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Abstract

The structure of a biological system defines its function. Therefore, nature has
developed sophisticated systems that catalyze chemical reactions that are vital for life on earth.
For instance, photosynthesis is a biological process that is partially regulated by the metallo-
enzyme RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase), whose function is to
catalyze the capture and transfer of CO, into organic molecules. This carboxylation reaction
occurs at the active site, where a magnesium ion (Mg?*) is bound to organic molecules with
carboxylate (COO’) and amine (NH>) functional groups.

In the last decades, supramolecular chemistry has proven to be a valid approach to replicate the
structural characteristics of these natural metal-organic systems. Metal atoms and organic
molecules are used as building blocks to form two-dimensional (2D) metal-organic networks
(MONSs) on metal surfaces, through a self-assembly process that occurs spontaneously. In these
systems the molecules bind to the metal centers and control their oxidation state that, as found
in metallo-enzymes, is crucial to perform a catalytic task. Therefore, these supramolecular
assemblies show promising features to be explored for heterogeneous catalysis.

The main objective of this thesis is to reverse the structure-function equation, that is: instead of
finding specific functions of well-known 2D structures for future applications, 2D structures are
designed to reproduce the specific functions of well-known bio-systems. Thus, inspired in the
structure of the active site of RuBisCO, 2D Mg-based supramolecular assemblies are rationally
designed on Cu(100) or Mg(0001) surfaces at room temperature (RT) as a platform for CO,
adsorption. This work is the first study of self-assembly of alkaline earth metal atoms (Mg) with
organic molecules ((1,4-benzenedicarboxylic acid (TPA) and 2,4,6-tris(4-aminophenyl)-1,3,5-
triazine (TAPT)) on metal surfaces.

The first part of this thesis investigates the self-assembly of TAPT molecules. Scanning Tunneling
Microscopy (STM) and High Resolution X-ray Photoemission Spectroscopy (HR-XPS)
demonstrate that the molecules typically semi-deprotonate to form MONs with the adatoms
from the host substrates. The exposure of these structures to CO; results in the carboxylation of
the amino groups.

The second part proves that the COOH moieties of TPA molecules fully-deprotonate to form
homo-molecular structures. The incorporation of Mg adatoms result in ionic MONs, which
reproduce the carboxylate environment of the active site of RuBiSCO. STM, XPS and Density
Functional Theory (DFT) analyze the structural changes, the chemical reactions and charge
transfer during either the CO, or O, adsorption on the Mg?* centers.

The last part focusses on the co-deposition of both molecules to form 2D metallic-hetero-
molecular networks with Mg?* centers. The role of the Mg?* centers as active sites for molecular
adsorption and model systems for gas storage is studied. STM reveals that CO; partially modifies



the network towards a configuration that resembles the active site of RuBisCO. The formation
of 3D structures to enhance CO; adsorption is also evaluated.

Keywords: RuBisCO, active site, adsorption, carbon dioxide, metal-organic networks,
magnesium, amine groups, carboxylate groups, ultra-high vacuum, room temperature.



Résumeé

La structure d'un systéme biologique définit sa fonction. Par conséquent, la nature a développé
des systemes sophistiqués qui catalysent les réactions chimiques vitales pour la vie sur terre. Par
exemple, la photosynthése est un processus biologique partiellement régulé par la métallo-
enzyme RuBisCO (ribulose-1,5-bisphosphate carboxylase/oxygénase), dont la fonction est de
catalyser la capture et le transfert du CO, dans les molécules organiques. Cette réaction de
carboxylation se produit sur le site actif, ol un ion magnésium (Mg¥) est lié a8 des molécules
organiques avec des groupes fonctionnels carboxylate (COO’) et amine (NH3).

Au cours de la derniére décennie, la chimie supramoléculaire utilise une approche ascendante
pour reproduire les caractéristiques structurelles de ces systemes organométalliques naturels.
Ainsi, des atomes métalliques et des molécules organiques sont utilisés comme blocs de
construction pour former des réseaux organométalliques (MONs) en deux dimensions (2D) sur
des surfaces meétalliques, a travers un processus d'auto-assemblage qui se produit
spontanément. Dans ces systemes, les molécules se lient aux centres métalliques et contrélent
leurs états d'oxydation qui, comme dans les métallo-enzymes, sont cruciaux pour effectuer une
tache catalytique. Ces assemblages supramoléculaires montrent donc une voie prometteuse
vers la catalyse hétérogene.

L'objectif principal de cette thése est de renverser I'équation structure-fonction, c'est-a-dire: au
lieu de trouver des fonctions spécifiques de structures 2D pour des applications futures, les
structures 2D sont congues pour reproduire les fonctions spécifiques des bio-systemes bien
connus. Ainsi, inspirée de la structure du site actif de RuBisCO, des assemblages
supramoléculaires 2D a base de Mg sont congus rationnellement sur des surfaces Cu(100) ou
Mg(0001) a température ambiante (RT) comme méthode d'adsorption du CO,. Ainsi, voici la
premiere étude de l'auto-assemblage des atomes de métaux alcalino-terreux (Mg) avec des
molécules organiques (acide 1,4-benzénedicarboxylique (TPA) et 2,4,6-tris(4-aminophényl)-
1,3,5-triazine (TAPT)) sur des surfaces métalliques.

La premiere partie de cette thése étudie I'auto-assemblage des molécules TAPT. Le Microscope
D’effet Tunnel (STM) et la Spectroscopie de Photoémission par Rayons X a Haute Résolution (HR-
XPS) démontrent que les molécules se déprotone de maniére partielle pour former des MONs
avec les adatomes des substrats hotes. L'exposition de ces structures au CO; entraine la
carboxylation des groupes amino.

La deuxiéme partie prouve que les fragments COOH des molécules de TPA se déprotonent
complétement pour former des structures homo-moléculaires. L'incorporation d'adatomes de
Mg forme des MONs ioniques, qui reproduisent I'environnement carboxylate du site actif de
RuBiSCO. STM, XPS et la Théorie de la Fonctionnelle de la Densité (DFT) analysent les
changements structurels, les réactions chimiques et le transfert de charges lors de I'adsorption
de CO, ou d'O; sur les centres Mg?*.



La derniére partie se concentre sur la co-déposition des deux molécules pour former des réseaux
métalliques-hétéro-moléculaires en 2D avec des centres Mg?*. Le role des centres Mg?* en tant
que sites actifs pour I'adsorption moléculaire et le stockage de gaz est étudié. La STM révéle que
le CO, modifie partiellement le réseau vers une configuration qui ressemble au site actif de
RuBisCO. La formation de structures 3D pour améliorer I'adsorption de CO, est également
évaluée.

Mots-clés: RuBisCO, site actif, adsorption, dioxyde de carbone, réseaux organométalliques,
magnésium, groupements aminés, groupements carboxylates, ultravide, température
ambiante.
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Chapter 1: Introduction

“Bio-inspired 2D networks to mimic the
catalytic function of the RuBisCO
enzyme”

Life on earth is affected by a global warming caused by the increment of CO, emissions.
Unfortunately, the natural processes cannot carry-on with the excess load of CO, and give us
the obligation to address strategies to reduce our carbon footprint on earth. During billions of
years nature has developed photosynthesis, a self-sustaining process partially regulated by the
RuBisCO enzyme. Thus, a promising approach towards artificial photosynthesis is to replicate
the RuBisCO active site. Supramolecular chemistry allows the rational design of nano-
architectures, which self-assemble to mimic the structural characteristics of enzymatic active
sites for hetero-catalysis. This chapter presents the theoretical background that encourages the
design of 2D supramolecular structures to be used as nano-catalysts for CO, adsorption.

1.1. The Photosynthesis Process

Photosynthesis is the model system for energy conversion. It is used by plants, algae or
bacteria to transform light into chemical energy, i.e. organic molecules or biomass [1]. The
process can be simplified as a chemical reaction that uses water (H,0), carbon dioxide (CO-)
and energy from the sunlight to obtain sugar (glucose: CgH;,04) and oxygen (0,) as other sub-
products:

6H,0 + 6CO, + light > CsHy,04 + 60,

Photosynthesis is performed in two steps known as the light and dark reactions. Each step occurs
in two different structures of the chloroplasts from eukaryotic cells [2]:

e The first step (light reaction), takes place in the thylakoids membranes. H,0 and light are
processed to produce O; as a waste product. Whereas, the energy from the sun is stored
in molecules such as Nicotinamide adenine dinucleotide phosphate (NADPH) and into
Adenosine Triphosphate (ATP).

e The second step (known as the Calvin cycle or dark reaction) takes place in the stroma.
CO, is captured as a starting reactant to be transformed into carbohydrates (CsH1,0s),



using the chemical energy from the ATP and NADPH molecules obtained from the light
reaction.

The Calvin cycle can be further divided in three different stages:

e 1%t stage - Carbon fixation: It is the first and rate-determining stage of this cycle and it
is regulated by the enzyme RuBisCO. This enzyme immobilizes and activates a CO;
molecule to catalyze a reductive carboxylation reaction that transforms a five-carbon
sugar molecule, Ribulose 1,5-bisphosphate (RuBP), into two three-carbon molecules
(3-phosphoglycerate (3-PGA)), which later act as building blocks for sugars [3].

e 2" stage - Reduction: The ATP and NADPH macromolecules deliver energy and fix a H*
proton into the molecular structure of the two 3-PGA molecules, transforming it into
Glyceraldehyde 3-Phosphates (G3P). The G3P is further assembled into a hexose sugar
(glucose, C4H1,04).

e 3" stage - Regeneration: Most of the produced G3P is recycled to regenerate the RuBP
so that it can be used in a new Calvin cycle.

1.2. RuBisCO and the role of Magnesium for Catalysis

This thesis centers in the mimicking of the first stage of the photosynthesis process
(Carbon fixation), regulated by the active site of the RuBisCO enzyme [3], [4]. To define the
structure of RuBisCO, it is first necessary to address the basic structure of an enzyme: Amino
acids. The structure of these organic compounds consists of an alpha-carbon terminated by -
NH, and -COOH functional groups and a side chain (R) group that gives unique properties to the
amino acids. The amino acids bind covalently to each other in a consecutive manner to form
polypeptides, whose structure terminates with a COOH group in one side, and a NH; group in
the other. The 3D fold of one or more polypeptides in a specific shape forms large
macromolecules denominated proteins. Enzymes are big proteins capable of speeding up a
reaction, i.e. catalysis. Photosynthesis, water oxidation, glycolysis, oxygen reduction and cellular
respiration are good examples of biological processes catalyzed by enzymes. In addition, some
of these enzymes contain metal atoms in their active centers (metallo-enzymes), where a
molecule can be attached to be further catalyzed, e.g. H,0, or CO; in the case of Catalase or
RuBiSCO enzymes, respectively [5], [6]. The metallic centers bind to the enzyme through the
functional groups of the amino acids (NH,, COOH, and the functional groups from the R chains)

[7].

Mg?* participates in many biological processes as an active center. Mg shows an affinity for
carboxylate (COO") functional groups which allows its interaction with organic carbon-based
macromolecules [8]. Particularly, Mg? plays an important role in the catalytic function of
RuBisCO. On its first stages, the structure of this metallo-enzyme contains H,O molecules,
glutamate (Glu204) and Asparate (Asp203) residues, whose monodentate COO™ groups link the
Mg?* ion. This structure does not have any catalytic activity by itself, unless the e-NH; group of
a non-bonded lysine residue (Lysine 201) performs a nucleophilic attack to a CO, molecule to
form a negatively charged carbamate, which gets stabilized electrostatically with the Mg?*



center (Figure 1.1(a)) [9], [10]. From here, the RuBisCO enzyme becomes functional to allow the
further binding of a RuBP molecule, through two of its highly electronegative O atoms, to the
Mg?* center [3]. Thus the active site of RubisCO is formed (Figure 1.1(b)), and presents a
structure based on a Mg?* ion coordinated by six O atoms in an octahedral geometry. This
structural conformation of the molecules is crucial to allow the carboxylation reaction (Figure
1.1(c)).
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Figure 1.1: (a) The carbamylation of the Lysine 201 turns the active center of RuBisCO
“functional” to allow the further introduction of RuBP. (b) Structure of the active center of the
enzyme before carboxylation, where a Mg? ion is surrounded (in a D4h symmetry) by 6 oxygens:
three from the amino acid residues glutamate, asparate and carbamylated Lysine 201, two from
the RuBP and one from a H,O molecule [4]. (c) The reductive carboxylation reaction catalyzed
by the enzyme RuBisCO. A RuBP molecule absorbs a CO, molecule to form two 3-PGA molecules.

The carbamate of Lys201 subtracts a H* from the C3 in RuBP and brings it to the negatively
charged O attached to the C2, as a result of the tautomerization of RuBP into an enediolate
intermediate. The next step involves the carboxylation catalyzed by the enzyme, which begins
when the H,0 molecule in the active site is replaced by a CO; molecule that is polarized by its
proximity to the Mg?*. A histidine residue (His294) subtracts a second H* from the O attached to
the C3 to allow the nucleophilic attack of the enediolate intermediate to the CO, molecule. Note
that after carbon fixation, this intermediate B-keto six-carbon compound is unstable and induces
the C3 to react immediately with a H,0 molecule, in a hydrolysis reaction that releases a H* to
be taken by a histidine residue (His327). Thus, a different six-carbon intermediate is formed
while the carbamate of Lys201 subtracts a H* from the OH attached to the C3 to generate a C-C
cleavage. The cleavage is back-upped by the donation of a H* from a lysine residue (Lys175) to



one of the sub-products to finally generate two 3PGA molecules [3], [11]. Hence, the carbamate
of lys201 plays an important role during the catalysis for the carbon transfer, that takes place
when RuBP reacts with a different CO, molecule [12].

At lower levels of CO,, O, molecules compete with CO; to react with the RuBP. In this reaction,
0, reacts with RuBP and produces a 3PGA molecule at high-energy expenses. The oxygenation
reaction consumes extra energy (ATP) to eventually liberate CO,. Thus, this process called
photorespiration, wastes the energy produced during photosynthesis. The result is also a toxic
by-product that is hazardous for many living organisms. Because of the oxygenation reaction,
the enzyme is considered inefficient and motivates scientists to investigate ways to improve the
enzymatic function of RuBiSCO.

1.3. Metal-Organic Networks

Metal-organic networks (MONSs) are 2D self-assemblies of organic molecules and metal
atoms supported on a substrate [13]. These supramolecular structures resemble the basic
configuration of the active sites in metallo-enzymes. A large diversity of metal-organic motifs
(Figure 1.2) can be designed and synthesized in a reproducible manner by the control of several
parameters such as [14], [15]:

e The type of substrate.
e The nature of the metal centers and their oxidation number.
e The functional groups and the structure of the molecular backbones.

In general terms, the substrate gives a support to the adsorbates (metal atoms and organic
molecules) for their self-assembly into 2D structures. The crystallographic symmetry of the
substrate provides a template for the 2D assemblies, to grow with a preferential order and
different structural configurations. Sometimes the interaction between the adsorbates is
stronger than their binding energy with the substrates, thus it is possible to obtain self-organized
assemblies with similar geometries regardless of the nature of the substrates [16], [17].

The design of a metal-organic network also comes hand in hand with the right choice of the
adsorbents. Thus, it is important to know the nature of the metal centers as their electronic,
magnetic and chemical properties may change depending on their electron affinity, the quantity
or the functional groups of the ligand molecules, the type of substrate or the structural geometry
of the structure where they are embedded. Several works have reported that transition metal
atoms (d-block) can form well-defined structures through a metal-organic coordination with
organic ligands [18]-[22]. Whereas, alkali metals such as Na, K or Cs (group |) normally lose an
electron from the outer atomic shell (cation), and bind electrostatically with anionic molecules
(due to their big difference in electronegativity), to form ionic networks [23]-[28]. The nature of
the ionic bonds allows the formation of polymorphs, in contrast with the coordination bonds
that tend to be directional in terms of network organization.

Thus, the functional groups of the organic molecules play the important role of binding the metal
atoms to form the 2D supramolecular assemblies. Depending on their functional groups, the
molecules can act as electron withdrawers or donators to stabilize the redox potential of the



metal centers. As it was mentioned above, the functional groups of the amino acids bind the
metal ions present in the active sites of the metallo-enzymes [7]. Therefore, supramolecular
chemistry has focused its attention in the formation of MONs with molecules whose functional
groups are present in the amino acids. Hence, COO" (and its protonated form COOH) is one of
the most recurrent functional groups used as a building block in MONSs, since the carboxylate
oxygen forms strong bonds with the metal centers and control their redox potential [29], [30].
On the other hand, NH; is a functional group that can semi-deprotonate to form a metal-organic
coordination bond with a metal adatom [31], [32]. In general, the formation of MONs has being
studied in molecules with N-based functional groups such as nitrile end-groups (R-C=N) [33]-
[35]. Finally, some works have also reported the formation of MONs with functional groups
from the R-group such as, hydroxyl [36], thiol [37], [38] or pyridine (imidazole) [16], [39], [17].
An additional role of the organic molecules is related to their molecular backbones, which
control the separation and the even distribution of the metal centers along the surface. This
generates pores or cavities in the structure which can act as reservoirs for guest molecules [40]-
[42], gas adsorption [43] or centers for catalysis [44].
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Figure 1.2: Structural characteristics of 2D MONs. Different structures can be formed tuning the

type of metal or organic ligands deposited on a substrate. Image modified from refs [14], [45].

1.4. CO: and the catalytic gas adsorption on metals

CO; is a vital molecule for life on earth. It exists in a gaseous state in the atmosphere
and is one of the most relevant and abundant components of greenhouse gases. CO; is expelled
by different natural processes of the planet such as volcanic eruptions, oil or gas deposits, hot
springs, the oceans and even from the respiration of animals. Since the industrial revolution,
humanity has relied on burning fossil fuels as a primary source of energy, turning us into an



active contributor of CO, emissions. When CO; is trapped in the atmosphere, it prevents sunlight
to be reflected back into the space [46], and in turn induces a global warming that affects the
life on earth. This situation gives us the need to find new energy sources, or new technologies
for energy conversion and storage, using the already existing excess of CO; as a carbon source
[47]. Therefore, it is of special interest to find systems that can capture/absorb CO,.

CO; is a thermodynamically stable molecule, whose ambivalent reactivity given by its
nucleophilic oxygen and electrophilic carbon atoms, allows different type of interactions with
transition metals [48]. Several methods have been investigated for catalyzing the CO; absorption
[48]. In electro catalysis, copper (Cu) has proved to be a good catalyst candidate due to its high
selectivity to hydrocarbons, that depends on the crystallographic orientation. Thus, Cu(100) and
Cu(111) surfaces can catalyze the formation of ethylene and methane, respectively [49]. Under
UHV conditions at RT, CO; is a relatively unreactive gas that physisorbs on metallic single-crystals
with low Miller indexes such as [100], [110] or [111]. Exceptionally, the enhancement of the CO,
reactivity towards a chemisorption has been shown in the presence of surface defects, oxide
layers or surface doping with alkali metal atoms [50], [51].

A recent work has reported that CO; interacts with Cu substrate-supported amines, to form
carbamates [52]. In nature, carbamates form supramolecular complexes with metals in the
active center of the enzymes [12]. Recently, there exists interest for metal-organic frameworks
(MOFs) in terms of gas separation, storage and catalysis. MOFs have been used to reproduce a
structure similar to the active site of RuBiSCO, with a Mg?* ion coordinated by six carboxylate
oxygen atoms [53]; showing that the metal centers play a central role for gas capture [54].
Indeed, the metal centers in some Mg-based MOFs have shown selectivity in the adsorption of
gases such as ethane, ethylene, propane and propylene [55]; whereas, in Mg, Cu and Ni-based
MOFs have demonstrated CO, adsorption/desorption [54], [56], [57].

On the other hand, 2D MONs have also been presented as 2D analogs of 3D MOFs, and therefore
as model systems for gas adsorption, allowing the visualization of processes occurring at MOFs.
The functional group of the ligand molecules can control the redox properties of the metal
centers [58]-[60]. Recent studies of the electronic properties of 2D networks with Pt or Fe
centers have shown a hybrid behavior of the metal centers: They participate in the formation of
metal-organic bonds and they also act as isolated adatoms with an oxidation state [60], [61].
These findings opened a route towards the fabrication of MONs bio-inspired in the structure of
the active sites of metallo-enzymes [62]—-[64]; where the oxidation state of the metallic centers
plays an important role in their catalytic function. Hence, a recent work in 2D networks of TPA
molecules coordinating Fe dimers, have shown the adsorption of O, and CO, molecules at RT
and 100 K, respectively [58], [65]. In addition, the pore sizes in the MONSs, could serve as
reservoirs for guest molecules [41]. In this work, the enzyme RuBisCO was used as an inspiration
to form 2D MONs that mimic the catalytic CO, adsorption.



Chapter 2: Techniques and Methods

Surface science allows the precise control of matter at the atomic level to rationally
design complex 2D nano-architectures. A deep understanding of these systems requires the use
of instruments and techniques with enough accuracy to characterize the structural
characteristics at the atomic scale. This thesis mainly uses Scanning Tunneling Microscopy (STM)
as a baseline to study the structure of supramolecular self-assemblies. Therefore, this chapter
presents the theoretical background and the description of the set-up behind this powerful
instrument. Furthermore, it shows the fundamental concepts behind complementary
spectroscopic techniques, such as X-ray Photoemission Spectroscopy (XPS), and Density
Functional Theory (DFT) level of theoretical calculations. All together provide a complete
comprehension of complex systems at the atomic scale.

2.1. Scanning Tunneling Microscope (STM)

Nanotechnology studies structures with dimensions below 100 nm in size, where
quantum effects take place. STM is an instrument that uses the quantum barrier principle of
guantum mechanics to observe the surface of a sample with atomic resolution. Its invention was
conferred to Gerd Binnig and Heinrich Rohrer in 1981, who were later awarded with the Nobel
Prize in Physics in 1986, opening the door to a new world ruled by the atomic interactions. STM
is a local imaging technique that reveals the spatial information of a surface at the atomic level
[66]. It presents versatility either to work as a spectroscopic technique (Scanning Tunneling
Spectroscopy (STS) [67]) that provides information of the vibrational modes in single molecules,
or to manipulate atoms to form complex nanostructures or new molecules by induced chemical
reactions [68].

The STM consists of a very sharp metallic tip made of tungsten (W) or Platinum-Iridium (Ptlr)
alloys, prepared by etching or by simple wire cutting. The imaging process begins approaching
the tip to a conductive surface (sample), with the enough gap separation to detect a tunneling
current signal (/) when a bias voltage (V) is applied (Figure 2.1(a)). Between the tip and the
sample there is an insulating barrier of vacuum. Thus, the flow of transmitted electrons
decreases exponentially with a bigger gap separation due to the quantum electron tunneling
effect. The sharpness of the tip should reach a dimension as small as the size of an atom.
Therefore, the apex of the tip (that is composed by just few atoms) presents an outermost atom
that allows the flow of well-localized electron tunneling currents, to generate images able to
resolve individual atoms. Hence, a feeble tunneling current signal is tested in nanoamperes (nA),
for typical bias voltages up to 10 V (Figure 2.1(b)). The polarity bias controls the direction of the
current between the tip and the sample: A negative bias (as used in all the STM images



presented in this thesis), allows the electrons to tunnel from the occupied states of the sample
to the unoccupied states of the tip, while for a positive bias occurs the opposite.

Two piezos control the mechanical movement of the tip along the X and Y directions, to scan
line by line the topography of the surface with an angstrom-level control. The tip operates in
two different modes: constant height and constant current. In this thesis, the STM works in the
constant current mode, that allows the tip to move up and down (in the Z-axis) in order to
maintain a constant height, while a bias voltage is applied between the tip and the sample. The
movement in the Z-axis is controlled by a third piezo that is contracted or expanded with a
precision in picometers, while a preset current is compared at every X-Y position on the surface.
If the tunneling current exceeds (or falls below) the preset value, a feedback circuit provides a
correction voltage that increases (or decreases) the tip-sample distance. As a result, a high-
resolution three-dimensional map of the surface topography down to the atomic scale is
plotted, i.e. about 0.5 A lateral and 0.01 A vertical pixel area.
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Figure 2.1: (a) Scheme of the STM tip that shows a tunneling current between the apex atom on
the tip and the sample, when a positive bias is applied. (b) Scheme of the tunneling junctions
showing the flow of the electrons tunneling from the tip to the sample when a voltage bias is
applied. In both the tip and the sample, the energy levels of the electrons are filled up to the
Fermi level E;. When the tip and the sample get closer, the electron wave functions overlap;
however, there exist a barrier energy that prevents the electron flow. A bias voltage is applied
between the tip and the sample to overcome the energy of the barrier, thus to allow a net
current flow.

To understand how the topography of the surface is obtained, it is necessary to analyze the
theory behind the tunneling effect of the current flowing between the tip and the sample. The
Bardeen approach [69], that is based on the Fermi’s golden rule, considers all the quantum
states between the tip and a metallic sample to give an estimation of the tunneling current (/):
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Where f(E) is the Fermi-Dirac function, related to the current tunneling from the occupied
states of the sample to the unoccupied states of the tip. V is the bias voltage applied to the
sample. E; and E; are the energies respect to the Fermi level (Ef) in a delta function (&) that
describes the elastic tunneling i.e. there is no loss of energy while the electron tunnels. M;
represents the tunneling matrix element between 1; and 1, (the wave functions for the sample
and the tip, respectively), and it is calculated as:
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Considering a case in the limit of zero temperature and small V, the equation can be simplified
as:

(V) =

2meV )
) (1M [26(E — Ep) - (B~ Er)
st

The calculations of Tersoff-Hamann assumed a system based on a sharp metallic tip, with a single
atom at the apex that can be modeled with a radially symmetric electron density (s-orbital).
Therefore, if the Fermi level is considered to be at Er = 0V, the equation is further simplified
to:

ev
(V) x f ps(E, 7) - p:(E—eV)-T(E,eV,d)dE
0
With ps as the local density of states (LDOS) of the sample, right below the apex atom of the tip
() at the Fermi level, and p; as the LDOS of the tip at a certain voltage V. Here, T is introduced
as the transition matrix derived from M, that considers the mass of the electron (m.) and the
work functions of the sample (¢5) and the tip (¢;), to describe the exponential dependence of
the tunneling probability when the tip apex and the sample are separated by a certain distance,
d (in A):

T(E,V,d) = e(_2d\/(me/hz)'(¢s+¢t—2E+eV))

Considering small enough voltages = 0.1 — 3 V, leaves the contribution of —2E + eV neglected

respect to the work functions (—2E + eV < ¢, ¢;). Hence, k = /(me/h2) - (¢s + ¢¢) is
introduced to get a final equation that describes the tunneling current as:

ev
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0

The first factor describes the exponential dependence of the current with d. This implies that
the tunneling current is only carried-out by the outermost atom in the tip, since the neighboring
atoms carry a negligible amount of current as a consequence of the exponential decay. On the
other hand, the factors inside the integral show the influence of the LDOS from both the tip and
the surface in the current signal.



Placing all together, the STM images can be interpreted as the observation of the electronic

configurations that are typically influenced by the LDOS in the region between Erand E-+eV, the

work functions of both the tip and sample, the tip-sample distance and the bias voltage and the

shape of the tip. These factors vary constantly during the STM measurements and give valuable

information that is represented in a simple image.

2.1.1. Experimental Setup

The STM is mounted on a chamber kept in ultra-high vacuum (UHV) conditions; the chamber

is also equipped with a standard experimental setup to allow the preparation process of the

sample in-situ:
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A homemade scanning tunneling microscope (STM): The system relies on a STM tip
made of tungsten (W), fabricated by electrochemical etching. The STM tip is mounted
in a manipulator that allows its movement in the X, Y and Z directions. During the scans,
the STM is operated in constant current mode, with typical tunneling current and
sample bias values of 1.0 nA and -1.0 V, respectively. The STM system resides inside a
chamber that dangles from the ceiling by four springs, to provide the stability and
isolation to the STM against any vibration sources from the building.

lon sputter gun: During preparation, first the surface of the sample is bombarded by
accelerated ions of argon (Ar*). This process begins circulating a current (/=2.3 A)ina
filament mounted on the sputter gun to generate a thermal electron emission. The
released electrons impact with Ar atoms (which are also being injected during the
process), producing their ionization. A high voltage (V=500 V) accelerates the generated
Ar* ions towards the sample, which is tilted by 45° with respect to the ion beam. The
collision generates a sputter current of 8.0 pA in a surface area of about 13 mm?. In this
thesis, each sputter cycle lasted a maximum of 15 min, unless special conditions are
remarked. During sputtering the Ar pressure is held at 1.0x10™> mbar.

Metal evaporators: An EFM 3/4-type UHV evaporator from FOCUS GmbH was used to
sublimate Mg from small pellets residing in a crucible. A water flow system is installed
through the evaporator to avoid the uncontrolled evaporation of the metal. A
retractable load mechanism controls the evaporator-sample distance and, also prevents
unwanted evaporation of the metal when the chamber bakes at high temperatures.
Molecular evaporators: A home-built apparatus for standard organic molecular beam
epitaxy (OMBE) was used to evaporate molecules. It is equipped with two sources; each
of them contains a Knudsen cell based on an inert ceramic crucible made of boron
nitride or aluminum oxide, where the molecules are placed as powders. A metallic
filament heats the crucible, while the temperature is controlled by a thermocouple. A
water flow system is installed through the evaporator to avoid the uncontrolled
evaporation of the molecules. In addition, a retractable load mechanism controls the
evaporator-sample distance to prevent also the unwanted evaporation of the molecules
when the chamber bakes at high temperatures. Table 2.1 shows the structure of the
molecules used in this thesis with their corresponding sublimation temperatures. Before



deposition, the molecules were fully degassed, thus during their deposition on the
substrates, the pressure in the chamber was not higher than 2.0x10° mbar.

Table 2.1: Chemical name of the two molecules used in this thesis with their respective
sublimation temperatures used for deposition. The group of Bettina Lotsch at the Max Planck
Institute for Solid State Research in Stuttgart provided the synthesized molecule (TAPT).

Molecule Chemical name Structure Tsubl Supplier
1,4-
. ) Q OH Fluka
TPA benzenedicarboxylic 448 K
. HO o (>99%)
acid
NH,
2,4,6-tris(4- O Prof.
TAPT aminophenyl)-1,3,5- ‘ 513K Bettina
triazine O O Lotsch
NH, NH,

e Inlet for gas introduction: Standard pressurized bottles with 1.0 bar, carrying gases such
as Ar, CO; or O, are equipped with a fine dosing valve to regulate the gas injection into
the chamber, in-situ.

e Custom-made dispenser for liquids: An inlet equipped with a fine dosing valve regulates
the entrance of liquids into the chamber, in-situ. For the case of acetophenone in liquid
state, the molecule was placed inside the dispenser and frozen using dried ice. This
allows the further pumping of the residual gases inside the line until a pressure of
1.0x103 mbar is achieved. The procedure was repeated three times and finalized
unfreezing the acetophenone.

e A mass quadrupole spectrometer: To analyze and to quantify the residual gases inside
the chamber.

e Pumping systems: During the preparation process, the chamber is pumped by two

turbo pumps (TURBOVAC 340M, 370 |/sec and TURBOVAC SL 80, 65 |/sec) connected in
series with a membrane pump acting as a backup (DIVAC 0.8T, 0.77 m3/h). A small ion
pump (Varian, 240 |/sec) is also used, to reach a final base pressure of 5.0x10° mbar in
the chamber.
During the STM measurements, the membrane and the turbo pumps are shut down to
avoid vibrational noise, while a gate valve isolates them from the chamber. In this way,
the ion pump operates alone, keeping a base pressure of 9.0x101° mbar in the chamber,
to avoid significant contamination on the surface of the single crystals over a period up
to a week. Pressure gauges are mounted in the chamber to control the pressure
constantly.
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2.1.2. Substrates preparation

The substrates used in this thesis are single crystals of Cu(100) and Mg(0001), provided
by Mateck. These substrates act as templates for the growth of MONs. Hence, it is important to
perform a cleaning process to obtain atomically clean surfaces with few surface defects and
well-defined terraces with transversal lengths of at least 100 nm. This length is ideal to study the
self-assembly of molecules and metal atoms on the surface. The cleaning process was performed
in an UHV chamber with a base pressure of 5.0x10° mbar.

2.1.2.1. Preparation of Cu(100)

The surface was cleaned by consecutive cycles of Ar* sputtering (0.5 keV) and annealing
at temperatures up to 810 K, followed by a slow and gradual cooling down of the crystal to 313
K before starting with the next cleaning cycle. If the single crystal was previously exposed to air
conditions, six cycles are necessary to ensure the removal of the oxide layers and impurities
from the surface. If the crystal already resides in the chamber, only two cycles are enough to get
clean terraces of around 100 nm width, as shown in figure 2.2.

Figure 2.2: STM image of a typical atomically clean Cu(100) surface at RT. Some terraces have a
width of around 100 nm. The STM images were taken applying a sample bias of -1V and a
tunneling current of 1.0 nA.

2.1.2.2. Preparation of Mg(0001)

This thesis presents for the first time a Mg(0001) substrate as a template to grow 2D
nano-architectures. Mg is an alkali earth metal that is very reactive in the presence of molecules
such as CO; and O;. As a consequence, unwanted oxide layers are formed on the relatively high
reactive surface of Mg(0001). In the literature, few works report complex cleaning methods
[70]-[73], and therefore we developed a new cleaning procedure as follows.

If the single crystal was previously exposed to air conditions, the surface is degassed in 16
cleaning cycles on three different stages. The first stage involved 9 consecutive cycles of Ar*
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sputtering (kinetic energies of 0.5 keV) during 15 minutes, followed by a flash annealing at 403
K, and a slow cooling down below 313 K. The second stage involved 5 cycles of Ar* sputtering
during 10 minutes, followed by a flash annealing at 398 K, and a slow cooling down below 313
K. The third stage involved 2 cycles of Ar* sputtering during 10 minutes, followed by a flash
annealing at 393 K, and a slow cooling down below 313 K. This resulted in smooth and clean
terraces of around 70 nm width, with low amounts of impurities (Figure 2.3). If the single crystal
already resides in the chamber, only 2 cycles are required: The first cycle involves Ar* sputtering
during 15 minutes, followed by a flash annealing at 403 K, and a slow cooling down below 313
K. The second cycle involves Ar* sputtering during 10 minutes, followed by annealing at 393 K
during 5 minutes, and a slow cooling down below 313 K. This resulted in flat and clean terraces
as seen in Figure 2.3.

Figure 2.3: STM image of typical atomically clean Mg(0001) surfaces at RT, with smooth terraces
with a length of up to 70 nm. The fuzzy step edges are related to the diffusion of Mg adatoms
[70]. The STM images were taken applying a sample bias of -1V and a tunneling current of 1.0
nA.

2.2. X-Ray Photoelectron Spectroscopy (XPS)

XPS is a sensitive and generally a non-destructive surface technique that gives
information of the electronic structure of atoms and their ionization energies to study the
chemical composition of a material. However, this technique cannot provide details about the
molecular configuration, unless it is complemented by the special topographic information
obtained from STM [68].

The operation is performed in ultra-high vacuum (UHV) conditions, while the X-rays are
generated from a monochromatic X-ray source. The principle is based on irradiating a sample
with an X-ray beam, with enough energy to be adsorbed by the core levels of an atom to
eventually lead to its ionization (Figure 2.4). Common sources are made of Mg and aluminum
(Al) emitting at 1253.6 and 1486.6 eV, respectively. Other alternative to the regular anodes of
Mg and Al is a synchrotron radiation source with energies that can be set-up between few tens
to several thousand eV. After irradiation, the excess of energy allows the atom to return to its
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original energy state with the ejection of an electron from the inner shells (photoelectric effect).
Photo-emitted electrons leave the sample towards a U-shaped electron detector, which counts
them and measures their kinetic energy. The intensity of the counted electrons ejected versus
the kinetic energy is represented in a spectrum. However, depending on the wavelength of the
incident X-ray (hv) and the kinetic energy of the ejected electron, the spectrum can also be
represented as a function of the binding energy (Ebinging), Which can be calculated using the
principle of the conservation of energy:

Ebinding = Lphoton — (Ekinetic + ¢)

@is the work function of the spectrometer, as the sample and the spectrometer are connected
to a shared electrical contact that aligns their Er.
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Figure 2.4: Schematic energy diagram of the spectrometer and the sample during the XPS
process. An X-ray beam with an incident energy, hv, removes an electron from the inner core
shell, which is later detected by the spectrometer.

The peaks appearing at each energy correspond to the atoms emitting electrons with a
characteristic environment. The intensities and energy positions at each peak, allow the
identification and quantification of all the elements from the surface due to their unique binding
energies. The intensity or height of the peaks is proportional to the amount of photoelectrons
ejected from a certain energy level; while the areas under the curves measure the relative
amount of the elements to calculate their concentrations. Another point of consideration, is the
chemical shift in compounds ruled for example by ionic or covalent bonds, which makes the
peaks positions to have a shift in energy, allowing the determination of the chemical
environment, composition (elements involved), functional groups and oxidation states. The
identification of the peak elements and chemical groups is made by a simple comparison with
the already known binding energies obtained from the literature.
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After the photoemission process, an excited ion is left behind. The ion relaxes through the fall
of an electron from an upper shell (e.g. L) to a lower shell (e.g. K), to fill the hole created by the
X-ray beam. The energy difference is absorbed by a second electron (Auger electron), that gets
enough energy to escape from the atom. Alternatively, the atom can also recover from its
ionized state by the emission of a photon (fluorescence). The peaks in the spectra obtained from
the Auger electrons do not depend on the photon energy and can be used as references for the
characterization of other peaks.

In this thesis, the XPS data were acquired in the X-Ray beamline PEARL at the Swiss light source
(SLS) of the synchrotron facilities at The Paul Scherrer Institute (PSI), Switzerland. The energy
axis of the spectra is inversed to have a clear representation of the atom structure i.e. the closer
we are to the nuclei, the higher is the binding energy.

2.3. Density Functional Theory

To determine the electronic properties and structural configuration of molecules on substrates,
is a tough task that implies solving the Schrédinger equation for a complex many-body problem
with electron-electron, electron-nuclei and nuclei-nuclei interactions. The Born-Oppenheimer
approximation is presented as a solution that considers the nuclei fixed, as points of reference,
for electrons moving around; however, even simplified, it remains as a many-body problem[68].

First principles Density Functional Theory (DFT), is a supportive method that calculates (at the
atomic scale) the structure of molecules and their interactions with the underlying surface and
adatoms. This method uses a one-particle Schrédinger equation based on the Hohenberg-Kohn
theorem, where the electronic properties are subjected to an external potential, as an
alternative solution for the many body-approach [68]. In this way, a molecular system, typically
based on up to 100 atoms lying on a substrate, can be simulated including many surface layers
to consider a respectable electron interaction.

Based on DFT, the calculations in this thesis were performed using the Vienna Ab-initio
Simulation Package (VASP) [74], [75], including van der Waals (vdW) interactions within the van
der Waals density functional (vdW-dF) scheme [76]. The use of other methods such as the
Tersoff-Hamann approach [8], allowed to simulate supramolecular structures based on the
integration of spatially resolved density of states (DOS) in energy, from a certain applied bias
potential to the Fermi level, which could be used for data interpretation by comparing with the
experimental STM images. Here, DFT calculations are used as a complementary technique to
determine the structure of the networks and their reaction with CO, and O,. Ane Sarasola
performed DFT calculations under the supervision of Prof. Andres Arnau from the Donostia
International Physics Center in Spain. In this chapter, the methods were presented just with a
brief descriptive overview. Further details about the theoretical background and the
mathematical approaches behind, can be found in references above [68].
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Chapter 3: Metal - Organic Networks
formed by the direct deposition of
TAPT molecules on Cu(100) and
Mg(0001) substrates

Metal-organic networks (MONs) are substrate-supported 2D nano-architectures based
on metallic nodes bonded to organic bridging ligands. Their physical/chemical properties can be
defined by the tunability of the metal centers [39], [77], the organic linkers [19], [36], [78], [79]
and pore size [17], [35], [41], [80]. These characteristics give them the potential to mimic the
structures of metallo-enzymes. The formation of MONs relies on the self-assembly of metal
atoms and organic molecules deposited on a substrate in separate stages [19], [29]. In many
cases, the choice of metal centers is independent from the substrate material, which allows the
formation of different types of networks [15]. However, metal substrates such as copper present
adatoms diffusing on the surface at RT [34], [81]-[83]. Pioneering work by Lin et al.
demonstrated the formation of MONs with Cu adatoms as coordination centers [83]. In
particular, molecules with N end-groups (such as pyridines, amines, etc.) are good candidates
for the formation of networks because the lone pair electrons from the nitrogen site form strong
coordination bonds with transition-metal atoms [84], [85]. On the other hand, the formation of
2D supramolecular structures on Mg substrates remains unexplored. This is due to the reactive
nature of the Mg surface, which results in the formation of undesired oxide layers. In this
context, several works have reported complex cleaning procedures on these surfaces [70]-[73].

In this thesis, the use of MONs is inspired in the mimicking of the structure and the catalytic
function of the active site of the RuBisCO enzyme. The aim is to study molecules with the
functional groups equivalent to the ones forming the RuBisCO’s active site as a route toward
hetero-catalysis. Therefore, the first step is to find an analogue to the lysine molecule that
contains NH, functional groups on its structure. The 2,4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAPT) is a three-fold symmetric molecule, based on a triazine ring surrounded by three phenyl
groups at its periphery, ending with three equivalent NH, groups (inset in Figure 3.1(a)). This
molecule is attractive for heterogeneous catalysis due to the high content of N atoms present
onits structure; e.g. the N-rich triazine ring gives TAPT its photocatalytic properties for hydrogen
evolution [86]. TAPT is also used as a precursor in polymers for gas absorption and selection,
showing a special affinity for CO, [87], [88]. In such case, the N atoms from the triazine ring
promote the physisorption of CO,, which allows its easy detachment from the structure,
showing reversibility for gas absorption [89]. On the contrary, the N from the NH, groups
promote the chemisorption of CO,, so that eventually stable compounds such as carbamates
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can be formed [89]. The triazine and the phenyl groups of TAPT promote its planar adsorption
on metal substrates, making it a good candidate to form 2D supramolecular structures under
UHV conditions [90], [91]. As seen in molecules with a similar structure (such as melamine (1,3,5-
Triazine-2,4,6-triamine)), the NH; groups have the potential to partially deprotonate on metal
substrates at RT, leaving the nitrogen atoms free to find a coordination center [28]—[30] or, as
seen with polymers, to eventually react with CO; to form carbamates [89]. These characteristics
make TAPT a good candidate to form a 2D analog of the structure of the active site of RuBisCO.

This chapter investigates the molecular interactions of TAPT molecules deposited on Cu(100)
and for the first time on Mg(0001) substrates at RT under UHV conditions. The partial or
complete deprotonation of the NH; groups allows the coordination with the adatoms from the
host substrates to form 1D or 2D supramolecular structures. These structures are studied in situ
by a custom-build STM and HR-XPS performed at the synchrotron. The reactivity of the networks
with CO,is also investigated, focusing on the potential formation of carbamates, the key step to
turn functional the active site of RuBisCO.

3.1. Experimental Setup

The experiments were performed in a UHV chamber with a base pressure of 4.0x10°
mbar. Two different single crystals were used as substrates: Cu(100) and Mg(0001). The surfaces
were cleaned following the standard procedures as described in Chapter 2. TAPT molecules
were deposited by thermal evaporation from a quartz crucible by heating it up to 513 K. During
molecular deposition, the pressure in the chamber was kept below 2.0x10° mbar, while the
temperature of the substrates was kept at RT. The STM images were obtained with typical
tunneling current and sample bias values of 1.0 nA and -1.0 V, respectively. The XPS spectra
were obtained at the PSI synchrotron facilities. The data for the N1s was acquired with a beam
energy of 500 eV, the pass energy of the analyser was set at 20 eV. The spectra was referenced
using the Au4f;, line at 84.1 eV. All the experiments were carried out under UHV (~ 3 x 10°%°
mbar) at RT.

3.2. TAPT on Cu(100)

Sub-monolayer coverages (0.15 ML) of TAPT molecules were deposited by thermal
evaporation onto an atomically clean Cu(100) surface at RT. The STM images from Figure 3.1(a)
show corrugations along the step edges. The zoom-in of the surface shown in the inset reveals
triangular-shaped structures, representing the TAPT molecules interconnecting laterally to each
other with a linear periodicity (indicated by the white arrows). The attachment of TAPT on the
step edges suggests a direct interaction of the molecules with the surface. The analysis of the
surface in a different area (Figure 3.1(b)) shows that TAPT molecules form small 1D
arrangements, which can nucleate from the step edges and from the terraces [85]. The 1D
arrangements are formed by the consecutive link of small stable motifs presenting a rhombic-
shaped structure. The inset image reveals that the motif is a molecular pair based on two TAPT
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molecules that mirror each other in a two-fold straight interconnection. The image also
identifies the three-fold rotation symmetry of the molecules, absorbed in a planar geometry
with the backbones parallel to the Cu surface, as is typical for polycyclic aromatic compounds
[92]-[95]. The interaction between the TAPT molecules in the pairs could be possible through a
partial or complete deprotonation of the NH, groups. Otherwise, if TAPT is protonated, the lack
of H-bond acceptor units would prevent attractive molecular interactions [91].

a)|

Figure 3.1: STM images show the Cu(100) surface after the deposition of 0.15 ML of TAPT. (a)
TAPT molecules decorating the step edges (white arrows in the inset). (b) A different part of the
surface reveals few molecules spread along the terraces forming molecular pairs (inset figure).
The pairs stack to each other and show the formation of small 1D arrangements. These 1D
arrangements can nucleate from the terraces or from the step edges.

A series of consecutive STM images were taken on a defined area on the surface to study the
first stages and the evolution of the 1D chains over a period of time (Figure 3.2). Hence, this
experiment could give hints to determine the nature of the molecular interactions. The stability
of the molecular chains was tracked during 51 minutes. The first snapshot in Figure 3.2(a), shows
three small molecular chains numbered as chains 1, 2 and 3. Chain 1 is a molecular chain with
only one extreme visible. Chain 2 is a complete molecular chain based on two molecular pairs.
Chain 3, located at the top part of the image, is a molecular chain with four TAPT molecules.
From here on, Chain 3 is taken as a model to study the process of formation of the molecular
chains. The two TAPT molecules at the bottom part of the chain form a molecular pair. Whereas,
the two TAPT molecules at the top part of the chain are unable to form a second pair. Their
interaction (indicated by the white dashed arrow) cannot be determined by STM, but gives hints
of deprotonation in the NH; groups. The protrusions indicated by the green arrows at both sides
of the molecular chain are most likely Cu adatoms [83]. These protrusions are also seen in chains
1 and 2. This kind of metal-organic coordination can be possible if the molecules present a
degree of deprotonation. At both sides of the chains, only one Cu adatom is observed attached
to the TAPT molecules. The blue-colored arrows indicate the presence of Cu adatoms at the
surface, which can act as a feedstock to form molecular chains. Previous works on Cu surfaces
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have shown that molecules with NH; groups semi-deprotonate at RT [31], [32], [96], [97]. Here,
the semi-deprotonation of TAPT molecules occurs when they reach the substrate due to a strong
molecule-substrate interaction. Eventually, the semi-deprotonated NH, groups bind with Cu
adatoms through metal-organic coordination [31], [32].

Figure 3.2: Snapshots from a time lapsed sequence of STM images for TAPT molecules on
Cu(100). Three chains labelled by the numbers 1, 2 and 3 show the initial states of the formation
of the 1D arrangements based on the coordination of the TAPT molecules with Cu adatoms.
Solid arrows indicate the Cu adatoms. A dotted arrow in (a) indicates an interaction which is
unknown. Each image was taken in a sequence of (b) 6 min, (c) 19 min, (d) 44 min, (e) 47 min
and (f) 51 min after image (a).

The yellow arrows in Figure 3.2(b) indicate different Cu adatoms attached to the TAPT molecules
at the upper part of the Chain 3. Consequently, Figure 3.2(c) shows that the previous
coordination with the adatoms promoted the evolution of Chain 3 into a molecular chain formed
by two molecular pairs. Protrusions indicated by the yellow arrows between the two TAPT
molecules from the pairs correspond to Cu adatoms, which evidence a metal-organic
coordination. In addition, the white arrow also indicates a Cu adatom resolved between the
molecular pairs, revealing again a metal-organic coordination. The metal-organic coordination
is also shown in Chain 2, with the Cu adatoms indicated by the white and yellow arrows. The
green arrows at the end of the molecular chains highlight the Cu adatoms that later could
coordinate additional molecules to contribute with the growth of the molecular chains. The
coordination of single Cu adatoms at the three ends of each TAPT molecule (yellow, white and
green arrows) evidence the semi-deprotonation of the NH; functional groups.
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In Figure 3.2(d), a Cu adatom attaches a fifth TAPT molecule on the top part of Chain 3 (white
arrow). Additionally, the TAPT molecule coordinates a second Cu adatom indicated by the green
arrow. In Figure 3.2(e) a third Cu adatom is observed approaching the molecular Chain 3, which
finally coordinates (in Figure 3.2(f)) with the last semi-deprotonated NH, group available.
Meanwhile, the green dashed circle shows that a previously coordinated Cu adatom left the
molecule. These findings demonstrate the availability of coordination ligands in the semi-
deprotonated molecules, which are required to form MONs.

Figure 3.3: (a) Chain-like structures with a higher coverage, obtained after depositing TAPT on
Cu(100). (b) The close view of the domain structure in (a) shows the 2D planar absorption of
TAPT. Dark spots (as indicated by white arrows) represent the missing Cu atoms. (c) Some parts
of the 1D structure collapses into OD structures of four, five and six TAPT molecules coordinated
with a single Cu adatom (dashed circles). Inset: zoomed-in image of a 6-fold coordinated Cu
adatom with TAPT molecules. (d) Tentative model corresponding to the structure of the 1D chain
networks. The green, blue, grey and white balls represent the Cu, N, C and H, respectively. The
Cu adatoms form a metal-organic coordination with the TAPT molecules. It is considered that
the NH; groups of TAPT are semi-deprotonated to form, thought the N sites, a coordination with
Cu.
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When the coverage of TAPT molecules on the surface is increased (0.5 ML), the TAPT molecules
form longer 1D metal-organic chain-like structures. As with the low coverage, the chains
nucleate from the step edges and from the terraces (Figure 3.3(a)) [85]. The zoom-in of the
surface in Figure 3.3(b) resolves the structure of the chains, which present different lengths.
Their preferential orientations follow the directionality of the N atoms. Several molecular chains
converge in some points. White arrows indicate dark spots along the terraces that represent the
missing Cu atoms (vacancies), found as adatoms beside the molecular chains. This shows a direct
interaction of semi-deprotonated TAPT molecules with the surface [34].

The STM images from Figure 3.3(c) reveal the presence of metal-organic structures in a multi-
fold coordination, with four, five or six TAPT molecules surrounding a single Cu adatom (white-
dotted circles). This particular n-fold metal-organic coordination of zero-dimensional (0D)
arrangements, formed by several TAPT molecules converging into a single Cu adatom, are found
randomly along the surface at RT. The inset image depicts in more detail a representative six-
fold structure, with six TAPT molecules coordinated with a single Cu adatom. The large density
of TAPT molecules around the Cu adatom generates repulsive forces between the molecules,
which results in large ligand-metal bond lengths (~3.0 A) [85], compared with the small
separation seen in the pairs (~2.0 A). Surprisingly, in the 1D structure, the metal centers of Cu
are not resolved clearly by STM when the coordination number of the Cu adatoms decays from
six-, five- and four-fold to two-fold. This fact demonstrates the effect of the electronic resonance
characteristics in STM experiments [82], [98]. That is, by decreasing the number of molecules
that coordinate each Cu adatom, the electronic resonance between the states of the N and Cu
atoms starts to overlap in a different fashion.

Figure 3.3(d) shows the proposed structural model of the 1D structure along the Cu(100)
substrate. The structure presents a parallelogram-shaped unit cell with dimensions 10.8 x 27.1
A, which matches with 3 and 7.5 times the lattice constant a=3.61 A, respectively [85]. As seen
by STM, this model considers the molecules lying flat on the surface. From the information
obtained in Figure 3.2, the TAPT molecules are semi-deprotonated. Thus, the TAPT molecules
from the molecular pairs present a double-joint metal-coordination between two semi-
deprotonated NH; groups (-NH) and two Cu adatoms (2 x R-NH-Cu-NH-R). In addition, the chain
is formed when two molecular pairs bind in a 1D arrangement with a lateral offset between each
other. The bond is made through a third Cu atom coordinated via the N site from the third NH
group left (R-NH-Cu-NH-R) in the TAPT molecules from each molecular pair. The lateral offset is
due to the directionality of the bonds given by the coordination geometry of N that forms bonds
at 120°. The metal-organic length (N-Cu) is estimated around 2.0 A, in agreement to a moderate
metal-organic interaction [17], [85]. In this model, the Cu adatoms that form the metal-
coordination in the molecular pairs, lie into the most energetically favourable place: the hollow
sites in the Cu lattice [82], [99]. Whereas, the Cu atoms responsible to link the pairs are found
bridging two Cu atoms from the substrate lattice.
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Figure 3.4: (a) Overview STM image that shows braid-shaped structures along the Cu terraces,
formed after annealing at 533 K. (b) The braid-shaped MONs are the result of the coupling of
several 1D chains. (c)-(d) The protrusions indicated by the yellow and white arrows correspond
to the Cu adatoms acting as metal centers. The small features inside the pores (indicated by the
red arrows) suggest the potential of these networks to work as trap sites for molecules or atoms.
(e) Tentative model corresponding to the structure of the 2D MONs. The green, blue, grey and
white balls represent the Cu, N, C and H, respectively. The dotted parallelogram represents the
unit cell. The Cu adatoms form a metal-organic coordination with the TAPT molecules. Each TAPT
molecule presents two semi-deprotonated NH, groups; each group forms a monodentate
coordination with a Cu atom. A third NH; group is fully deprotonated and forms a bidentate
coupling with two Cu atoms. The bidentate coordination is responsible of the lateral coupling
between the molecular pairs from several 1D chains.

The 1D MONs were soft annealed at 533 K during 10 minutes. Surprisingly, a 2D compact
structure based on rectangular braid-shaped patches appears across the terraces (Figure 3.4
(a)). The zoom-in (Figure 3.4 (b)) reveals the rhombic-shaped features based on the molecular
pairs, as found in the 1D chain-like structure. It also reveals that the 2D structure is based on the
coupling of several 1D metal-organic chains. A detailed analysis in Figure 3.4 (c-d) shows that
the 2D structure is also based on the metal-organic coordination between TAPT molecules and
Cu adatoms. The white and the yellow arrows indicate the presence of Cu adatoms that
participate in the metal-organic coordination. The yellow arrows show the Cu adatoms between
the pairs. As observed in the 1D structures, the lateral offset between two molecular pairs is an
indication that the semi-deprotonation of the NH; groups persists (white arrows). On the other
hand, additional adatoms coupled to both sides of the NH, groups in some molecules (indicated
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by the white-dashed arrows) give hints of complete a deprotonation. The 2D structure also
presents a lateral coupling between the molecular pairs. As it is discussed below, this is only
possible considering the complete deprotonation in one of the NH, groups from the TAPT
molecules involved in the double-joint metal-organic coordination of the pairs. In addition, the
arrangement between molecules and adatoms in the 2D structure forms pores. In some pores
contain protrusions with different contrasts, probably related to trapped Cu adatoms [37].

Figure 3.4 (e) presents the tentative structural model of the 2D structure on a Cu(100) substrate.
The structure presents a parallelogram-shaped unit cell with dimensions 14.4 x 26.3 A, which
match with 4 and 7.3 times the lattice constant (a=3.61 A), respectively [85]. The model shows
the persistence of the semi-deprotonated -NH groups, as seen in the 1D structure. However, this
model also implies a complete deprotonation in one of the amino groups to allow the lateral
coupling between the molecular pairs. The coupling is made between two TAPT molecules from
two different pairs through a metal-organic coordination between four fully deprotonated
amino groups and two Cu adatoms (green circles). The average metal-organic lengths are
estimated to be around 2.0 A, as in the case of the 1D structure.

Figure 3.5: STM image of a disordered structure obtained after the post-annealing of the 2D
braid-shaped metal-organic network at 573 K. The full-deprotonation of the molecules may
prevent the formation of an ordered structure. The white arrow indicates a molecular pair
remaining as an indication of the stability of the two-fold coordination.

There are some previous works related to changes in reactivity/structures triggered by post-
annealing treatments. For example, Rodriguez-Fernandez et al. [100], show how the
metal/ligand stoichiometric ratio in a metal-organic network is adjusted by the temperature of
the substrate during deposition of tetracyanoethylene (TCNE) molecules on Ag(111), instead of
depositing different relative amounts of metal/ligand [29]. Also, Lin et al. [101], showed that the
deprotonation of COOH groups is catalyzed by an increment of the temperature of co-deposited
TMA and Cu adatoms on Ag(111); and Steiner et al. [102], showed the formation of metal/ligand
structures after annealing NH,-terminated molecules on Cu(111) samples. Nevertheless, none
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of these works shows the transition between two well-defined 1D to 2D structures by tuning the
reactivity of the ligands and metal adatoms with the temperature of the sample. The 1D metal-
organic chains have shown to have a stable structure and the Cu adatoms involved in the 2-fold
coordination that form the molecular pairs, present a different electronic environment than the
ones involved in the chain-like coupling of the pairs. It has been also been reported that post-
annealing at moderate temperatures promotes the mobility of Cu adatoms to form metal-
organic coordination networks [102]. Therefore, it is proposed that the complete deprotonation
in one of the NH, groups would be triggered by the proximity of the Cu adatoms from different
1D metal-organic chains. Thus, the change in the electronic environment promoted by post-
annealing treatment gives rise to the formation of 2D structures.

On the other hand, the further post-annealing at 573 K generated the fully-deprotonation of the
remaining NH, groups. Consequently, the 2D structure experiences a structural dissociation and
the metal-organic network finally collapses (Figure 3.5).

3.2.1. CO: and O: Gas injection on the Cu-TAPT networks

As seen above, the partial and complete deprotonation of the NH; groups of TAPT
molecules allows the metal-organic coordination with Cu adatoms. In the 2D structures, the
semi- or fully deprotonated NH; groups may expose free electron pairs. Therefore, CO; is
introduced into the system to study its possible absorption on the Cu centers or on the
deprotonated NH; groups as an attempt to form carbamates.

Figure 3.6: The 2D rectangular braid-shaped networks do not show incorporation neither
structural changes after being exposed to 500 L of (a) CO; and (b) O,.
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After exposing 500 L of CO,, the 2D structure did not show any signs of CO; incorporation (Figure
3.6(a)). To study the reaction of the MONs with other gases, a different sample with 2D networks
was dosed with 500 L of O,. However, as in the previous case, the structure of the networks
remained unchanged (Figure 3.6(b)). Thus, no evidence of gas adsorption could be collected
from the STM images since CO; and O, were neither incorporated nor promoted a structural
change in the 2D networks.

3.2.2. Incorporation of Mg in Cu-TAPT networks

Inspired by the Mg?* center found in the active site of RuBisCO, the effect of
incorporating Mg into the structure of the metal-organic TAPT-Cu networks, was investigated.
The main goal is to attempt the formation of a coordination network of TAPT molecules with a
Mg center which could promote the CO, adsorption. Another possibility, involves the
incorporation of Mg atoms on the TAPT-Cu to form bi-metal-organic structures with Mg and Cu
centers, which consequently could present catalytic activity towards CO, [103].

Sub-monolayer coverages (<< 1 ML) of Mg atoms were deposited by thermal evaporation on a
Cu(100) surface. A mild post-annealing at 353 K followed the deposition of Mg. The process
continued with the co-deposition of 0.5 ML of TAPT molecules, using the same conditions to
form the 1D MONs presented in the first section.

The STM images showed clusters of Mg of around 3 nm in diameter (a detailed analysis of the
Mg clusters on Cu(100) will be discussed in Chapter 4). The clusters are visible as white
protrusions along the surface (as indicated by the blue arrows). The STM images did not show
the formation of ordered structures with Mg. TAPT molecules spread on the surface with an
irregular fashion. Some molecules form molecular pairs (double-joint interconnection) and a few
connect to form 1D chains (dashed circles). The presence of TAPT pairs evidences that TAPT
semi-deprotonates and still prefers to bond with Cu adatoms. Nevertheless, long 1D metal-
organic chains are not observed on the surface, suggesting that the molecules may also interact
with the Mg atoms. Even though the STM images did not show a new ordered structure which
could result from the self-assembly between Mg and TAPT; the structural dissociation is a strong
evidence that Mg interacts with the TAPT molecules. The reason of the dissociation is still
unclear. A proposed explanation resides in the indiscriminate coordination of TAPT molecules
with both Cuand Mg atoms. The double-joint interconnection between the two TAPT molecules
in the molecular pairs seems to be stronger than the single N-Cu-N coordination that takes place
between two pairs. Thus, considering a small metal-organic chain formed with only two
molecular pairs coordinating a Cu adatom, it is believed that Mg induces a weakening in the
single N-Cu-N coordination between two pairs. As a result, one pair remains bonded to a Cu
adatom, while the second one would bind a Mg atom. Consequently, the tendency of semi-
deprotonated TAPT to form a bi-metallic coordination with the Cu and Mg atoms could prevent
the evolution of an ordered structure. Although an ordered structure was not formed, the
disordered system was dosed with 500 L of CO; to study the role of the Mg atoms as adsorption
centers. The STM images did not give any structural evidence of CO, adsorption (image not
shown here).
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Figure 3.7: a) The co-deposition of Mg atoms with TAPT molecules did not result in an ordered
structure. Clusters of Mg are spotted along the surface as white protrusions (indicated by the
blue arrows).

These results suggest that TAPT molecules show their ability to form MONs with the Cu adatoms
from the host substrate. However, on Cu(100), Mg is not a good candidate to form highly-
ordered MONs with molecules bearing semi-deprotonated NH; functionalities. The presence of
Mg prevents the formation of MONs with bi-metallic centers and even interferes in the
formation of 1D MONs of Cu-TAPT (Figure 3.7). In addition, the interaction of Mg with TAPT
molecules, sparks the interest to study the deposition of TAPT molecules on a Mg(0001)surface.

3.3. TAPT on Mg(0001)

As it was shown above, TAPT molecules form MONs with the adatoms from the host
Cu(100) substrate. However, in the presence of Mg atoms, the structure disassembles and
collapses forming irregular arrangements. Therefore, as an attempt to form the first MONSs with
Mg, sub-monolayer coverages of TAPT molecules were deposited on an atomically clean
substrate of Mg(0001). As seen with Cu(100), the adatoms from the Mg(0001) substrate could
coordinate with the molecules to form MONs. To the best of our knowledge, there is no
information regarding to molecules deposited on Mg single crystals. Thus, the lack of previous
information concerning the interaction of the triazine ring and NH; functional groups with Mg
atoms makes these experiments challenging. To identify the interactions of these chemical
groups on Mg, STM and HR-XPS measurements were performed to reveal the structural and
chemical configuration of TAPT molecules on the Mg(0001) surface at RT.
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Figure 3.8: (a) TAPT molecules on Mg(0001), lying on the terraces (highlighted by the green
circles) and in the step edges (indicated by the white arrows). (b) The TAPT molecules arrange
along the step edges. (c) Increasing twice the deposition time of the molecules while the
substrate is kept at 353 K, increases the molecular coverage on the surface. Even with a high
coverage, the step edges do not get fully decorated with molecules, but larger networks grow
across the terraces. (d) A typical structure showing a compact arrangement of the TAPT
molecules on the Mg(0001) terraces.

TAPT molecules were deposited on Mg(0001), with the same conditions used above to obtain
0.5 ML of TAPT on Cu(100). Thus, Figure 3.8(a)) identifies a large area of bare surface, with some
TAPT molecules decorating the step edges (white arrow) or self-assembled in small 2D structures
on the terraces (green circle). A closer inspection on the step edges (figure 3.8(b)) reveals the
interconnection of the molecules with a linear periodicity, forming molecular chains along the
step edges. Even though the same deposition conditions to obtain 0.5 ML on Cu(100) was used,
the lower coverages (< 0.1 ML) of molecules on Mg(0001) suggests that the substrate presents
a weaker interaction with these molecules. To increase the molecular coverage on the terraces,
TAPT molecules were deposited by longer periods of time; the deposition period was increased
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by 2 times. In addition, during deposition, the temperature of the Mg single crystal was
increased to 353 K to enhance the thermal mobility of the molecules through the surface. This
thermal treatment increases the density and the diffusion of adatoms across the surface. As a
result, Figure 3.8(c) shows bigger areas of TAPT molecules on the terraces. However, the step
edges are still not fully decorated with TAPT molecules and present fuzzy lines in areas without
adsorbed molecules due to the adatoms’ mobility. A closer inspection on the terraces (Figure
3.8(d)) reveals that TAPT molecules are absorbed in a 2D planar geometry, with their backbones
parallel to the surface, as the tentative model shall explain it.

Figure 3.9(a) shows the most repetitive structural conformation of TAPT molecules on terraces
of Mg(0001). The growth of the networks on the middle of the terraces may indicate the
coordination of TAPT molecules with mobile free adatoms from the surface. Because of steric
impediment, triazine (-N=) N atoms of planar TAPTs molecules may not interact with fully (or
semi) protonated amino groups (-NH,/-NH) of neighboring TAPTs. Thus, their self-assembly is
different than the molecular interaction between melamine [104] or heptazine [105] molecules
adsorbed on Cu(001) and Au(111), respectively. According to the geometrical distribution of
these TAPT molecules on the surface, there may exist H-bond interactions between the amino
groups and Hs from the phenyl rings. Therefore, it is believed that amino groups are semi-
deprotonated (-NH) under this deposition conditions (Figure 3.9 (b)). On the other hand, from
Figures 3.8 (d) and 3.9 (a), at first glance it could be considered that four TAPT molecules interact
by the amino groups (and other two by H-bonds with the phenyl ring). According to the
geometry of adsorption (and considering the planarity of these molecules), a Mg adatom should
be present in the middle of these four molecules. The tentative model shown in Figure 3.9(b),
suggests the formation of what to our knowledge represents the first metal-organic network
reported on Mg(0001). The structure is based on the bi-coordination of Mg adatoms with the
semi-deprotonated -NH; group of two TAPT molecules while the other two species are linked
with H-bonds. The average distance of the H-bonds between N atoms from semi-deprotonated
amino groups and H atoms from adjacent phenyl rings is 1.95 A; in agreement with previous
works [20]. In addition, the NH groups out of the metal-organic center form also H-bonds with
the phenyl rings from the adjacent molecules. According to the interactions depicted in the unit
cell (green triangles), each semi-deprotonated TAPT molecule contains three different amino
environments at each corner: one metal-organic coordination and two kind of inequivalent H-
bonds (one close to a metal-organic center and the other forming a H-bond far from the metal-
organic center). To prove the presence of adatoms in the network, an exploration of different
areas (Figure 3.9(c)), such as domain boundaries where 2 structures collapse, shows the
presence of adatoms trapped inside the pores formed between 2 incomplete unit cells (white-
colored circle). Thus, these pores could also act as trapping sites for molecules or adatoms.

In contrast to the 1D chain-like structures formed on Cu(100), STM images revealed that the
metal-organic coordination between TAPT and Mg results in the formation of 2D structures on
Mg(0001). This could be related to the lower reactivity of the substrate with the molecules which
results in the enhancement of supramolecular interactions [32], [102]. The lower reactivity of
the substrate was evidenced by the longer deposition times compared to that employed on
Cu(100).
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H-bonds = 1.95A Mg coordination

Figure 3.9: (a) The TAPT molecules form a compact structure on the Mg(0001) terraces, different
to the typical chain-like structure formed Cu(100). (b) The proposed model shows a metal-
organic network of TAPT molecules coordinating Mg adatoms sequestrated from the surface.
The unit cell is highlighted by the six green triangles and presents semi-deprotonated molecules
forming a metal-organic coordination with a Mg center and H-bonds with the adjacent
molecules. (c) The incomplete unit cells form pores which can act as trapping sites for molecules

or adatoms

In order to corroborate the results obtained by STM images, in this section, HR-XPS was used to
identify the chemical states of the molecules adsorbed on the surface. Figure 3.10 shows the
HR-XPS spectra, focused on the N1s and C1s binding energy regions, of a sample prepared with
the same deposition conditions described above (with an additional thermal treatment at 353
K). As it was described before, the chemical structure of TAPT molecules before adsorption
consists of two different types of N atoms, one related to the NH; group and the other related
to the triazine ring (-N=). Therefore, in an ideal experiment the N1s region of TAPT molecules
would present only two peaks in a 1:1 ratio. A similar experiment carried out for melamine
molecules in multi-layers, the molecules from the top-most layer present two peaks at around
400.0 and 399.1 eV, respectively [96], [106], [107]. Nevertheless, when triazine rings adsorb
planar on metallic surfaces [107]-[109] the peak attributed to —N= atoms shifts to lower binding
energies (at around 398.2 eV). Therefore, the prominent peak at 398.1 eV (N1) (Figure 3.10(a))
is attributed to the N atoms from the triazine ring of TAPT molecules (blue circles in Figure
3.10(a)) adsorbed on the surface [96], [110]. As it was expected, this peak represents almost the
50% (precisely 46 %, see Table 1) of the total amount of N atoms; implying that almost all the
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molecules lie planar with their backbones parallel to the substrate. Thus, the 50% left should
belong to the N atoms from the amino (NHz) groups. The information from literature indicates
that the partial deprotonation of the NH; groups and interaction with a metallic surface lowers
its binding energy and, further coordination with metal adatoms, generates a peak at even lower
binding energies [96]. Accordingly, the peak at 397.1 eV (N2) is attributed to the metal organic
coordination of Mg adatoms with semi-deprotonated NH, group (-NH-Mg, violet circles in Figure
3.10(a)). This peak possesses a percentage area of 17% indicating that one third of the total N
available from the NH, species is coordinated to Mg adatoms. The best fitting of the N1s
spectrum, contains two more peaks at 399.4 eV (N3) and 400.0 eV, (N3’) representing the 22%
and 14% of the total amount of N atoms, respectively. According to the tentative model
presented in Figure 3.9(b), where four types of N environments were found, these peaks are
attributed to semi-protonated amino groups (adsorbed on the surface) interacting by H-bonds
with an adjacent aromatic ring (red and green circles in Figure 3.10(a)). The small difference of
0.6 eV between these peaks could be attributed to the slightly different environments of these
semi-deprotonated amino groups forming a H-bond near the metal-organic center. As described
above in the case of melamine molecules, the peaks attributed to the three N atoms from the
triazine ring (-N=) and fully protonated amino groups which do not interact with the surface are
located at around 399.1 eV and 400.0 eV [96], [109], [111]-[113]. Thus, if some free TAPT
molecules remain on the surface after annealing, the proportion of N3 and N3’ should be
altered. Therefore, errors in the exact composition of the different species on the surface
obtained by the analysis of the HR-XPS spectrum could be attributed to the fitting procedure
and, also to the presence of fully protonated physisorbed species as contaminants.
Nevertheless, taking into account that although the tentative theoretical model inspired in the
STM images proposed an ideal N composition of 3:1:1:1, the relative proportional areas
(N1:N2:N3:N4) obtained after fitting the HR-XPS spectra is 2.8:1.0:1.3:0.9; in good agreement
with the values expected from the model.

On the other hand, considering the C atoms in free TAPT molecules, an ideal Cls spectrum
should contain 4 peaks (depending on the resolution of the analyzer): C1, belongs to the Cls
transition of the 12 equivalent C atoms in the middle of the 3 phenyl rings (yellow circles in
Figure 3.10(b)); C2, 3 C atoms in the phenyl rings directly bonded to the C atoms from triazine
ring (green circles in Figure 3.10(b)); C3, 3 C atoms in the phenyl rings directly bonded to the
semi-deprotonated amino groups (red and brown circles in Figure 3.10(b)); and C4, the 3 C
atoms in the triazine ring (cyan circles in Figure 3.10(b)). Therefore, the ideal proportion of the
Cls peaks C1:C2:C3:C4 should be 4:1:1:1. However, in the theoretical model one semi-
protonated amino group is coordinated with Mg while the other two with H-bonds. Hence, the
C3-feature of an ideal spectrum should be divided into two sub-features: C3 (brown circles in
Figure 3.10(b)) and C3’ (red circle in Figure 3.10(b)) with a 0.33:0.66 relative composition. Thus,
according to the theoretical model, the relative composition of C atoms should be
4:1:0.66:0.33:1. The best fitting of C1s spectrum of the same sample is shown in Figure 3.10(b),
where 4 peaks with a relative composition of 3.6:1.3:0.8:0.6:0.8 is obtained. Again, the
agreement with the composition in the theoretical model is reasonable, considering the
presence of non-adsorbed species on the surface and uncertainties in the fitting procedure.
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Figure 3.10: HR-XPS spectra in the (a) N1s and (b) C1s region for TAPT molecules deposited on a
Mg(0001) substrate after annealing at 353 K. In the insets, the different kinds of N and C atoms
of the model are depicted by circles with different colors. The tables at the bottom show the
comparative relative composition of every specie.

A new experiment was performed under the same deposition conditions but without heating
the substrate (at 353 K), to analyze the effect of a thermal treatment with the composition of
the species on the surface. Within this experiment, the change in the proportion of the peaks
could help in the corroboration of the adsorbed species. Figure 3.11 shows the N1s spectra
before (a) and after (b) thermal treatment, where the changes in the composition is followed by
the change in the relative composition of every feature (c).

Figure 3.11 shows that the N1 feature remains almost constant after annealing. Thus, it can be
interpreted that the amount of TAPT molecules adsorbed on the surface is the same before and
after annealing. Nevertheless, there is an increment in the signal attributed to semi-protonated
amino groups coordinated with Mg (N2) by 2% and a decrease in the signal N3’. As it was
described above, the N3 and N3’ signals are in the region of binding energies where the N1s
transition of weakly adsorbed or fully deprotonated species takes place. Therefore, it can be
concluded that the process of annealing at 353 K induces the semi-deprotonation of amino
groups and consequently the formation of metal-organic coordination.
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Figure 3.11: HR-XPS spectra in the N1s region, corresponding to the interaction of TAPT
molecules deposited on a Mg(0001) substrate (a) before and after (b) annealing at 353 K. (c)
Graph showing the variations in the relative percentage area of the peaks at each binding
energy. The blue line shows the direct effect of the annealing on the system based on TAPT
molecules on Mg(0001).

From the observations above, it can the concluded that the deposition of TAPT molecules on
Mg(0001) at RT, generates the semi-deprotonation of the NH, groups; in agreement with
previous studies of molecules with NH, groups semi-deprotonated in different surfaces at RT
[114]-[117]. The semi-deprotonation promotes the metal-organic coordination of TAPT
molecules with the Mg adatoms from the host substrate and could be improved by a subsequent
annealing of the surface at 353 K.

3.3.1. CO: Injection on the Mg-TAPT networks

The formation of MONs on Mg(0001) opens new avenues in the challenge of mimicking
the RuBisCO active center. Here, the Mg-TAPT coordination mimics the amino environment
given by the Lysine molecules around the Mg center. To investigate the reactivity of the
bioinspired networks, the analysis of the CO, interaction was performed by HR-XPS and STM
experiments under UHV conditions.

Figure 3.12 (a-b) shows the photoemission spectra in the N1s region before (a) and after (b) the
interaction of TAPT molecules on Mg(0001) sample with CO,. After CO; exposure (red-colored
spectra), the peak N3 attributed to the N atoms in semi-deprotonated NH; groups forming H-
bonds on the vicinity of the metallic center, shifts slightly to lower binding energies (-0.3 eV) and
its intensity decreases by almost 8% compared with the same peak before CO, exposure (see
Table 3.1). This would be related to the disassembly of TAPT molecules from the network
structure, evidencing their reactivity with CO,. Indeed, this is an indication that the semi-
deprotonated NH, groups near the active metal-organic center are more reactive to the
presence of CO; than the rest of the network. In fact, the amount of triazine N atoms (N1) related
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to the presence of TAPT molecules adsorbed flat on the surface, is almost invariant after the
interaction of CO, with the network. In addition, the injection of CO, promotes also a slight
increment by 2.4% of the N2 component, assigned to —-NH-Mg coordination (peak at 397.1 eV).
However, the most noticeable change (together with the decrease of N3) in the composition of
the different N environments derived from the assignation of every peak in the HR-XPS
spectrum, is an increment by almost 8% of the N3’ feature (N4 after CO; interaction). Despite
before CO, exposure, the N3’ component has been attributed to semi-deprotonated amino
groups interacting with H-bonds from adjacent phenyl rings, the increment of this peak and the
shift to lower binding energies (-0.25 eV) is consistent with the possible formation of carbamates
species (R-NH-CO;) after CO; exposure. This assignment is in complete agreement with previous
studies on the interaction of CO, with amines adsorbed on a copper surface [52]. The changes
in the percentage values at each binding energy, related to the effect of the incorporation of
CO; in the system, are shown and summarized in Figure 3.12(c) and in Table 3.1, respectively.

Table 3.1: HR-XPS peak positions and their relative areas for TAPT molecules on Mg(0001),
before and after annealing or after CO,.

TAPT on Mg(0001) | TAPT on Mg(0001) TAPT on Mg(0001)
before annealing after annealing after CO;
Peak assignation Rel. % %
BE (eV) BE (eV) BE (eV)
area (%) change change
N2
397.2 15.6 397.1 2.2 397.1 2.4
(-NH-Mg)
N1
(-N=) 398.3 46.9 398.2 -0.3 398.2 -2.2
N3
399.4 22.3 399.4 0.2 399.1 -7.7
(-NH---H)
N3’ /N4
400.1 15.2 400.05 2.1 399.8 7.5
(-NH--H) / (-NH-CO,)

The presence of carbamate species could also be followed by the presence of a peak at around
289 eV in the Cls binding energy region. Because of the experimental conditions and the number
of carbamates species compared with the total amount of C-containing species, this new feature
could not be detected in the spectrum taken after CO, exposure (not shown here). Nevertheless,
after CO; injection, the O1s binding energy region detected a new component together with the
presence of 01 peak assigned to spurious O, adsorption (Figure 3.12 (d)). This new feature (02)
should be associated to the 1s transition of O atoms from carbamates on the surface, in
agreement with previous works [52].
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Figure 3.12: A comparison of the HR-XPS spectra in the N1s region of TAPT molecules deposited
on Mg(0001) (a) before and (b) after CO, exposure. (c) Graph showing the variations in the
relative percentage area of the peaks at each binding energy. The red line shows the direct effect
of CO; on the system based on TAPT molecules on Mg(0001). (d) A comparison of the HR-XPS
spectra in the O1s region of TAPT molecules deposited on Mg(0001) before (green) and after
(red) CO, exposure.

The interaction of the TAPT-Mg networks with CO, was also analyzed by STM images (Figure
3.13(a)). Before CO, exposure, the metal-organic structure of four TAPT molecules coordinating
the Mg center is observed. However, after CO,, the STM images confirm that CO, promotes the
disassembly of some TAPT molecules from the network. The molecules change their orientation
and show the tendency to form chain-like structures, similar to the 1D networks formed on
Cu(100). In Figure 3.13(b) the proposed scheme shows how the interaction of CO, with the Mg
centers unbinds the H-bonds near the metal-organic coordination center, rearranging the
structure into a different configuration. This model agrees very well with the analysis of the
results provided by HR-XPS measurements in Figure 3.12 and with the STM images shown in
Figure 3.13(a).
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Figure 3.13: (a) STM images of TAPT molecules deposited on Mg(0001) showing the reordering
of molecules into a chain-like structure as the result of their exposure to CO,. (b) Proposed
scheme of the structural evolution of the networks when CO; is incorporated. The inset at the
bottom shows in detail the H-bond that is broken to allow the adsorption of CO; on the N from
the semi-deprotonated NH, group. This scheme suggests the formation of carbamates and is
supported by the XPS and STM experiments.

These results suggest that the interaction of CO, with the Mg-TAPT network can form carbamate
species, as analogs of the carbamate of lysine in the active site of RuBisCO. Thus, these findings
are a crucial step towards a 2D mimic of the RuBisCO active center.
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3.4. Conclusions

In summary, this chapter presents a simple preparation method to fabricate MONs through the
deposition of TAPT molecules on atomically clean surfaces of Cu(100) or Mg(0001), under UHV
and at RT.

When TAPT molecules are deposited on Cu(100), the surface contributes to semi-deprotonate
the NH; groups of the molecules. Thus, the adatoms on the surface coordinate the semi-
deprotonated NH; groups to form 1D MONSs. At higher coverages, some parts of the metal-
organic chains show n-fold coordination of molecules around a Cu center. In addition, a thermal
post treatment at 353 K promotes the complete deprotonation in one of the NH; groups of TAPT
molecules, thus reorganizing the structure from a 1D to a 2D conformation. Theoretical models
propose that Cu adatoms act as single and double metal centers in the 1D and 2D structures,
respectively. The 2D network shows an appreciable thermal stability with (an extra) post
annealing up to 533 K. Higher annealing temperatures (573K) lead to the full deprotonation of
the molecules with the dissociation of the structure. The 2D MONs did not show any evidence
of gas adsorption. The introduction of CO, or O, did not trigger any change in the structure of
the networks. Nevertheless, this is not conclusive and future experiments using XPS could reveal
other interactions which may have not been clearly perceived by STM.

On the other hand, Mg is not a good candidate to promote the formation of MONs with TAPT
on Cu(100). The reason could be related to the presence of Cu adatoms that tend to form MONs
with TAPT. Nevertheless, TAPT molecules also semi-deprotonate on Mg(0001), and self-
assemble with the surface adatoms to form MONs. As seen in the active center of RuBisCO, the
Mg adatoms act as metal centers surrounded by semi-deprotonated NH; groups. Thus, these
networks demonstrate their potential to resemble the structural configuration of a lysine
molecule around the Mg center. On Mg(0001), the MONs present a 2D structure, in contrast to
the 1D structures formed on Cu(100). This could be related to the lower reactivity of the
Mg(0001) substrate, which produces a weaker molecule-substrate interaction compared to
Cu(100). Finally, after the injection of CO; into the Mg-TAPT network on Mg(0001), STM images
detect a change in the structure that, according to HR-XPS measurements, would be related to
the formation of carbamates.

These MONs have the potential to work as 2D biomimetic structures, analogues to the active
site of RuBisCO towards CO; capture to form carbamates. In addition, the structure of the MONSs
of Mg-TAPT and Cu-TAPT presents pores that can act as trap sites for atoms or molecules. The
importance of the formation of these supramolecular structures relies on the joint of several
characteristics, such as self-assembly of molecules including adatoms in the adlayer, formation
of pores acting as molecular/metal adatoms traps and the flexibility for structural
reconfiguration. Also, the control of the dimensionality by temperature represents an
interesting tool to control the design of supramolecular architectures adsorbed on metal
surfaces.
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Chapter 4: Reactivity of Metal-Organic
Networks of TPA and Mg towards CO:
and O

Photosynthesis is the model system for energy conversion and uses CO; as its starting
reactant to transform solar energy into chemical energy, i.e. the energy is stored as chemical
bonds in organic molecules or biomass [1]. The first and rate-determining step of this process is
the immobilization and activation of CO,; a carboxylation reaction catalyzed by the enzyme
RuBisCO. The catalytic activity of RuBisCO is performed on a metal ion embedded on its active
site. Thus, the nature and the oxidation state of the metal center defines the catalytic properties
of the enzyme. The most common ion found in the active site is Mg?*.

In this chapter, we explore the rational design of metal-organic networks (MONs), to mimic the
active site of RuBisCO. As seen in the previous chapter, MONs were formed after the deposition
of molecules with NH; groups, such as TAPT, on metallic surfaces. However, molecules with
carboxylic functional groups (COOH) can also work as excellent building blocks in the design of
molecular nanostructures. One characteristic is the deprotonation of COOH into a carboxylate
group (COO’) on metal surfaces at RT, which confers them the ability to form robust MONs with
co-deposited transition [20], [29], [41], [99], [118], [119], and alkali metal atoms [23], [24], [27],
[120]. Thus, terephthalic acid (1,4-benzenedicarboxylic acid, TPA) is a model molecule with
COOH groups that easily deprotonates on Cu surfaces at RT and often forms MONs with co-
deposited adatoms [24]. The COO" groups act as ligands that control the redox potential and the
distribution of metal centers [29], [30]. This particular feature encouraged the use of COO - Fe
networks for O, dissociation [15], [58], aimed to resemble the catalytic function of enzymes
specialized in O, reduction [61].

The catalytic function for CO, adsorption has recently being studied on MONs. One of the few
examples involves the use of metal-organic chains of 1,4-phenylene diisocyanide molecules
bonded to Au adatoms on Au(111), to promote CO, capture at 77 K [121], [122]. Just recently,
networks formed by molecules with COO™ groups bonded to Fe centers have shown adsorption
of CO, at 100 K [65]. Nevertheless, to the best of our knowledge, no CO; driven phase transition
has been reported at RT for any 2D metal-organic array.

Therefore, inspired on the structure of the active site in RuBisCO, this chapter presents a method
to replicate the carboxylate environment around a Mg?* ion. In contrast to the method
presented in Chapter 3, here the ionic networks with Mg?* are designed by the self-assembly of
TPA molecules with Mg atoms deposited on substrates of Cu(100) and Mg(0001) at RT. Finally,
to study the reactivity of the structures, high partial pressures of CO; and O; are exposed on the
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system at RT. The stability and chemical changes in the networks related to gas adsorption are
studied by different techniques such as STM, HR-XPS and DFT.

4.1. Experimental setup

The experiments were carried out in a UHV (~ 3 x 10''° mbar) chamber. The Cu(100)
surface was cleaned following the standard procedures described in Chapter 2. TPA molecules
were deposited by organic molecular beam epitaxy from a Knudsen cell at 448 K. During
deposition, the substrate was kept at RT. During the dosage of CO; or O,, the pressure in the
chamber was kept at a partial value of P~1.0x10”7 mbar, while the temperature of the sample
was kept at RT. The STM images were obtained with typical tunneling current and sample bias
values of 1.0 nA and -1.0 V, respectively. The XPS spectra were obtained in the PSI synchrotron
facilities. The data for the Mg2p, Cls and O1s were acquired with a beam energy of 160, 370
and 675 eV, respectively, and the pass energy of the analyser was set at 20 eV. The spectra were
referenced using the Cu3ps/, line at 75.1 eV. All the experiments were also carried out under
UHV at RT.

4.2. Mg Atoms Deposited on Cu(100) and their Reactivity
towards CO: and O:

The study of the behaviour of Mg atoms on a Cu(100) surface, was taken as the first step
in the strategy towards the formation of ionic networks with Mg. Thus, a sub-monolayer (ML)
coverage of Mg atoms was deposited by thermal evaporation on a Cu(100) surface at RT. The
distribution of Mg on the surface was studied by STM at RT. During the scans, the diffusion of
Mg adatoms prevented the observation of the surface due to their constant attachment to the
STM tip. This issue was solved annealing the sample at 353 K for 5 minutes; a process that
induced the formation of Mg clusters. The STM image in Figure 4.1 shows bright protrusions
with an average diameter of 1.5 nm, which represent the isolated clusters of Mg (0.03 ML) on
the terrace. Their reactivity was studied by the introduction of either 450 L of CO; or O,.
Nevertheless, during the scans, the gas molecules of CO; or O, and the Mg adatoms react
strongly with the tip. For this reason, it was impossible to detect any interaction of gas molecules
with Mg atoms with this technique; only fuzzy images were obtained (not shown here).

In order to understand the system better, HR-XPS was used to assess the chemical changes after
the injection of CO; and O, at RT (Figure 4.2). The first step was to study the chemical states of
the Mg clusters before gas injection (green-colored spectra). Thus, a new sample was prepared
using the same conditions as stated above. The Mg2p energy region shows two sharp peaks at
lower binding energies: One peak at 50.0 eV characteristic of metallic clusters of Mg (Mg°)
[123]-[125], and a second peak at 50.4 eV related to smaller Mg clusters [125]-[130]. This
increment in the binding energy is attributed to the local charge transfer of a low coverage of
Mg clusters with the substrate, which results in the increment of its binding energy due to the
lower screening of the core electrons from Mg atoms. The broad peak observed at higher
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binding energies (51.4 eV) is related to ionic Mg?* species, such as magnesium oxide (MgO)
[126]-[128], [131]. The presence of this peak would be the consequence of spurious CO; or O,
molecules inside the chamber reacting with the Mg clusters. Indeed, these species could be
assigned as dimmed traces close to the noise level in the O1s region, with the peaks at 533.0
(Mg(OH), MgO, or Mg(OH),) [123], [126], [131] and 530.7 eV (O, chemisorbed) [126], [132].

Figure 4.1: STM image of Mg clusters on a Cu(100) surface at RT under UHV.

The second step was to address the chemical changes after CO; injection. The red-colored
spectra in Figure 4.2 belong to the Mg clusters exposed to 540 L of CO,. In the Mg2p energy
region, the line shape broadens and shifts towards higher binding energies. The deconvolution
of the Mg2p signal, reveals that the presence of metallic clusters vanishes (peak at 50.0 eV) while
the peak attributed to Mg?* species at 51.4 eV increases significantly. This increment would be
related to magnesium carbonates (MgCOs) formed as a consequence of the CO,” chemisorption
[123], [133]. According to Thomsen et.al, the chemisorption of CO, on an alkaline-supported Cu
substrate would result in: 2CO;” = COs* + CO, [134]. The by-product of the reaction, CO, is not
observed in the O1s spectra because it is desorbed from the Cu surface that is held at a relative
high temperature, RT [134]. In agreement to the previous analysis, the spectrum in the Ols
region shows the increment of the peak at 532.7 eV as a result of the contribution of the
chemisorption of CO, on Mg, to the pre-existent spurious signal (Mg(OH), Mg0O, or Mg(OH),),
resulting in [122], [132], [135]—-[137]. Finally, the peak at 530.1 eV shows the presence of Oy
species on Mg [126], [130].

A different sample was prepared was to address the chemical changes after O; injection. The
blue-colored spectra in Figure 4.2 belong to the Mg clusters exposed to 450 L of O,. Interestingly,
the Mg 2p spectra shows a peak at 49.7 eV, which lies in the region of metallic Mg°.
Nevertheless, this interpretation is not self-consistent since the typical metallic signal is
characterized by a sharp peak [123]-[125]. In addition, because of the well-known high reactivity
of Mg with O,, the formation of MgO species is expected in this system. Nevertheless, the Mg2p
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feature related to MgO species, usually appears at higher binding energies [123]. Aballe et al.
reported a shift from high to lower binding energies when Mg grows from a sub-ML to a 1 ML
coverage on W(110) [129]. They explained this trend as the stronger atomic interactions present
in 1 ML of Mg, which induces the screening of the core electrons due to the higher electronic
density. Therefore, the peak observed at low binding energy (49.7 eV) would be attributed to
the formation of big MgO clusters and the effect of the oxidized Cu substrate, as it will be shown
in the O1s region [138]. Up to now, this statement was not confirmed by STM due to the high
reactivity of O, with the tip, as explained above. In connection therewith, the line shape in the
O1sregion shows a broad peak at 531.6 eV that confirms the presence of clusters of MgO [130],
[137]. In addition, the strong signal at 529.7 eV, is attributed to the oxidation of the bare Cu
surface [71], [139], [140]. The low relative peak area of MgO compared with CuO, is related to
the low quantity of Mg species (sub-ML coverage) on the Cu surface (bulk). These findings would
indicate that MgO clusters lie on a CuO surface, which in fact would also contribute to shift the
MgO peak in the Mg2p region to lower binding energies.
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Figure 4.2: HR-XPS spectra in the Mg2p and O1s regions, showing the effect of the gas molecules
on Mg atoms deposited on Cu(100). The green lineshape corresponds to Mg clusters on Cu(100).
The red and blue lineshapes correspond to the effect of CO, and O, respectively.

DFT calculations were used to study the pathway of the reaction between single atoms of Mg
with molecules of CO; or O, (Figures 4.3). Ane Sarasola performed the calculations under the
supervision of Prof. Andres Arnau from the Donostia International Physics Center in Spain. The
experiments were modelled as systems based on one and two Mg adatoms (represented by
green circles), both lying on a slab of Cu atoms (represented by orange circles). A molecule of
CO, or O; was introduced in the calculations to test the reactivity of the systems. Figure 4.3(a)
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depicts the top and side views of the modelled systems exposed to CO,. It shows that CO; is
physisorbed in the presence of one Mg atom, while it chemisorbs with the characteristic sp2
conformation in the presence of two Mg atoms [48]. The CO, adsorption generates an energy
gain of -0.36 and -1.30 eV for the systems with one and two Mg atoms, respectively. In both
cases, the Mg centers lose the two valence electrons from the upper shell 2s, and turn into Mg?*
cations. Then, the charge is distributed between the oxygen atoms from CO; and the Cu atoms
from the substrate. On the other hand, Figure 4.3(b) depicts the top and side views of the
modelled systems exposed to O,. In this case, the interactions turn stronger; O; is chemisorbed
in the presence of one Mg atom, while it is dissociated in the presence of two Mg atoms. The
adsorption of O, produces energy gains of -2.54 eV and -5.09 eV, respectively. These energy
values are high enough to form strong bonds between O, and Mg, hence to promote the
formation of MgO, as observed by XPS experiments.
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Figure 4.3: Top and side views of model systems that evaluate the adsorption of CO, and O, on
Mg atoms (represented by the green circles) lying on a Cu(100) surface (represented by the
orange circles). (a) CO, physisorbs and chemisorbs in the presence of one and two Mg atoms,
respectively. (b) O, chemisorbs and dissociates in the presence of one and two Mg atoms,
respectively.

These findings confirm the results analyzed by XPS in Figure 4.2, regarding to the chemisorption
of CO; and O, on systems with more than one Mg atom (Mg clusters). Understanding the
chemistry behind the interaction of gas molecules with Mg clusters or single Mg atoms is crucial
for the study of more complex systems including organic molecules.
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4.3. TPA Molecules Deposited on Cu(100) and their Reactivity
with CO: and O:

The second step in the strategy towards the formation of ionic networks with Mg, is to
study the self-assembly process of the organic linkers. At first, TPA molecules (coverage = 0.4
ML) were deposited on an atomically clean Cu(100) surface at RT. As reported in earlier studies
and represented in the scheme of Figure 4.4(a), the TPA molecules fully deprotonate on a Cu
surface at RT [141], [142]. Indeed, the typical STM image of this system Figure 4.4(b), shows the
self-assembly of fully-deprotonated TPA molecules into a homo-molecular patch of TPA
molecules with a 3x3 structure [141], [142]. The chemical identity of the molecules was
confirmed by the HR-XPS spectra in Figure 4.4(c). The XPS spectrum in the C1s region, shows the
typical profile of a homo-molecular network of fully-deprotonated TPA molecules: an intense
peak at 284.6 eV attributed to carbon atoms from the phenyl ring (C6) and a small peak at 287.6
eV, characteristic of carboxylate groups (-COO’) [141]. The dotted peak at 285.1 eV was not fully
identified but could be related to the different chemical environment around the aromatic
carbons. The 3x3 structure is also confirmed by the analysis of the XPS spectrum in the Ols
region, which contains a single peak at 531.3 eV attributed to carboxylate oxygens (-COO’).
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Figure 4.4: (a) Scheme that represents the deposition and the consequent deprotonation of TPA
molecules deposited on Cu(100) at RT. (b) STM images of a typical TPA network on Cu(100) at
RT. The inset shows the structural model of the full-deprotonated molecules arranged in a
typical 3x3 configuration. c) The HR-XPS spectra in the Cls and O1s energy regions show the
characteristic peaks regard to the homo-molecular 3x3 phase.

In separate experiments, the 3x3 structure was exposed to 470 L of CO, or 450 L of O, to study
its gas reactivity. In both cases, the STM images did not show any structural change (Figures are
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not shown here). The HR-XPS technique was also used, to study any possible chemical changes
that could not be detected with STM. Figure 4.5, shows the HR-XPS spectra of TPA on Cu(100)
samples exposed to CO; (red spectra) and O, (blue spectra). In both cases, the C6 ring and COO"
signals in the Cls region did not present any variation compared to the sample before gas
exposure (grey spectra). These experiments confirm that the TPA molecular phase is not reactive
under the presence of CO, nor O, exposure. Conversely, in the O1s region, the exposure to O,
molecules generates a peak at 529.7 eV characteristic of 02 chemisorbed on bare surfaces [137],
whereas the peak at 531.3 eV remain unchanged, confirming that the COO™ groups do not react
with Oz nor CO..

These results are important in the pathway toward the formation of MONs. The deposition of
TPA on Cu(100) at RT using the conditions stated in this section, guaranties the full
deprotonation of the molecules. The full deprotonation is important because COO™ oxygens are
needed to bind and to control the redox potential of the metallic centers. In addition, the
unreactive character of the COO" groups with CO, and O is crucial to discard the possible role
of these groups as active centers.
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Figure 4.5: (a) HR-XPS spectra in the Cls and O1ls energy regions showing that the homo-
molecular 3x3 phase (grey spectra) does not react in the presence of CO; (red spectra) nor O,
(blue spectra) molecules. In O1s, the peak characteristic of CuO appears as a consequence of
the oxidation of the Cu(100) surface with O..
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4.4. Formation of Mg-TPA Networks on Cu(100)

Inspired in the structure of the active site of RuBisCO, the fabrication of 2D ionic
networks with a Mg?* center is taken as a strategy to mimic its catalytic function. Studies in
surface science have shown that the catalytic activity of metal particles is boosted when they
are reduced to single atoms [143]. In this context, MONSs can control the chemical environment
around single atoms and their distribution along a metal surface [29], [30]. This characteristic
makes them candidates to study hetero-catalysis.
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Figure 4.6: HR-XPS spectra for a typical ionic network. (a) Schematic representation of the ionic
network prepared by the co-deposition of TPA molecules and Mg atoms. The interaction of (b)
Mg clusters (grey spectrum in the Mg2p region) with (c) TPA molecules (grey spectra in the Cls
and O1s regions), forms an ionic network (green spectra at the bottom of the images in (b) and
(c)). The shift of the green spectra at the bottom respect with the grey spectra on top evidences
the electrostatic interaction between Mg?* and TPA.

Hence, the third and final step of the strategy is the study of the 2D self-assembly process of
TPA molecules with Mg atoms. The preparation process begins co-depositing sub-ML coverages
of Mg atoms and TPA molecules on an atomically clean Cu(100) surface at RT (Figure 4.6(a)).
The deposition of each adsorbate followed the same preparation procedures presented in
sections 4.2 and 4.3. The process was finalized with a post-annealing at 353 K for 5 minutes to
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ensure the deprotonation of the TPA molecules and to favor the diffusion of the adsorbates on
the surface.

The chemical interactions of the system is analyzed by HR-XPS. In the Mg2p binding energy
region (Figure 4.6(b)), the green spectrum shows a broad peak shifted to higher binding energies
with respect to the grey spectrum on top (note that the grey spectrum belongs to Mg clusters
on Cu(100) before gas exposure, as presented in Figure 4.2). The peak splits in two components:
One peak at 50.8 eV that reveals the complete segregation of big clusters into clusters with
smaller sizes; and a second peak at 51.4 eV, in the region that belongs to the ionic form of Mg
(Mg?). These two peaks suggest that the role of TPA molecules is to sequestrate Mg atoms from
the clusters to form eventually ionic networks with Mg?* cations. This fact, explains the absence
of the peak assigned to big Mg clusters at lower binding energies. This mechanism may occur in
a similar way as seen in ionic networks formed with alkali compounds [144]. In the C1s and O1s
energy regions, the main peaks from the sample formed by the co-deposition of TPA molecules
and Mg adatoms on Cu(100) (green spectra in Figure 4.6 (c)), also shift to higher binding energies
compared to the peaks from a homo-molecular TPA layer (grey spectra). These shifts, are
consistent with TPA molecules acquiring a protonated character on Cu(100) [141]. However, TPA
molecules must be fully-deprotonated as they were deposited using the conditions stated in
section 4.3. Therefore, the protonated character of the negatively charged COO" groups would
be given by the Mg?* cations, thus evidencing the formation of ionic networks. The detailed
analysis in the C1s region reveals a small peak at higher binding energies at 289.4 eV, attributed
to the electrostatic interaction between the COO™ group and the Mg?* cations. Finally, the
intense singlet at 285.2 eV, is attributed to the C6 ring of the fully-deprotonated TPA interacting
with Mg?*. The high binding energies are associated to the charge migration from the C atoms
towards the oxygens in COO™ [23]. In addition, the O1s lineshape shows a dominant peak at
532.1 eV, related to a relative less negatively charged COO" group due to the low electronic
density around the core electrons during the electrostatic COO™ - Mg?* interaction [23].

The STM image (Figure 4.7(a)), reveals a structure different from the typical squared-like 3x3-
phase characteristic of molecular networks of TPA. The image shows white protrusions and the
characteristic circular units that evidence the presence of TPA molecules. The inset in Figure
4.7(a) shows the zoom-in of the surface and reveals the convergence of TPA molecules around
the white protrusions. In addition, smaller circular features are observed in between, related to
Mg atoms that confirm the interaction between Mg and TPA. The nature of the white
protrusions could be related either to the agglomeration of few Mg atoms or a single TPA
molecule. Nevertheless, the agglomeration of few Mg atoms would be in agreement with the
XPS characterization in the Mg2p region in Figure 4.6(b). Indeed, the zoomed-in image in Figure
4.7(b) shows that the molecules are grouped in consecutive trigonal-planar arrangements
evidencing their electrostatic coordination with Mg?*. The model superposed in the inset
(confirmed by the DFT calculations), presents a structure based on a Mg? ion, represented as a
green solid circle, coordinated by three TPA molecules through at least one of their carboxylate
moieties. Thus, two types of Mg-carboxylate coordination are present: one TPA forming a
bidentate carboxylate coupling to Mg, and two TPA forming a monodentate coordination with
Mg. From here on, this structure will be referred as Mg-3TPA.
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Experimental (STM)

Figure 4.7: (a) Overview STM image that depicts a structure formed by the co-deposition of TPA
molecules and Mg atoms. The zoom-in in the inset shows white protrusions surrounded by Mg
atoms and TPA molecules. (b) A STM image whose inset shows the configuration between the
TPA and Mg*? into a Mg-3TPA structure. The TPA molecules are characterized by the circular
motifs while the Mg*2 centers (represented by green circles in the superposed model), are visible
as smaller circular protrusions. (c) The DTF calculations (VASP package) show a relaxed ionic
network on top of a Cu(100) layer and confirms the preferential geometry of the structure: a
Mg*? ion coordinating three TPA molecules. The unit cell consists of one Mg*™ cation
coordinating four carboxylate oxygens from three different TPA molecules. (d) The simulated
STM image of the system using Tersoff-Haman Approach with a bias voltage of -2 V resembles
very well the experimental STM images from (a) and (b).

The precise configuration of the Mg-3TPA structure is described also by DFT calculations. The
calculations were performed using the Vienna Ab-initio Simulation Package (VASP) [74], [75],
including vdW interaction within the vdW-dF scheme. A Cu(100) slab of one layer was included
in the simulations, while the forces of the atoms from the organic overlayer were relaxed up to
0.05 eV/A. As a result, a relaxed Mg-3TPA ionic network was simulated on top of a Cu(100) layer.
A Bader charge analysis [145], [146], revealed a charge transfer of 5.25 e from the Cu layer to
the organic overlayer and to the Mg?* centers. As seen in Figure 4.7(c), the unit cell consists of
a Mg*2 cation coordinated by four atoms of O from three different TPA molecules. In agreement
with crystallographic database for the average bond distance in Mg-carboxylate networks [54],
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the distances O-Mg?* for the monodentate and bidentate coordination present values of 2.03
and 2.20 A, respectively. In addition, each TPA molecule forms H-bonds (O---H-C) between two
of their uncoordinated carboxylate moieties and the aromatic rings from adjacent molecules. To
confirm the reliability of the model, the Tersoff-Hamann approach [147], [148] simulated STM
images of a typical Mg-3TPA network. The simulation was based on the integration of spatially
resolved density of states (DOS) in energy, from a certain applied bias potential (-2.0 eV) to the
Fermi level. The results plotted in Figure 4.7(d) reproduced the zigzagging inversely ordered
trigonal-planar arrangements seen in the experimental STM images. An overlayer of the
modeled Mg-3TPA structure was superimposed on the image to show in detail the geometry of
the ionic network. Thus, DFT gave a model that agrees well with the structural features and
chemical interactions observed previously by STM and XPS, respectively.

This section showed that upon deposition of TPA molecules and Mg adatoms on Cu(100), a 2D
structure (Mg-3TPA) is formed. The structure stabilizes through ionic interactions between the
COO" groups from TPA (anion) and the Mg?* centers (cation), thus resembling the carboxylate
environment of the Mg?* ion present in the active site of RuBisCO. The next section studies the
reactivity of these ionic networks for gas adsorption.

4.4.1. Reactivity of Mg-3TPA Ionic Networks with CO:

A typical ionic network with a Mg-3TPA configuration was prepared using the standard
preparation procedure stated above. Figure 4.8 shows a series of consecutive STM images taken
on a defined area on the surface over different periods. The first two images, tracked the Mg-
3TPA structure during a period of 67 minutes and it did not show any structural change. Thus,
the Mg-3TPA network was suitable to test its reactivity in the presence of CO,. The interaction
with CO, was tracked during almost 2 hours. The first image with the black-colored borders
(snapshot with t=0 min), corresponds to the moment when CO; is first released on the system.
After only 22 L of CO; (10 minutes), the surface area of the network decreases, providing the
first evidence of reactivity. Nevertheless, structural changes appear after 99 L of CO; (22
minutes), related to a significant decrease of the Mg-3TPA network domain at expenses of a new
phase forming at the bottom right side of the snapshot. The new phase presents a different
configuration and it turns predominant after 256 L of CO, (57 minutes). This structure presents
a square-shaped unit cell (highlighted in yellow), and organizes the molecules in a particular
fashion (one Mg adatom surrounded by four TPA molecules) that lead to the formation of pores
(Figure 4.8 (b)). From here on, this structure will be referred as Mg-4TPA. The new arrangement
suggests only one type of Mg-carboxylate coordination: monodentate couplings (O-Mg) of the
Mg center with each TPA molecule [29]. In addition, each TPA molecule forms H-bonds (O-:-H-
C) between two of their uncoordinated carboxylate moieties and the aromatic rings from
adjacent molecules. The pores in the network result from the convergence of four
uncoordinated carboxylate oxygens from four TPA molecules. After 473 L of CO; (105 minutes),
the coverage of the predominant Mg-4TPA phase increases while the former Mg-3TPA structure
vanished completely. Finally, the CO; injection was stopped and the images were tracked during
the next 17 minutes to observe if the structure could reverse from the Mg-4TPA to a Mg-3TPA
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configuration. The last snapshot at 122 minutes shows the stability of the Mg-4TPA structure
with no signs of structural reversibility. Thus, this experiment shows that CO, catalyzed a new
phase transition: from a Mg-3TPA to a Mg-4TPA configuration.

t =-67 min ) t=-18 min 0 min

Figure 4.8: (a) Snapshots from a time lapsed sequence of STM images, for a Mg-3TPA ionic
network on Cu(100), taken before, during (images with a black-colored border) and after being
exposed to CO,. A transition from a Mg-3TPA to a Mg-4TPA structure, is observed. (b) The unit
cell of the new Mg-4TPA structure is based on a Mg*? cation coordinating four carboxylate
oxygens from four different TPA molecules. Each TPA molecule links to three adjacent molecules
by H-bonds between two of their uncoordinated carboxylate oxygens and their aromatic rings.
The pores in the structure are formed by the convergence of four uncoordinated carboxylate
oxygens from four TPA molecules.

The structural changes observed by STM encouraged the use of DFT calculations to study in
detail the local charge distribution when CO, interacts with the ionic networks. The results
showed that the presence of CO, distorts the local bonding in the Mg-3TPA structure, induced
by a charge redistribution. The DFT calculation in Figure 4.9 shows that CO; binds to Mg?* in a
linear configuration. This configuration is related to a physisorption of CO,, with a charge
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transfer weaker than a bended sp2 configuration related to a chemisorption [65]. Nevertheless,
the adsorption of CO, on Mg?* in the Mg-3TPA network was calculated as -0.69 eV, which is
almost twice the value of the physisorption of CO; on a single atom Mg on Cu (-0.36 eV, as seen
in section 4.2). Considering the previous results by STM, this interaction is high enough to induce
a weakening in the strength of the bonds between Mg?* and the carboxylate oxygens from TPA
to form the Mg-4TPA structure.

Top view: Side view:
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Figure 4.9: Top and side views that evaluate the local detail of the CO, adsorption on the Mg-
3TPA ionic network. DFT reveals that CO, adsorbs on top of the Mg?* center.

The chemistry of CO; adsorption in the ionic networks was also studied using HR-XPS (Figure
4.10). As represented in the scheme of Figure 4.10(a), the typical Mg-3TPA ionic network was
exposed to 945 L of CO, and measured immediately by HR-XPS. The red-colored spectra in
Figures 4.10(b)-(d) do not show large changes in the Mg2p, Cls and Ols energy regions,
compared to the grey-colored spectra shown on top (the grey spectra correspond to the Mg-
3TPA network presented in Figure 4.6). As studied by STM and DFT, CO; physisorbs on the Mg?*
center to generate a phase transition from a Mg-3TPA into a Mg-4TPA structure. Therefore, the
slight difference of the COO™ - Mg?* coordination between both structures may produce changes
in the chemical environment around the Mg and O atoms. In connection to this, the detailed
analysis of the Mg2p region (Figure 4.10(b)), revealed the increment in the relative peak area at
51.4 eV (COO - Mg*) at expenses of the peak at 50.8 eV (Mg cluster formed by few atoms). This
evidence probes the action of CO, to enhance the segregation of the remaining small Mg clusters
into Mg atoms that eventually coordinate with deprotonated TPA molecules to form bigger
patches of ionic networks. Indeed, the segregation of the Mg clusters can be related to the joint
action of CO; and deprotonated TPA molecules. As seen in section 4.2, the sole interaction of
CO, with Mg clusters forms MgCOs as a by-product. On the other hand, section 4.4 showed that
fully- deprotonated TPA species could segregate the clusters into single atoms of Mg, whose
distribution on the surface is controlled by the COO-Mg?* coordination. Thus, it can be
concluded that the single Mg?* ions present in the ionic network promote only the physisorption
of CO,, thus preventing the formation of MgCOs. Nevertheless, the reason that explains why CO;
enhances the formation of the Mg-4TPA structure and the sequestration of Mg adatoms is not
well understood yet.
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In connection, the fate of CO; is unknown. In Figure 4.10(c), the red-colored lineshape in the
energy region of Cls was analyzed to find out the presence of CO,. However, it does not show
any variation respect to the grey spectra. The peaks related to the carbon from the COO™ groups
and the C6 rings from the TPA molecules that form a COO™ - Mg** coordination, remain at 289.4
and 285.2 eV, respectively. Hence, the presence of adsorbed (physisorbed or chemisorbed)
species of CO; is imperceptible. The presence of absorbed CO; is also elusive in the O1s region
(Figure 4.10(d)). The difficulty to observe the peaks related to CO,, lead to consider also the
possibility that CO, may have left the system. Nevertheless, the red spectrum shows the peak at
532.2 eV (Mg**-COO") slightly shifted by about 0.1 eV to higher binding energies compared with
the spectrum in grey. This shift could be related to the different coordination environment of
the COO" oxygens present in the recently formed Mg-4TPA configuration.
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Figure 4.10: (a) Schematic representation of the typical Mg-3TPA network exposed to CO;
molecules. (b) HR-XPS spectra of the sample before (grey lineshape) and after (red lineshape)
being exposed to 945 L of CO; in the (b) Mg2p, (c) Cls and (d) O1s energy regions.

Summing up, even though XPS is not very conclusive regarding to the CO, adsorption, these
spectra aimed to be explorative and a more detailed analysis on very specific binding energy
regions may be required. However, STM and DFT showed that the interaction of CO; is strong
enough to reorganize the charge around Mg?* hence triggering a transition from a Mg-3TPA to
a Mg-4TPA coordination. Thus, the ensemble of the results obtained by STM, DFT and XPS
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conclude that CO; interacts with the system through a temporary physisorption on Mg?*. It is
worth to consider that the feeble CO, interaction with the Mg?* centers in the ionic networks
could lead to unperceivable changes in the XPS spectra, thus hindering the presence of
physisorbed CO,.

4.4.2. Reactivity of Mg-3TPA Ionic Networks with 0;

A new experiment was conducted to study the interaction of the ionic networks with O,
molecules. The new sample was prepared following the standard procedure stated in section
4.4. Consecutive STM images were taken on a defined area on the surface over different periods
of time (Figure 4.11).
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Figure 4.11: Snapshots from a time lapsed sequence of STM images for a TPA-Mg ionic network
on Cu(100) taken before, during (images with a black-colored border) and after exposure to O..
The Mg-3TPA transitions to a disordered molecular phase.

The first snapshot revealed the presence of the Mg-3TPA ionic network. As seen in the second
snapshot, the ionic network did not show any structural changes during an interval of 30
minutes. Thus, this ionic network was found suitable to study its reactivity with O,. The
snapshots highlighted on black correspond to consecutive STM images taken during the
exposition of O, for a period up to 2 hours. The first image with the black-colored borders
(snapshot with t=0 min), corresponds to the moment when O, is released on the system. The
first structural change is observed after the exposure of 27 L of O, (6 minutes). The ionic network
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begins to disassemble from its center and this tendency continues while more O3 is introduced.
Hence, after 171 L of O; (38 minutes), most of the Mg-3TPA structure disassembles. The
disassembly is more evident after 342 L of O, (76 minutes) while the borders of the terraces
present also strong signals of oxidation. Finally, a fully disordered structure is observed after 567
L of O; (126 minutes). Contrary to the case with CO,, the structure never shows reorganization
into an ordered configuration. These observations evidence the direct interaction of O, with the
system that provokes the complete and irreversible detachment of the components involved in
the Mg?*-COO" coordination.

In contrast to the phase transition from Mg-3TPA to Mg-4TPA promoted by CO,, the phase
transition of Mg-3TPA to a disordered structure is rather specific to O,. Thus, DFT calculations
were used to study in detail the local charge distribution when O, interacts with the Mg-3TPA
network. The results showed that O, also binds through one of its oxygen atoms to the Mg?*
center of the ionic networks. As shown in Figure 4.12 the absorption energy of O, on Mg?* was
calculated as -0.79 eV. This value is almost one third of the value related to the chemisorption
of O, on a single Mg atom (-2.54 eV, as seen in Figure 4.3). Nevertheless, this low absorption
energy is enough to generate the reconfiguration of the charge around Mg?* and destabilization
of the COO" - Mg? interactions to finally lead to the dissociation of the Mg-3TPA structure.

Top view: Side view:
ATQ® O

-0.79 eV

3
e TIrr

Figure 4.12: Top and side views of model Mg-3TPA system used to evaluate the local detail the
0, adsorption on the Mg-3TPA ionic network. DFT showed that O, adsorbs on top of the Mg?*

center.

HR-XPS studied the chemistry of O, adsorption in the ionic networks (Figure 4.13). As
represented in the scheme of Figure 4.13(a), a typical Mg-3TPA ionic network was exposed to
500 L of O,. Figures 4.13(b-d), show the Mg2p, Cls and O1ls energy regions of a Mg-3TPA
network after O, exposure (blue-colored spectra). The peaks in all the energy regions shifted to
lower binding energies compared to the Mg-3TPA network before O, exposure (grey-colored
spectra).

The O1s binding energy region shows an intense peak at lower binding energy (529.7 eV) related
to CuO, as a consequence of the reactivity of O, with the Cu(100) surface. However, the broader
peak arising at a higher binding energy, whose deconvolution reveals two peaks at 531.1 and
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531.6 eV, evidences the reactivity of O, with the ionic network. As studied by STM and DFT
above, O, quenches the charge in the Mg? center and consequently disassembles the COO" -
Mg?* interactions. In fact, the peak at 531.1 eV is characteristic of the COO™ group of TPA
molecules (see Figure 4.5) [141] and thus confirms the disassembly of the TPA molecules from
the ionic network. Accordingly, the peak at higher binding energy resembles the peak
characteristic of MgO on CuO. Therefore, 531.6 eV is attributed to the oxygen atoms involved in
the COO" - MgO interaction between the TPA molecules surrounding MgO centers (formed by
the chemisorption of O, on Mg¥).
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Figure 4.13: (a) Schematic representation of the typical Mg-3TPA network exposed to O,
molecules. (b) HR-XPS spectra of the sample before (grey lineshape) and after (blue lineshape)
being exposed to 500 L of O; in the (b) Mg2p, (c) Cls and (d) O1s energy regions.

The two peaks present in the Cls region are related also with the disassembly of the TPA
molecules from the network. The prominent peak at lower binding energies is split in two peaks
at 284.7 and 285.2 eV. Thus, the peak at 284.7 eV is characteristic for the carbons of the C6 ring
in fully-deprotonated TPA molecules surrounding the MgO sites. This peak presents a higher
relative area compared to the smaller peak at 285.2 eV characteristic of the ionic networks,
whose presence evidences the remaining of small domains with COO-Mg?* coordination. Hence,
the broad peak at higher binding energies at 288.4 eV is attributed to the wide range of
contributions of the COO™ groups from the free molecules surrounding in a disordered fashion
the MgO sites (as seen above in Figure 4.11). Finally, the Mg2p region shows a broad peak at
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50.6 eV attributed to MgO species. Its shift to a lower binding energy would result from the
effect of the CuO substrate [138], in a similar way as seen with bigger Mg clusters exposed to O3
in section 4.2.

The results obtained by XPS agree well with the observations by STM and the DFT calculation.
0, chemisorbs on the Mg?* centers and induces quenching of the charge without a total
breakdown of the COO-Mg* coordination. This implies that TPA molecules remain in a
disordered configuration around the MgO sites, but they do not completely segregate to form a
homo-molecular network.

4.5. TPA Molecules Deposited on Mg(0001)

As seen in the previous sections, the co-deposition of TPA molecules and Mg atoms on
a Cu(100) surface forms ionic networks. The experimental and theoretical calculations shown
that the structure was stabilized by electrostatic interactions of anionic TPA molecules (COO’)
surrounding a cationic center (Mg¥). In addition, these ionic networks revealed that the Mg?
center acts as an adsorption site for molecules of CO; or O..

In this regard, this section focuses in the use of a substrate of Mg(0001) as a different strategy
to form ionic networks. The interest is to study the self-assembly of TPA molecules on the Mg
surface. Figure 4.14(a) shows the scheme of a sub-monolayer coverage of TPA molecules
deposited by thermal evaporation on an atomically clean surface of Mg(0001) at RT. HR-XPS
measurements analyzed the chemical environment of the adsorbed species, Figure 4.14(b). The
spectrum in the Cls binding energy region shows two small peaks at 289.3 (C1) and 288.0 (C2)
eV, characteristic of the carbon atoms from the carboxylic (-COOH) and carboxylate (-COO’)
groups, respectively [141]. Hence, the prominent peak at lower biding energies splits in two
contributions at 285.0 eV (C3) and 284.6 (C4), attributed to the carbon atoms from the C6 ring
from protonated and fully-deprotonated TPA molecules, respectively [141]. The peak areas
between C1 and C3 present a 1:2.8 ratio, while between C2 and C4 present a 1:3.5 ratio. These
values agree well with the expected 1:3 ratio between the carbon contributions in protonated
or fully-deprotonated TPA molecules. Thus, these findings suggest the presence of at least two
different molecular structures: a structure related to the self-assembly of protonated molecules
(peaks C2 and C4), and a second structure based on the self-assembly of fully-deprotonated
molecules (peaks C1 and C3).

The analysis of the spectra in the O1s energy region reveals three peaks related to different
oxygen environments in the molecules. The two peaks at higher binding energies at 533.7 (01)
and 532.4 eV (02) are attributed to the hydroxyl (-OH) and carbonyl (-C=0) groups, respectively
[141], [149]. These peaks are part of the COOH groups and indicate that some molecules remain
protonated on the substrate. The energy gap difference of 1.3 eV evidences the formation of H-
bonds between the COOH groups and confirms their molecular self-assembly [149]. Since 01
and 02 are the result of the two inequivalent oxygens from the COOH groups of TPA, their peak
areas should present a 1:1 ratio [141], [149], [150]. Nevertheless, the 02 peak shows a slightly
higher intensity than O1, giving a peak area ratio of 1:1.6. Fuhr et al., reported this increment as
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the result of an additional contribution related to the H-bonding between the -OH and the -COO"
groups [142]. In fact, the -COO" group is identified by the peak at lower binding energies at 531.1
eV (03) and evidences the deprotonation of some TPA molecules [141], [142], as a result of their
interaction with the surface at RT.
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Figure 4.14: (a) Schematic representation of the deposition of TPA molecules on a Mg(0001)
surface at RT. (b) The analysis of the HR-XPS spectra of TPA molecules deposited on Mg(0001)
in the Ols and C1s energy regions, suggests the presence of protonated phase that turns into a
fully-deprotonated phase.

Several works have reported that TPA molecules remain with their protonated COOH groups
when they are deposited on low reactive surfaces such as a Ni(111) supported graphene layer,
Al foil, Au(111) and Ag(111) at RT [150]-[153]. On the other hand, on more reactive surfaces
such as Cu(100) and Pd(111), the full-deprotonation of the COOH groups of TPA occurs at RT
(Figure 4.4) [141], [154]. Interestingly, some works reported the coexistence of the fully-
deprotonated and the semi-deprotonated phase on Cu(100) at RT [141], [142]. Nevertheless,
the semi-deprotonated phase is meta-stable and eventually the molecules fully-deprotonate
after some minutes [141], [142] or with a slight increase in the temperature of the substrate
[118]. Here, the existence of only a semi-deprotonated phase would imply that the peaks C1 and
C2 would have a peak area ratio of 1:1; however, the intensity of C1 is 1.6 times higher than C2.
Thus, the disproportions between C1/C2 and 01/02 in the Cls and O1s regions respectively,
evidence the presence of TPA in three states: protonated, semi-deprotonated and fully-
deprotonated.

Figure 4.15 shows the typical STM image of the TPA molecules deposited on Mg(0001) at RT.
The image reveals circular motifs characteristic of TPA molecules lying flat on the surface and
forming big regular domains along the terraces. The detailed analysis of the structure shows the
molecules arranged in a six-fold rotation symmetry characteristic of the hexagonal lattice. The
proposed model on the right side shows fully-deprotonated molecules lying flat on the surface,
with their molecular axis parallel to each other. The open circles represent the Mg atoms from
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the Mg(0001) surface with a nearest neighbor distance of 3.19 A [155]. The structure presents a
squared-shaped unit cell (2x2) highlighted in green, with dimensions 6.4 x 6.4 A that match twice
the lattice constant (3.19 A). The TPA molecules are bonded through eight H-bonds between the
COO oxygens and the hydrogens from the C6 rings with the typical ionic coordination O-:-H-C.
Although, in this model the unit cell shows three of the aromatic rings lying on the hollow sites
and a fourth ring lying on the top site position of the Mg atoms from the substrate, this structure
recalls a similar arrangement of the TPA molecules on Pd(111) [154]. In addition, this model also
resembles the structure of the 3x3 phase formed on Cu(100) (see Figure 4.4(b)) [141].
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Figure 4.15: Typical STM image of the 2x2 phase obtained at RT. The tentative model shows the
coordination of fully-deprotonated TPA molecules lying flat on the surface. The black, red and
white balls represent the C, O and H atoms, respectively. The open circles represent the Mg
atoms from the Mg(0001) surface. The unit cell is highlighted by the green square. The
intermolecular interactions are formed through H-bonds between the COO™ oxygens and the
hydrogens from the C6 rings. This structure can be found also after post-annealing up to 393 K.

From the observations above, it is implied that in comparison with other hexagonal surfaces,
Mg(0001) presents a slight lower reactivity than Pd(111) [154], but a higher reactivity than
Au(111) and Ag(111) [152], [153]. Thus, TPA remains intact when is deposited on Mg(0001) at
RT and eventually the COOH groups fully-deprotonate with time to form homo-molecular
networks. These observations agree well with the HR-XPS results shown in Figure 4.14(b). As the
semi-deprotonation of TPA molecules forms a metastable phase, its transition could occur
sporadically by uncontrolled thermal variations in the surface by few degrees above RT [141].
Thus, the fully-deprotonation is induced by a slight thermal variation in the Mg(0001) surface
above RT. This is confirmed by a post-thermal treatment of the sample up to 393 K that shows
the presence of the fully-deprotonated 2x2 structure, as a predominant phase on the terraces.
In contrast to the NH; group in TAPT molecules, the COO" groups does not sequestrate adatoms
from the substrate to form ionic networks. As a final test, the fully-deprotonated phase was
exposed to 450 L of CO; (image not shown here). However, as also observed on Cu(100), the TPA
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molecules on Mg(0001) did not show evidences of gas adsorption. This demonstrates that the
COO groups do not act as active centers for CO; adsorption.

4.6. Conclusions

Inspired in the structure of the active site of RuBisCO, this chapter presented a method
to synthesize a system based on a Mg?* center stabilized by a carboxylate environment. In a
similar way as it occurs in RuBisCO, the reactivity of the system was tested under high relative
pressures of CO; and O; at RT.

The STM images showed that the deposition of Mg atoms on Cu(100) leads to the formation of
Mg clusters. HR-XPS revealed that the exposure of the Mg clusters to a relative high pressure of
CO; generates MgCQOs. On the other hand, a relative high pressure of O, oxidizes both the Mg
clusters and the Cu surface. Aside, the full-deprotonation of TPA molecules on Cu(100) at RT,
turned them into candidates to provide the carboxylate environment around a center of Mg?*.
Then, the analysis from STM and XPS experiments revealed that the fully-deprotonated TPA
molecules do not react upon relative high-pressures of either CO, or O..

The co-deposition of TPA molecules with Mg atoms on Cu(100) at RT, resulted in the formation
of a 2D ionic network. The typical unit cell is formed by a single Mg?* cation surrounded by three
deprotonated TPA molecules (Mg-3TPA). The structure was stabilized by the electrostatic
interaction between Mg?* cations and anionic TPA molecules. The ionic networks show
structural evidence of gas adsorption upon exposure to either CO, or O,. The CO; molecules
physisorb temporarily on Mg, producing a charge imbalance that produced a phase transition
into a different configuration (Mg-4TPA). On the other hand, O, chemisorbs on the Mg? center,
giving rise to a distortion in the metal-organic bonds that eventually leads to the collapse of the
structure. In both cases, the phase transitions were irreversible in the period of few hours.

Finally, the deposition of TPA on a Mg(0001) surface was studied as an alternative route
to form ionic networks. Nevertheless, after deposition the molecules remained intact on the
surface. Eventually, the effect of the substrate turn them into a fully-deprotonated state that
could be achieved also after post annealing at 393 K. Indeed, the fully-deprotonated TPA
molecules formed homo-molecular networks but they did not show reactivity with CO,, as
expected from the chemistry of the COO" groups.

The 2D ionic networks presented here are good model systems for surface reactivity
studies at RT. These 2D biomimetic analogues of RuBisCO are expected to be a versatile
structure, which could allow interactions with further NH, groups to form a more accurate
replica of the active site of RuBisCO. For instance, the ability of TAPT to coordinate with adatoms
from the host substrate, could form novel ionic structures with two different functional groups
on Mg(0001). The next chapter studies these possibilities.
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Chapter 5: Formation of Hybrid Metal-
Organic Networks with TAPT and TPA
molecules on metal surfaces

The study of supramolecular systems formed by the interaction of two different molecular
species is attractive because of their flexibility to form a wide variety of structures which can
perform diverse tasks in organic electronics [108] or host-guest assembly [156]. These hetero-
molecular structures are formed by the strong interaction between molecules with H-bond
acceptors and donors, which can overcome the structural effects of the underlying substrate
[40], [157], [158]. Molecules with NH; functional groups act as H-bond donors, while their semi-
deprotonated state (NH) gives them the additional behavior of H-bond acceptors. These
characteristics allow them to form homo-molecular networks on metal surfaces at RT [78]. On
the other hand, molecules with COOH functional groups can act as H-bond donors and
acceptors, while their fully-deprotonated state (COO") allows them to act only as H-bond
acceptors. Thus, they can also form homo-molecular structures on metal-surfaces at RT [141],
[142].

As it was presented in the first Chapter, the active site of the RuBisCO enzyme is based on amino
acid residues whose structures mostly terminate in COOH and NH; functional groups, and that
is why it is desired to study hetero-molecular systems formed by the joint interaction of both
functional groups. Even though the NH, or COOH groups can form hetero-molecular networks
with other molecular functional groups [91], [157], [159]-[162], there are few reports studying
their direct interaction [159]. Interestingly, in some cases the NH; groups can dehydrogenate to
sequestrate and coordinate with adatoms from the host substrate [32], [96], [116]; as has been
presented in Chapter 3. Whereas, in the presence of metal adatoms, the COO" groups can form
either metal-organic coordination [29], [30] or ionic networks [23], [24]; as has been presented
in Chapter 4. These particular features encourage the formation of metallic-hetero-molecular
systems, which indeed include COO™ and NH, functional groups as well as a metal adatom in the
structure. Few reports have shown that the co-deposition of two molecules with COOH groups
and pyridyl groups forms metallic-hetero-molecular networks with the adatoms of the host
metal surfaces. These arrays show that the molecules form a mixed phase that involves H-bonds
(molecule-molecule) and the metal-organic (molecule-adatom) coordination [163], [164].

The main goal of this thesis is focused in the replication of the active site of RuBisCO whose
structure presents: a lysine molecule with an NH; group (before its carboxylation with a CO,
molecule) and molecules with COO" functional groups electrostatically bonded to a Mg?* center
[3], [11]. Chapter 3 showed that a molecule with NH; groups such as TAPT, can semi-
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deprotonate (NH) and coordinate adatoms from the host substrate. Whereas Chapter 4 showed
that a molecule with COOH groups such as TPA, can deprotonate into COO™ and form ionic bonds
with Mg?* cations. These characteristics encourage their use to mimic the structure and the
catalytic function of RuBisCO for the absorption and transfer of CO; into organic molecules [165],
[166]. Therefore, in this chapter, the self-assembly of TPA and TAPT molecules co-deposited on
substrates of Cu(100) or Mg(0001), is studied under UHV at RT conditions.

5.1. Experimental Setup

The experiments were performed in an UHV chamber with a base pressure of 5.0x10°
mbar. Single crystals of Cu(100) or Mg(0001) were used as substrates. Their surfaces were
cleaned following the standard procedures as described in Chapter 2. TPA and TAPT molecules
were co-deposited by thermal evaporation from a quartz crucible by heating it up to 448 and
513 K, respectively. During molecular deposition, the pressure in the chamber reach a maximum
of 2.0x10° mbar, while the temperature of the substrate was hold at RT. The analysis of the
surface was performed in situ using a homemade STM operating in constant current mode at
RT. The STM images were taken with a tungsten tip, applying a sample bias of -1V and a tunneling
current of 1.0 nA.

5.2. Hetero-molecular networks of TPA and TAPT on Cu(100)

Sub-monolayer coverages (0.08 ML) of TPA and (0.2 ML) TAPT molecules were
sequentially deposited by thermal evaporation on an atomically clean Cu(100) surface at RT. The
STM image in Figure 5.1(a) reveals small 2D structures while the black arrows indicate their
tendency towards 1D arrangements (inset image). A closer inspection of the surface (Figure
5.1(b)) reveals complex structures formed by the interaction of TAPT and TPA molecules,
identified by the three-spoked and rounded-shape geometries, respectively. These features
suggest that both molecules are absorbed in a planar geometry with their backbones oriented
parallel to the surface (see Chapters 3 and 4).

The area highlighted with the green rectangle shows some TAPT molecules forming a 1D
structure; however, this arrangement differs from the characteristic chain-like structure
observed in Chapter 3. The difference is centered in the presence of TPA molecules along the
backbone of the 1D arrangement, which suggests the interaction between both molecules. In
fact, these interactions are evidenced by the 2D corral-like structure formed at expenses of a 1D
chain, as highlighted with the yellow circle. On the other hand, the structure enclosed by the
white-dashed rectangle is analyzed in detail in Figure 5.1(c). The presence of two typical TAPT
pairs forming a small 1D chain evidences the semi-deprotonation of NH; groups (NH) from TAPT
molecules and their coordination with Cu adatoms. Hence, the modeled structure superimposed
on top of the image agrees well with the structural characteristics of the metal-organic structure
(TAPT-Cu) studied in Figure 3.3 in Chapter 3. In fact, the Cu adatoms (green circles) are
distinguished by the protrusions besides the functional groups of the TAPT molecules (indicated
by the white arrows).

Hence, the attachment of TPA to TAPT molecules does not prevent the formation of the metal-
organic TAPT pairs. This would be related to a deficit in the amount of TPA molecules that leave

59



some TAPT molecules free to interact with the adatoms from the substrate. Thereby, increasing
the amount of TPA molecules may prevent the formation of metal-organic chains of TAPT-Cu.

Figure 5.1: (a) The co-deposition of TPA and TAPT molecules on Cu(100) at RT results in 2D
structures with a tendency to form 1D arrangements (black arrows and inset image). (b) A closer
look reveals the complexity of the structures formed by the interaction of TAPT and TPA
molecules. The green rectangle highlights a 1D arrangement formed with TAPT molecules, while
some TPA molecules attach to the backbone. The yellow circle highlights the interactions
between both molecules, which forces the TAPT molecules to form a corral-like structure. (c)
Zoom-in of the area highlighted by the white square in (b). The metal-organic features indicate
that the TAPT molecules are semi-deprotonated and coordinate Cu adatoms (structure
superimposed on top of the image).

Accordingly, sub-monolayer coverages (0.4 ML) of TPA and (0.3 ML) TAPT molecules were
sequentially deposited on an atomically clean Cu(100) surface at RT. Figure 5.2 reveals extended
networks nucleating either from the step edges or from the terraces. As the preparation of the
sample started with the deposition of TPA molecules, then the COOH groups of TPA are expected
to be fully deprotonated (COO’). However, after several scans, the formation of the typical 3x3
homo-molecular structure (TPA-TPA) was not observed (Figure 4.4 in Chapter 4) [141]. On the
other hand, the images did not show the presence of metal-organic TAPT-Cu chains, as an
indication that the NH, groups of TAPT molecules remain intact. In fact, the zoom-in of the
surface, on the right side of the image, reveals two well-differentiated 2D hetero-molecular
structures labeled as TPAsTAPT, and TPAsTAPT,. The structure of TPAsTAPT; presents a unit cell
(purple parallelogram) with a TPA:TAPT molecular ratio of 3:2. Whereas the structure TPAsTAPT,
presents a unit cell (green parallelogram) with a TPA:TAPT molecular ratio of 8:2. This confirms
that the excess of TPA with respect to TAPT molecules prevents the semi-deprotonation of TAPT
and thus, the formation of TAPT-Cu. In this regard, the characteristic 3x3 structure is not
observed because the C-O--H bonds are weaker than the N-H:--:O bonds (TPA-TAPT > TPA-TPA)
[167]-[169].
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Figure 5.2: Overview STM image of the Cu(100) surface covered by extended networks across
the terraces at RT. The inset images at the right side show the zoom-in of the surface that reveals
the formation of two hetero-molecular structures: TPAsTAPT, and TPAsTAPT,, whose unit cells
are represented by the purple and green parallelograms, respectively. In both cases, there exist
an excess of TPA respect to TAPT molecules.

Details of the TPAsTAPT, model are shown in Figure 5.3(a) and we propose a structure with fully
deprotonated TPA molecules and intact TAPT molecules. In the unit cell, the NH, groups of the
TAPT molecules present one bi-dentate and two mono-dentate couplings with the carboxylate
O from three different TPA molecules (N-H:-O); whereas, TPA molecules additionally bind
among them through C-O--H bonds. White arrows in Figure 5.3(b) indicate small circular
features with a diameter of 0.3 nm, which do not form part of the main structure and lie trapped
between the molecules. To determine their nature, the image was analyzed in three different
areas labeled as Area (i), Area (ii) and Area (iii). Area (i) shows the collapse of the structure and
the presence of a TAPT pair with two small protrusions in between. This feature is typical of a
metal-organic coordination and evidences the semi-deprotonation of the NH, groups. In this
regard, Area (ii) shows the presence of two protrusions in the missing part of a TPA molecule.
The closeness of each protrusion to the TAPT molecules is related to the coordination of a Cu
adatom with the N from the semi-deprotonated NH, group. Finally, Area (iii) shows the
protrusions (Cu adatoms), trapped in between the pores of the structure.
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Figure 5.3: (a) Proposed model of TPAsTAPT, that includes fully-deprotonated TPA and
protonated TAPT molecules interacting through H-bonds. (b) Zoom-in of the surface reveals that
the structure can contain Cu adatoms indicated by the white arrows. (i) The Cu adatoms are
observed between two semi-deprotonated TAPT molecules and form the typical metal-organic
TAPT pair. (ii) Two semi-deprotonated TAPTs lose their H-bond with a TPA molecule to
coordinate with two Cu adatoms (iii) The Cu adatoms are observed lying inside the pores of the
structure.

On the other hand, Figure 5.4(a) proposes the model of the more complex TPAsTAPT, structure.
This structure is also stabilized purely by H-bonds between the COO™ and the NH; groups of TPA
and TAPT molecules, respectively. In the unit cell, the NH; groups of the TAPT molecules present
four mono-dentate couplings with the carboxylate O from four TPA molecules (N-H---O) and each
TPA, additionally binds with other TPA molecule through four C-O-‘H bonds. The TPAsTAPT,
structure contains more TPA molecules and more C-O-:-H bonds (compared to the TPA;TAPT,
structure). The high content of TPA molecules evidences the first stages in the formation of the
hetero-molecular networks, towards a thermodynamic stability; which involves the introduction
of TAPT molecules into the previously formed homo-molecular networks of TPA molecules
[168]. The white arrows in Figure 5.4(b) show that this structure contains also Cu adatoms
trapped between the molecules. Thus, the structure was analyzed in three different parts:
labeled as Area (i), Area (ii) and Area (iii). Area (i) shows that the semi-deprotonation of the NH,
group in two TAPT molecules replaces a missing TPA molecule by two Cu adatoms. On the other
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hand, Area (ii) shows two Cu adatoms trapped in the gap formed between two TAPT molecules.
Whereas, Area (i) shows a bigger rounded feature with an average diameter of 0.7 A, which
suggest that the pores can also trap TPA molecules.

Figure 5.4: (a) Proposed model of TPASTAPT: that includes fully-deprotonated TPA and
protonated TAPT molecules interacting through H-bonds. The yellow circle indicates a TPA
molecule missing inside the unit cell. (b) Zoom-in of the surface revealing that the structure can
contain Cu adatoms, as indicated by the white arrows. (i) Two semi-deprotonated TAPT leave
behind their H-bond with a TPA molecule to coordinate with two Cu adatoms. (ii) The Cu
adatoms are lying inside the pores of the structure. (iii) The pores can also trap TPA molecules.

These observations confirm that the molecular interactions are through H-bonds [168]-[170].
Interestingly, some TAPT molecules semi-deprotonate and lose the N-H:-:O bond with a TPA
molecule which is replaced by the incorporation of Cu adatoms coordinated with NH groups. In
addition, the structures of these hetero-molecular networks present pores which can act as
trapping sites for guest molecules [171], [172] or metal adatoms [43], [173]—-[175] without
leading to the collapse of the network.

Finally, these structures were exposed to 500 L of CO,; however, there was no evidence of CO,
interaction with the hybrid network (images not shown). This was expected as neither COO", NH,
nor the Cu adatoms act as active centers, as it was described in Chapters 3 and 4.
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5.2.1. Incorporation of Mg adatoms in the hetero-molecular structure

The characteristic of these hetero-molecular networks to trap metal adatoms without
the breakdown of the structure makes them attractive to study the incorporation of Mg atoms.
As we described above, the main goal is to form a structure with a Mg center that resembles the
structure of the active center of RuBisCO.

TPASTAPT, was chosen as a model structure because of the proportionate TPA/TAPT ratio.
Nevertheless, as shown in Figure 5.5(a), the addition of Mg atoms promotes the partial
dissociation of the network. A closer look reveals that the former structure remains in some
areas, as highlighted by the white square. The partial disassembly is attributed to the affinity of
Mg?* to the COO™ groups from TPA molecules, which produces agglomerations (indicated by
white arrows). According to this evidence, the ionic coordination Mg-TPA seems to be stronger
than the H-bonded TPA-TAPT interactions (Mg-TPA > TPA-TAPT). In fact, Figure 5.5(b) shows
that the lower availability of TPA leaves TAPT molecules spread randomly on the surface and
free to semi-deprotonate and coordinate with Cu adatoms to form metal-organic TAPT pairs or
small 1D chains (as indicated by the white arrows). Finally, as seen above in Figure 3.7 on
Chapter 3, it is worth to consider that TAPT may also show affinity to the Mg atoms, which
prevents the formation of longer TAPT-Cu metal-organic chains. The formation of a hetero-
molecular structure with a Mg center on a Cu(100) surface is not likely to happen due to the
selectivity of each molecule to a certain metal center (a competence between the Cu and Mg
adatoms), which leads to a phase separation [176]. This shows the incapacity of Mg to form a
well-defined structure with both TPA and TAPT molecules on Cu(100). However, these results
confirm that Mg is a good candidate to form ionic networks with TPA, and also that it shows
affinity to the TAPT molecules on Cu(100).

Figure 5.5: (a) The deposition of Mg atoms on the hetero-molecular network TPASTAPT,,
promotes the partial disassembly of the structure (White Square). The formation of
agglomerations (indicated by the white arrows) evidences the preference of Mg to form a COO"
-Mg? ionic coordination. (b) The TAPT molecules are left behind and semi-deprotonate to form
metal-organic coordinated chain-like structures with the Cu adatoms (Indicated by the white
arrows).
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5.3. Metal-organic networks of TPA with TAPT on Mg(0001)

The previous section showed that the co-deposition of TPA and TAPT molecules on
Cu(100) forms H-bonded hetero-molecular networks. Nevertheless, the introduction of Mg
atoms formed Mg-TPA ionic networks while the TAPT molecules preferred to coordinate with
the Cu adatoms from the Cu(100) substrate. This resulted in the disassembly of the structure.
Hence, to prevent the effect of the Cu adatoms from the surface, this section studies the co-
deposition of sub-monolayer coverages of TPA and TAPT molecules on an atomically clean
Mg(0001) substrate at RT, followed with a post-annealing at 403 K for 30 minutes.

a)

“!‘.‘
.(!t'.
ee®

. .
.
. .
oCebe

»
‘e
€t
cbele
N ?‘:::‘!‘ 9
‘e
€t
.

‘.C!C.

: g€,
Vighell

l:"
'l"( :o :

,C?‘.

‘eCete ’

S ® TN { .
s o e ;@&
& ."":1'::. 4 < :'
Vo ! e .“u". Ui
@, 4 AR
L °~.' {:- 1210]
% @ @ & A
“ ‘ [2i10]
o’
{1120]

Figure 5.6: (a) Overview STM image showing that the co-deposition of TPA and TAPT molecules
on Mg(0001) forms large, uniform and porous domains, covering big extensions of the surface.
(b) The zoom-in identifies a rectangular unit cell with a TPA:TAPT ratio of 2:2, highlighted by the
blue square. The fuzzy lines correspond to Mg?* cations trapped inside the pores (c) Depending
of the tip conditions, the Mg?* cannot be detected and therefore the pores are presented as
black hollows (red arrow). The Mg?* can be immobilized by the presence of a second Mg?* or a
TPA molecule (green and blue arrows, respectively). (d) The model of the [Mgi(TPA).(TAPT),]
network proposes a structure formed by semi-deprotonated TAPT and fully-deprotonated TPA
molecules interacting through H-bonds. The molecular arrangement of the NH and COO" groups
forms a high electronegative environment that traps the Mg adatoms from the surface.
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The STM image in figure 5.6(a) reveals the formation of extended and highly ordered
supramolecular 2D structures covering large surface areas (0.7ML). The zoom-in of the structure
presented in Figure 5.6(b) reveals the presence of TAPT and TPA molecules, identified by their
characteristic three-fold rotation symmetry and the rounded-shape features, respectively. Both
molecules interact with each other to form a complex structure referred as [Mg1(TPA)2(TAPT):].
This structure presents a rectangular unit cell (highlighted in blue) with a TPA:TAPT molecular
ratio of 2:2. The most remarkable feature is the presence of pores resulting from the molecular
arrangement [177]. The fuzzy lines inside the pores are attributed to trapped Mg adatoms [174],
[175] in a resonant state, where delocalization prevents a clear observation. Thus, depending
on the tip conditions, the Mg adatoms may seem invisible inside the pores (Figure 5.6(c)). The
red arrow in the inset image indicates the pores presented as black hollows that indeed are filled
with one Mg adatom. An extensive analysis shows that the Mg trapped inside the pore can be
immobilized by either a second Mg adatom (green arrow), or an adsorbate such as a TPA
molecule (blue arrow). These findings show that the pores can act as active sites to fix different
adsorbents. Thus, the co-deposition of TPA and TAPT molecules forms porous metal-hetero-
organic networks with trapped Mg adatoms, evenly spaced along the structure.

The information extracted from the previous chapters helped to define the nature of the
molecular interactions. TPA and TAPT molecules can fully- and semi-deprotonate on Mg(0001),
respectively at RT. Chapter 4 showed that in the case of TPA, the fully-deprotonated molecules
are unable to form a Mg-TPA coordination on Mg(0001), but they can assemble into a H-bonded
homo-molecular structure (TPA-TPA). Whereas, Chapter 3 showed that the semi-deprotonated
TAPT molecules sequestrate Mg adatoms to form a structure stabilized by both N-H--:N and
metal-organic coordination (TAPT-Mg). In previous chapters, it was also shown that a post-
annealing at 373 K enhanced the fully- and semi-deprotonation of both TPA and TAPT molecules,
respectively. However, when both molecules are co-deposited on Mg(0001) and post-annealed
at 373 K, none of these homo-molecular or metal-organic structures were observed along the
terraces. This suggests the existence of a stronger interaction than the TPA-TPA and TAPT-Mg.
Considering the information from the previous section, the [Mgi(TPA)(TAPT);] structure
presents a balanced amount of TPA and TAPT molecules (2:2 ratio) which may enhance the H-
bond interactions (N-H:--O). Therefore, taking also into consideration that the substrate of
Mg(0001) presents low reactivity, the N-H:--O interactions between TPA and TAPT molecules
turn predominant [167].

The tentative model shown in Figure 5.6(d) presents a structure stabilized by H-bonds between
fully-deprotonated TPA (COO’) and semi-deprotonated TAPT (NH) molecules. Thus, every TPA
forms five H-bonds with the molecules around. Three of the four carboxylate O from every TPA
molecule form H-bonds with the NH groups from three different TAPT molecules (O::-H-N). A
fourth carboxylate O forms an additional H-bond via the phenyl ring of a TAPT molecule (O::-H-
C) and finally one more H-bond is formed through the phenyl ring of TPA and the NH group of a
fourth TAPT (H:-N-C). Indeed, the functional groups of the molecules provide a high
electronegative environment to the pores. Therefore, the delocalized Mg atom trapped inside
the pores should be in its cationic form (Mg?*). The deposition order of the molecules was not
considered as an important factor since a post annealing always followed the self-assembly
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process. The fact that TPA and TAPT molecules interact cooperatively with each other instead
of forming isolated homo-molecular networks of TPA or metal-organic networks (MONs) of Mg-
TAPT, demonstrates the robustness of this structure.

5.4. Studying the action of Mg as an active center in the
networks

The co-deposition of TPA and TAPT molecules on Mg(0001) forms a metal-organic
network with pores containing Mg?* cations, which can eventually adsorb TPA molecules. Thus,
the pores could also work as adsorption sites for gas molecules. Therefore, this section evaluates
the catalytic function of this metal-hetero-molecular network.

5.4.1. Metal-hetero-molecular Networks exposed to O:

A typical [Mg1(TPA)2(TAPT);] structure was exposed to high relative pressures of O,. As
observed in Figure 5.7, the main structure barely changes upon 650 L of O,; only small structural
changes are seen in the domain boundaries, where the bare surface oxidizes and displaces the
molecules (regions indicated between the yellow arrows). In contrast to the Mg-3TPA ionic
networks that show a phase transition when they interact with either CO, or O, molecules
(Chapter 4), the [Mg1(TPA)2(TAPT),] networks do not show evidence of O, adsorption as the
structure remains invariable in an O, environment. Hence, these networks could act as
passivation layers to prevent oxidation on the surface.

Figure 5.7: [Mg1(TPA)2(TAPT),] structure after 650 L of O,. The main structure does not change
but a displacement of the molecules related to the oxidation of the bare surface (not covered
by the molecules) at the domain boundaries, is observed.
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5.4.2. Metal-hetero-molecular Networks exposed to CO:

Figure 5.8 shows the typical [Mgi(TPA)(TAPT).] structure exposed to a relative high
pressure of CO,. After 760 L of CO,, the areas indicated by white arrows show structural changes.
The zoom-in of the surface (images in the inset) shows that CO, promotes the disassembly and
the re-orientation of a TAPT molecule toward the pore of the network.

A similar behaviour was observed in Chapter 3, where the interaction of CO, with the NH groups
of TAPT formed carbamates, which triggered the mobility of carboxylated TAPT molecules
towards a phase transition. In addition, it was shown in Chapter 4 that both a CO, molecule and
the COO™ groups of TPA have affinity to Mg?* ions. Despite the fact that the mechanism behind
the interaction of CO, with the TPA-TAPT@Mg-l network is not well established vyet, it is
proposed that CO, breaks the weakest H-bond between two TAPT molecules (N---H-N), and
coordinates with the free NH group to form eventually a carbamate. Thus, the re-orientation of
the TAPT molecule is regarded to the ionic attraction of the COO™ group of the carbamate to the
Mg?* center in the pore. This behavior is similar to the mechanism found in the active site of
RuBisCO: a CO; molecule binds the NH group of a lysine molecule to form a carbamate that is
electrostatically bound to the Mg?* center.

Figure 5.8: A [Mg1(TPA)»(TAPT),] network exposed to 760 L of CO,. Local changes in the structure
gives some evidences that a carbamate is formed and it further interacts electrostatically with
the Mg? center.
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5.5. Formation of 3D metal-hetero-organic structures for gas
adsorption

As it was shown above, the Mg?* ions inside the pores can be immobilized by the
presence of adsorbents such as gas and organic molecules. This presents the pores as active
sites as well as precursors of 3D structures, which can be utilized as model systems for gas
storage in MOFs.

A [Mgi(TPA),(TAPT);] network was used as a template to deposit 0.35 ML of extra TPA
molecules. Figure 5.9(a) shows that TPA molecules deprotonate and form the typical 2x2 homo-
molecular structure on the empty areas of the bare surface. However, the most outstanding
observation is that TPA molecules lie on the network to fill the pores (inset image). This structure
will be referred as [Mg1(TPA)s(TAPT),]. It is observed also that some pores did not get fill and
the Mg?* is still resonating inside the pores (fuzzy lines). A seen in the proposed model of Figure
5.9(b), a TPA molecule can barely fit inside in a planar configuration due to the high
electronegativity of the pore. In addition, the TPA molecules that is trapped inside the pore
presents a different contrast with the surrounding TPA molecules. Thus, the model proposes the
apical attachment of the TPA molecule on the Mg?* ion. This apical coordination gives insight in
the formation of 3D networks.

Figure 5.9: (a) Typical [Mg1(TPA)s(TAPT).] structure formed by the deposition of TPA molecules
on a pre-existing [Mg1(TPA)»(TAPT).] network. The excess of TPA molecules does not alter the
structure but either forms 2x2 homo-molecular networks on the bare Mg surface or adsorbs on
the pores (inset image). (b) The model proposes the apical attachment of the TPA molecules on
the Mg?* sites trapped inside the pores.

Following, additional 0.35 ML of TAPT molecules were deposited on the [Mgi(TPA)s(TAPT):]
structure, followed by a post annealing at 403 K. Thus, Figure 5.10(a) shows the structure
obtained after two deposition cycles on Mg(0001): each cycle refers to the standard process to
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form the [Mga(TPA)2(TAPT),] structure which involves the co-deposition of TPA and TAPT with
a post annealing at 403 K. The STM image shows domain boundaries that segregate different
molecular organizations. The analysis of the domains reveals the presence of the pre-existing
structure [Mg1(TPA)s(TAPT).] and two more different structures which may grow in a topmost
layer.
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Figure 5.10: (a) Multi-layered structures formed by two deposition cycles of TPA and TAPT
molecules. Hybrid structures are formed on top of the [Mg1(TPA)s(TAPT).] network. The zoom-
in of the surface shows two hybrid structures based in six TAPT molecules surrounding (b) one
and (c) two TPA molecules, respectively. (d) Induced temperature-desorption curve that shows
the CO, (mass 44) desorption at 400 K. The red curve corresponds to the heating up of the
sample.

The structural analysis of both structures referred as “Hybrid network 1” (Figure 5.10(b)) and
“Hybrid network 2” (Figure 5.10(c)) reveals a recurring motif of six TAPT molecules surrounding
one and two TPA molecules, respectively. The proposed models are depicted at the bottom right
side of each image and suggest that the TAPT molecules on the topmost layer have their NH;
groups’ semi-deprotonated (induced by the post annealing processes). If the TAPT molecules
would remain intact, the lack of acceptor units would prevent any sort of interaction. The TAPT
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molecules are coordinated by H-bonds between the N (semi-deprotonated NH;) and the H from
the phenyl ring of each TAPT molecule (N---H-C), which arranges them in pairs towards a
structure with hexagonal geometry [168]. In addition, the circular features inside the hexagons
would correspond to fully-deprotonated TPA molecules, which form multiple H-bonds with the
TAPT molecules to contribute in the stability of the hexagonal shape motif. Since the molecules
deposited on top of the first layer cannot sequestrate adatoms from the bare substrate, then it
is proposed that the interaction of these structures is only through H-bonds.

As seen in MOFs, a structure with high amount of material may enhance the capture of gases
[53], [54]. Therefore, the sample was exposed to a third deposition cycle and then, the 3D
structures were exposed to 760 L of CO,. Following, the sample was heated-up to induce the
CO, desorption with temperature and the desorbed species were tracked by a mass quadrupole.
The curve shown in Figure 5.10(d) shows that the complete desorption of CO, occurs at around
400 K (red curve). This indicates that the formation of multi-layers of TAPT and TPA holds the
promise to act as reservoirs for molecules, and to work as model systems for gas storage such
as CO,[178].

5.6. Conclusions

The co-deposition of TAPT and TPA molecules either on atomically clean surfaces of
Cu(100) or Mg(0001) at RT formed highly-ordered supramolecular hetero-structures. The
balance in the quantity of the TPA and TAPT molecules plays a key role in the formation of the
hetero-structures. Hence, a TPA:TAPT molecular ratio lower than 1 let the TAPT molecules free
to sequestrate and coordinate the adatoms of the host substrate. On the other hand, a TPA:TAPT
molecular ratio higher or equal to 1 enhances the formation of H-bonds between the molecules.

The deposition order of the molecules influences the formation of the hetero-molecular
structures on Cu(100). Thus, the sequential deposition of TPA and TAPT allows the fully-
deprotonation of TPA to form a homo-molecular network. Therefore, when TAPT is introduced
on the system, the COO" groups present an affinity to the NH, groups of TAPT, which prevents
their deprotonation. This shows that the N-H--O are stronger than the C-O--H interactions (N-
H:-O > C-0-:-H). Once in the structure, if a TAPT molecule semi-deprotonates, a TPA molecule is
replaced by the incorporation of Cu adatoms, which do not lead to the collapse of the structure.
In addition, the structure presents pores which act as trapping sites for Cu adatoms. This shows
that these structures can incorporate or trap metal adatoms, which could act as active sites.
Nevertheless, the further incorporation of Mg does not induce the formation of an ordered
structure because Mg competes with the Cu adatoms from the host substrate.

On Mg(0001), the co-deposition of TPA and TAPT formed a metallic-hetero-organic network with
a Mg* center from the substrate. The post-annealing treatment ensured the semi-
deprotonation and fully-deprotonation of the TAPT and TPA molecules, respectively. The
structure was stabilized by H-bonds between the COO  and NH groups of TPA and TAPT
molecules, respectively. In this case, the lower reactivity of the substrate enhanced the N-H---O
bonds (TAPT-TPA) rather than the metal-organic Mg-N-H coordination (TAPT-Mg). CO; induced
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the partial restructuration of the structure, thus giving evidence that CO; could form carbamate
species whose COO™ group interacts electrostatically with the Mg?* center from the pore. This
configuration gave hints in resembling the structure and the catalytic function (for the CO,
absorption) of the active site of RuBisCO. On the other hand, this network showed promising
features as a passivating layer against oxidation as there were no structural evidences of O,
adsorption. Finally, this structure showed the ability to incorporate TPA and TAPT molecules in
multilayers to form a 3D structure, which could store (adsorb and desorb reversibly) CO,.

In this chapter we demonstrate that porous structures can accommodate organic molecules
(such as TPA) or can act as trapping sites for metal adatoms which in fact can work as active sites
for gas adsorption and storage, encouraging their use for hetero-catalysis.
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Chapter 6: Summary and Outlook

This thesis took inspiration in the structure and catalytic function of RuBisCO to design
2D supramolecular structures and study their reactivity towards CO, and O,. The building blocks
included Mg adatoms, a molecule with COOH functional groups (TPA) and a molecule with NH;
functional groups (TAPT). The Mg adatoms were used to mimic the metal center of the metallo-
enzyme, as an active site for gas adsorption (CO2 and 0;). The TAPT (as analog of the lysine
molecule) and TPA molecules were chosen to mimic the amine and carboxylate environments
of the active site, respectively (Figure 6.1). These components self-assembled on metallic
substrates of Cu(100) and Mg(0001).
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Figure 6.1: The rational design of the 2D supramolecular structures took inspiration in the active
site of RuBisCO. Mg adatoms were used to mimic the metal center (in green), a TAPT molecule
(amine functional groups in blue) was used as analog of the lysine molecule and a TPA molecule
(carboxylate functional groups in red) was used to mimic the carboxylate environment of the
active site. The adsorbates were deposited on a metallic substrate hold at RT.

The first part of this thesis studied the self-assembly properties of TAPT molecules. It was found
that the NH; groups semi-deprotonate to allow the formation of MONs with adatoms from the
host substrates. According to the nature of the substrate, MONs with different structural motifs
are formed. In fact, the high reactivity of Cu(100) allowed the formation of directional 1D chain-
like structures, while the low reactivity of Mg(0001) enhanced the interactions between the
adsorbates to form compact 2D metal-organic structures. On the other hand, the COOH groups
of TPA fully-deprotonate on both substrates, allowing the formation of homo-molecular
networks.
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Accordingly, the homo-molecular phase of TPA was used as a precursor to form more complex
supramolecular systems. Thus, upon deposition of TAPT molecules on the TPA layer on Cu(100),
the COO" groups bind to the upcoming NH, groups to avoid their interaction with the surface,
resulting in highly-ordered supramolecular hetero-molecular structures. In contrast, on
Mg(0001), a thermal treatment induced the fully- and semi-deprotonation of the co-deposited
TPA and TAPT molecules, respectively. The low reactivity of the substrate enhanced the H-
bonding between the COO™ and NH groups that resulted in a porous metal-hetero-molecular

structure. The highly electronegative environment of the pores allows trapping inside Mg
adatoms in its cationic state: Mg?*.
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Figure 6.2: The Mg-based 2D supramolecular structures showed structural evidences of CO,
adsorption and resembled partially the active site of RuBisCO. (a) The TAPT-Mg networks
reacted with CO; to form carbamates as analogs of the carbamate of lysine in RuBiSCO. (b) The
Mg-3TPA networks reacted with CO, and resembled the carboxylate environment around the

Mg?* center in RuBiSCO. (c) The Mgi(TPA),(TAPT), networks reacted with CO, and resembled the
amine and carboxylate environments around the Mg? center in RuBiSCO.
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The introduction of Mg adatoms in the structure of the MONs with Cu centers on Cu(100) failed,
due to the competition between the Cu and Mg adatoms that prevents the formation of well-
ordered networks. Mg adatoms showed a preference for the COO™ groups, while the NH, groups
showed more affinity for the Cu adatoms. Indeed, upon deposition of Mg adatoms on a homo-
molecular TPA layer on Cu(100), the COO" groups bound electrostatically to the Mg** cations
(Mg-3TPA ionic networks). The metal-organic structures with Mg centers showed structural and
chemical evidences of gas adsorption on the Mg? centers at RT, thus resembling the active site
of RuBisCO. In the presence of an amino environment (Mg-TAPT networks), the Mg atoms
induced the interaction of CO, with the semi-deprotonated NH; group of TAPT to form
carbamates (Figure 6.2(a)). In the presence of a carboxylate environment (Mg-3TPA networks),
the Mg?* centers acted as adsorption sites for CO, (as well as for O,) (Figure 6.2(b)). Remarkably,
the introduction of CO; in the metal-hetero-organic networks [Mg:(TPA),(TAPT);], formed
carbamates that interacted electrostatically with the Mg?* centers, thus resembling the
carboxylate and amino environments in the active site of RuBisCO (Figure 6.2(c)). Interestingly,
the Mg?* cations, trapped inside the highly electronegative pores, also acted as active sites for
TPA adsorption that further promoted the formation of 3D structures.

Mimicking the catalytic function of RuBisCO involves the transfer of an absorbed CO, molecule
into Cr-organic molecules. As it was seen in Figure 1.1, the carboxylation reaction performed by
the RuBisCO enzyme begins with the abstraction of a H* from the C3 site in the RuBP attached
to the Mg? center. This abstraction triggers the electrons rearrangement process in RuBP that
is stabilized by the Mg?* center, and finishes with the incorporation of CO,. A recent work has
shown the fixation and transfer of CO, into ketones (RC(=0)R') that were previously charged
with electrons photo-generated by silicon nanowires [179]. In this regard, 1-Phenylethan-1-one
(Acetophenone, C¢HsC(=0)CHs) is a simple aromatic ketone that can be used as a 2D analog of
RuBP for CO, transfer [12] (Figure 6.3(a)). Unlike sugar molecules, the model C-H acid
acetophenone molecule can be tested in UHV conditions. Hence, it is intriguing to study the
performance of the MONs incorporating CO; into the acetophenone. The deprotonation of this
molecule once it is adsorbed in the 2D structures may trigger the road towards CO; fixation.

Thus, the self-assembly properties of 200 L of acetophenone deposited on an atomically clean
surface of Mg(0001) at RT, was studied. The STM image in Figure 6.3(b) showed circular motifs
scattered along the surface, whose diameter (~0.6 A) fits well with the molecular length of a
single acetophenone molecule (inset image). A new process to increase the molecular coverage
should be implemented to enhance the molecular interactions. The next step consisted in the
deposition of acetophenone on a typical [Mg:(TPA)2(TAPT),] network. The STM image in Figure
6.3(c) does not show any structural change in the structure. Nevertheless, spherical features are
spotted within the pores (highlighted by the purple circles), whose diameter of ~0.6 A agrees
with the diameter of the acetophenone molecule. This suggests that the acetophenone
molecules adsorb on the Mg?* centers, which are trapped inside the pores. The incorporation of
acetophenone in the [Mgi(TPA),(TAPT):] network gives initial evidence to pursue the transfer
of the C atoms from a CO, molecule into organic molecules [180]. Thus, the process was followed
by the introduction of 650 L of CO, to study its reactivity with the acetophenone molecules
contained on the [Mg1(TPA)2(TAPT),] structure. However, the analysis by STM did not reveal any
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structural change, nor any additional feature in the network that could be taken as prove that
new Cpy-organic species were formed (images not shown here). In this regard, the Mg?* centers
of the Mg-3TPA ionic networks presented in Chapter 4, are also promising in terms of molecular
adsorption. This encourages their use to study the catalytic transfer of the carbon from CO; into
organic molecules. The analysis of such complex systems might be limited is not straightforward
by a simple STM observation. Therefore, the use of a complementary techniques such as HR-
XPS could give insights in the formation of new chemical species and the chemistry of the
reactions as the binding energies peaks for acetophenone have been identified in previous
studies [181]. In addition, as seen in Figure 5.10(d) and in experiments for CO, adsorption in
MONSs [65], Thermal Program Desorption (TPD), might also be included in future experiments to
detect the desorption of the Cy,-organic molecules formed.

Glu204 Glu204

CO, transfer

COOH

C,-Organic
molecule

Figure 6.3: (a) Scheme that proposes the replacement of RuBP (highlighted in yellow) by an
acetophenone molecule. The introduction of a CO, molecule may carboxylate the acetophenone
to form eventually a C,-organic molecule. (b) Bright spots representing acetophenone molecules
deposited on a Mg(0001) surface. The inset shows the chemical structure of the acetophenone
molecule. (c) STM image of the structure [Mgi(TPA)»(TAPT);] with additional spherical features
inside the pores (highlighted by the purple circles) which may be related to acetophenone
molecules adsorbed on the Mg?* sites.
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Conclusions

This thesis presented the combination of two approaches: biomimetics and 2D self-assembly.
The rational design of the first Mg-based 2D supramolecular networks was bioinspired in the
structure and the catalytic function of the active site of RuBisCO. The structural conformation of
the self-assemblies could be tuned, by the cooperative or sole interaction of molecules bearing
carboxylate- or amine functionalities with metal adatoms of Cu or Mg. The functional structures
could mimic, with a certain degree of accuracy, the structure and the catalytic function of the
active site of RuBisCO for CO, and O, adsorption. Thus, it was shown that it is possible to reverse
the structure-function equation, i.e. inspired in the functionality of the active site we build a new
structure molecule by molecule. These findings encourage the exploration and design of 2D
nano-catalyst as analogues of the metallo-enzymes found in nature.
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