0.00 0.02 0.25 0.05

BE5 398.27 0.07 398.40 0.07 398.36 0.07 398.53 0.07 398.40 0.07

Table A.4: Best fit parameters of N 1s core level spectra of the CoTPyP/Gr/Ir(111) stepwise

annealing experiment. Γ: Lorentzian width (eV), G: Gaussian width (eV), A:

Amplitude (arb. units), BE: Binding Energy (eV). Asymmetry is always set to

zero. When the σ is missing, the parameter has been locked to a specific value.

Subscripts 1 and 2 refer to iminic and pyridinic N species, respectively, 3 to

non-adiabatic shakeup, 4 to graphitic N, and 5 to N atoms strongly interacting

with substrate.
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300 K 550 K 600 K 650 K 700 K 970 K

Value σ Value σ Value σ Value σ Value σ Value σ

Γ1 0.27 0.27 0.27 0.27 0.27 0.27

G1 0.60 0.02 0.61 0.03 0.64 0.05 0.71 0.16 0.71 0.16 0.71 0.16

A1 0.53 0.01 0.45 0.01 0.27 0.01 0.07 0.01 0.05 0.01 0.00 0.01

BE1 398.50 0.01 398.62 0.01 398.58 0.02 398.70 0.06 398.70 0.06 398.70 0.06

Γ2 0.27 0.27 0.27 0.27 0.27 0.27

G2 0.60 0.02 0.61 0.03 0.64 0.05 0.71 0.16 0.71 0.16 0.71 0.16

A2 0.53 0.01 0.45 0.01 0.27 0.01 0.07 0.01 0.05 0.01 0.00 0.01

BE2 398.96 0.01 399.06 0.01 399.06 0.02 399.18 0.02 399.18 0.02 399.18 0.02

Γ3 0.27 0.27 0.27 0.27 0.27 0.27

G3 1.34 1.34 1.34 1.34 1.34 1.34

A3 0.05 0.01 0.13 0.01 0.04 0.01 0.00 0.01 0.01 0.01 0.01 0.01

BE3 399.98 400.10 400.06 400.18 400.18 400.18

Γ4 0.27 0.27 0.27 0.27 0.27 0.27

G4 1.00 0.39 1.00 0.39 1.00 0.39 1.00 0.39 1.00 0.39 1.00 0.39

A4 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.04 0.03 0.04 0.03

BE4 398.20 0.26 398.32 0.26 398.28 0.26 398.40 0.26 398.40 0.26 398.40 0.26

Table A.5: Best fit parameters of N 1s core level spectra of the FeTPyP/Gr/Ir(111) stepwise

annealing experiment. Γ: Lorentzian width (eV), G: Gaussian width (eV), A:

Amplitude (arb. units), BE: Binding Energy (eV). Asymmetry is always set to

zero. When the σ is missing, the parameter has been locked to a specific value.

Subscripts 1 and 2 refer to iminic and pyridinic N species, respectively, 3 to

non-adiabatic shakeup, and 4 to N atoms strongly interacting with substrate.
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a.1.3 SFG coverage dependent experiment

CoTPyP/Gr/Ir(111) growth at RT

Figure A.1: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at room tem-

perature, in the range 1200−1280 cm−1. AN R : Non-Resonant Amplitude (arb.

units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦);

ωi : i -resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).)
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Figure A.2: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at room tem-

perature, in the range 1340−1450 cm−1. AN R : Non-Resonant Amplitude (arb.

units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦);

ωi : i -resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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Figure A.3: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at room tem-

perature, in the range 1450−1760 cm−1. AN R : Non-Resonant Amplitude (arb.

units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦);

ωi : i -resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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Figure A.4: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at room tem-

perature, in the range 2970−3120 cm−1. AN R : Non-Resonant Amplitude (arb.

units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦);

ωi : i -resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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CoTPyP/Gr/Ir(111) growth at 500 K

Figure A.5: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at 500 K, in

the range 1200− 1280 cm−1. AN R : Non-Resonant Amplitude (arb. units);

Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦); ωi : i -

resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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Figure A.6: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at 500 K, in

the range 1340− 1450 cm−1. AN R : Non-Resonant Amplitude (arb. units);

Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦); ωi : i -

resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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Figure A.7: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at 500 K, in

the range 1450− 1760 cm−1. AN R : Non-Resonant Amplitude (arb. units);

Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦); ωi : i -

resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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Figure A.8: IR-Vis SFG fit parameters of CoTPyP/GR/Ir(111) coverage uptake at 500 K, in

the range 2970− 3120 cm−1. AN R : Non-Resonant Amplitude (arb. units);

Ai : i -resonance Amplitude (arb. units); ∆Φi : i -resonance phase (◦); ωi : i -

resonance frequency (cm−1); Γi : i -resonance Lorentzian width (cm−1).
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a.1.4 SFG CoTPyP/Gr/Ir(111) Thermal Annealing

Figure A.9: IR-Vis SFG fit parameters of the CoTPyP/GR/Ir(111) monolayer stepwise an-

nealing experiment, in the range of 1200−1280 and 1340−1450 cm−1. AN R :

Non-Resonant Amplitude (arb. units); Ai : i -resonance Amplitude (arb. units);

∆Φi : i -resonance phase (◦);ωi : i -resonance frequency (cm−1); Γi : i -resonance

Lorentzian width (cm−1).

a.1.5 SFG CoTPyPCo/Gr/Ir(111)
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Figure A.10: IR-Vis SFG fit parameters of the CoTPyP/GR/Ir(111) monolayer stepwise an-

nealing experiment, in the range of 1450−1760 cm−1. AN R : Non-Resonant

Amplitude (arb. units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -

resonance phase (◦); ωi : i -resonance frequency (cm−1); Γi : i -resonance

Lorentzian width (cm−1).
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Figure A.11: IR-Vis SFG fit parameters of the CoTPyP/GR/Ir(111) monolayer stepwise an-

nealing experiment, in the range of 2970−3120 cm−1. AN R : Non-Resonant

Amplitude (arb. units); Ai : i -resonance Amplitude (arb. units); ∆Φi : i -

resonance phase (◦); ωi : i -resonance frequency (cm−1); Γi : i -resonance

Lorentzian width (cm−1).
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CoTPyP-Co

(a) (b) (c) (d)

A(0)
N R 1.20±0.04 29.9±0.1 32.2±0.1 1.23±0.01

A(1)
N R 0.006±0.002 0.045±0.003 0.012±0.001 0.0025±0.0001

ω0 1240 1395 1605 3060

A1 1.3±0.5 24±2 20±2 0.5±0.1

∆Φ1 260±15 126±5 153±6 97±8

ω1 1207±1 1368±1 1512±1 2998±1

Γ1 5±1 4.7±0.5 4.5±0.6 4.5±0.9

A2 3±2 16±1 42±5 2.4±0.1

∆Φ2 173±17 252±5 350±7 356±2

ω2 1250±3 1415±1 1568±1 3077±1

Γ2 15±4 2.3±0.3 4.5±0.4 6.0±0.3

A3 − − 10±1 −
∆Φ3 − − 184±6 −
ω3 − − 1601±1 −
Γ3 − − 2.2±0.3 −
A4 − − 137±8 −
∆Φ4 − − 264±∗ −
ω4 − − 1644.9±2.5 −
Γ4 − − 50±∗ −
A5 − − 29±5 −
∆Φ5 − − 20±9 −
ω5 − − 1557±1 −
Γ5 − − 4.5±0.7 −

Table A.6: Fit parameters of CoTPyPCo in the four energy ranges: (a) 1200−1280 cm−1,

(b) 1340−1450 cm−1, (c) 1450−1760 cm−1, (d) 2970−3120 cm−1. The non-

resonant background has two components, the constant A(0)
N R and the linear

term A(1)
N R (see Eq. 3.1). The energy center of the linear term, ω0, was arbitrarily

imposed by hand to coincide with the center of the considered energy interval.

Due to the complexity of the spectrum, some parameters were extracted during

a preliminary fit and then hold during the final fit: thus there is no errorbar

associate to them, and they are marked by a *.
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a.1.6 STM CoTPyPCo/Gr/Ir(111)

Figure A.12: A) Histograms of the azimuthal orientation of the CoTPyPCo layer with re-

spect to the graphene moiré underneath, according to the angles measured

as in panel B). The mod(x,y) is the modulo operation which returns the re-

mainder of the x/y division (used to take into account the four-fold symmetry

of the CoTPyPCo MOF). The four histograms refer to four different analyzed

STM images corresponding to CoTPyP0.5Co0.8 and CoTPyP0.5Co1.2 layers.

The Co clusters on Gr moiré were used to trace the graphene orientation.
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a.2 o2 +h2 o on cotpyp/gr/ir(111)

Mode Literature [118,

180, 181, 209–

213]

CoTPyP/Gr/Ir(111)

δ(pyr ) 1214-1219 1212-1216

ν(Cα−N )+δ(Cβ−H) 1224-1238 1236-1240

δ(Cm −pyr ) 1252-1255

ν(Cα−N ) 1270-1280

ν(C −C )+ν(C −N ) 1273-1276

ν(Cα−Cβ) 1293-1314

ν(Cα−Cβ)+δ(Cβ−H) 1333-340

ν(Cα−N )+δ(Cβ−H) 1359-1370 1368-9

ν(Cα−N ) 1352-1372 1408-9

ν(Cα−Cβ)+δ(Cβ−H); ν(Cα−Cβ) 1450-1472 1453-1474

ν(Cβ−Cβ) 1492-1510 1490-1505

ν(Cα−Cm) 1510-1540 1533-1539

ν(Cβ−Cβ) + δ(Cβ−H); ν(Cβ−Cβ) 1542-1576 1564-1589

ν(Cα−Cm); ν(Cm −Cm) 1561-1582 1564-1589

δ(pyr ) 1594-1613 1585-1596

Graphene G mode 1608 1609-1659

Table A.7: Assignment of the observed (Ir-Vis SFG) vibrational modes on the basis of

available literature, for the CoTPyP/Gr/Ir(111) system. Cm ,Cα, and Cβ stand

for carbon atoms in meso-, alpha-, and beta-positions in the CoTPyP molecule,

respectively.
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Figure A.13: Time-Resolved SFG. (a-b) IR-Vis SFG spectra collected at room temperature

in situ upon exposure of the CoTPyP/Gr/Ir(111) system to both oxygen and

water as a function of the Vis-to-IR pulses delay; a second system in which

Fe atoms are coordinated to the vacant 4N sites among adjacent molecules,

according to the literature [32, 59], is also reported, showing no changes in

reactivity and a similar behavior; (c) evolution of the resonant amplitude

with delay for the hydroperoxyl (green) and water (cyan) modes. As reported

in the figure, both OOH-related curves (green) have been multiplied by 0.1 to

fit in the graph.
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A)

ωk (cm−1) ∆ϕk (°) ANonRes Ak (arb. units)

UHV 0.33

1532 200 2.2

1567 298 4.1

1595 78 4.3

1639 264 10.7

NAP 0.41

1532 200 0

1567 214 2.3

1592 78 2.7

1639 264 6.8

1710 291 9.6

B)

BE (eV) Lorentzian

(eV)

Gaussian

(eV)

Intensity (arb.

Units)

O 1s N AP

531.82 0.5 1.12 0.088

532.37 0.5 4 0.092

533.25 0.5 1.12 0.084

535.37 0.06 0.54 0.136

C o 2p3/2 U HV

778.22 0.57 1.02 0.082

780.06 0.57 1.43 0.544

782.12 0.57 1.66 0.261

784.25 0.57 2.4 0.103

778.22 0.57 1.02 0.082

Table A.8: SFG and XPS fit Parameters relative to Fig. 4.3 A) IR-Vis SFG best fitting pa-

rameters, according to the lineshape described in the methods section above. B)

XPS best fitting parameters (Voigt lineshapes) of the spectra plotted in Fig. 4.3

.
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Delay (ps): -15 -7 0 7 15 20

ANonRes (arb. units) 0.63 0.39 0.46 0.51 0.61 0.8

A1 (arb. units) 0.02 0.07 0 0 0.14 0.24

∆ϕ (°) 267 267 267 267 267 267

ω1 (cm−1) 1687 1687 1687 1687 1687 1687

Γ1 (cm−1) 1 1 1 1 1 1

A2 (arb. units) 0 0 0 0.03 0.19 0.29

∆2ϕ (°) 225 225 225 225 225 225

ω2 (cm−1) 1698 1698 1698 1698 1698 1698

Γ2 (cm−1) 0.7 0.7 0.7 0.7 0.7 0.7

A3 (arb. units) 0.12 0.13 0.39 0.61 1.31 1.43

∆3ϕ (°) 293 293 293 293 293 293

ω3 (cm−1) 1703 1703 1703 1703 1703 1703

Γ3 (cm−1) 1.4 1.4 1.4 1.4 1.4 1.4

A4 (arb. units) 0.61 0.24 0.16 0.2 0.68 1.28

∆4ϕ (°) 248 248 248 248 248 248

ω4 (cm−1) 1706 1706 1706 1706 1706 1706

Γ4 (cm−1) 1.4 1.4 1.4 1.4 1.4 1.4

A5 (arb. units) 0.12 0.05 0.24 0.27 0.64 0.49

∆5ϕ (°) 299 299 299 299 299 299

ω5 (cm−1) 1717 1717 1717 1717 1717 1717

Γ5 (cm−1) 1 1 1 1 1 1

A6 (arb. units) 0.12 0.04 0.09 0.11 0.42 0.58

∆6ϕ (°) 309 309 309 309 309 309

ω6 (cm−1) 1720 1720 1720 1720 1720 1720

Γ6 (cm−1) 1 1 1 1 1 1

A7 (arb. units) 0.22 0.28 0.13 0.12 0.4 0.25

∆7ϕ (°) 268 268 268 268 268 268

ω7 (cm−1) 1735 1735 1735 1735 1735 1735

Γ7 (cm−1) 1 1 1 1 1 1
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Delay (ps): -15 -7 0 7 15 20

AOOH 7.72 8.9 8.51 4.91 3.39 0.98

∆ϕOOH 302 302 302 302 302 302

ωOOH 1712 1712 1712 1712 1712 1712

ΓOOH 5.8 5.8 5.8 5.8 5.8 5.8

Table A.9: Time resolved IR-Vis SFG best fitting parameters of the CoTPyP/Gr, according to

the lineshape described in the text.
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Delay (ps): -15 0 15 20 25 30 35 40

ANonRes (arb. units) 0.82 0.68 0.7 0.79 0.81 0.89 0.9 0.93

A1 (arb. units) 0 0 0.14 0.34 0.56 0.58 0.52 0.45

∆ϕ (°) 268 268 268 268 268 268 268 268

ω1 (cm−1) 1687 1687 1687 1687 1687 1687 1687 1687

Γ1 (cm−1) 1 1 1 1 1 1 1 1

A2 (arb. units) -0.02 0 0.28 0.44 0.43 0.4 0.32 0.22

∆2ϕ (°) 225 225 225 225 225 225 225 225

ω2 (cm−1) 1698 1698 1698 1698 1698 1698 1698 1698

Γ2 (cm−1) 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

A3 (arb. units) 0.47 0.8 1.47 1.63 1.41 0.99 0.76 0.41

∆3ϕ (°) 293 293 293 293 293 293 293 293

ω3 (cm−1) 1703 1703 1703 1703 1703 1703 1703 1703

Γ3 (cm−1) 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4

A4 (arb. units) 0.64 0.37 0.98 1.59 1.95 1.79 1.44 1.36

∆4ϕ (°) 248 248 248 248 248 248 248 248

ω4 (cm−1) 1706 1706 1706 1706 1706 1706 1706 1706

Γ4 (cm−1) 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4

A5 (arb. units) -0.26 0.28 0.61 0.67 0.86 0.53 0.37 0.12

∆5ϕ (°) 299 299 299 299 299 299 299 299

ω5 (cm−1) 1717 1717 1717 1717 1717 1717 1717 1717

Γ5 (cm−1) 1 1 1 1 1 1 1 1

A6 (arb. units) -0.02 -0.14 0.63 0.87 0.79 0.92 0.47 0.57

∆6ϕ (°) 309 309 309 309 309 309 309 309

ω6 (cm−1) 1720 1720 1720 1720 1720 1720 1720 1720

Γ6 (cm−1) 1 1 1 1 1 1 1 1

A7 (arb. units) -0.03 0 0.23 0.37 0.3 0.28 0.04 0.04

∆7ϕ (°) 268 268 268 268 268 268 268 268

ω7 (cm−1) 1735 1735 1735 1735 1735 1735 1735 1735

Γ7 (cm−1) 1 1 1 1 1 1 1 1



a.2 o2 +h2 o on cotpyp/gr/ir(111) 163

Delay (ps): -15 0 15 20 25 30 35 40

AOOH 9.31 7.56 2.36 0.52 -0.26 -0.08 -0.52 0.34

∆ϕOOH 302 302 302 302 302 302 302 302

ωOOH 1712 1712 1712 1712 1712 1712 1712 1712

ΓOOH 5.8 5.8 5.8 5.8 5.8 5.8 5.8 5.8

Table A.10: Time resolved IR-Vis SFG best fitting parameters of the CoTPyP-Fe/Gr related

spectra plotted in Fig. A.13b, according to the lineshape described in the text.
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a.3 co on cotpypco

Figure A.14: FRG pressure calibration in the low pressure range of the Pirani vacuum

gauge. The FRG reading (y data points) are plotted vs the hot gauge reading

(x data points) in the main chamber, connected through a small hole to the

NAP cell. The x values have been multiplied by a factor in such a way to

match the FRG reading at P < 6×10−4 mbar.
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Figure A.15: A) Evolution of the resonant amplitude of the pyridyl asymmetric bend-

ing mode at 1603 cm−1 in Fig 5.2; B) Fit of the CO pressure uptake

(CoTPy0.5PCo0.12 layer) by using only one SFG resonance, and C) evolution

of its Lorentzian width.
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Figure A.16: IR-Vis SFG spectra of the CoTPyP0.5Co1.4 layer exposed to increasing CO

pressure, from 1×10−8 to 1×10−2 mbar, collected at each order of magni-

tude pressure increase. The light-blue resonance, at around 2050 cm−1, is

attributed to CO on Co/Gr/Ir(111).



a.3 co on cotpypco 167

Figure A.17: Comparison between ppp and ssp polarization of the normalized IR-Vis SFG

spectra of A) the CoTPyP0.5Co0.12 and B) the CoTPyP0.5Co1.4 layer collected

at the indicated CO pressure.
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Figure A.18: A) Normalized IR-Vis SFG spectra of CoTPyP0.5Co0.12 layer exposed to 5×
10−4 mbar of carbon monoxide, as a function of the IR-Vis indicated delay.

Negative values mean Vis hitting the sample before the IR impulse; B) Same

graph as A, but the spectra are shown with a multiplicative factor; C) The

measurement of the anharmonicity constant shows a dependence on the

delay.
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Figure A.19: CO coverage uptake relative to the A) CoTPyP0.5Co0.12 (Fig. 5.2) and B)

CoTPyP0.5Co1.4 (Fig. 5.4), measured as the sum of the integrals of the two

(fundamental and hot-band) SFG resonances. The experimental data (dotted

circles) are plotted together with the best fit (Hill model).
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• IR Infrared

• IR-Vis SFG Infrared Visible Sum Frequency Generation

• IP Ionization Potential

• FRG Full Range Gauge

• JDOS Joint Density of States

• LDOS Local Density of States

• GS Gunnarsson and Schönhammer

• MOF Metallorganic Framework

• MON Metallorganic Network

• MS Multiplet Splitting

• NAP Near Ambient Pressure

• NEXAFS Near Edge X-Ray Absorption Fine Structure

• OER Oxygen Evolution Reaction

• ORR Oxygen Reduction Reaction

• PEY Partial Electron Yield

• PDOS Projected Density of States

• RT Room Temperature

• SAC Single Atom Catalyst/catalysis standard hydrogen electrode (SHE)
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• SFG Sum Frequency Generation

• SF Sum Frequency

• SHE Standard Hydrogen Electrode

• STM Scanning Tunneling Microscopy

• STS Scanning Tunneling Spectroscopy

• TDM Transition Dipole Moment

• TEY Total Electron Yield

• tr-2PPE Time Resolved Two Photons Photoemission Spectroscopy

• Vis Visible

• UHV Ultra High Vacuum

• UPS Ultraviolet Photoemission Spectroscopy

• VL Valence Level

• WF Work Function

• XPS X-Ray Photoemission Spectroscopy
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