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Résumeée

Contrairement aux matériaux bidimensionnels inorganiques (e.g. graphene, dichalco-
génures de métaux de transition), les matériaux bidimensionnels organiques sont
synthétique, et présentent une structure plus complexe héritée de leur briques de
construction. Une gamme plus riche de propriétés est attendue pour cette raison,
et leur production devrait étre 4 bas cot.

Dans ce manuscrit de thése nous présentons nos résultats obtenus selon deux
stratégies visant la formation de telles couches organiques bi-dimensionnelles, ou
au moins ultraminces. Ces deux stratégies exploitent une chimie interfaciale. La
premiére stratégie s’appuie sur des outils de science des surfaces (microscopie a effet
tunnel, spectroscopies de photoélectronique et de seuil d’absorption par rayons X,
théorie de la fonctionnelle de la densité) et se concentre sur une molécule dérivée
du triphényléne et ses modifications sur la surface (111) bien définie du cuivre.
Si nous ne sommes pas parvenus & élaborer un matériaux bidimensionnel étendu,
nous avons découvert que les molécules sont catalytiquement oxydées et dans le
méme temps changent de structure, d’organisation sur la surface, et d’interaction
avec le substrat. TLes molécules totalement oxydées se révélent étre d’excellents
accepteurs électroniques, meilleurs que la plupart des molécules connues. La seconde
stratégie est basée sur une synthése en solution et des caractérisations plus versatiles
(spectroscopies UV-visible et Raman, microscopies optique et électroniques). Elle
exploite la chimie dynamique des liaisons imines, avec comme monomére un composé
aréne(ruthenium), conduisant & la formation d’une nanocouche organométallique
polymérique, qui peut étre manipulée facilement pour étre par exemple reportee sur






Abstract

Compared to inorganic two-dimensional materials (e.g. graphene, transition metal
dichalcogenides), organic two-dimensional materials are all synthetic materials, that
additionally have a more complex structure inherited from their building blocks. A
richer set of properties is for this reason expected from them, and their production
should be inexpensive.

In this thesis manuscript we present our work on two strategies toward the forma-
tion of such organic two-dimensional, or at least ultrathin organic sheet materials.
These strategies rely on interfacial chemistry, on one hand at the vacuum/solid
interface, and on the other hand at liquid/liquid interface. The first strategy is
based on surface science tools (scanning tunneling microscopy, X-ray photoelectron
and absorption near-edge spectroscopies, density functional theory) and addressed
triphenylene derivative molecules experiencing chemical modifications on the well-
defined (111) surface of copper. Although we did not yet manage to prepare an
extended two-dimensional material in this system, we discovered that the molecules
get catalytically oxidized and concomitantly change in shape, surface organization,
and interaction with the substrate. We establish that the fully-oxidized molecules
are stronger electron acceptor than most known molecules. The second strategy
is based on in-solution synthesis and more versatile characterization (UV-visible
and Raman spectroscopies, optical and electron microscopies). It exploits dynamic
imine bond chemistry starting from ruthenium (arene) monomers, to form polymeric
organometallic nanosheets that are conveniently manipulated and can, for instance,
be suspended across membranes.
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1 Introduction and motivation

The first isolation of graphene in 2004 has spurred considerable interest on ultrathin
two-dimensional materials, involving various scientific communities. As a result of
their low-dimensionality, interesting properties are usually different from their three-
dimensional counterparts. A variety of candidates have emerged (transition metal
dichalcogenides, and boron nitride among many others) and new candidates based
on the combination of organic molecules have come up in recent years. The organic
molecules are cheap, generally stable and easy to handle. The wide experience of
organic chemists allows the design and synthesis of ‘4 la carte’ organic molecules
with specific chemical groups that can guide the subsequent synthesis of larger-scale
materials, molecular block by molecular block, or that can act as electron donors or
acceptors in composite materials combining several molecules or a molecule and a
metallic electrode for instance. The latter examples are highly relevant in the raising
field of molecular electronics in view of passive (electron/charge transport channels)
or active (charge separation, switches, amplifiers) elements. A focused introduction
of both types of materials and of related synthesis strategies, from early examples
to most recent advances, is given in chapter 2. This chapter also intends to give an
overview, without entering much into details, of the great number of applications
in which these new classes of materials can be employed.

With these premises, the study of two-dimensional organometallic architectures
has been addressed in this thesis via interface reactions i.e. at the vacuum/solid
interface (on-surface chemistry), and at the liquid/liquid interface. In a first part
of the work (chapter 4), the interaction and chemical transformation of organic
molecules with a metallic substrate has been investigated in details. For this pur-
pose we have made use of different surface science techniques and experimental
protocols. This work relies on the use of ultra-high vacuum (UHV) equipments and
techniques, including scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), and near edge X-ray absorption fine structure (NEXAFS) that
gave us complementary information about the interactions of the molecules with
neighbour molecules and the substrate, about their chemical modifications, and
about their organization on the surface. We also make use of density functional
theory calculations (DFT) to rationalize our observations and obtain further mi-
croscopic insights into the structural, chemical, and electronic properties. A brief
description of the working principles is given in chapter 3. In a second part of



1 Introduction and motivation

the work (chapter 5), we have explored the synthesis of polymer nano-sheets at
a liquid/liquid interface. To confirm the formation of new bonds and integrity of
the polymer in the form of an ultrathin film (nanosheet) several techniques includ-
ing Raman and ultra violet-visible spectroscopies (SEM, TEM), and scanning and
transmission electron microscopies have been employed. The basic working princi-
ples of these techniques is described in chapter 3.

The study of the chemical structure, morphology and interaction of hexahydrol-
triphenylene (HHTP) molecules deposited is the topic of chapter 4. Widely em-
ployed in the synthesis of two-dimensional covalent and organo-metallic materials,
as regards on-surface chemistry studies, HHTP molecules have been exclusively
deposited on Ag(111) and Au(111). Our work is a systematic analysis of HHTP
molecules on Cu(111) at room temperature and after annealing at 530 K. An step-
wise oxidation of the molecules (i.e. a loss of hydrogen atoms of the hydroxyl groups)
is witnessed in high resolution spectroscopy data. The catalytic effect of the sub-
strate became evident when the molecules were partially dehydrogenated already at
room temperature on the substrate, upon mere deposition. Changes in their chemi-
cal reactivity were detected directly with leading to different self-assembly networks
observed before and after the thermal treatment. According to DFT calculations,
the degree of oxidation of the HHTP molecules has strong consequences on their
chemical structure, since the molecules adopt a bowl shape when they are partially
dehydrogenated, and a dome shape when they reach their maximum oxidation state.
Directly related to these structural changes, the interaction of the molecules, with
the substrate and with other molecules, changes. When molecules adopt the bowl
shape, their interaction with Cu is through C atoms of the central ring, whereas for
the dome shape the O atoms are closest to the surface, forming strong bonds with it.
We find that this different orientation towards de substrate alters substantially the
charge transfer produced from the surface to the molecules, whose value increases
from 1.2 electrons (for bowl shape and partially dehydrogenated molecules) to 1.9
electrons per molecule (for dome shape and fully dehydrogenated molecules). This
strong electron-acceptor character of the HHTP molecules is quite interesting from
the molecular electronics point of view. In a sense, the oxidation that accompanies
the departure of hydrogen atoms is here compensated by the presence of the sub-
strate, which can be seen as a charge reservoir that compensates the oxidation of the
molecule, and stabilizing the molecule in the form of a system with four aromatic
rings and six outer oxygen atoms bearing significant partial charges, a situation that
has not been observed thus far in solution to our knowledge.

Indications of the premises of the formation of organo-metallic structures are
found in the dehydrogenated system, close to defects in the molecular lattice. These
defects are composed by three molecules pointed in the same direction presumably



enclosing a small cluster of copper atoms. DFT calculations revealed the enhance-
ment of molecular bonding associated with the inclusion of Cu clusters in the centre
of the hollow site defined by the three molecules. All these observations are crucial
for further investigations based on the combination of these molecules with other or-
ganic ligands or metallic centres with the aim of forming long-range ordered systems.

Finally, in chapter 5 the synthesis of polymeric nanosheets grown at liquid/liquid
interface is reported. A new synthesis scheme based on dynamic imine chemistry
is presented, which is based on a Shiff-base condensation reaction between diamine
and (arene)ruthenium-trialdehyde monomers. The formation of an ultrathin (<
20 nm), self-supported nanosheet on see-through membranes across 500 nm, is ob-
served by SEM and TEM analysis. Then, the formation of new bonds (C=N)
between monomers is demonstrated by the localized analysis on the same spots
that were investigated with SEM/TEM, by Raman spectroscopy. Our new synthe-
sis strategy produces a polymer that includes metallic centers but does not rely on
these metallic centers to propagate the polymerization reaction. This is at variance
with the majority of the polymerization schemes for organometallic systems. We
expect that the polymerization reaction results in the extension of the m-conjugation
over the whole system, yielding a polymeric nanosheet that could serve as a flexible
electronic conductor, or thermoelectric material, where also the presence of high-
atomic-number metallic centres is crucial.
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2 State of the art

‘Nano’ is a universal prefix used today in science and technology. One nanometre

(nm) is equal to one-billionth of a meter (1072 m). For comparison, a single human
hair is about 80,000 nm in diameter, a blood cell is approximately 7,000 nm wide
and a water molecule is almost 0.3 nm along. The study of the phenomena and
manipulation of materials at nanometre scale (i.e, control over atoms, molecules or
macromolecules) from the size of atoms to typically 100 nm, is the basis of what
is known nowadays as nanoscience. Often, the smaller the size the most prominent
the modification of the properties compared to those of the bulk material. These
changes are based on the increased relative surface area, which results in a cor-
responding enhance of chemical reactivity, and the dominance of quantum effects,
which can significantly change the material’s optical, magnetic and electrical prop-
erties. For instance, depending on their size, gold particles can appear red, blue
or gold in colour, and historically, gold and silver nanoparticles have been used as
coloured pigments in glass and ceramics since the 10'" century.
Directly linked to nanoscience is the nanotechnology. Conceived to exploit the mate-
rial’s properties developed by nanoscience, its goal is to fabricate structures, devices
and systems with novel functions due to their size. The conceptual basis of nan-
otechnology were set by the physicist Richard Feynman in 1959 in his famous lecture
‘There’s plenty room at the bottom’." He explored the possibility of manipulating
and controlling things on a small scale, for instance to write the entire 24 volumes
of the Encyclopedia Brittanica on the head of a pin, and foreseeing the increasing
ability to examine and control matter at the nanoscale.

Making and manipulating matter on the sub-100 nm length scale is a great chal-
lenge for both scientists and engineers. A key point for nanomaterial’s synthesis
is the control over the morphology, the composition and the size, which altogether
define the physical properties of the resulting material. Hence the tremendous im-
portance of materials science in the development of this discipline, which we will
address more extensively in Section 2.4.1. Then, to fully exploit the integration of
new nanostructures with device elements and organized them at different scales, a hi-
erarchical assembly is required (i.e. final architecture or spacing between elements).
In this case, the chemists’ ability for, not only the control but also the understand-
ing of the most basic interactions that governs matter (e.g. dispersive forces and
steric repulsion), are of paramount relevance in this aspect. The nanoscale (1-100
nm) spans an extraordinary extended domain comprising various kinds of charac-
teristic length scales, that they have historically explored by designing new forms of
matter assembled with atoms and molecular groups (e.g. polymers, colloids, large
molecules, all built starting from tiny organic subunits). Therefore, based on this
expertise, great contributions to nanoscience can be provided by chemistry:

— As an efficient supplier of & la carte nanostructures, that can be directly



used or combined to build more complex materials. The control over the size
or functionalization of building blocks, will determine the future material’s
properties.

— As data source on how to produce new materials whose properties depend on
their size, in a reproducible, economical way and in quantities. This contribu-
tion is of great of interest on boththe development of new materials and their
large-scale production.

The multidisciplinary character of nanoscience and nanotechnology is evident in
the broad field of applications that they address, from electronics, to photonics,
metrology, biotechnologies and nanomedecine to name a few. Nanomaterials are
considered as one of the first outcome of nanoscience and can be defined as those
which have structural components with at least one dimension less than 100 nm. Ma-
terials that are extended in two-dimensions and have one dimension in the nanoscale
are layers, such as thin films or surface coating. This includes materials that are
nanoscale in two-dimensions such as nanowires and nanotubes, and finally, materi-
als with the three dimensions in the nanoscale, namely particles, like precipitates,
colloids and quantum dots.?

There are two main classes of processes that are used to obtain nanomaterials:
‘top-down’ and ‘bottom-up’.

Top-down fabrication consists in transforming materials into nanomaterials by
etching or milling processes. For instance, lithography has been developed and re-
fined by the semiconductor industry over the past 30 years. Likewise, exfoliation of
bulk layered materials is considered also a top-down approach for two-dimensional
(2D) materials synthesis, which offers high quality monolayer or few-layered sam-
ples, easily transferable to a variety of substrates. In general, these techniques are
well-suited to design devices with sometimes complex structure, but they are ener-
getically costly and a higher source of waste than bottom-up processes.?

In contrast, the bottom-up building of structures involves atom-by-atom or molecule
-by-molecule assembly. Related growth techniques can be classified into three cate-
gories: chemical synthesis (which produces raw materials such as molecules or par-
ticles), positional assembly (in which single atoms or molecules can be placed one-
by-one), or self-assembly (which implies the spontaneous organization of molecules
into structurally well-defined and rather stable arrangement through non-covalent
interactions). Specially, from an economical and environmental point of view, self-
assembly processes have become of highly relevance as a promising method for
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large-scale fabrication of functional nanostructures, with less waste and energy con-
sumption than top-down processes.®> More details about self-assembly approaches
will be given in the following section.

2.1 Molecular self-assembly

Nature is a master in designing compatible chemical building blocks that can be
organized into more complex structures. One well-known example is the silky as-
sembly. A silk worm can spin thousand monomeric silk fibroins, with nanometre
size, into silk materials over two kilometres in length. Since the structure deter-
mines the functionality, it is of paramount relevance to control the positioning of
the monomers in the self-assembled structures. Another example is given by the
proteins involved in the capture of light to activate the photosynthetic reactions.
The efficiency of these proteins depends on a very specific spatial distribution of
the pigments (chlorophyll molecules), which impede the exciton recombination and
allows the development of redox reactions at specific moment and place after the
photon absorption.

Organic molecules are probably the most extensively used nano-objects for molec-
ular self-assemblies. Their specific functionalization will allow the control over their
mutual interactions and their interaction with the environment, and is the key to
the desired specific self-organization. In this sense, a chemical complementarity and
structural compatibility between nano-objects are indispensable. Independent of
the organization, new features can be added to the final structure by the presence
of specific chemical functions on the building blocks. Specific functions can accord-
ingly be implemented, for applications in optoelectronics, photovoltaics, or sensing.

Various kinds of interactions play a role in the self-organization of nano-objects.?
London forces are one example of attractive Van der Waals interactions. They are
generated by fluctuations of the molecular electron density, giving rise to an instan-
taneous electrical dipole that generates another dipole inside a polarizable neighbour
molecule. The interaction is thus an attractive induced diplole-induced dipole in-
teraction. Similar phenomena occur when the molecules feature permanent dipoles.
The dipolar interactions may be partly screened by the substrate, or induce dipoles
in the substrate itself. Contrary to van der Waals interactions, at short distances
the electron-electron interaction (between the electron clouds of each molecule) is
repulsive. The balance of this so-called steric hinderance with the effect of attrac-
tive van der Waals interactions leads to a variety of self-assembled molecular lattices.
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An additional kind of intermolecular interaction, which plays a key role in molec-
ular self-assemblies, is the hydrogen bond. It is considered as a dipole-dipole inter-
action, related to the permanent polarization of chemical link involving the H atom,
which is less electronegative than atoms it is often bond to, e.g. C, N, or O. Due
to its complexity, a broad definition is required, as the one proposed by Thomas
Steiner: “An X-H---A interaction is called a hydrogen bond if 1) it constitutes a
local bond, and 2) X-H acts as a proton donor to A”.> The hydrogen bond includes
several contributions that are different in their nature, such as; electrostatic, polar-
ization, charge transfer, dispersion and exchange repulsion. The relative weight of
these contributions, implies that the hydrogen bond can be as weak as a Van der
Waals interaction or on the contrary as strong as a covalent bond. The calculated
energies for hydrogen bonding range from 0.2 to 40 kcal mol~!. The most important
parameters that additionally influence the strength of the bond are of geometrical
nature, namely the distance between the atoms and the relative angles formed be-
tween the bonds. Again, these two parameters evolve differently with respect to the
relative weight of the different contributions (e.g. electrostatic, polarisation). For
instance, of all components the electrostatic contribution reduces the slowest with
increasing the distance. Thus, for a donor—acceptor combination, the electrostatic
contribution will dominate at long distances. Usually, the electrostatic term is the
largest one. However, in the weakest kind of hydrogen bonds, the dispersion term
may contribute as much as the electrostatic one. More detailed discussions about
the hydrogen bond can be found is review papers.”©

The non-covalent character of interactions in supramolecular assemblies, put lim-
its on their chemical and thermal stability, and often hinders post-synthetic modifi-
cations. Reticular synthesis is another route to the bottom-up fabrication of ordered
organic lattices. The most relevant products derived from this strategy are the cova-
lent and metal organic frameworks, which will be discussed in the following section.

2.2 Reticular synthesis

Reticular synthesis consists of the conception of an extended network by a pre-
identification and design of well-defined and rigid molecular building blocks, that
will maintain their structural integrity during the construction process.”»® The
network comprises reticulation nodes (also named vertex), usually in the form of
molecular units having more than two branches forming bonds. Also, they include
linkers, usually molecular units or atomic centres forming with two branches, which
generate bonds (or linkages) with the reticulation nodes. This approach is different
from the retro-synthesis of organic compounds, since the integrity and rigidity of
the building components is kept. The vast variety of organic molecules with specific
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functionalities and shapes, is often considered as a tool-box to design networks with
desired geometry and properties. The synthetic conditions are obviously critical to
control the degree of order (crystallinity). As it will be discussed in Section 2.4 by
balancing the thermodynamics and the kinetics of the synthesis, crystalline two and
three-dimensional frameworks can be obtained.” '

Due to the increased interest shown in the past years for mastering the syn-
thetic reactions in a controlled manner, a vast variety of new materials emerged,
and hence, a flurry of new definitions arose. In this regard, two-dimensional (2D)
polymers term has been re-defined in the time based on synthetic conditions or
crystallinity degree, for instance.'>'? In this thesis, Sakamoto et al. definition is
followed and a 2D polymer is considered as a topologically planar, separable cova-
lent monolayer sheet with internal periodicity.'® Extensive definitions of metal and
covalent organic frameworks will be given below, attending to the bonding nature
without restriction of dimensionality. Thus, two-dimensional covalent and metal
organic frameworks are considered as 2D polymers as well.

Metal organic frameworks (MOFs) are defined as extended crystalline and
porous structures built by organic ligands and metallic centres and they are synthe-
sised following the reticulation strategy. Here, the linkage consists in coordination
complexes with molecular linkers or molecular reticulation nodes arranged around
the metal centres. Although the coordination bond is usually more labile than
the ‘pure’ covalent one, it is considered a strong interaction since the energy range
values found are from 10 to 30 kcal mol~!.* This moderate strength allows contin-
uous association/dissociation processes of linkages, which gives the growing network
the possibility to dynamically re-arrange, healing defects such as low-coordinated
metal centres or polygonal pores creating costly crystal defects in the network. A
well-chosen set of synthetic conditions (e.g. temperature, reactant concentrations)
sometimes exists that allows to approach a close-to-thermodynamical equilibrium
growth, leading to large MOF crystal with very few defects, and low energy. A
single-layer and a few-layer two-dimensional metal organic networks synthesised by
Sakamoto et al. presented domain sizes of > 10 pym on one side with hexagonal
in-plane periodicity.'®> The optical properties shown by the single-layer material
allow the confirmation of the successful complexation reaction between the organic
ligands and the metal centres, yielding the formation of low-defected material.

The use of transition metal gives easy access to directional bonds with specific
orientations, since their electronic structures give rise to specific geometries and
coordination numbers.' First attempts to build metal organic frameworks with
specific geometric pores, were achieved by Striklen et al. in 1983, when they syn-
thesised the first square ring network by combining metal-complexes (metal = Cr,

10
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W) with di-phosphine bridging ligands (Figure 2.1).16
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Ficure 2.1: Complexation of a linear ligand with two bridgehead phosphorus atoms
with a metal precursor leading to the formation of the first example of square coordination
complex. Reproduced and adapted from reference 16.

After this discovery, plenty of new organometallic-based structures appeared fol-
lowing the rational design of precursors which will occupy specific positions (reticu-
lation nodes or linkers) of the target polygon structure.'” ' Baxter et al. shown the
synthesis of a 3x3 closed inorganic superstructure with specific location of 6 ligands
and 9 metal ions. This work opened the doors for a whole family of polynuclear
inorganic (square- or rectangular-) grids with interesting prospects for the devel-
opment of electronic devices for information storage.?’ The same approach was
employed for the construction of three-dimensional structures or cages. An interest-
ing review is done by Yoshizawa et al., where they highlighted the developments in
the application of artificial, self-assembled molecular hosts as functional molecular
flasks. These systems can facilitate unusual chemical reactivity or isolate molecules
and promoting new physical properties.?’ Enzymes are natural molecular flasks,
which provide molecular-sized and -shaped pockets capable of binding substrates
and catalyzing unique reactions.

The huge progress in the preparation, characterization and study developed on
the MOFs in the past decades has been driven mainly by the broad scope of tech-
nological applications in which these materials can be employed. Their exceptional
porosity, mainly stemming form the use of long organic linkers that yield void spaces,
makes them suitable for gas storage, separation and catalysis.?? Comparing with
permanent-porous inorganic materials, like zeolites, the advantages of metal-organic
counterparts are their flexibility in design and functionalization. One of the major
advances in this regard was achieved by Li et al. when the formation of a robust
three-dimensional cubic framework built by Zn,O(COs)g octahedral clusters each
linked by six chelating 1,4-benzenedicarboxylate BDC, ™~ units was achieved.?? The
calculated pore volume values for this structure were from 0.54 to 0.61 cm™3 cm?
(for different gas sorbates), which were comparable to and even higher than those

11
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found for zeolites, that typically range from 0.18 to 0.47 cm™3 cm?.

Covalent organic frameworks (COFs) are the other class of systems that can
be produced by reticular synthesis. They are defined as crystalline extended organic
structures in which the building blocks are linked by strong covalent bonds. Unlike
in the coordination bonds, not all chemical reactions yielding covalent bonds allow
dynamic exchange processes, that we discussed in the case of MOFs. To benefit
from the added-value of the dynamic exchange process, specific reactions need to be
selected. Generally, these reactions can be classified in terms of the linkages they
form (Figure 2.2), and they are generally condensation reactions (that release water
molecules upon the formation of the new covalent bond). Most commonly linkages
employed in COFs synthesis are:

— B-0 bond formation via boronate condensation.?2*

— C=N bond formation via imine condensation.2®

— C=Nj, bond formation.?%

— C=C bond formation via Knoevenagel condensation.?”

— C-N bond formation, via imide or amide condensation.?®

— B=N bond formation via borazine condensation.2?

— N=N bond formation.?°

B - O bond formation C=N bond formation C=Nn bond formation
Ar
OH HO\‘: O\: O\ N _ )§
RO - 000 OO O= — By
boronate ester, boroxine, borosilicate, imine, hydrazone, azine, triazine, phenazine
spiroborate squaraine, oxazole
C=0 bond formation C - N bond formation B=N bond formation
o o Ar
CN O H 4
\ . J O A — ’BH, —, B~ B
ON0-0LY O P—OP O,
alkene imide, B-ketoenamine, amide borazine

Ficure 2.2: Typical linkages that have been used for the synthesis of the COFs. Taken
from reference 8.

Covalent-organic networks were discovered by Co6té et al. and they can be consti-

tuted by either one or two kinds of single molecules. The first synthesised COF is
shown in Figure 2.3 and is obtained by the boronate condensation between benzene
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diboronic acid molecules.” Here, the benzene structure is considered the linker,
whereas the diboronic acid groups will lead to the linkages that will form the reticu-
lation nodes of the structure, in this case by boroxine -O-B-0O bonds. The molecules
react to form a two-dimensional planar network with constant pore size of 15 A.
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Ficure 2.3: Synthesis reaction of first COF, based on the dehydration of benzene di-
boronic acid. Adapted from reference 9.

Another example of a COF synthesised by the condensation of two different or-
ganic molecules is exposed in the same work, following the a similar synthetic route.?
In that case, benzene diboronic acid was mixed with hexahydroxy-triphenylene
molecules leading to a bigger two-dimensional planar network with a porous size
of 27 A. For both systems, two-dimensional layered crystal structures were ob-
tained, with distinct stacking modes. A staggered AB arrangement (analogous to
the Bernal structure of graphite) of the reticulated molecular planes was obtained
for the first COF, and an eclipsed arrangement, that found in hexagonal boron ni-
tride, for the latter one.

Similarly to MOFs, covalent-organic counterparts present high-surface area being
suitable for storing or capturing relevant gases. First applications were focused on
this feature.3":3? Due to their robustness and thermal stability, post-synthetic modi-
fication is also possible for COFs. Ding et al. prepared a two-dimensional COF with
a 1.8 nm-wide pore which can capture metal ions through bi-dental coordination to
nitrogen atoms disposed in the pores. It was demonstrated that this structure can
be loaded by Pd?* ions after its immersion in a Pd(OAc), solution, establishing
possible catalytic applications of COFs.?3

However, the most relevant feature of covalent-organic frameworks from which

13



2 State of the art

the study of these materials has increased enormously in recent years is their high
intrinsic electronic mobilities. That, together with their structural versatility, have
positioned two-dimensional COFs as a novel organic semiconductor component to
be included in devices. More details will be given in Section 2.3, when an introduc-
tion about molecular electronics will be presented.

An additional definition is necessary in order to cover all aspects that this thesis
will discuss. Covalent and metal organic frameworks have been synthesised so far,
in many different forms: either in two or three-dimensional systems, yielding layered
crystals, monolayers or multilayer forms. Another terminology exists, that refers to
ultrathin two-dimensional materials, or equivalently to nanosheets. Such systems
have a thickness of the order of a few atoms, overall thinner than 5 nm, and a lat-
eral size from 100 nm to few micrometers.>* Nanosheets and single-layer sheets have
stimulated considerable interest recently, due to their superior flexibility, convenient
interfacing with other materials, and possible electrical manipulation with electro-
static back-gates in field-effect transistor geometries. We will specifically discuss
the synthesis of these important materials when addressing interfacial reactions in
Section 2.6.

2.3 Molecular electronics

Molecular electronics is considered as a branch of nanotechnology and nano-electronics
that studies and exploits molecular building-blocks for the fabrication of electronic
components of devices. The onset of the miniaturization of these components began
to gain relevance from the 60’s. However, this new field strongly rose in the late 90’s
when lithography-based technologies were approaching the limits of their capabili-
ties due to several problems: need of ever-thinner gate oxides, short channel effects,
doping fluctuations and an increase of difficulties and expensive lithography pro-
cesses. The growth in complexity, compactness and versatility in device functions
in a minimum space and weight, constituted one of the major technological advances
of the epoch. This tendency has been described since 1965, by the co-founder of
Intel, Gordon E. Moore. He foresaw an increase of twice the total number of com-
ponents per chip for each year over the next decade, laying the basis for what is
now known as Moore’s Law.?> The real tendency, over the past 50 years, has been
a double number of transistors approximately every 18 months. What really made
possible the explosion of circuits complexity over the decades was the shrinking size
of the transistors (from millimetre scale in 1940 for a typical transistor to few tens of
nanometres in size in 2010). As a response to the limitations found by lithography-
based devices and in foreseeing to extend the validity of Moore’s law, the field of
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molecular electronics started to be in the spotlight of the scientific community. It
is considered that the idea of molecular electronics was conceptualized in 1999 by
Mark A. Reed.?¢

The atomistic or molecular-scale technology associated to molecular electronics
may become a new alternative device-building technology. In this context, reticu-
lated systems have well-suited aspect ratio to be integrated in devices, but several
severe limiting issues regarding their use as such remain. Among these issues, they
indeed should be scalable up to large-areas with as few defects as possible, which
call for synthesis close to thermodynamical equilibrium. Other issues include the
interconnections with solid state electrodes, usually metallic ones. Also, achiev-
ing low resistivity contacts is often difficult. Solving all these issues is expected to
open the way to inexpensive, flexible electronics as an alternative to the established
silicon-based technologies.

Already in the early 70’s, Aviram el af. presented semi-quantitative calculations
about the feasibility of constructing a very simple electronic device, a rectifier, based
on the use of a single organic molecule.3” A rectifier is an element which converts the
alternating current (AC) into direct current (DC). Common solid-states rectifiers
are based on the use of p-n junctions, presenting a single electronic transfer direction
as an indispensable condition. An organic molecule that will be used as a rectifier,
should show p-n junction properties as well. This is possible thanks to the pres-
ence of certain substitutional groups on aromatic systems, which can redistribute
the total charge of the molecule. Thus, an electron-withdrawing group will create
an electron-poor region (p-type), raising the electron affinity of the central ring
and making the structure a good electron acceptor. Likewise, an electron-donating
substituent will generate an electron-rich aromatic centrer (n-type), lowering its
ionization potential and leading to a good electron donor system. This is observed
for the molecule shown in Figure 2.4, where the ceto groups (C=0) decrease the
m-density of the central ring, whereas the methoxy groups (OMe) produce the oppo-
site effect on the right part. The electron motion direction demanded in a rectifier
would require to position, besides the cathode of the device, an acceptor molecule,
and close to the anode a donor one, respectively.

The B orbital depicted in Figure 2.4a (LUMO of acceptor part) will receive the
electrons from the cathode, which should be totally or partially empty and lie at or
slightly above of the Fermi level. When a enough large voltage, V>0, is applied for
the cathode level to overlap the acceptor level, the electron transfer becomes possible
(Figure 2.4b). The way to connect the acceptor-donor parts, will be through a sigma
bond, imposing the rectifier properties with an unidirectional electron transfer: from
cathode — acceptor — donor — anode. Thus, it is proposed that the current passage
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is done through three steps, indicated in Figure 2.3b with ‘A’, ‘B’ and ‘C’.
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FiGURE 2.4: Example of a hemiquinone molecule which can act as a molecular rectifier.
Energy versus distance diagram of the device built with this molecule. A and C are the
HOMO of acceptor and donor parts, respectively, whereas B and D correspond to LUMO.
a) Diagram at V=0 and b) Diagram at V>0. Reproduced and adapted from reference 37.

Since these first attempts and studies, the building of new devices based on organic
molecular layers have been addressed extensively. Molecular candidates for being
part of passive elements (e.g wires or resistors) or active parts (e.g switching or am-
plifying), include polyporphyrins, polyphenylenes, polythiophenes and other planar
organic polymers with extended m-conjugation along the length of the molecule. A
parallel field also emerged with the use of rigid-carbon structures with Cgp molecules
or single-wall nanotubes, even if they do not present the functionalization versatility
of the above-mentioned molecules.

A key point to take into account when building a molecular-based device is the
connexion of the molecular building-block with the metallic contacts. An efficient
way to deal with that is the self-absorption of the molecular species on the con-
tacts. Several advances have been done in the functionalization of molecular end
groups with specific chemical components which present high affinity for the metal
surfaces. This is the case of terminal thiol moieties, that can self-adsorbed onto gold
contacts allowing conjugated oligomers to act as molecular wires in molecular-based
electronic devices.?®

In order to assure the success of a molecular-based device, it is important to

choose a suitable link between the molecules. As mentioned above for the case of
covalent and metal organic frameworks, the covalent intermolecular interactions are
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more robust than their non-covalent counterparts and they assure an efficient elec-
tron transport through the bond and hence, the whole system. Much progress has
been done on the study of the linkage between molecules that have been deposited
onto metallic substrates in highly-controlled conditions, during the past years. The
advantage of this approach is double; the substrate-molecule interactions can help
for the dispersion of precursors, avoiding the growth of multilayer networks and
the near field characterization techniques often employed in these conditions, offer
exhaustive studies about the resulting structures and their linkages.

First studies on this matter were carried out by Grill et al. when they demon-
strated how, by combining carefully chosen molecules with a specific functionaliza-
tion, it is possible to form covalently bonded nanostructures, with a desired geom-
etry.?® They chose the square-planar porphyrin molecules as building-blocks and
Au(111) single-crystal surface as a substrate. They designed different substituted
porphyrins functionalized with one, two or four bromine atoms, to be removed by
thermal treatment. Thereby, hierarchical growth of complex nanostructures can be
achieved. Porphyrins with only one bromine atom, will develop into a single radical
after heating up. A new carbon-carbon bond will be generated once two-free radi-
cals are found on the surface, leading to a molecular dimer (Figure 2.5a). Similarly,
a bi-substituted porphyrin - with the bromine atoms disposed 180° apart- will de-
rive into two free-radicals which, by combination between them, will generate linear
chains (Figure 2.5b). Finally, a tetra substituted porphyrin will present four possible
active sites after thermal activation, which will link into two dimensional networks
(Figure 2.5¢). An experimental dI/dV curve taken at the connexion between two
molecular units reveals the presence of a peak around 3 eV confirming the presence
of a covalent bond.

So, in general terms, the successful fabrication of molecular electronic devices lays
on the control of a wide variety of parameters:ent leaving behind a radical in their
positions (red dots). Then, they can combine by forming carbon—carbon bonds.
The shape of the final structure depends on the nu

— The chemical nature and electronic structure of building-blocks, whose alter-
ation upon chemical reaction need to be anticipated.

— The degree of order on the active layer, achieved by the well-choosing of cat-
alytic or patterned surfaces, where molecules are deposited.

— The presence of impurities or dopants in the films, that can be controlled to

some extent with catalytic or patterned surfaces, specially under kinetically
or thermodynamic control, as it will be discussed in Sections 2.4.2 and 2.4.1.
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— The morphology of the final organic films, which is strongly influenced by the
initial design of the molecular building-blocks.

— The interface between the active organic layer and the surface that will even-
tually support it.
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Ficure 2.5: Controlled formation of a covalently bonded structure with porphyrin
molecules (blue species) on a gold surface. Substituent bromine atoms can be lost af-
ter thermal treatment and location of the substituents, so a) depicts the formation of
dimers when porphyrins are mono-substituted, in b) linear chains are formed by using bi-
substituted porphyrins and c) shows an example of two-dimensional array formation by
progressive activation of tetra-substituted porphyrins. Adapted from reference 40.

As previously discussed for the molecular rectifier example, strong donor/acceptor
molecules lead to charge transfer phenomena. Such phenomena can involve the sur-
face itself, specially when the substrate is a large electron reservoir, as it is the case
with metal surfaces.

Normally, when a molecule is deposited on a surface it can suffer some morpholog-
ical modifications, which consequently will derive into electrical ones. Depending on
the degree of interaction between the surface and the organic molecules, three limit
(idealized) cases are usually considered (Figure 2.6).*" When organic molecules are
far away from the surface, we find the ideal Schottky-Mott limit, where no align-
ment of energy levels happened, as shown in Figure 2.6a. In this case, the inherent
surface dipole (which comes from the natural distribution of negative charge density
into the vacuum side and the positive one on the bulk side) is not altered. However,
when organic species are in contact with the metallic surface, but there is not di-
rect interaction, a vacuum level realignment occurs, as it is depicted in Figure 2.6b.
This happens in systems prepared normally in ambient conditions, where the hy-
bridization of molecular and metal orbitals is negligible, often due to an oxide-layer
formation. The vacuum level alignment generates injection barriers for electrons
(®%), and for holes (®%). The former is given by ®% = ®,, - EA (EA: electron
affinity) and it describes the energy necessary to inject an electron from the metal
into the molecule. Whereas the injection barrier for holes is given by (IJ% =1IP -
®,,, (IP: ionization potential) and corresponds to the energy necessary to inject an
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electron from the molecule into the metal.

a) c)
V — V
L ] $ A : —ta
D, LUMO D,
m LUMO m ¢ s LUMO
E i E :
- HOMO |
HOMO HOMO
Metallic Active Metallic Active Metallic Active
surface layer surface layer surface layer

FiGURE 2.6: Scheme of the energy levels of a metallic surface and an organic active layer:
a) when they are far away from each other, b) in contact, assuming vacuum level alignment
and c) in contact after the formation of a surface dipole. V;, = vacuum limit, EA = electron
affinity, IP= ionization potential, ®,, = work function of the clean metal surface, Er =
Fermi level of the metal, % = electron injection barrier, ®% = hole injection barrier, A =
interface dipole. Taken from reference 41.

In many cases, even for weakly interacting systems, the experimentally determi-
nation of these injections barriers yields different values than those expected from
a simple vacuum level alignment. When the molecules are in contact with the sur-
face, a re-alignment of electronic levels occurs, as it is depicted in Figure 2.6c. This
produces a re-distribution of charge at the interface, hence an interface dipole, A.
Among all possible factors that can contribute for the interface dipole, the most
relevant ones are i) the rearrangement of the electron cloud of the metal surface,
due to the repulsion induced by the presence of the electron clouds of the absorbed
molecules, ii) the presence of a molecular dipole (permanent or induced by the sub-
strate) and iii) a charge transfer between the metal and the organic layer. In any of
these cases, the injection barriers are given now by ®3 — ®,, - EA - A and Pl
P - @, + A.

Charge transfer processes between molecules and substrates can lead to molec-
ular conformation changes,**%3 substrate reconstructions,***> substrate-mediated
interactions?® and new chemical reactions pathways that otherwise are not observed
in solution.*”*® In summary, a thorough analysis of electronic properties and effects
derived of them at the interface, together with an exhaustive study of the interface’s
geometry, will be essential to understand the physical behaviour of the final device.
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2.4 Organic two-dimensional materials

Of importance on the final material’s properties is its dimensionality.*® A represen-
tative example is the case of sp? carbon materials: 0D fullerenes, 1D nanotubes, 2D
graphene and 3D graphite exhibit very different properties. After the isolation of a
monolayer graphene sheet for the first time® a variety of new inorganic 2D materi-
als emerged (e.g. transition metal dichalcogenides, or boron nitride among others)
due to their interesting properties.> It turns out that their optical and electronic
properties are usually different from their 3D counterparts due to confinement of
electrons and because of the absence of interlayer interactions, which can play an
important role in determining the band structure. Additionally, other properties
can be improved (i.e. mechanical and chemical response) making these new mate-
rials candidates for molecular electronics, sensors and optoelectronic devices.

The already mentioned natural curiosity and ability of chemists to create and
modify matter launched the interest on organic 2D materials. In particular, first
theoretical studies focused on the electronic characteristics of graphyne (a carbon
phase which contains planar sheets of a mixture of sp? and sp hybridized bonds),
put in evidence the interest of 2D polymers with a conjugated back-bone for in-
teresting electrical purposes.”’ Graphyne shown a semiconducting behaviour, with
large bandgap, as well as the possibility of tuning its electronic properties with
respect to the periodicity and topography. Since then, great attention has been
paid to synthetic 2D polymers with well-defined in-plane crystalline structures in
the past years.?* Usually, they present covalent linking between monomers, forming
permanent pores of defined size and shape. The bottom-up synthesis of these mate-
rials is governed by the control monomer assembly, before and during the covalent
bonding process. Two strategies provide such control: thermodynamic and kinetic
approaches,”? which we will explain in details in their corresponding sections ( Sec-
tion 2.4.1 and 2.4.2, respectively). Both of them require rigid and robust monomers,
which form directional interactions, driving the formation of specific geometries.

2.4.1 Kinetic control approaches

In kinetic approaches, the polymerization process occurs on a pre-organised two-
dimensional assembly, where the bond self-repairing took place (Figure 2.7). This
approach is compatible with irreversible reactions or conditions, since when the
polymerization occurs (second step in the scheme) the assembly is already ordered.??

Preparation of covalent and metal organic frameworks under highly-controlled
conditions (i.e ultra high vacuum - UHV) is an example of kinetic controlled two-
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FiGURE 2.7: 2D polymerization processes under kinetic control. Red squares represent
monomers, where blue and green triangles correspond to functional groups. Solid black
lines represent covalent bonds formed during polymerization and dashed black lines are
non-covalent interactions formed before polymerization. Adapted from reference 52.

dimensional polymerization growth. Many examples of reversible reactions, such
as the condensation processes already mentioned in Section 2.2 or other traditional
reactions that will be discuss in Section 2.5, have been successful adapted to the
UHV environment.?> 5% Typically, during a polycondensation reaction a by-product
in the form of a small molecule is produced (e.g water, alcohols, and hydrogen
halides). The presence of these small "impurity" molecules may affect negatively
the polymerization kinetics, altering the reaction mechanism. In order to reduce
the effect of these by-products, annealing or working under vacuum conditions are
strongly recommended. The feasibility of implementing these condensation reactions
was demonstrated for the first time by Zwaneveld ef al.>®> The already mentioned
condensation reaction of benzene diboronic acid molecules by Cété et al. under
mild conditions,” was then demonstrated on Ag(111). A boronate-based covalently
bonded nanoporous was formed, composed by five-, six-, seven- and eight-membered
rings.’3

This seminal work established the potential of surface science approaches to con-
trol and scrutinize the chemical and physical processes that occur when molecular
building blocks react to form bonds and extended networks. Understanding the
atomistic processes requires well-defined systems and controlled conditions. For
these reasons, atomically-clean single crystals are commonly employed as a reaction
substrate. Pressures of the order of value of ~107!? mbar are kept during reaction
processes, to limit the amount of surface contaminants. Also, the lack of solvents re-
duces the interactions and interferences between the molecular building blocks. The
progress of the surface science field has been boosted by the expansion of surface
science techniques such scanning probe microscopies, photoemission spectroscopies
and diffraction, which along with theoretical methods give fundamental and fine
insights about on-surface reaction mechanisms,”*® including the formation of in-
termediate species, the role of the substrate, and molecular diffusion among other
effects. More details about the surface science techniques employed in this thesis
are given in chapter 3.
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As noted, the surface can act as a template for the growth of two-dimensional
networks. Specially, metallic surfaces are of the great relevance, all the more as
they can have desirable catalytic effects.’C They can kinetically enhance reactions
by reducing the activation energy barriers. This catalytic behaviour is founded
on the ability of the metallic surface to create bonds with the molecules. Once
the molecules absorb on it, strong or weak interactions can be established with
the surface, which additionally has strong influence on the surface diffusion of the
molecules. Then, the surface can ease the cleavage of some intermolecular bonds
and help forming new ones when the new chemical products are created.

The catalytic activity greatly depends on the electronic structure of the metal
surface, in particular on its d-band configuration. Upon absorption, the electronic
states of an adsorbed molecule and of the metallic surface interact. The Newns-
Anderson model plots three different regimes of adsorbed organic molecules on metal
surfaces depending on molecule—substrate interaction strength: i) physisorption, ii)
weak-chemisorption or iii) strong-chemisorption.6’52 Two important parameters
are defined in this model, the bandwidth of the metal bands (W) and the hybridiza-
tion strength (AE) between organic-metal orbitals. The latter is obtained by the
difference between, the energy of separate molecules and surface and the energy
of the hybrid system. The physisorption regime is usually found when weak van
der Walls forces govern the molecule-substrate interactions (it is often the case of
inert surfaces). In this case, molecular orbitals are similar to those of the gas phase
and are not altered by the substrate. A more complex scenario is found for more
reactive metal surfaces. For metal surfaces with large bandwidth, W > 10 eV, (e.g.
Ag and Cu), a W/AE » 1 ratio can be estimated and a weak-chemisorption regime
is considered. This is observed for the case of Ag/perylenetetracarboxylic dianhy-
dride (PTCDA) interface.%® In the case of narrow d metals, W~ 1 eV, (e.g. Ni),
a W/AE » 1 ratio is found yielding to a large hybridization. This is the case for
strong-chemisorpted systems, as is observed in H/Ni interface.5*

The metallic’s band structure is composed by a broad s-band and a sharp d-band.
Since the electronic state of the former for all transition metals is the same (filled
by only one electron), is the d-band which determines the catalytic behaviour of a
metallic surface. It is considered that the electronic states of the entire d-band of
the metal are crucial for controlling the surface reactivity. The density of states at
the Fermi level, may shows the electrons that are prone for bonding, and the empty
d-states above the Fermi level will play an important role in the molecule-surface
interaction. Many studies have demonstrated the important role of the substrate
in terms of efficient on-surface chemical reactions.’? 666  Gutzler et al. shown
the feasibility of building a two-dimensional network through C-C bond formation
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when a metallic substrate was employed. An homolytic rupture of C—Br bonds
takes place as a first activation step. Then, after on-surface diffusion of these active
species their encounter leads to the formation of a new C-C bond. However, when
instead the inert surface of graphite was utilized, no activation occurred, leading to
the formation of a non-covalent self-assembled well-ordered network stabilized by
hydrogen-halogen bonds.5

In this regard, structural surface defects also deserve a word. The presence of
steps, vacancies or adatoms change the chemical environment of the adjacent areas,
affecting the catalytic activity of the surface.5”:%® This was shown, for instance, in
the case of the adsorption of dibromoterflurene molecules on a stepped gold sur-
face.%” By means of low temperature scanning tunnelling microcopy, the step-edge
kinks were identify as the active sites of the surface, where the C-Br bonds are se-
lectively dissociated. Then, thermally induced polymerization led to oligomer chain
formation, along the edge steps.

2.4.2 Thermodynamic control approaches

Thermodynamic approaches consist in monomer assembly and polymerization si-
multaneously, as it is shown in Figure 2.8. They rely on reversible reactions, such
as condensation or coordinative processes already mentioned when discussing the
formation of covalent and metal organic frameworks. The bond self-repairing of
the second step leads to a well-defined and corrected crystalline structure.’? In a
standard reversible reaction, the precursors A and B can react yielding C and D
products, which can react together to give the reverse reaction. Thanks to le Chate-
lier’s principle, the control over the reaction conditions (temperature, precursor’s or
product’s concentrations, volume or pressure), drives the equilibrium direction.

. Dynamic covalent Error correction
ThermOdynamIC bond formation and crystallization
approach —_— —_—

FicUure 2.8: 2D polymerization processes under thermodynamic control. Red squares
represent monomers, where blue and green triangles correspond to functional groups. Solid
black lines represent covalent bonds formed during polymerization and dashed black lines
are non-covalent interactions formed before polymerization. Adapted from reference 52.

The mild synthetic conditions employed by Co6té et al. for the synthesis of the
first benzene diboronic acid-based COF, introduced in Section2.2, is a good exam-
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ple of synthesis under thermodynamic control. Benzene diboronic acid molecules
were heated at 120° C during 72 h in a mesitylene-dioxane solution. This allows
the slow dehydration of the molecules and their controlled diffusion due to a low
solubility. This strategy allows the nucleation of crystalline material, and also,
the close reaction system maintains the presence of H,0O, ensuring the reversible
conditions and the crystalline growth.? The presence of H,O during the reaction
process changes de Gibbs energy and pushes the equilibrium backward to favour
a reverse reaction. This reversibility allows the self-adjustment and self-healing
of the system, resulting in the formation of high ordered porous nanostructures.
Oxidation-sensitive and low-solubility molecular precursors are not very well-suited
to the strategy we just described. Polyfunctional catechols are prone to oxidation
and are often sparingly soluble in organic solvents, factors that hinder both, the
preparation of useful quantities of functionalized monomers and their incorporation
into COFs. Thus, alternative synthetic routes were needed after the blossom of the
first synthesis. Spitler et al. proposed an acetonide protection (-R’-O-R-O-R’)
over these sensitive cathecolate groups, yielding to a boronate ester-linked COF,
as previous example, but employing more complex precursors.’? In both cases, the
products were in form of insoluble powder, hindering subsequent applications and
scalability. Therefore, the methods that yield the synthesis of multilayer or nano-
sheets in a controlled orientation directly on a support are of great interest.

With these constraints in mind, Colson et al. demonstrated that surfaces offer a
natural interface to template polymerisation in two dimensions, and performed the
condensation reaction done by Coté et al. in the presence of the desired support.'’
They successfully grew oriented COF films on single-layer graphene supported in
a variety of supports (polycrystalline copper foil, Si wafers or SiC support), with
minor amounts of residual reactants. Interestingly, they observed the formation of
crystalline films just after one hour of reaction, while typically the standard reaction
lasts 72h.

However, albeit the synthesis describe above yielded crystalline and ordered films,
no control in the thickness was achieved. When advanced electronic applications are
targeted, a more accurate fabrication method is needed. Mechanical exfoliation pro-
cesses are a possible route to incorporate layered material into devices, however the
lack control on the thickness, and the lateral extension of the material is still limited
by chemical synthesis routes. As an alternative, lateral polymerization reactions or,
so-called interface reactions, enable the synthesis of not limited length crystals since
the polymer or nanosheet is suspended on the interface where they growth. Most
relevant interfacial reactions are held at liquid/liquid or air/liquid interfaces. With
these techniques the synthesis of two-dimensional polymer monolayers are easily
accessible since the polymer suspended at the interface is then transferred to the
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desire substrate, depending on the application or characterization mean. Both ap-
proaches and examples will be address in Section 2.6.

2.5 Surface mediated of two-dimensional polymerization
and chemical transformation

As discussed earlier, metal surfaces have become an important platform for the
growth of polymer and are very well-suited for surface science studies. In this sec-
tion, we will detail a general protocol for polymer growth in ultra-high vacuum
conditions as well as the role’s surface during on-surface molecular arrangements
(in terms of molecule-molecule vs molecule-substrate interactions). Then, several
on-surface chemical reactions will be detailed. Finally, specific advantages associ-
ated with the use of a metallic surface as a reaction substrate (confinement effect)
or by using highly-controlled conditions (reaction control) will be addressed.

Under ultra-high vacuum conditions, the building blocks are deposited by molec-
ular beam epitaxy onto a clean surface. In general, the organic molecules are evapo-
rated from their powder state but alternative deposition methodologies are available
for thermolabile species or species which polymerize inside the crucible. Molecu-
lar spray deposition is yet another approach, where the desired organic molecule
is dissolved in a convenient organic solvent and is then deposited directly on the
surface.”® With this method almost any kind of organic compound can be used
avoiding damage or fragmentation. In the case of synthesis of metal organic frame-
works or simply formation of coordinated bonds, metallic centres can be supplied
by thermal evaporation of high-purity materials. Additionally, some specific metal
surfaces, e.g. copper or silver, naturally provide metal adatoms coming from the
atomic step evaporation or vacancy formation.”! 72

In general, the two-dimensional arrangement of molecules on solid surfaces is
determined by the balance between intermolecular forces and molecule-substrate
interactions. In the case of weak substrate-molecule interactions are present, the in-
termolecular forces will govern the molecular assembly. Planar molecules tend to lay
parallel to the surface and bulky molecules, or molecules with voluminous groups,
tend to occupy hollow sites of the substrate. When heteroatoms are present in
the molecule, stronger molecule-substrate interactions can occur, even if the molec-
ular back-bone is not disrupted. Usually, the molecular absorption occurs where
the overlapping between lone electron pairs of the molecule and surface d-states
is maximum. In the case of molecules with more than one heteroatom, specific
molecular orientations might occur. If the surface is not homogeneous (e.g. due
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to different chemical compositions or lattice parameters) or the molecule-substrate
interactions are really strong (e.g. important charge transfer phenomena led by
strong donor /acceptor molecules), site selective adsorption might take place and in
these cases, chemical transformations can occur.”™

2.5.1 On-surface chemistry as a tool of creating long-term stable
structures

From a practical standpoint, surface functionalization with molecular structures
is a route to functional molecular electronics devices (Section 2.3). On a more
fundamental level, ultrahigh vacuum conditions allow the synthesis of substances
that may not be synthesised in solution due to solubility problems, and sometimes
gives access to new chemical synthesis pathways due to surface confinement of the
reactants. In this section we will give an overview of the main on-surface chemical
reactions which allow the synthesis of new bonds for network growth. The reviewed
reactions will be classified into different categories: reactions with carbon-halogen
bond cleavage (or dehalogenation reactions), reactions with carbon-hydrogen bond
cleavage (or dehydrogenation reactions) and reactions producing water molecules
(or dehydration reactions).

Dehalogenation reactions

These reactions involve the cleavage of a C—X (X = F, Cl, Br, I) bond. The high
polarity of these bonds makes their rupture easy and so, they have been widely
used in classical organic chemistry synthesis. Several well-known reactions which
produce new carbon-carbon bonds, are based on these chemical groups. The clas-
sical Ullmann coupling reaction, described in 1904,7* allows the selective formation
carbon-carbon bond between two aryl molecules, by a Cu mediated activation of an
aryl halide, as shown in Figure 2.9.

R
—_— + u
\ ./ \R// \_/

R

Ficure 2.9: Ullmann coupling reaction mediated by copper between two aryl halides.
Reproduced from reference 57.

The homolysis of the carbon-halide bond can take place at room temperature,
yielding to a single radical. Then, further thermal treatments usually lead to the
addition of radicals generating the new (carbon) bond.3%657576  Although Cu is
the catalyst par excellence, Ullmann coupling reactions can be performed with other
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2.5 Surface mediated of two-dimensional polymerization and chemical transformation

metals such as Au,**% and Ag.”” An important application of this reaction devel-
oped in the past years is the graphene-nanoribbons growth.”® 7 The presence of
different type of halides in the same molecular structure allow a higher control over
the reaction. Due to a different C-halide bond strength, the bond cleavage takes
place at different annealing temperatures. This strategy is considered as what is
known as a hierarchical synthesis.?%8! It was demonstrated by Lafferentz et al. with
a phenyl-porphyrin selectively functionalized by bromine and iodine (Figure 2.10a)
and deposited on Au(111) surface.?

a) Building block

A

D EEEE——
First growth direction

Chain (1ID) —— Network (2D)

© lodine substituent
© Bromine substituent

Second growth
direction
e

Ficure 2.10: a) Two step activation mechanism of the Ullmann coupling using iodine and
bromine substituted-porphyrins. Pristine molecules b), form linear chains c¢) after a first
activation step by thermal treatment. After further annealing, an extended two-dimensional
network is formed. Taken from reference 80.

In a first annealing step at 120 °C, iodine atoms are cleaved off from the porphyrin
structure, whereas the bromine atoms stay intact. This leads to the activation of the
first direction growth, with the formation of one-dimensional chain (Figure 2.10a).
A second thermal treatment at 250 °C was carried out, producing the C-Br bond
cleavage. Now, the second growth direction is activated allowing the cross-linking
of previous molecular chains, leading to an extended two-dimensional network (Fig-
ure 2.10b).

Likewise, other coupling reactions which generate C-C bonds were proposed by
Sonogashira, Heck or Suzuki. All of them are cross-coupling reactions, where two
different precursors, A and B, are joined assisted by a metal catalyst, typically pal-
ladium. These in solution reactions are extremely useful for generating C—C bonds
with highly selective reaction between AB leading to the desired network, while in-
hibiting the formation of homocoupling products AA or BB, which is often difficult.
This was evidenced by Kanuru et al. when they presented for the first time the
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on-surface Sonogashira reaction on Au(111).82 The homocoupling products of both
reactants, phenylacetylene and iodobenzene, were found on the metal surface along-
side with the expected cross-linking product (Figure 2.11-upper reaction). Although
the selective cross-coupling was not achieved entirely, the milder synthetic condi-
tions employed with respect to the ones needed in solution, constituted an advance
for the accessibility of these kind of reactions. It was few years later, when a full
cross-linking on-surface Heck reaction was achieved by Shi et al., that the successful
coupling of bromophenyl-diphenylporphyrin to a vinly derivated was demonstrated
on a Au(111) surface, by using Pd as a catalyst (Figure 2.11-lower reaction). First
principle calculations revealed that the presence of Pd on Au(111) is essential for
promoting the high-selective cross-coupling reaction.®3

On-surface Sonogashira reaction

Diphenyl Homocoupling

products
u(111) A —
+ I@ = — \ /
Phenylacetylene  lodobenzene Diphenyldiacetylene

_ Cross-linking

- product
Diphenylacetylene

On-surface Heck reaction

S

=

— / R
7 . . Au(111), 425KR/ \_/
Vinyl-biphenyl
AN

Bromophenyl- Cross -linking
diphenylporphyrine product

FiGure 2.11: On-surface Sonogashira coupling in vacuum on Au(111) and homocoupling
products of iodobenzene and phenylacetylene reactants. Reproduced and adapted from
reference 82. On-surface Heck coupling on Au(111) leading to cross-linking product as a
unique reaction product. Adapted from reference 83.

Dehydrogenation reactions

These reactions involve C—H bond cleavage. They are of valuable interest in classi-
cal organic chemistry since they allow to transform alkanes into alkenes (much more
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versatile). The small size of hydrogen atom, makes it difficult to track it by scan-
ning tunnelling microscopy or x-ray photoelectron spectroscopy. Mass spectroscopy
performed in situ during annealing allows to monitor the dehydrogenation process,
by tracking the signal of the dihydrogen molecule. Another way to indirectly follow
a dehydrogenation process is by analyzing the core-level shift of an specific species
when the hydrogen atom is lost by the molecule (e.g. the O 1s core-level shift when
a carboxylic acid group undergoes to a dehydrogenation, transforming it into a car-
boxylate group)®* The energy of a C-H bond is 4.5 eV,?® which implies that it is
quite inert and catalytic-assisted reactions are needed to make it react. A large va-
riety of strategies has been explored for C—H bond activation. One widely exploited
approach has been the activation through the use of aromatic groups.8:

Precursor monomer ‘Biradical’ intermediate

FiGURE 2.12: Steps for surface-supported graphene nanoribbons synthesis. The dehalo-
genation of dibromo-bianthryl molecule (1) occurs upon adsorption on Au(111) surface.
Linear polymer formation upon first thermal treatment. Finally, the cyclodehydrogenation
occurs after second annealing by the loss of hydrogen molecules. Adpated from reference 83.

Cai et al. deposited dibromo-bianthryl molecules on a Au(111) surface leading to

the formation of biradical intermediates, through Ullmann coupling process (first
step in Figure 2.12). A thermal treatment at 470 K allowed their diffusion across the
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surface and a radical addition reaction occur, forming a linear chain (Figure 2.12).8°
An additional annealing of the Au(111) substrate, produced the loss of a dyhydro-
gen molecule and the formation of a new C-C bond. This last step is known as
cyclodehydrogenation process, which involves the cyclization of an organic molecule
due to C—H bond cleavage.

Soon after, a dehydrogenative C-C coupling reaction of long-chain linear alkanes
was proposed by Zhong et al.*” The alkane molecules physisorbed on the Au(110)
undergone a C-H bond dissociation. The loss of available hydrogen atoms on the
surface shifts the equilibrium towards the formation of new C-C bonds. Zhong et
al. proposed a low activation barrier for the subsequent C—C bond formation, once
the intermediates are formed.

Dehydration reactions

These reactions involve the combination of two or more molecules to form a larger
one, and a small molecule is released, like water (herein the dehydration or con-
densation names). The condensation reactions typically employed for the covalent-
organic framework synthesis were already listed in Section 2.2. All of them have
been adapted to fit ultra-high vacuum conditions, and the ones involved in the
boroxine bond formation were already detailed in the kinetic controlled approaches
section (Section 2.4.1). Herein, most relevant examples of on-surface dehydration
reaction, which leads to C=N (imine) bond formation, will be discussed.

The interest of these reactions lies mainly on the possibility of incorporating sev-
eral chemical groups into the final product by using two or more reactants, which
is of particular interest when all chemical groups cannot be included in a single
molecule. Also, it is noteworthy that the initiation step may require no annealing
process and organic molecules may be activated by simply co-deposition. This is the
case of the two-component condensation reaction between the dialdehyde and the
aliphatic amine chosen by Weigelt et al., shown in Figure 2.13.8¢ The reaction was
performed at room temperature and close to saturation of the first monolayer of co-
deposited reactants on a Au(111) surface. Known as Schiff-base condensation, the
last step in which the tetrahedral intermediated is covered into the imine product,
is normally catalysed by the solvent (acting as a combined proton donor/acceptor).
However, Weigelt et al. pointed out a more favourable reaction mechanism in which
an intermolecular proton transfer occurs, substituting the solvent’s role.

Like boroxine bonds,?3%4:56 the C=N bond is involved in the surface synthe-
sis of two-dimensional polymeric structures, allowing a covalent linking between
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FiGure 2.13: Generalized-solution catalysed formation of C=N bond (imine) from an
aldehyde and an amine. b) On-surface dehydration reaction of coadsorbed dialdehyde and
aliphatic amine on Au(111). c¢) Laterally ordered diimine structures formed on Au(111)
surface at room temperature via Shiff-base condensation. Adpated from reference 86.

precursors, with interesting collective electronic properties as well as high thermal
and chemical stability. Later, Weigelt et al. synthesised polymeric nanostructures
consisting in both, oligomeric chains and networks with pores of about 3-10 nm
in dimension by the combination of bi- and tri-functionalized precursors.®” It is
noteworthy that the connectivity of polymeric nanostructures was controlled by ad-
justing the kinetic parameters during the growth. Two different approaches were
tested, in which the trialdehyde was always first dosed onto the surface. Then, a first
strategy consisted of the subsequent deposition of the diamine at 120-160 K and the
reaction was performed at 400 K. This led to small oligomers linked via imine bonds.
The second strategy consisted of depositing the diamine on top of trialdehyde when
the substrate was already at 400 K, allowing a higher molecular diffusion for both
reactants. This approach led the formation of both, two-dimensional networks and
one-dimensional chains.

Similar reactions have been explored also on a variety of metallic surfaces, such as
the condensation between the highly reactive acyl chlorides with amines on Ag(111),
yielding the corresponding polyamides,®® or the formation of polyimides on Au(111)

31



2 State of the art

On-surface polyamide synthesis
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FiGURE 2.14: Reaction of an amine with an aldehyde and with an anhydride leading to
amide and imide products, respectively. Adapted from reference 88,89.

after the convergence of dianhydride-derivative and di or tri-amino compounds.?’
One- or two- dimensional polymers are obtained depending on the stoichiometry
and reactants employed. Associated reaction schemes of aforementioned on-surface
reactions are shown in Figure 2.14.

2.5.2 Ultrahigh vacuum conditions for reaction control

Intermolecular coupling reactions on surfaces have demonstrated to be a suitable
synthesis method for metal and covalent organic frameworks. The vast variety of
possible combinations between organic molecules and/or metallic centres allows to
modulate both, the shape and size of the pores as well as the specific features of the
final structure. Although well-established chemical reactions are readily adapted to
highly-controlled conditions, a fine tuning or reaction conditions is always necessary.
Many examples in the literature make references to stoichiometry and substrate tem-
perature regulation in order to get a specific product.’>>>9092 Another possible
approach is to vary the length of the reactants or the number of substitutional groups
on them. With this strategy, it is possible to favour, for instance, the formation of
two-dimensional networks rather than one-dimensional chains,®" 878 or to tune the
pore size of the final network.?*9%:% Yet another way to control the final product is
through hierarchical growth or subsequent activation. In this regard, few examples
have been already discussed,?? 7780 where a well-selected monomer, with different
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substitutional chemical groups, and so, different bond strength, are subsequent ac-
tivated via consecutive thermal steps. This allows the controlling over the direction
growth. Further examples can be given.®":?5 Zhang et al. synthesised a network
with conjugated back-bone under mild conditions by using terminal alkynes.”> The
interesting point of this work is the control over the coupling by substrate tem-
perature, since the deposition of alkyne-molecules on Ag(111) at 170 K, results in
their self-assembly; rising the system at room temperature, reduces considerably the
molecular coverage, and an annealing at 330 K restores the pristine surface. How-
ever, by deposition onto hot Ag(111) at the same temperature, the dimerization
and oligomerization is induced, being favoured by further thermal treatments. This
hierarchical process demonstrates how sensitive is the alkyne C-H activation and
reactivity to subtle changes of the local environment. Also, the mild conditions in
which the homocoupling takes place pointed out the catalytic behaviour of Ag(111)
surface.

2.5.3 Two-dimensional confinement effects

Confinement to two dimensions appeared as an important benefit of the use of a
surface for the creation of covalent structures. The dimensional restriction enables
new reaction pathways with respect to other synthetic approaches.*"48:96:97 Thig
has been shown for the transformation of the four-fold brominated anthrathiophene
into pentacene molecule, by deposition of the former on Ni(111) and thermal an-
nealing to 473 K.%

Precursor Desulfurization Product

Ficure 2.15: Representative STM images of products after deposition of brominated
anthrathiophene (precursor) on Ni(111) and annealing at 470 K After desulfurization,
elongeted linear features without lateral protrusions are found, which are identified as
pentacene molecules. Adapted from reference 96.
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In this conditions the reaction mechanism proposed is the dehalogenation followed
by a desulfurization reaction. At this step an unsaturated species is formed, which
undergoes a dehydrogenation reaction to form pentacene (Figure 2.15). The adsorp-
tion of the molecules on Ni(111) not only produces the C-S bond cleavage, but also
stabilises the reactive intermediated allowing a posterior intramolecular rebonding
leading to a new cycle formation.

An interesting case about the advantages of studying chemical reactions on sur-
faces is shown by Matena et al. They achieved the C—-C coupling between N-
heterocyclic end molecules (1,3,8,10-tetraazaperopyrene) on Cu(111) after a thermal
treatment.®” The low solubility of this precursor and the high activation barrier as-
sociated to the polymerization process have been historically a practical obstacle for
its investigation. However, the reduction of molecular degrees of freedom by their
adsorption on a surface, leads to the reduction of the polymerization activation bar-
rier, allowing the covalent linkage between these aromatic molecules. This study
is a step forward on the understanding of the concatenation mechanism, since it is
thought that it occurs through the tautomerization of the N-heterocyclic end units
to carbene intermediates (Figure 2.16).
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FIGure 2.16: a) Single and double tautomerization of N-heterocyclic end precursor
(1,3,8,10-tetraazaperopyrene) deposited on Cu(111) leading to the dimerization. b) STM
image of a polymeric chain formed on surface by the mentioned precursor and schematic
model of the expected structure. Adapted from reference 97.

2.6 Interfacial polymerizations

The necessity to control the thickness of polymer nanosheets and to achieve high
structural quality such that, good charge carrier or spin transport, or pure optical
properties, is a strong motivation in the field of molecular electronics. The study of
on-surface growth performed under well-controlled environment such as a ultrahigh
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vacuum chamber is particularly insightful to understand the chemical processes at
play during the formation of molecular networks or the metal /molecule contact. In
view of material production and applications, obviously more versatile and cheap
strategies are desirable. Lateral polymerization reactions are performed at the in-
terface generated between two fluid phases, each hosting a single kind of precursor,
and it appears as a more application-compatible approach. The key features of this
relatively new approach are: flat and uniform interface whose size can in principle
be large, a constant supply of monomers and catalysts from the involved phases
and ambient conditions. Since no exfoliation steps are needed, mechanical damage
and undesired crumpling or folding of the layers can a priori be avoided. Instead,
gentle transfer to virtually any kind of substrate is possible, following the horizontal
Schaefer or Langmuir-Blodgett methods.

A Langmuir-Blodgett system is illustrated in Figure 2.17a, where the monomers
(grey sticks) are spread at the surface of that contains another kind of monomer or
a catalyst (green circles). A thin film is formed in the air/liquid interface, whose
compactness can be adjusted by gentle in-plane pressure applied by lateral bar-
riers. Then, once the polymerization reaction is complete, a solid host substrate
(chosen, e.g. with respect to the application or characterization to be made) is
approached to the interface. Figure 2.17a (3-4) illustrates the horizontal Schaefer
transfer method, where the substrate is approached from the top until the inter-
face. Once the contact of the polymeric film and the substrate is reached, the latter
is smoothly withdrawn and thus, the synthesized layer is lifted off from the interface.
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FI1GURE 2.17: a) Cartoon of two-dimensional lateral polymerization at air/liquid interface.
Adapted from reference 98. b) Chemical structure of monomer used by Bauer et al. and
representation of the expected two-dimensional organometallic network (metal ion red, C
turquoise, N blue). Taken from reference 99.
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First lateral polymerization reactions where demonstrated by Bauer et al., when
they reported the first free-standing organometallic monolayer sheet prepared at
air/liquid interface.”” Figure 2.17b shows the chemical structure of the monomer
that they employed, consisting of a hexafunctional terpyridine structure, which was
specifically designed for this purpose. The (nano)sheet was expected to be formed at
the air/water interface by deposition of the monomer 1 onto the water phase which
hosts a metal salt. The polymerization reaction is based on the metal complexation
of the terpyridine groups of two adjacent monomers. For this thermodynamically-
controlled reaction, experimental conditions have been adjusted in order to adapt
the reaction pathway (i.e. variation of metal ions/salts and their concentration,
pH values, surface pressure, temperature of liquid phase and also how to deposit
the monomer onto the surface and the metal ions into the liquid). The monomer
design is of utmost importance to limit parasitic interactions between molecules or
with the liquid phase that would promote competitive reaction pathways and hence
would reduce the polymer stability and degree of order.!®Y An important devel-
opment was done in this direction by Payamyar et al. who used an amphiphilic
monomer (having both, hydrophobic and hydrophilic parts) for an air/liquid inter-
facial reaction.!®? Thanks to this strategy, the hydrophobic part stands upright on
the interface driving the molecular packing orientation.

2.6.1 Extended w-conjugated polymer nanosheets at interfaces

The polymer electrical conductivity stems from either, conjugated double bonds
along the back-bone or aromatic chemical groups, linked together or with the car-
bon back-bone through covalent bonds. Undoped m-conjugated polymers have their
Fermi level crossing the conduction band since one of the four electrons which com-
pose the carbon valence band remains unpaired (belonging to p, orbital). The
alternation on single and double carbon bonds along the polymer, generates an
overlap between p, orbital allowing the delocalization of unpaired electrons over
the whole system. However, if there are no charge carriers within the polymer
structure, this will not be conductive. Most organic conjugated polymers do not
have intrinsic charge carriers. Therefore, external charge carriers should be intro-
duced to the polymers to make them conductive. When an electron is removed
from the valence band by oxidation (p-doping) or is added to the conducting band
by reduction (n-doping) does the polymer become highly conductive. By this way
the conduction (valence) band ends up being partially filled (unfilled) and a radical
anion (cation) is formed. These charged species are commonly known as polaritons
and their formation causes the injection of states from the bottom of the conduction
band and top of the valence band into the band gap.'%!

36



2.6 Interfacial polymerizations

Several post-synthetic alternatives are available for doping polymers: Redox or
electrochemical reactions and photo-induced doping. Alternatively, the conductivity
may be increased by designing special monomers comprising well-suited heteroatoms
or by using synthesis schemes that involve the formation of organometallic reticula-
tion nodes. Neutral conjugated polymers with a small conductivity, typically in the
range of 10719-107° S em™!, can be converted into semiconductive or conductive
states with conductivities of 1-10* S cm~1.102

Lateral polymerization at interfaces produces nanosheets and in some cases mono-
layers (the thickness of a single molecule). The gentle transfer is thought to only
marginally alter the intrinsic electrical conductivity. This is of paramount impor-
tance in view of their application to electronic and optoelectronic purposes.?®: 103-106
The first interfacial synthesis of a m-conjugated organometallic nanosheets was re-
ported by Kambe et al.' The polymer comprised nickel bis(diothiolene) units
which were formed by a coordination reaction between benzenchexathiol molecules
and nickel(II) acetate. The planar and three-fold symmetric configuration of the lig-
and alongside with its multi-chelating character drive the organization of the units
leading to a sixfold symmetry. Additionally, Ni ions adopts a d® electronic con-
figuration with, as the more favourable configuration, square-planar coordination.
The strong charge delocalization among the metaldithiolene rings results in a well-
developed m-conjugation.

Two routes were explored, one synthesis at air/liquid interface and another one at
liquid /liquid interface. In the former synthesis, the benzenehexathiol is dissolved in
an organic solvent which is gently spread using a microsyringe on top of an aqueous
phase where the Ni(IT) acetate is dispersed. By this method, a nanosheet of 0.6 nm
was synthesised after 2 h of reaction at room temperature and in Ar atmosphere, in
which the organic solvent was evaporated. Then, it was transferred onto a graphite
surface (HOPG) for full characterization. An additional synthesis at liquid/liquid
interface was carried out aiming at the formation of a thicker nanosheet, hence
better suited to a comprehensive analysis of the crystallinity and composition. In
this case, the organic phase was first overlaid with pure water. The difference in
density makes that the organic phase stays in the bottom and leaving the thin
layer of pure water on top. Then, the aqueous phase which contains the ion metal
was smoothly added on top of the organic phase, allowing a calm liquid-liquid
interface. With this approach, a microsheet with ~100 pm lateral size and 1-2 pym
of thickness was obtained. The redox states for both, micro and nano-sheets, were
analysed and it was found that they can be switched from 0 to -1 by means of
chemical reduction with a sodium salt. Finally, in a two-electrode configuration,
the electrical conductivity of both systems was measured. It was found that the
as prepared micro-sheets gave a conductivity of 0.15 S cm™! at 298 K, while after
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reduction with the sodium salt, the conductivity dropped to 6.7 x 1073 S cm ™! at
the same temperature. The multivalence states (0/-1) in the microsheet contributes
to a higher conductivity.

a)

pure H20
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Ficure 2.18: a) Cartoon and picture of two-dimensional lateral graphdiyne polymer-
ization at liquid/liquid interface. Hexaethynylbenzene monomers (HEB) are dispersed
in dichloromethane (CH,Cl,) and the copper catalyst in the upper aqueous phase. b)
Chemical structure of monomer used by Bauer et al. and representation of the expected
two-dimensional organometallic network. Adapted from reference 107.

Interesting advances in the synthesis of polymer nanosheets with fully carbon-
ated back-bones have been done more recently by Matsuoka et al. A highly crys-
talline monolayer (< 3 nm) of graphdiyne was obtained by air/liquid interfacial
homocoupling reaction between, hexaethynylbenzene (HEB) (see structural model
in Figure 2.18b), catalysed by copper ions present in an aqueous phase.'” The
synthesis procedure is similar for the one shown in Figure 2.17. After 24 h the
nanosheet was invisible to the naked eye, but it was successfully transferred to var-
ious substrates for its characterization. Similarly, the synthesis of a thicker (24 nm)
graphdiyne nanosheet were accomplished at liquid/liquid interface, in the form of a
dark brown film (Figure 2.18a). Its insolubility already indicated that its back-bone
is m-conjugated. Spectroscopic characterization (X-ray photoemission spectroscopy)
confirmed the good expected crystallinity of both polymer sheets, that is required
to account for the ratio of two observed between the sp and sp? contributions to the
C 1s core level spectra. The calculated carbon/oxygen ratio for the monolayer was
0.09, lower than the 0.2 value calculated for the ticker graphdiyne sheet grown at
liquid/liquid interface. The latter in turn was in the range of values for graphdyine
grown by other methods (~ 0.2) or other carbon-based materials grown by CVD.
A low oxygen defect level is crucial for the good performance of carbon-based ma-
terials. Raman spectroscopy confirmed the presence of conjugated diyne linkages,
as well as the D and G peaks expected for graphdiyne materials.

The wide variety of materials that can be synthesized at interfaces is a good
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illustration of the versatility of lateral polymerization synthesis. As properties im-
prove, the next step is the scalability of the process. As discussed in the Section 2.1
devoted to molecular self-assembly, spontaneous molecular re-organization is of ut-
most relevance for process scalability since a low energy investment is required and
low wastes are generated. Following the same argument, the scalability of lateral
polymerization will be more favourable if bond formation is based on some spon-
taneous and reversible process. In this respect, dynamic covalent chemistry is an
interesting tool which allows the synthesis of polymeric nanosheets with robust and
stable structures in ambient conditions.

2.6.2 Dynamic covalent chemistry: a self-repairing methodology for
polymerization growth

Dynamic covalent chemistry embraces chemical reactions which are carried out un-
der thermodynamic control conditions. Covalent bonds are formed and broken, and
finally reformed continuously while the reaction progresses. Historically, organic
compounds synthesis was dominated by irreversible reactions where reactants were
designed to follow a specific reaction pathway yielding a product. The irreversible
nature ensures that once the product is formed, not further transformations will
be produced (at least under the same conditions). Reversible reactions were al-
ready shortly defined in Section 2.4.2 devoted to thermodynamic control reactions.
The products formation and proportion under thermodynamic conditions are gov-
erned by their relative stabilities (i.e. AGp >AG¢) and not by the relative barrier
activation energies of transition states (i.e. AGp* >AGc?) as it is shown in Fig-
ure 2.19a. For a dynamic reaction, the change in free energy during the reaction
must be favourable, that is a AG? negative in the following equation: AG? = AH
~ TAS? = -RTInK. Thus, control over the products can be achieved by either intro-
ducing certain features into the starter monomers which stabilize the desire product
(e.g. steric, electrostatic effects) or by driving the reaction equilibrium (following
le Chatelier’s principle in a number of external factors such as temperature, pres-
sure, concentrations, impurities, and so on) towards the formation of the desired
product.'%®

Some features are in common between dynamic covalent and supramolecular
chemistry. Both involve reversible processes and the products formation are un-
der equilibrium conditions. However, some major differences exits for instance, the
kinetics of both processes. Dynamic chemistry is generally slower than supramolec-
ular chemistry and to accelerate the process catalysts are usually employed. The use
of a catalyst gives the additional advantage to possibly adjust the reaction kinetics
towards a specific product, for instance by stopping the evolution of the system at
a given stage of the overal reaction.'?®
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FIGURE 2.19: a) Free energy profile illustrating kinetic (A — C) Vs thermodynamic (A
— B) control of the product distribution. b) Two possible types or reversible reactions.
Scheme 1 involves the formation of a new type of bond and Scheme 2 shows a direct
exchange reaction. Adapted from reference 108.

Two possible categories of reversible reactions can be considered regarding the
bond formation mechanism. The corresponding reaction schemes are shown in
Figure 2.19. Scheme 1 refers to reactions in which the formation/scission of the
reversible bond leads to the formation of a new type of bond. Usually it involves
the formation of a condensation product with loss of a small molecule (e.g. con-
densation reaction between a carboxylic acid and an alcohol leading an ester new
bond). Scheme 2 represents a direct exchange reaction where the new bond formed
is of the same type in both starting materials and products (e.g. trans-esterification
reaction; from one ester and one alcohol, different ester and alcohol products are
generated). This requires the use of a catalyst, which helps to initialise and /or speed
up the reaction. In the following, we will be focused on a specific reversible bond
chemistry based on the formation of imine covalent bonds (C=N); its characteristics
and synthesis at air/liquid and liquid/liquid interfaces.

2.6.3 Dynamic imine chemistry involved in polymerization reactions
at interface

Dynamic imine chemistry is represented by the reversible imine bond (C=N) forma-
tion, which takes place between an amine and aldehyde (Figure 2.20). It is involved
in the Schiff base condensation reactions which produce the famous Schiff’s bases
family compounds. A general Schiff condensation occurs between a carbonyl group
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(e.g. aldehyde groups) and an amino group with the loss of a water molecule. Con-
stitutionally, the products look like the structure of Schiff’s bases (Figure 2.20),
where R is an aryl group, R; is a hydrogen atom, an alkyl or an aryl group, and
Rs is an alkyl or aryl group (without H atom). The reaction is acid-catalysed, and
the equilibrium is usually controlled by removing water that forms as a by-product
(physically, in a Dean-Stark apparatus, or by adding a drying agent).'%?

Imine bond formation via Shiff base condensation reaction (" Shiffsbases )
R
R N2
2, vk <2e Y ¥
~N- + H
RTOH He"N-R, R)\H 20 R™ "H
R = aryl
aldehyde amine imine R1=H/aryl/ alkyl
@2 = aryl / alkyl )

Ficure 2.20: Imine bond formation via Schiff base condensation reaction between an
aldehyde and an amine molecule. Inside the box a general structure of Schiff’s bases is
shown. Adapted from reference 109.

The imine bond formation is special, since not all covalent bonds are capable of
being formed, broken and reformed under equilibrium control and relatively fast.
Also, the chemistry behind the imine bond allows that once the desire imine is
formed, still is possible to ‘fix’ it, by reducing the imine bond to a secondary amine
function, trapping the product in a kinetic manner. An illustration of its versatil-
ity is the wide variety of exotic molecules and complex structures that have been
synthesized in the past years (e.g. self-sorting systems, molecular motors, configu-
rational switches, MOFs, COFs, molecular cages, and so on).!0% 110

Two significant works were published almost simultaneously from Sahabudeen
et al. and Dai et al. in 2016. Both synthesised two-dimensional conjugated poly-
mers at air/water and /or liquid /liquid interfaces via dynamic imine chemistry.!!!>112
Dai et al. approach lays in the thoughtful monomer structures which facilitate the
polyimine condensation at an air/liquid interface. The targeted imine-linked two-
dimensional covalent monolayer displayed hexagonal pores, as it is shown in Fig-
ure 2.21a. The structure will be formed by linkers, composed by terephthaldehyde
molecules (1), and reticulation nodes, which will be constituted by a three-fold sym-
metric amino phenyl-benzene molecule (2). The latter also bears three hydrophobic
n-hexyl groups. Once the monomer 2 is spread on top of the liquid phase, n-hexyl
groups will stand up on the surface (i.e. pointing into the air), while all the phenyl
rings will stay in the interface. By this strategy, the triamine (2) and dialdehyde (1)
molecules will orient themselves facilitating the imine bond formation. The success
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of the interfacial reaction carried out at ambient conditions overnight was demon-
strated by Raman spectroscopy. Both, the existence of imine bonds and the absence
of end groups (aldehydes and imine ones) were evidenced. By tapping-mode AFM,
the monolayer thickness of the poylyimine structure was assessed to about 0.7 nm.

a)

Air/water
Hex interface

4(M=2H)
5 (M= Co (1))

Ficure 2.21: a) Two-dimensional synthesis of polyimine network by using tereph-
thalaldehyde (1) and 1,3,5-trihexyl-2,4,6-tris(4-aminophenyl)benzene (2) at air/water
interface under ambient conditions. Taken from reference 111 b) Two-dimensional
synthesis of polyimine network by using 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-
porphyrin (1) or 5,10,15,20-tetrakis(4-aminophenyl)-21H,23H-porphyrin-Co(II) (2) and 2,5-
dihydroxyterephthalaldehyde (3) at an air—water and water—chloroform interface, respec-
tively. Taken from reference 112.

The imine polymeric reaction designed by Sahabudeen et al. uses monomers
whose structure was designed to give superior robustness and stability to the final
polymer (and not to improve the synthesis process itself).!'? Careful choice on the
linker (2,5-dihydroxyterephthalaldehyde, (3)) and reticulation node (monomer 2)
was done (see chemical structures of monomers 1 and 2 in Figure 2.21b). Here, the
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presence of hydroxyl groups in the adjacent position with respect to the aldehyde
will introduce an additional stability trough an internal H-bond once the imine
bond will be formed. The two-dimensional monolayer network (0.7 nm thickness)
grown at an air/water interface was the size of a 4-inch wafer and presented an
outstanding mechanical robustness with a Young’s modulus of ~ 267 + 30 GPa.
This value is on the same order of graphene ones (40-1000 GPa). A proof-of-concept
validation was done on the monolayer when it was integrated in a thin-film transistor
as active semiconductive material. A mobility value of 1.3 x 1076 e¢m? V—1 §7!
was measured, confirming that the m-conjugation of the polymer was kept and the
potential of these synthetic two-dimensional polymers to be used as semiconducting
material under ambient conditions.

A parallel experiment was carried out at an liquid/liquid interface, combining
monomer 2 and 3 yielding a two-dimensional multilayer network. In this case, the
difference with respect to previous reaction is the coordination of cobalt atoms to
four nitrogen atoms of porphyrin structure, yielding a direct functionalization of
porous channels in the multilayer polymeric system. These Co—Ny sites can serve
as active sites for electrocatalytic hydrogen generation from water.

2.7 Main applications

Undoubtedly, the envisaged main application of synthetic two-dimensional materi-
als, regardless of their chemical bond nature or synthetic process is the molecular
electronics. As discussed extensively in Section 2.3, their semiconducting behaviour
and their inherent metallic conductivity are essential features for their incorporation
in optoelectronic'® M3~ and electronic devices. 03,105 107,112, 116-118 The yltrathin
nature of these semiconductors makes them resistant to short-channel effects while
having high flexibility. Besides, the surfaces of layered two-dimensional nanomate-
rials are free of dangling bond, which alleviates the surface scattering effects.

In this context, many contributions have been done by Nihishara’s group creating
functional bottom-up nanosheets, including electrically conductive nickel bis(dithiolene)
nanosheets.'%% 104 Same authors synthesised a photoactive complex nanosheet built
by dipyrrin units and zinc(IT) ions through an air/water interfacial reaction.!® The
bis(dipyrrinato)zinc(Il) complex act as a network’s linker and also presents strong
absorption in the visible and near-infrared region. The photoelectric conversion
capacity of this photoactive layer was demonstrated by decorating a transparent
SnO, working anode and its implementation in a three-electrode electrochemical
cell. Anodic current response was measured when the SnO, electrode was irradi-
ated with 500 nm light and no response was observed using light at A < 400 nm or
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A > 560 nm. With this study they demonstrated the first photofunctional bottom-
up nanosheet based on bis(dipyrrinato)zinc(IT) complex. Simultaneously, Takada
et al. reported on a electrochromic bottom-up nanosheet.'' The electrochromism
consists on the material’s colour or opacity change while applying an external volt-
age. In this work, metal complexes nanosheets comprising three-fold symmetric
terpyridine ligands and Co(II) and Fe(II) ions. Taking advantage of the fast and ro-
bust redox activity of the bis(terpyridine)metal complex units, quick and reversible
electrochromic properties of multi-layer nanosheets were demonstrated when they
acted as active layers on a device. Both, Fe(IT) and Co(II) complex nanosheet were
placed on either side of a pair of transparent indium tin oxide (ITO) electrodes and
an external voltage of + 2V was applied. By this, Fe-based nanosheet was oxi-
dized and Co-based nanosheet was reduced and a visual change in both nanosheet’s
colour happened. Then, by applying an external voltage of + 1V a reduction and a
re-oxidation of oxidized Fe-nanosheet and reduced Co-based one, respectively, took
place. By the last redox reaction, the original colours of both complex nanosheets
were recovered. This study suggests the potential application in eletrochemical
devices such as colour displays and electric paper.
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FIGURE 2.22: a) Chemical structure of three-fold dipyrrin ligand and the
bis(dipyrrinato)zinc(II) complex nanosheet. b) Typical anodic current response on irra-
diation of aSnO, modified electrode with a bis(dipyrrinato)zinc(II) complex nanosheet. c)
Structure of the electrochromic device built by bis(terpyridine)Fe(II) and Co(II) complex
nanosheets, and the operational process by applying external voltages. a), b) taken from
reference 15 and c) taken from reference 113.
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Additional advantages are offered by the possibility of a wide tailoring of their
properties, either thanks by the network’s dimensionality, or by the chemical proper-
ties included from the building blocks. Theoretical works indicated that the bandgap
of 2D COF’s can be significantly tuned by the crystalline size, and is much narrower
than their 1D polymer counterpart.''®

The different available synthetic routes and the control of their thermodynamics
and/or kinetics are essential for optimizing the quality and size of single-crystalline
domains, as we already discussed in the previous sections. Apart from their semi-
conducting behaviour or metallic conductivity, important features regarding mainly
covalent and metal organic networks have been highlighted. Their high chemi-
cal and thermal stability and their extraordinary morphological and compositional
tunability have made these materials the focus of the attention in applications
as sensing,’% 761207123 catalysis 33 112,1247126 and energy storage and/or conver-
sion,”® 1277130 among others.

Ultrathin 2D materials have been widely used as part of sensing devices for the
detection of various specific chemical or biological species (e.g. gas molecules, toxic
ions, chemical molecules and biomolecules). These systems need of high sensitivity,
selectivity and stability in a given environment as well as fast detection. The re-
sponsiveness toward incoming guest molecules, resulting in changes in their physical
and chemical properties. First selectively sensing of nitro explosives (e.g. trinitro-
phenol molecules) based on a metal organic material was reported by Nagarkar et
al.'?3 They reported that the electrostatic interactions formed between the strong
acidic proton of the trinitrophenil molecule and the specific basic sites located in the
pores, yield to an electron and energy transfer to the MOF. This produce a strong
quenching of the network fluorescence.

As it has been already mentioned in the course of this chapter, covalent and
metal organic frameworks present superior potential in absorption, gas storage and
specially in catalysis than amorphous porous materials. The first example of de-
sign, synthesis, and application of an imine-linked COF material for catalysis was
reported by Ding ef al.?® As in other solid catalysts the imine-linked COF designed
by the authors showed the main characteristics that a good catalyst material must
present; high stability to thermal treatments, water and most of organic solvents,
and the incorporation of catalytic active sites in its structure. Previously, it was
demonstrated that the nitrogen atoms which are part of the imine-bonds are will-
ing to coordinate with a variety of metal ions. Accordingly, a specific arrangement
of ligands was expected whereby eclipsed nitrogen atoms of adjacent layers were
disposed ~3.7 A far away. Then, the structure was functionalized by a palladium-
complex (Pd(OAc),) which can takes part catalysing the Suzuki-Miyaura coupling
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reaction, an important reaction for the formation of C—C bonds. The excellent cat-
alytic activity of imine-based Pd-functinalized COF was demonstrated by the broad
scope of the reactants and the excellent yields (96-98%) of the reaction products,
together with the high stability and easy recyclability of the catalyst.

Much effort has been employed also on the applications of highly-porous materials
in electrochemistry, mainly focused on clean energy applications, including hydro-
gen production and storage, fuel cells, lithium-based batteries and solar cells. The
metal ions present on the structure of these materials can act as an active redox
sites for electrochemical processes. When these materials are employed for lithium
batteries purposes, they take care of the lithium-ion immobilization and store inside
of their permanent pores. Li storage occurs through reversible conversion reactions
in which the metal centrer of the original MOF structure is exchange by Li-ions.
Upon de-lithiation the lithium formated MOF comes back to the original state. This
process is what allows the long-term cyclability of the structure. Saravanan et al.
investigated the performance of a family of transition metal COF which exhibited
a high reversible capacity of 560 mA h g=! for more than 60 cycles at 60 mA g=!.!3!
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Most relevant aspects of each experimental technique and theoretical
methods used during the thesis will be addressed in this chapter. It is
divided into two parts. Section 3.1 encompasses the ultra high vacuum
methods and theoretical calculations associated to the study of absorbed
molecules on copper surface that is described in chapter 4. Section 3.2
contains a brief summary of the experimental techniques employed in the
study of the suspended polymer nanosheet synthesised at a liquid/liquid

interface, which is detailed in chapter 5.
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3.1 Ultra-high vacuum (UHV) techniques

Ultrahigh vacuum technology is at the heart of modern surface science methodolo-
gies. It provides a framework for high sensitivity and resolution characterizations of
ultra-clean samples. Surface science techniques are, to a large extent and at least as
regards the present work, largely established. They are implemented in laboratory
facilities and at synchrotron sources.

We can classify surface science experimental techniques into three main families
with different scope and very complementary capabilities: microscopies, spectro-
scopies and interference-based techniques.

Microscopy techniques provide information on the lattice structure, morphology,
and topography of surfaces and small objects deposited on them. In some cases
they give additional local spectroscopic information. Extremely high spatial and
sometimes energy resolution can be obtained with these techniques, yet the inter-
pretation of the data can be complicated by the concomitant expression of several
effects or by the interaction of the microscopic probe with the sample.

Spectroscopy techniques give information about the electronic, vibrational, or
magnetic properties of the sample, in some cases with chemical sensitivity. They
can, for instance, help to elucidate the conformal adsorption of molecules on a
surface. The information is generally averaged at a macroscopic scale, which com-
plicates the analysis, and often somewhat conductive samples are required. Syn-
chrotron radiation is sometimes employed to achieve high energy resolution analysis.

Interference-based techniques exploit the ondulatory behaviour of electrons or
photons to characterise the local or long-range structure and chemical compositions
of a sample. We disregard this class of techniques in the following, since we have
only marginally used them in the course of our work.

A combination of different techniques among the aforementioned families will give
us a complementary information allowing a comprehensive analysis of the samples
we have prepared.

3.1.1 Experimental set-ups

A large part of our work has been performed in ultra-clean conditions, using well-
defined metal surfaces and deposition of molecules controlled at a level well below
one molecular layer. Three different UHV set-ups have been employed.
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FicURE 3.1: Multi-purpose UHV system at Néel Institute. It encompasses four chambers
(STM, analysis, growth and analysis and PLD chambers) connected by a tunnel also under
UHV conditions. Samples are introduced via a load-lock system which is connected to the
tunnel.

Part of the experiments that make up this thesis have been done in the multi-
purpose UHV system located at Néel Institute (Grenoble). Tt is composed by four
ULV chambers connected between them by a tunnel also held under ultra high
vacuum conditions (Figure 3.1). This system is equipped with a room-temperature
Omicron scanning tunneling microscope (RT-STM), which is isolated in one of the
four chambers and works in a base pressure in the low 10~!' mbar range. The main
chamber where both, growth and analysis can be performed, is equipped with metal
Tectra dual electro beam and molecular Kentax two-cell evaporators, an Ar' ion
sputtering gun, for surface preparation. It also has a REG-30 Electron Devices re-
flection high-energy electron diffraction (RHEED) system which provides structural
surface information, a quadrupole mass spectrometer that analyses the composition
of the residual gases in vacuum, an a quartz microbalance measuring deposition
rates and a variable temperature sample manipulator with a working temperature
range from 100 to 1000 K. The base pressure of this chamber is 5x107!Y mbar. The
analysis and the PLD (pulsed laser deposition) chambers have been used sporadi-
cally during this work, mainly for storage, surface preparation and analysis purposes.

Two 3-week measurement campaigns have also been done at the ESISNA group
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of the Materials Science Institute of Madrid (ICMM-CSIC), in close collaboration
with Dr. Carlos Sanchez-Sanchez and Prof. José Angel Martin-Gago The UHV
system used during these experiments (Figure 3.2),presents a home-made molec-
ular evaporator which was employed for depositing the desired molecules onto an
atomically-clean sample held on a heating stage (273-873 K). The main characteriza-
tion techniques employed in this chamber were a variable-temperature Flow-cryostat
STM from SIGMA Surface Science, for scanning the surface samples, and a low-
energy electron-diffraction (LEED) Scienta Omicron system, for checking surface
cleanliness before the molecular deposits.

1 1/ | Mass spectrometer
Low- energy electron| ~
diffraction (LEED)
3 3 m_[ E_

Ficure 3.2: UHV chamber at ICMM-CSIC, equipped with variable-temperature STM,
LEED and mass spectrometer for quality vacuum control. It is also equipped with a home-
made molecular evaporator.

Complementary characterization with X-ray photoemission spectroscopy (XPS)
and Near-edge X-ray absorption fine structure (NEXAFS) techniques was performed
in the framework of a collaboration. These measurements were carried out in the
UHYV system located at ALOISA-beamline of Elletra synchrotron facility (Trieste,
Italy) by Prof. Martin-Gago and supported by Dr. Luca Floreano, Dr. Alberto
Verdini and Dr. Albano Cossaro.
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3.1 Ultra-high vacuum (UHV) techniques

3.1.2 Substrate preparation

For our experiments, we have used a copper single crystal substrate (purchased at
SPL), with (111) orientation and 99.9999% purity. When a sample is introduced
for the first time into a UHV system, it is first degassed by moderate annealing
during few hours (actually, until the pressure of the systems gets down to the low
10~% mbar range).

Surface cleaning

After this degassing step, the surface of the sample is prepared aiming at the lowest
possible amount of contaminants on the surface and the largest possible atomically-
high flat terraces. The sputtering step consists in the bombardment of the surface
substrate by accelerated Ar' ions. Then, an annealing process is needed to let the
surface atoms reorganize in its most stable reconstruction. The acceleration voltage,
temperature and time parameters employed for the surface preparation must be
adjusted to each UHV chamber and substrate, so no universal recipes exist. In
order to optimize the cleaning protocol, diffraction techniques (RHEED and LEED)
together with STM measurements are usually employed. Sharp diffraction patterns
free of parasitic phases are sought for. Then, STM images showing > 100 nm-wide
terraces, with no or few surface pollution is the final criterion to decide whether
the surface quality is acceptable for further experiments. The preparation recipes
of Cu(111) single crystal employed in the UHV system at Néel Institute consists in:

1. Surface bombardment with Ar" with 0.8 keV ion energy for 30 min with an
ion current of typically 23 mA.

2. Annealing up to 620 K-670 K for 10 min.

The monitoring of the surface temperature was done with a Keller infra-red py-
rometer, with emissivity set to 0.1. For the preparation of the copper substrate
is essential to do not overcome the maximum temperature of 670 K since sulphur
atoms, which typically are hosted in the bulk, would otherwise migrate to the sur-
face. These absorbed ad-atoms can be easily recognized in STM by the presence of
‘dark-holes’ decorating the surface.

The surface cleaning process described above will be necessary every time be-
fore any (organic/inorganic material) deposit. More than one combined sputter-
ing/annealing cycle is required if the single crystal has not been used for a while,
even if it has been stored under vacuum.
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Organic molecules deposition

Three molecular evaporators have been used during our experiments. A commer-
cial Kentax two-cell evaporator designed especially for materials with a maximum
sublimation temperature of 923 K at Néel Institute and a couple of home-made evap-
orators based on tantalum envelopes at [CMM-CSIC and at the ALOISA beamline.
The evaporators employed in most experiments are shown in Figure 3.3.

Ficure 3.3: a) Commercial Kentax two-cell evaporator used at Néel Institute and b)
home-made evaporator based on tantalum envelope spot-welded to two stainless steel rods
used in ICMM-CSIC.

The Kentax evaporator has two cell-pockets where low thermal capacity crucibles
(i.e. made by quartz) are inserted (Figure 3.3a). Two different organic molecules
can be loaded in the UHV chamber simultaneously, and be deposited selectively
thanks to a specific power supply which controls the heating of the pockets. For
a simultaneous molecular evaporation, two power supplies are needed. Induction
heating is done by tungsten coils which enclose the quartz crucibles. In our sys-
tem, the heating temperature is regulated by a controller in the power supply which
tunes the current applied to the tungsten coils. Even though the two cells of the
evaporator have independent tungsten coils, both crucibles are cooled down using
water during operation, so that the unusued cell is not heated by the neighboring
coils. The home-made evaporator, shown in Figure 3.3b, is made of a tantalum
envelope where the powder to deposit is loaded. It is spot-welded to two stainless
steel rods fixed to a feedthrough. Also a K-type thermocouple is spot-welded to the
tantalum envelope to measure the evaporation temperature. The envelope is heated
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3.1 Ultra-high vacuum (UHV) techniques

by circulating a current through it (typically from 5 to 13 A).

Just like any new element introduced for the first time in the UHV chambers,
the evaporator and the molecular powder need to be degassed prior to use. The
molecular evaporator installed at Néel Institute is naturally baked out after every
opening of the chamber to the air. This bake-out consists on the external heating
of the evaporator through heating tapes while the pumps are working. With this
procedure, most pollution adsorbed on the elements installed in the chamber and in
the walls are desorbed and pumped out of the system. Additionally, the evaporator
is equipped by internal heating heads (enclosing the tungsten coils) which allow to
make a local bake out. This process should be applied several hours (or overnight)
and it is followed by the degassing of the molecular powder. The latter consists in
progressively heating the powder allowing the airborne species and residual chem-
ical traces from chemical synthesis reaction and purification to be removed before
the evaporation of the organic molecules. This step is crucial since the cleanest
molecular deposit is necessary.

The evaporation protocol is slightly different whether the evaporation tempera-
ture is known or not. If the evaporation temperature is known, because of previous
molecular calibration on the system or because the molecule is well-known, the pow-
der is gently heated up respecting always the maximum upper pressure limit in the
chamber of 10~ mbar. Once the powder reaches its evaporation temperature, the
degassing lasts until the pressure of the chamber downs to 5x10~% mbar. As from
this minimal pressure value, the molecules are decently clean and first attempts for
their deposition on the desired substrate can be made. When new organic molecules
are handled, this process is not as straightforward since the evaporation tempera-
ture is not known, and even more critically, their degradation temperature either (it
may be close to the evaporation temperature). In this case, the pressure monitor-
ing is essential since it can help us to detect when the molecules start evaporating.
However, the most useful and efficient way to: i) find the evaporation temperature
of the molecule and ii) degass the molecular powder, is to follow the deposition rate
by using a quartz microbalance located in face of the evaporator outlet. This con-
figuration is shown in Figure 3.4. A rate of 1 A /min was sufficient and convenient
in our experiments.

At ICMM-CSIC, the evaporator degassing is done exclusively by external heat-
ing tapes when the evaporator is introduced in the chamber, and the protocol for
degassing the molecular powder is the same as explained before. In fact, the config-
uration shown in Figure 3.4 is the one used during the two measurement campaigns

at ICMM.
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FiGURE 3.4: Picture of the configuration adopted at ICMM-CISC for controlling the
evaporation rate. The molecular evaporator is installed in front of the quartz microbalance
at a distance of 10-12 cm.

The next step is the deposition of the molecules onto the desired surface, in our
case, on Cu(111) single crystal freshly and atomically cleaned. In Figure 3.5, the
deposition configurations employed at Néel Institute and at ICMM-CSIC laboratory
are shown. In both cases the evaporation rate was calibrated by means of STM,
whereas at ALOISA beamline, this was achieved by quartz microbalance since no
access to a STM system was possible. During the deposition process, the distance
between the evaporator’s head and the substrate is crucial, since the flux density
decreases with the square of the distance from the source. A large evaporator-
substrate distance was in fact one of the difficulties found during the experiments
done at Néel Institute since the working distance of our set-up was out of the recom-
mended values of 8-12 cm. To overcome this issue, the temperature evaporation or
the exposition time can be increased, rising in both cases the molecular dose which
arrives at the surface.

During this thesis we have deposited the 2,3,6,7,10,11-hexahydroxy-triphenylene
molecule on Cu(111). It evaporates at 540 K and the average pressure during the
deposition was ~2x107? mbar. More details about its structure, purification pro-
cess and its interest as a molecular building blocks for polymer synthesis is given in
chapter 4.
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Ficure 3.5: Pictures of deposition configuration used at a) Néel Institute and b) ICMM-
CSIC laboratory (where the molecular evaporator head is out of the image and the pair of
arrows mark the virtual molecular flux direction).

3.1.3 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy is one of the practical applications of quantum me-
chanics. Invented by G. Binnig and H. Rohrer while working for IBM research labo-
ratory in Ziirich (Switzerland) in 1982,'32:133 this instrument revolutionized surface
science. An elementary introduction to this technique is given in the following, and
further information can be found in dedicated books and reviews.'3%:13

Working principle

The working principle of the scanning tunneling microscopy technique is based on
the quantum tunneling effect. From a classical point of view, the tunneling effect
could be compared with throwing a ball against a wall expecting a non-zero proba-
bility to find the ball beyond the wall. This probability is of course zero in a classical
world, and the only way the ball can be found on the other part of the wall is to give
it sufficient kinetic energy to cross the (gravitational) potential energy barrier rep-
resented by the height of the wall. In a quantum world, the wall is now a potential
barrier and the ball an electron. From the same principle as in the classical theory,
we could think that the electron can not pass over the potential barrier if its energy
is lower than the potential energy or the barrier. However, owing to the wave nature
of the electron, there is a non-zero probability that the electron passes through the
potential barrier to the other side, by tunneling effect. A pictorial representation of
it is shown in Figure 3.6.
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Ficure 3.6: The difference between classical theory and quantum theory, illustrating
tunneling through a potential barrier. Taken from reference 134.

The electron tunneling probability can be calculated for instance in the case of
a one-dimensional potential barrier using the time-independent wave functions as
a solution of the time-independent Schrédinger equation for the electron. A more
advanced treatment, relying on Bardeen’s tunnel current formalism, is often used
to describe the tunnel junction.!3® It states that the current tunneling between
two conductors separated by a thin insulator can be described by considering the
overlap of the tip and sample wave functions. This current depends exponentially
on the tip-sample distance, d:

2mg

= (3.1.1)

I} x exp(—2kd), with k =

with m the electron free mass, and ¢ the work function of the tip and sample (for
simplicity the work functions of the tip and of the sample are assumed to be equal).
In fact, is this strong (exponential) dependence of the current tunneling with the
tip-surface distance, that makes STM so sensitive and extremely interesting for high
(lateral and height) spacial resolution, in the order of tenths of an angstrom.
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3.1 Ultra-high vacuum (UHV) techniques

Experimental set-up

From the experimental point of view the probe tip, which is often made of W or of a
Ir /Pt alloy, scans the metallic surface separated by some angstroms. As it is shown
in Figure 3.7, the tip is attached to a piezodrive stage, which consists of three dif-
ferent piezoelectric transducers (one for each direction, x, y and z). Upon applying
a voltage, the transducers expand or retract, allowing the smooth movement of the
tip on the surface. In these conditions the tip and sample wave functions overlap,
and by applying a bias voltage a tunneling current is generated, as it is deduced
from equation 3.1.1. This current is converted to a voltage by the current amplifier,
which is compared with the reference value. The difference is used to drive the z
piezoelectric: if the tunneling current is larger than the value of reference, a voltage
applied to this piezo tends to withdraw the tip from the sample surface, and vice
versa. The tip scans the surface in the xy plane, so a two-dimensional plot with
equilibrium z values is performed and stored in the computer.

Computer
z-value

Feedback :I

amplifier

Image display

Current
amplifier

lt= 0.05-30nA
Vp =+0.01-10V
X=
Current setpoint Y=

Z=

Coarse positioning

Scan output

FiGURE 3.7: Schematic representation of the STM system, showing the measurement cycle
working. Reproduced and adapted from reference 137.

With this description it may seem that an STM image only represents the sur-
face topography. Nevertheless, the measured topography may sometimes be only
(or partly) apparent. The overlap of the tip and surface wave functions is indeed
directly related to the density of states of the tip-sample system. This means that
the STM images are a convolution of both, the surface topography and the local
density of states (LDOS) of the system, making the STM image interpretation by
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no means straightforward.

The STM measurements presented in this thesis have been carried out in two
different set-up:

— A commercial room-temperature STM: Omicron UHV-STM 1, with an elec-
trochemically etched tungsten tips at Néel Institute.

— A commercial low temperature STM: Flow-cryostat STM from SIGMA Sur-
face Science. The images were acquired at a temperature of 79 K, with an
electrochemically etched tungsten tip at ICMM-CSIC.

The measurements were performed in constant current mode and the bias was
always applied to the sample (i.e. for positive bias, the tunneling current flowed
from the tip to the sample). The images were represented and filtered with the
Gwyddion software.

3.1.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS) is an electronic spectroscopy based on the
photoelectric effect (discovered by H. Hertz in 1887) and it consists in analysing the
energy of the emitted photelectrons, whose kinetic energy is directly measurable.
It is a surface sensitive technique, since it probes a sample depth between 5-20 A.
Some basic working principles are detailed in this section and further information
can be found in specialized books.!38:139

Working principle

This technique employs photons as incident irradiation and depending on their
energy, valence bands or core-level states can be probed. For the former regime a
lower incident energy is required, so photons in the UV-Vis region can be employed—
this is the domain of ultraviolet photoemission spectroscopy (UPS). In order to gain
access to the sample’s core-levels a more energetic incident radiation is required, and
X-ray photons are employed, giving the name to the technique (XPS).

The diagram shown in Figure 3.8 illustrates the photoelectric effect process. Dur-
ing the sample irradiation with a photon beam (hv), a fraction of incident photons
is absorbed. When the incident radiation is higher than the ionization threshold,
electrons from the atomic core-levels can be promoted into the vacuum (overcoming
the material’s work function, ®), with a specific kinetic energy (Eg). Since the
binding energy (Eg) of these electrons depends on the chemical element and the
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Ficure 3.8: Schematic representation of the photoelectric effect. The photon irradiation
of an atom in equilibrium with energy above the ionization potential can eject an electron
from a core-level state. The difference between the incident energy (hv) and the binding
energy related to the photoelectron (Eg), and the materials’ work function (¢) is repre-
sented by the kinetic energy (E) of the detected electron. Reproduced and adapted from
reference 140.

core-level which it comes from, and the chemical environment which surrounds the
atom, it is considered as a footprint of the ejected electrons. So, the difference
between the energy of the incident radiation, the material’s work function and the
binding energy of the detected electron is its kinetic energy:

Ex =hv—®— Ep (3.1.2)

An XPS experiment consists in counting the number of detected photoelectrons as
a function of their kinetic energy. The XPS experiments are done at different energy
regions depending on the element and the core-level we want to probe. For a more
efficient excitation process, monochromatic and intense X-ray radiation is desirable,
so high-resolution XPS measurements are commonly acquired in synchrotron facili-
ties. The photon flux is indeed orders of magnitude higher at synchrotron facilities
than it is with lab-scale X-ray sources. Also, synchrotron radiation presents great
level of polarization (linear, elliptical or circular), high collimation (i.e. small angu-
lar divergence of the beam) and wide tunnability in energy by monochromatization
(around some meV).

It is noteworthy that considerable attention has been taken to try to understand
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the origin of core electron binding energy shifts (or chemical shifts) in photoemission
spectroscopy. In general terms, this origin is @ prior: quite simple: the molecular
charge redistribution of the system. However, it is exactly what makes its under-
standing and study complicated. The photoelectron’s binding energy is based on
the element’s final state configuration, which consists on the core-hole created by
the photoelectric effect and the surrounding electrons in their initial orbitals. It
exists many final state effects which are connected to these chemical shifts, which in
turn, have direct consequences on the XPS resolution (since it affects to electronic
lifetimes). Some details will be given here, based on the exhaustive study done
in reference 138. Among the most common effects are the charge redistributions
induced by electronegativity differences between elements, spin orbit splitting of
electronic levels which produces the multiplet splitting of the XPS peaks, and multi-
electron excitations during the photoemission process, which can produce shake-up
or shake-off effects and so, additional peaks. Another effect has a strong, sometimes
prominent influence: the relaxation effect. It consists in the rearrangement of the
electrons around the K-hole which is just created. This effect must not carry large
spatial changes in the molecular orbital, but its influence on the binding energy can
be important. Additionally, in the case of the substrate, Fermi level electrons can
compensate the hole-core just created, which is known as the screening effect.

Experimental set-up

The X-ray photoemission spectroscopy (XPS) experiments were performed at the
ALOISA beamline, at Elettra synchrotron (Trieste-Italy)'*! by Prof. Martin-Gago
with the support of the local researchers. Three different phases have been analysed
by in situ XPS: a multilayer phase of the HHTP molecules on Cu(111) substrate, a
sub-monolayer phase of molecules just after being deposited at room temperature
and a sub-monolayer deposit after an annealing at 530 K. The XPS spectra were
recorded at the C 1s, O 1s and Cu 3p core-level regions for all phases and the pho-
ton energies used for the XPS high-resolution spectra were 650 eV for O 1s region
and 400 eV for C 1s one. Absolute energy calibration was obtained by simultane-
ous acquisition of the drain current of the last refocusing mirror (Au coated). By
this process, the measured XPS spectra were normalized, at first instances, for any
fast fluctuations of the synchrotron beam. All spectra have been analysed by least-
squares fits to obtain more details about the chemical states at each phase. We have
used Voigt functions with fixed full width half maximum values for the Lorentzian
components of 0.2 eV for C 1s and 0.3 eV for O 1s core-levels, respectively. The
refined values of the full width half maximum for the Gaussian component of the
Voigt functions used were in the range of 0.5-1.2 eV. A Shirley-type background has
been considered and removed and all spectra have been calibrated with respect to
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the Cu 3p reference-peak located at 75.1 eV. Also, the spectral intensities of sub-
monolayer deposits (before and after annealing) have been normalized with respect
to the intensity of the Cu 3p peak. For fitting the data, we used a code written for
Igor (developed by Francesco Bruno, ALOISA beamline, Laboratorio TASC, CNR-
IOM).

3.1.5 Near edge X-ray absorption fine structure (NEXAFS)

When performed with soft X-rays and with specific detection schemes near edge X-
ray absorption fine structure is a surface sensitive technique which is considered an
inner-shell spectroscopy since incident X-ray radiation interacts primary with deep-
core electrons rather than valence ones. Main characteristics will be summarized
here on the basis on some reviews and books.!42 143

Working principle

When a sample is irradiated with X-ray (hv energy) photons, different process can
take place:

1. If hv > ionization potential, photoelectrons can be emitted, and for instance
an XPS experiment can be performed.

2. If hv < ionization potential, absorption may occur.

3. If hv < ionization potential, then no absorption is possible.

In a NEXAFS experiment, during an absorption process (case 2 listed above),
core-level electrons are promoted into the unoccupied or available states above the
Fermi level (Figure 3.9).

In this excited state, a core-hole is created, which can be filled by de-excitation
of other core-level electron. This de-excitation process can be accompanied by a
photon release (fluorescence emission) or by the ejection of a third electron from
the core-level (Auger process). The photoemission cross-section for elements with
7< 90 is much higher for Auger process than for fluorescence. Taking advantage
of this, the NEXAFS technique monitors the kinetic energy of the Auger electrons
which are ejected from the sample.

NEXAFS is an element-specific technique, and informs on the unoccupied elec-
tronic states of the probed element. When the incident photon energy reaches the
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Ficure 3.9: Schematic representation of the steps involved in the absorption process
during a NEXAFS experiment. On the left, the target atom, in its ground state, is irradiated
with X-ray photons, and one core level electron is excited to an unoccupied state (middle
diagram). The atom can be de-excited through a radiative process (fluorescence) or through
a non-radiative process (ejection of an Auger electron). In NEXAFS, the kinetic energy of
the latter electrons are monitored.

absorption edge of the element, a specific transition between a core-level and a un-
occupied state occurs which is apparent in the NEXAFS spectra as a peak.

There are three different modes of recording NEXAFS, depending on the kinetic
energy (Fk) of the Auger electrons:

— Auger yield. Only Auger electrons of a certain Ex are monitored (there is a
risk of loss of information).

— Partial yield. All electrons beyond certain Ex are monitored (the background
level is higher due to inelastic processes, but less information is lost).

— Total yield. All the electrons, whatever their Ek, are monitored (quite com-
plex spectra, since a lot of information is recorded).

NEXAFS spectra of organic compounds are composed by two different regions:
i) the 7* region, which appears at lower photon energy (Ep,) values and comprises
information on the transitions of core-level electrons to m character orbitals, ii) the
o* region, which appears at higher photon energies and includes information on the
transitions of core-level electrons to o character orbitals. Remarkable observations
can be done from NEXAFS chemical shift of a specific K-shell region since the
electronic transitions are sensitive to electronic charge transfers (from the surface
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to the molecular species or wvice versa), charge reorganization or re-hybridization
of the molecule upon absorption on metal surfaces or simply to molecule-substrate
interactions.

Moreover, due to the strong directionality of the molecular orbitals, the geometry
of the system (i.e. angular orientation of absorbed species on the surface) can be
analysed by using different polarizations of the X-ray beam. The resonance gen-
erated by the interaction corresponding to the electric field corresponding to the
incident radiation and, for instance, the orientation of a given molecular orbital
varies like the dot product of the two vectorial quantities. As it is shown in Fig-
ure 3.10 (upper panel) perpendicular polarized light (or ‘p’ polarized) is expected
to present a maximum resonance with molecular orbitals which are perpendicular
to the surface. In this case, a maximum value of the dot product, hence a peak in
the spectra, is obtained for electronic transitions involving 7 out-of-plane orbitals.
In this configuration, no contribution of in-plane orbitals will appear in the spectra,
since it corresponds to a zero value for the dot product. Conversely, probing the
sample with parallel polarized light (or ‘s’ polarized) will present a maximum reso-
nance with in-plane or parallel molecular orbitals, yielding a maximum absorption
response whereas perpendicular molecular orbitals will not be probed.
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Ficure 3.10: Schematic representation of the benzene molecular orbitals, indicating their
geometry (left part) and NEXAFS spectra obtained for benzene deposited on Ag(110) (right
part), by using p-polarized light (upper panel) and s-polarized light (lower panel). Taken
from reference 144.
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Experimental set-up

Similarly to the XPS experiments, NEXAFS measurements were performed at the
ALOISA beamline at Elettra synchrotron in Trieste.'*! The analysis was done in
only two out of three samples (in multilayer and in sub-monolayer samples before
annealing) due to a beam interruption which prevented the analysis of the third
sample. Polarization-dependence NEXAFS measurements were performed at O
and C K-shell ionization thresholds in partial electron yield by means of a full
aperture detector (channeltron) in front of the sample with an electrostatic high-
pass-filter set to -200 V in order to reject secondary electrons. NEXAFS spectra
were acquired in transverse electric (or s-polarization) and transverse magnetic (or
quasi p-polarization) polarization by rotating the sample around the photon beam
axis while keeping the grazing angle fixed to 6°.

3.1.6 Density functional theoretical calculations

Density functional theoretical (DFT) calculations have been used for the last decades
for quantum mechanical simulation of the structure, electronic, and magnetic prop-
erties. Here, the basic concepts underlying of this theory are summarized, based on
the reference 145.

Fundamental basis

For the ground state energy calculation of a collection of atoms, the time-dependent,
non-relativistic, Born-Oppenheimer approximated Schrédinger equation (ﬁ U =
EW) is solved. H is the Hamiltonian operator, ¥ corresponds to the wave func-
tion of the described system and E corresponds to its associated ground state total
energy. The Hamiltonian operator consists of a sum of operators which correspond
to the kinetic and the potential energies of the system and can be expressed as
follows:

. . . R . .
H:T+V:%v2+vext+v;_e (3.1.3)

where the T is the kinetic energy of the system, the Vext corresponds to the external
potential and the electrons-nuclei interactions in a solid, and Ve_ corresponds to the
electron-electron interaction.

The direct resolution of the Schrédinger equation implies the determination of
the 3N dimensional wavefunctions of the system. This task has a high computa-
tional cost requiring a flexible description of the wavefunction’s spatial variation.
This is all the more critical as complex systems, such as molecules on surfaces are
considered.
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A solution to limit the computational cost is to exploit the fact that all terms of
the Schrodinger equation are functionals of the charge density (p) of the system, so
that the energy functional can be defined as follows:

Elp] = T[p] + Vext[p] + Ve-e[p] (3.1.4)

The external potential encompasses ion-electron interactions and can be com-
puted within the Born-Oppenheimer approximation. However, the kinetic energy
and e-e- interaction potential terms are unknown and estimating them requires
approximations. In this respect, Kohn and Sham proposed the introduction of a
fictitious system of N non-interacting electrons in order to describe the kinetic en-
ergy. Now, instead of building the system with wavefunctions they propose to do it
in terms of one-electron orbitals (¢;). Also, the e-e potential energy term was pro-
posed to be calculated in terms of classical Coulomb interaction, or Hartree energy.
Nevertheless, these assumptions carry some errors which must be included in the
total energy calculation, under the form of the exchange-correlation functional term
(Exc). Assuming these approximations and the correction term in equation 3.1.4,
the total energy functional is now defined as:

Elp] = Ts[p] + Vexs[p] + Vi [p] + Exc|p] (3.1.5)

where, Exe[o] = (T[o] + T[o]) + (Veo[o] — Vitlp).

One of the major difficulties is to calculate the exchange-correlation term. Addi-
tional approximations are necessary for this purpose. One of these approximations is
the local density approximation (LDA) which assumes a homogeneous electron gas
where the electron density depends on the position p(r). Now, the exchange correla-
tion term is a function of only the local value of the density. However, this method
is only relevant for very homogeneous systems and in general, underestimates the
interatomic distances and overestimates the binding energies. In this sense, the
generalised gradient approximation (GGA) gives a more accurate binding energy
values since it describes the exchanges correlation term in terms of local value of
the density and its variation (or gradient) with the position. This approximation is
more suitable for inhomogeneous systems and popularized density functional theory
calculations in condensed matter physics and chemistry.

Theoretical methods and structure modelling

Calculations shown in chapter 4 have been performed in the framework of density
functional theory by Dr. José Ignacio Martinez, from ESISNA group of ICMM-
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CSIC (Madrid-Spain). In a first step, we have carried out a preliminary DFT anal-
ysis of the HHTP molecules in different dehydrogenation steps of its terminating
OH groups: 1) pristine (no OH group dehydrogenated), ii) with three alternat-
ing dehydrogenated terminating OH groups, and iii) with all the OH molecular
groups dehydrogenated, in order to obtain reasonable starting point geometries.
We have obtained optimized molecular structures using the GAUSSIAN09 code'*6
within the B3LYP /cc-pVTZ level of theory implemented in periodic boundary con-
ditions. 147149

On the basis of the preliminary optimized molecular structures we have con-
structed the different interfacial models described in this study: dilute phases of the
HHTP molecule on the Cu(111) surface in its three dehydrogenation steps, in differ-
ent supramolecular organizations and in the case of defect structures involving Cu
adatoms. We have fully optimized a large battery of all these starting points (study-
ing all the non-equivalent on-surface locations and orientations) with the QUAN-
TUM EXPRESSO plane-wave DFT code.'™ We have carried out simultaneous full
lattice/cell and structure optimizations for the different interfacial configurations.
The calculations account for an empirical efficient vdW R-6 correction (DFT+D2
method'®!) to include dispersion forces (van der Waals). We have used the GGA-
PBE functional to account for the exchange-correlation (Eexc) effects.'®? Ultrasoft
pseudopotentials have been used to model the ion-electron interaction within the
H, C, O and Cu atoms.'®®?* The Brillouin zones have been sampled by means of
optimal Monkhorst-Pack grids.'® The one-electron wave-functions are expanded in
a basis of plane-waves with an energy cut-off of 450 eV for the kinetic energy, which
has been adjusted to achieve sufficient accuracy to guarantee a full convergence
in total energy and electronic density. All the atomic relaxations were carried out
within a conjugate gradient minimization scheme until the maximum force acting on
any atoms was below 0.05 eV A1, Cell-shape/size relaxations have been carried out
with two different algorithms: a damped dynamics and a bfgs-like relaxation.'?6-158
These different approaches, tested for different interfacial configurations, provide
very similar results for cell-shape and lattice parameters, as well as similar frequen-
cies for the internal vibrations and for the cell oscillations.

The Cu(111) surface was modelled in a repeated slab geometry: (i) a slab of four
physical Cu(111) layers with a minimum distance of about 20 A of vacuum between
neighbouring cells along the axis perpendicular to the surface; as well as (ii) full
periodic boundary conditions representing an infinite Cu(111) surface. For the full
geometry optimizations only the two bottom Cu physical layers were kept fixed.
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3.2 Polymer nanosheet characterization

The characterization techniques employed for the analysis of the morphology, struc-
ture and bond formation of the polymer nanosheet are summarized in this section.
The associated results and the synthesis protocol are detailed in chapter 5.

3.2.1 Optical microscopy and ultra violet-visible spectroscopy

Ultra violet-visible (UV-Vis) spectroscopy is widely used for structure resolution
of organic compounds, in combination with other techniques such us infrared spec-
troscopy or magnetic nuclear resonance. It studies the absorption of electromagnetic
radiation between 190 nm to 400 nm (UV region) and between 400 nm to 800 nm
(Vis region). Photon absorption promotes electrons from an occupied molecular
orbital (o or 7 character) to an unoccupied molecular orbital of greater potential
energy (o or 7* character), hence the technique allows to probe the formation of
specific bonds involving these orbitals. It commonly provides information about
m-electron systems, conjugated unsaturations, aromatic compounds and conjugated
non-bonding electron systems. UV-visible spectra were collected using an UV-Vis
Spectrophotometer Lamba 900 (PerkinElmer) apparatus. UV-Vis spectra on syn-
thesised monomers in powder as well as on thin polymer nanosheets deposited on
quartz substrates were acquired to follow the progression of the reaction. All these
experiments were performed at FEMTO-ST laboratory by Dr. Frédéric Cherioux.

Optical microscopy is the technique we have used at first instance just after the
deposition of the polymer nanosheets onto different substrates. It allowed us to
identify at a glance the products formation, their shape, distribution and more im-
portantly, it provided a way to identify different regions of interest for subsequent
analysis by other means of characterization. Optical images have been acquired in
a Zeiss microscope equipped with a digital camera “Axiocam 105 color” device, a
tungsten halogen light source, and magnifications of 2.5x, 10x and 100x. Addi-
tional optical images were taken during Raman experiments with the help of the
CDD camera coupled to the microscope that is used to perform the Raman confocal
measurements.

3.2.2 Raman spectroscopy

Raman spectroscopy is a non-destructive technique which allows to extract informa-
tion about the molecular vibrations, whose nature and existence is determined by
the symmetry of the molecule. In this thesis confocal Raman spectroscopy has been
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used to confirm the formation of new bonds upon polymerization reaction carried
out at a liquid/liquid interface.

Working principle

Raman spectroscopy is based on the inelastic scattering of light by matter upon the
exchange of energy between the incident photons and, for instance, the vibrational
energy levels of a molecule. The interest of studying the vibrational energy levels is
that they are unique for each molecule and readily susceptible to structural changes
when these molecules are part of polymer and crystals. Also, detailed information
about chemical structure and solid crystallinity can be obtained.!?97161

Raman spectroscopy experiments are nowadays performed with (relatively) in-
tense monochromatic photon sources (lasers). Most part of the light scattering
from the sample is elastic (Rayleigh). A small portion of scattered light presents
different wavelength (higher, Stokes, or lower, anti-Stokes) than the incident radi-
ation (inelastic scattering), and this is the information that is relevant in Raman
spectroscopy. In case of Stokes Raman scattering, an electron that is excited from
the ground level interacts with a vibrational level and looses energy in this process,
resulting in scattered light having lower energy than the incident one. In contrast,
during anti-Stokes Raman scattering an electron transmitted interacts with a vibra-
tional mode from which it receives energy, eventually yielding scattered light with
more energy than the incident one. Both cases are shown in Figure 3.11.

resonant resonant  — 2 —  oxcited
electronic Stokes  anti-Stokes state
state
non-resonant  non-resonant
Stokes anti-Stokes
virtual state
v v o
1 vibrational
v v states
( J
f
Rayleigh Raman fluorescence

FicuUrEe 3.11: Electronic level diagram which depicts the scattering processes involved in
Raman spectroscopy. The green and red arrows correspond to the incident and scattered
light, respectively. Figure reproduced and adapted from reference 159.
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In the same figure is also depicted the possible working modes of Raman. When
the energy of incident radiation coincides with the energy difference between actual
electronic levels in the system, the Raman scattering is resonant and more efficient,
whereas if the energy does no correspond the difference between two energy levels,
the Raman scattering is non-resonant.

One of the principal parasitic signal in Raman spectroscopy is the fluorescence.
This phenomena occurs when the excitation light presents higher energy than one
of the electronic states, being partially absorbed and re-emitted. The main differ-
ence with respect to the Raman scattering process is that the fluorescence works via
non-radiative process. The most convenient and often-used method of fluorescence
removal is ‘photobleaching’, that is, exposure of the sample to the laser beam until
the fluorescence decays (during few minutes or for extreme cases, during several
hours).

A Raman spectrum features a number of peaks, whose energy and bandwidth are
analysed. Each peak corresponds to a specific molecular bond vibration, including
individual bonds such as C-C, C=C, C=N, C-H, etc, and groups of bonds such, for
instance, involved in the benzene ring breathing mode, polymer chain vibrations or
lattice modes.

Experimental set-up

Raman spectroscopy was performed with a 532 nm Nd:YAG laser using a confo-
cal WITEC spectrometer at room temperature under ambient conditions at Néel
Institute. Also, 633 nm wavelength laser was tested to make sure that no specific
resonance of some vibration mode of the polymer nanosheet would enhance their
signal. A confocal Raman consists of a Raman spectrometer coupled to a micro-
scope with sample illumination system and light collection optics, and a CCD. This
combination allows the high magnification visualization of the sample and the Ra-
man analysis at well-chosen locations. The confocal WITEC equipment that we
have used for our Raman experiments is also equipped with a mechanical stage.
The sample is placed on it and by the precise movement of piezoelectric elements, it
is possible to move it in X, Y and Z directions. This allows to focus the laser beam
and to perform high-precision Raman acquisitions over the sample. This microscope
is also equipped with different magnification objectives 10x, 50x and 100X, which
allow to get a spatial resolution in the order of 0.5-1 pm. Scattered light from the
sample is collected by a large numerical aperture objective which is guided by a
fiber to the spectrometer which further will be dispersed by the grating. In our
setup there are 600 lines/mm grating with resolution of 3 cm~! and 1800 lines/mm
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grating with resolution of 0.5 cm™?.

3.2.3 Electron microscopies

The electron microscopes employ an accelerated electron beam as a source of il-
lumination. The wavelength of an electron beam accelerated into vacuum with
voltages of hundreds of kilovolts is hundred times smaller than the wavelength of a
light-optical microscope. This characteristic gives a higher resolving power. A brief
summary of the main characteristics of scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) will be given in this section, employing
the specialised book of the reference 162.

Transmission electron microscopy (TEM)

Transmission electron microscopy typically works with an electron beam accelerated
between 50 to 300 kV. The shrinking of the wave function at these voltages allows
the electrons to penetrate into a solid through few microns. However, to resolve the
structure in the transmission geometry, the sample needs to be thinned down to the
nanometer scale or less. In the case of a crystalline solid, the electrons can diffract
with the atomic planes of the material generating an electron diffraction pattern by
collecting the transmitted electrons. In the electron column, beam collimation is
performed with electromagnetic lenses. As already mentioned the spatial resolution
in a TEM is orders of magnitude better than in light-optical microscopy.

The TEM images and selected-area electron diffraction (SAED) pattern shown in
this thesis were measured using a CM300 TEM microscope equipped with a LaBg
thermionic emitter operated at 100 kV. These measurements were perfomed by Dr.
Martien DEN-HERTOG at Néel Institute.

Scanning electron microscopy (SEM)

Scanning electron microscopes allow imaging thicker solids on their substrates, by
collecting electrons emitted by the sample during irradiation. The incident elec-
trons promote the emission of (secondary) electrons from the sample. Collecting
these secondary electrons while the sample is scanned by an incident electron beam
produces the SEM image. The typical SEM spatial resolution is between 1 to 10 nm.

The SEM images performed on polymer suspended nanosheets were recorded by

using a Dual Beam SEM/FIB FEI Helios Nanolab 600i system and they were col-
lected at the FEMTO-ST laboratory. In order to minimize the charge effects, a low

70



3.2 Polymer nanosheet characterization

voltage of 2 kV and a low current of 43 pA were used. The secondary electrons
were detected by the TLD (Through The Lens) detector and the scanning speed
optimized to reach a compromise between the reduction of charge effects and the
preserving of a good signal-to-noise ratio.
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4 Stepwise oxidation, reorganisation,

and bonding strength of a
hexahydroxy-triphenylene on a
copper surface

In this chapter an exhaustive microscopic and spectroscopic analysis on
hezahydrozy-triphenylene molecules absorbed on Cu(111) is presented.
A controlled stepwise oxidation (i.e. a dehydrogenation of the hydrozyl
groups) of the molecule is achieved by thermal treatment, increasing its
chemical reactivity. Density functional theoretical calculations shed light
on the intermolecular and molecule-substrate interactions, confirming
a strong acceptor character of the molecule in its fully dehydrogenated
form. The chemical transformations of the molecules, concomitant to
changes in the interaction with the substrate, are found to strongly in-
fluence their self-assembly. Some of our observations suggest that the
dehydrogenated molecules coexist with close-by clusters of adatoms from
the surface.
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4.1 State of the art: hydroxy-triphenylene ligand

Since the synthesis for the first time of the triphenylene structure by the German
chemist C. Mannich in 1907,'63 several chemical approach have been developed to
functionalise it during the beginning of the last century. Considered as part of the
important molecular organic group among polycyclic hydrocarbons, the emergence
of the triphenylene family started with the synthesis of the methyl-triphenylene
derivatives by Fieser et al.'% and Bachman et al.'%® in 1939, and soon after by
the synthesis of the oxygen-based derivatives by W. S. Rapson in 1941.'%6 The
development of more accurate chemical characterization techniques stimulated a
more exhaustive analysis of these complex molecules in the following years. First
calculations of proton chemical shifts and preliminary crystallographic data are re-
ported from late 1970’s.167:168 Their planar configuration and electron-rich struc-
ture positioned triphenylene molecules as a good candidates for constructing organic
self-assembled thin films and extended networks, % while their first morphological
analysis was reported by Rabe et al. by means of scanning tunneling microscopy.'”°

Triphenylene derivatives, and in particular the 2,3,6,7,10,11 - hexahydroxytriph-
enylene (HHTP) molecule, have been attracting attention for above 20 years as
possible building blocks for molecular (opto)electronics. Noteworthy, the HHTP
molecule is a well-established building-block of so-called metal cathecolates, in
which metal ions are coordinated by the pairs of oxygen atoms of the dihydro-
genated HHTP molecule.'?? Ru(II)-hexahydroxytriphenylene based-complexes dis-
play a very strong and broad near-IR absorption, with absorption coefficients of
32000-74000 dm?® molem™, thanks to the ruthenium-to-ligand charge transfer.'”!
Additionally, the possibility of reversible interconversion between cathecolate (or
ortho-hydroxyl), semiquinone and quinone forms of the hydroxytriphenylene ligand
allows tune the absorption energy of the Ru complex over a wide range. Compounds
with high absorption in the near IR region of the spectrum are of considerable in-
terest for optical data storage, where reading and writing are performed with the
help of laser diodes, or for photodynamic therapy, taking advantage of the relative
transparency of living tissue to NIR radiation.

Extended porous crystals, based on cathecolate ligands and highly conjugated
molecules such as hexahydroxytriphenylene, in combination with transition metals
(e.g. Fe, Co, Ni, Cu, Ti, V), have received a lot of interest.'?>>17? These materials
have demonstrated high chemical and thermal stability and porosity. An important
consequence of the latter is the proton conductivity that these materials shown.
Thanks to their permanent pores, the protons may become the main charge carriers
and dominate the direct current. The most famous proton conductive polymer is
the Nafion, which presents a proton conductivity of 0.070 S cm ™! at 100% of relative
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humidity.'™ Fe-HHTP networks have shown a ultra high proton conductivity of 5.0
x 1072 S em ™! at 98% of relative humidity, which is comparable with several of the
highest performing metal-organic frameworks. One of the major properties of two-
dimensional cathecolate systems, and a reason why HHTP ligands have not ceased
to be studied in recent years, is their inherent electrical conductivity. Single-crystal
copper cathecolates has shown an electrical conductivity of 2.0 x 107' S cm™! at
room temperature, which is more than 1 order of magnitude higher than reported
values for other iodine-loaded metal-organic frameworks.'?°

Electrical conductivity of extended porous crystals depends not only on the in-
herent crystal and electronic structure, but also on defects, crystal morphology,
and the packing and orientation of crystal layers. In this context, new synthesis
approaches have emerged for the control of crystal morphology of Cu-cathecolate
films. Spray coating and layer-by-layer deposition of thin filins, are for instance
efficient already at room temperature and can be implemented onto a variety of
substrates.'?"1™ They have demonstrated to be good strategies for room temper-
ature thin film growth, accompanied by the versatility of a wide variety of possible
substrates (e.g glass, flexible polycarbonate foils, sapphire, quartz or Si/SiO,). A
texturation of the films, with laying parallel planes with respect to the surface,
and good connexions between ligands and Cu(IT) centres provide efficient pathways
for charge carriers and thus, lead to high electrical conductivity. Moreover, the
perpendicular-to-the-surface orientation of the pore channels makes them ideally
accessible and allows for strong and fast responses. This is clearly advantageous
for sensing applications. High sensitivity has been exhibited by Cu-cathecolate thin
films (< 100nm) towards the flammable, explosive and toxic ammonia gas. They act
as a p-type sensor, where holes dominate the charge transport. When the ammonia
comes in contact with the network, the recombination between holes and doped elec-
tron from analytes decreases the carrier concentration and increases the resistance
of the sensor. Additional synthetic strategies, based on controlled on-surface growth
of highly oriented and electroactive thin films has recently been reported.''* The
vapor-assisted conversion method proposed by Mahringer et al., allows the growth
of polycrystalline thin films, in which the crystalline grains orient favourably for
charge carrier transport between electrodes in photovoltaic devices.

An additional and important application of highly conductive and high specific
surface area metal-organic systems is energy storage or conversion. For energy stor-
age purposes, the use of metal-organic frameworks in electrochemical capacitors, also
called supercapacitors, has been extensively developed in recent years, due to their
high power density and long cycle life.!?” Based on fast and reversible surface redox
reactions developed by transition metals and conductive ligands, metal-cathelocate
based materials have greatly contributed in this field. Highly oriented nanowires
of conductive Cu-cathecolates exhibit a specific capacitance of 202 F g~! at spe-
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cific current of 0.5 A g=!,!?® which is beyond previously reported values for other

metal-organic frameworks-based supercapacitors. In more recent works, hybrid ma-
terials based on Ni-cathecolates showed superior specific capacitance of 1877 F g=!
at specific current of 1.0 A g~1.1 The high accessibility of activated sites of metal-
cathecolate nanoporus structures allows efficient mass transport, which is of great
importance in the electrocatalysis oxygen reduction reaction.”® The mass transport
can be also improved in combination with commercial carbon black, thus, demon-
strating the versatility of these materials as substitutive of the expensive and low
abundance platinum group materials commonly used as cathodes.

In parallel to the development of metal-organic frameworks, covalent-organic
frameworks, where organic ligands react to form strong covalent bonds, has at-
tracted significant interest. Since the synthetic route proposed by Coté et al.’
between HHTP and benzene boronic acid (BDBA) molecules, a new category of
tunable porous, crystalline and covalent organic frameworks with high thermal sta-
bility has emerged. This strategy involves one-step condensation reactions of dis-
crete molecules known to produce six— and five-membered rings that can suited
for the synthesis of extended networks. The eclipsed arrangement of the layers,
in which atoms of adjacent sheets lie directly over each other, and the formation
of 1D hexagon mesopores with 27 A of diameter was proven for the first time.’
However, covalent organic networks are usually synthesised as insoluble and unpro-
cessable powders. This motivated the search of new crystallizing methods, such
as the simple solvothermal synthesis directly on single-layer graphene surfaces sup-
ported in turn onto more processable substrates (e.g. polycrystalline Cu foils, SiO,
or SiC surfaces).!® Transparent thin films of covalently linked HHTP and BDDA
molecules forming a lattice with vertical alignment were obtained with such method.
The photoluminiscence exhibited by the thin films suggests that they are good can-
didates for organic photovoltaics. The thermal fragility of some building blocks,
though, calls for alternative methods able to produce long-range ordered single-
layer two-dimensional covalent organic frameworks. Vapor-assisted conversion en-
abled the on-surface condensation reaction between BDBA and HHTP under very
mild-conditions.?® This method allows a precise control of the film thickness, pre-
serving a smooth and homogeneous coating on a large sample areas and on different
substrates.

The prospect for the use of ordered and extended materials as semiconducting
nanostructures in electronic devices encouraged the development of surface covalent
organic frameworks. Size and growth control, and the fact that on-surface materials
are amenable to fine scrutiny with near-field microscopies, are the main strengths
of this approach. Based on the boronate-chemistry already explored previously
in solution, Zwaneveld et al. demonstrated near-complete monolayer nanoporous
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structure grown on the Ag(111) surface.?® Strong thermal stability, up to 750 K,
was demonstrated, indicating the presence of strong, covalent linkage. A more ex-
haustive microscopic and spectroscopic study was carried out by Coratger et al.
in the same system.?’ First polymerization steps analysis revealed a strong in-
crease in the electron density of states on the organic components (i.e. HHTP and
BDBA molecules), when they are part of the polymer structure, as well as their
activation in some extent, after the loss of oxygen and/or hydrogen atoms. More-
over, the covalent bonding between molecules was confirmed. Parallel studies of
supramolecular networks formed by HHTP molecules on Ag(111) surfaces followed
this work.' 717" They attempted an alternative strategy in the formation of stable
molecular networks, thanks to the controlled oxidation of the HHTP components by
several thermal treatments. These treatments increased their chemical reactivity,
promoting both, intermolecular and molecule-substrate interactions.

Another exciting potential application of HHTP molecules is their use in metal-
molecule or molecule-molecule heterojunctions, where they could act, for example,
as strong electron acceptors, becoming alternatives to more established molecules
such as perylenetetracarboxylic dianhydride,5? tetracyanoquinodimethane,*? or azine
derivatives.?® They hence may be used to facilitate charge injection from a metallic
electrode into a molecular device via interface electrostatic dipoles, or to help spatial
separation of charge carriers of opposite sign when combined with donor molecules
— two functions opening the door to organic field effect transistors, light emitting
diodes, or photovoltaics.

For all these applications, details about molecular orientation with respect to the
surface, about the nature of molecule-metal and molecule-molecule interaction, are
invaluable. When a molecule is evaporated onto a metallic surface, its morphology
can suffer some modifications, which will derive in electrical changes too. After the
molecular-surface interaction, the inherent surface dipole is altered as a result of the
re-distribution of charges in the surface, which is accompanied by a re-alignment
of molecular electronic levels. Additional contributions may come from the case
of molecules which present inherent dipoles or strong electron donor/acceptor be-
haviour.*! These details give a rationale to control and hopefully improve the per-
formance of future devices, in terms of electric conduction through the molecular
or cathecolate layer and of charge carrier injection at interfaces. To this respect,
whether the HHTP molecule is dehydrogenated (oxidized) and to which extent is a
key information. Indeed, the interaction with individual metal atoms in cathecolate
structures, hence their degree of order, requires that the alcohol functions are fully
oxidized;'?" the interaction with a metallic electrode, hence the existence/strength
of an interface electrical dipole, is potentially dependent on the degree of oxidation,
which should also influence the molecular self-assembly at the interface by authoriz-

78



4.2 Chemical structure of HH'TP molecules and its chemical synthesis

ing the formation of hydrogen bonds.*?17%:18 The HHTP molecule has been widely
used as part of covalent and metal organic networks synthesized either via in solu-
tion or on surface approaches. However, exhaustive microscopic and spectroscopic
analysis on the self-organised network formed by HHTP molecules or in combina-

tion with other organic blocks on metallic surfaces, have been done exclusively on
Ag(111)%3 1761770179 and Au(111)'¥%substrate.

Here, we explore the interaction of the HHTP molecule with copper (a typical elec-
trode material and metal of choice in cathecolate systems), in a well-defined system —
a Cu(111) surface, under ultrahigh vacuum. Using synchrotron X-ray photoelectron
spectroscopy (XPS), near-edge X-ray absorption fine structure (NEXAFS), scanning
tunneling microscopy (STM), and density functional theory (DFT) calculations, we
are able to resolve the chemical, structural, and electronic transformations of the
molecule as the temperature is increased, and the concomitant modification of their
on-surface organization. We find that the molecules lay flat on the surface, and that
beyond the interface layer the successive molecular layers are also laying flat. We
find a stepwise oxidation of the alcohol functions (dehydrogenation) promoted by
an increasing stabilisation from the metal surface, which forms strong bonds with
the carbon atoms of the molecule and transfers as much as 1.9 electrons to each
molecule (the molecule is hence a strong acceptor). This oxidation opens new possi-
bilities for maximising the number of hydrogen bonds, which drives different forms
of molecular organizations. We also find indication that copper adatoms tend to be
coordinated by the oxygen atoms of the dehydrogenated molecules.

4.2 Chemical structure of HHTP molecules and its
chemical synthesis

The 2,3,6,7,10,11-hexahydroxy-triphenylene molecule is an organic compound formed
by 18 carbon atoms (grey balls), 6 oxygen atoms (red balls) and 12 hydrogen atoms
(white balls) with the structure shown in Figure 4.1). The C atoms arrange forming
four centrally fused benzene-like rings, with six hydroxyl chemical groups at the 2,
3,6, 7,10 and 11 positions. Its molecular size is 1 nm, taking into account the the-
oretical distances values for C=C, C-O and O-H bonds (1.4 A, 143 A, and 0.98 A,
respectively).

The 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) molecules were purchased
from TCl-europe, (95% purity). Then, few purification steps (washing with organic
solvents) were carried out until a sufficient molecular purity level of the desired
product.
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1nm

0.9 nm

FIGURE 4.1: Schematic ball-and-stick representation of 2,3,6,7,10,11-hexahydroxy-triphenylene
molecule employed during this thesis. The carbon, oxygen and hydrogen atoms correspond to the
grey, red and white balls, respectively

4.3 HHTP molecules at room temperature on copper

4.3.1 X-ray photoelectron spectroscopy (XPS)

In a ultra-high vacuum system, HHTP molecules were deposited on an atomically
clean Cu(111) surface held at room temperature. Both a multilayer and a sub-
monolayer deposit were addressed by XPS and NEXAFS.

High-resolution in situ XPS was used to characterize the chemical state of the
molecules and get hints on the reaction mechanism. The C 1s and O 1s XPS core-
level spectra for a multilayer and a sub-monolayer molecular deposit are displayed in
Figures 4.2a and 4.2b, respectively. The data were analysed using least-squares fits
to the experimental spectra with Voigt functions describing the different components
corresponding to chemically inequivalent states. The detail of the fits used to analyse
the data are given in Table 4.1 and Table 4.2.

The multilayer phase features three components for the C 1s spectrum located at
binding energies of 285.8 eV, 284.4 eV, and 284.1 eV (Figure 4.2a). These values are
those expected for C atoms bond to O atoms, including the two possible connexions
through C=0 or C-OH (violet component labelled as “C-O”) and sp? C from the
triphenylene skeleton (blue and orange components labelled as “Ciing” and “Cring-H”,
respectively). 1817183
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FIGURE 4.2: a) C 1s and b) O 1s core-level XPS spectra (full dots), after the subtraction of a
Shirley background, for a multilayer and a sub-monolayer molecular deposit at room temperature,
with a photon energy of 400 eV (C 1s) and 650 eV (O 1s). The spectra are fit (solid red curve)
with different components (pink, blue, orange, green, brown and yellow-shaded curves) described
by Voigt functions. The models are shown in the lower panel, where the different kinds of C atoms
have been marked with colours matching those used for the core-level components displayed in a

and b of intact/pristine HHTP and partially dehydrogenated (THTQ) molecules.

Species | Parameters | Cls/multilayer | Cls/sub-monolayer
BE(eV) 285.8 285.7
C-O Area 1.1 0.9
FWHM 0.62 0.65
BE(eV) 284.4 284.7
C-ting Area 1.2 1.1
FWHM 0.69 0.47
BE(eV) 284.1 284.2
C-ring-H Area 1.0 1.0
FWHM 0.65 0.6

TABLE 4.1: Refined fit parameters used for the analysis of the XPS core level spectra for C 1s

at 400 eV. The area ratios of all peaks are normalized with respect to “Cring”-H peak.
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Species Parameters | Ols/multilayer | Ols/sub-monolayer
BE(eV) 533.1
C-muni-OH Area 2.1

FWHM 1.05
BE(eV) 532.5 532.8

C-OH Area 1.6 1.0
FWHM 1.1 1.2
BE(eV) 530.6 530.8

C=0 Area 1.0 1.0
FWHM 0.9 1.4

TABLE 4.2: Refined fit parameters used for the analysis of the XPS core level spectra for O 1s
at a photon energy of 650 eV. The area ratios of all peaks are normalized with respect to “C=0"
peak.

As discussed by Olivieri et al.,'®* discerning a contribution from fully and par-
tially saturated sp? C atoms in the latter component is not always straightforward,
and indeed here the “C,ipg” and “Ciing-H” components are too broad and close in
binding energy to be apparent at first sight in the experimental data. The 1:1:1
area ratio for the areas of the “C-O7”, “Ciip,”, and “Cyipe-H” components nevertheless
agrees well with our assignment for an intact HHTP molecule.

Turning to the XPS spectra of the sub-monolayer deposit, we now clearly ob-
serve the three components, with 285.7 eV (“C-07), 284.7 eV (“Cring”), and 284.2 eV
(“Cring-H”) binding energies (Figure 4.2a). These values match those found for aro-
matic organic oxygen-containing molecules in contact with metallic surfaces such as
Cu(111) and Ag(111).”9" The slightly differences notice in these binding energy
values with respect the ones found for multilayer phase, can be explained by a charge
redistribution within the molecule, as it has been already reported in an analogue
system (hydroxycyanobeze on Au(110))."®* The area ratio of the three components
is here again 1:1:1, consistent with the fact that one third of the C atoms are linked
to O atoms, and that the other two thirds are either fully saturated C atoms or C
atoms bond to H atoms.

The chemical transformations appearing when contacting HHTP molecules with
the Cu surface at RT become more evident when analysing the O 1s core-level
spectra shown in Figure 4.2b. The multilayer phase displays two O 1s peaks lo-
cated at binding energies of 533.1 eV and 530.6 eV. These values are very close to
those obtained in a related system, tetrahydroxy-benzene molecules on Cu(111),
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4.3 HHTP molecules at room temperature on copper

where the hydroxyl groups were transformed into ketone ones upon annealing of
the surface up 440 K— with the ketone group corresponding to the highest binding
energy peak.'7 181185 [ the multilayer phase, there are two categories of HHTP
molecules; the ones which are in contact with the copper surface (referred in Fig-
ure 4.2 to as contact layer) and the ones that pile up on those ones (referred to as
multi). The direct contact of the molecules with the substrate make them undergo
to a spontaneous dehydrogenation, leading as in tetrahydroxy-benzene example, the
transformation of these groups into ketone ones. This explains why in our system,
the peak located at 530.6 €V corresponds to ketone groups (“C=0") and the third
peak located at 532.5 eV reflects the presence of intact hydroxyl groups in the con-
tact layer (“C-OH”). Finally, it only remains to assign the peak at 533.1 €V to the
intact hydroxyl groups of the molecular layers above the contact one (“Cpyyi-OH”).
The 1:2 area ratio of the “C=0" versus “Citi-OH’+“C-OH” components indicates
that most hydroxyl groups remain intact (fully hydrogenated).

Two main differences are observed compared to the O 1s core level spectrum of
the sub-monolayer deposit (before thermal treatment): no “Cpyyiti-OH” component
is observed, and the ratio of the two remaining components is about 1:1. The bind-
ing energy difference of 0.6 eV between the “Cp14;-OH” and “C-OH” components is
small but significant, and it suggests a charge redistribution in the system due to
the contact with the Cu(111) surface, just like we discussed previously in the case
of the C 1s core level spectra. The 1:1 ratio shows that almost half of hydroxyl
groups of the molecules which constitute the contact layer have been transformed
into ketone groups upon dehydrogenation.

4.3.2 Near-edge X-ray absorption fine structure

Further insights about the presence of certain chemical functional groups and the
nature of the carbon bonds can be obtained via an analysis of electronic transi-
tions between occupied and unoccupied molecular orbitals. Such transitions have
characteristic signatures in NEXAFS spectra, which we discuss now. Figure 4.3a
shows two C 1s spectra, acquired for the multilayer deposit with a polarization of
the electric field parallel (s-polarization) and perpendicular (p-polarization) to the
surface. Each peak corresponds to a specific electronic transition, and the com-
parison of our data with measurements done with simpler compounds with carbon
skeleton or chemical groups corresponding to those of the HHTP molecule (benzene
and phenol) allows to assign them,'#6-188

The peaks at 284.9 eV and 288.9 eV (p-polarization) are also found in benzene,
where they have been ascribed to transitions from the C 1s level to the first, sec-
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FIGURE 4.3: C 1s K-edge NEXAFS spectra, acquired with a p-polarization (electric field per-
pendicular to the surface) and s-polarization (electric field parallel to the surface) for a) multilayer
and b) sub-monolayer (before thermal annealing).

ond, and third excited 7* states, as it is shown in Figure 4.4. It depicts a diagram
of electronic states found for benzene molecule (on the left) and the one that one
could qualitatively expect for HHTP molecules (on the right). Typical electronic
transitions of benzene are expected to be found in the HHTP, since parts of its
structure resembles to it. The full diagram includes the more likely electronic tran-
sitions of benzene (between C 1s ground state and first, second and third excited
states - 7] o and 73) and the splitting of the electronic states when more H, C=0
and C-OH groups are present in the structure. Single dots between electronic lev-
els in Figure 4.4 denote the possible existence of more intermediate electronic levels.

Four other peaks, which are not found for benzene, are observed in p-polarization
at 285.4 eV, 286.7 eV, 287.3 eV, and 291.3 eV in Figure 4.3a. The HHTP molecule
actually has three types of chemically inequivalent C atoms (those of the central
rings, those at the peripheral rings bearing H atoms, and those at the peripheral
rings bearing OH groups), and consequently it does not feature a unique C 1s level
(consistent with the analysis of the XPS data) or a unique set of excited 7* states
(see Figure 4.4). A possible assignment of the four above-mentioned peaks could
hence invoke transitions from one of the C 1s levels to one or the other set of excited
7" states.
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4.3 HHTP molecules at room temperature on copper
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FI1GURE 4.4: Diagram of electronic states of HHTP molecule. Reproduced and adapted from
reference 186.

Measurements with a s-polarized light (Figure 4.3a) reveal broad peaks, whose en-
ergy (289.3 eV and 295-303 eV) is characteristic of electronic transitions to o* excited
states, i.e. molecular orbitals with a strong planar character, for instance, associ-
ated to the carbon skeleton for instance. In deed, the peak at 289.3 eV corresponds
to o C-H bond of carbon skeleton transition, which energy can vary depending on
the stretching of the bond.'® The small peak appearing at 283.5 eV is a reminiscent
contribution of the molecular contact layer, as occurred also in XPS experiments,
which origin will be discussed below.

It is noteworthy that we observe separately the electronic transitions involving 7*
and o* states with different light polarizations. This indicates that the molecules lay
flat on the surface and grow layer by layer in the multilayer deposit.?%° Such an
orientation could be promoted by 7*-7* stacking or H bonds between the different
layers. We will come back to it during the O 1s NEXAFS spectra analysis.

We now turn to the C 1s NEXAFS spectra acquired with p-polarization for the
sub-monolayer deposit. Three main observations can be made: i) all peaks are now
broader, ii) the peaks at 284.9 eV and 288.9 €V (those also found in benzene) have
now a lower intensity, iii) and an additional peak is found at 283.7 eV (Figure 4.3b).
All the three considerations are related to the re-hybridization that the molecules
experience once they are in contact with the metallic substrate.?® This contribu-
tion affects, in first instance, the width and intensity of the peaks corresponding to
the m-transitions. Also, the peak located at 283.7 eV presumably originates from
an internal charge re-distribution (already observed in XPS experiments), since it
is reminiscent of the one observed in p-benzoquinone (two ketone groups in para
position on a sp? hexagonal carbon ring), which was assigned as a transition to a
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4 Stepwise oxidation of HHTP molecules on Cu(111)

low-energy molecular C=C-C=0 hybrid 7* orbital.!®¢ This points towards a (at
least) partial dehydrogenation of the hydroxyl groups of the HHTP molecule upon
contact with the Cu(111) surface, consistent with the XPS analysis. Finally, for
s-polarized light, the NEXAFS spectra are starkly different, confirming that the
molecules lay flat on the surface also in the sub-monolayer phase.

The O 1s NEXAFS spectra acquired with a p-polarization bring complementary
information (see Figure 4.5). For the multilayer sample, we observe three main peaks
at 532 eV, 535.0 eV, and 538.8 eV. In aminophenol molecules, the same peaks have
been assigned to electronic transitions to, respectively, 7* hybrid orbitals between
O and C atoms, ¢* hybrid orbitals between O and H atoms, and ¢* hybrid orbitals
between O and C atoms. The second peak is thus a clear indication that the O-
H bonds in the multilayer phase are not planar. A straightforward interpretation
would be the presence of H-bond cross-links between the different layers of flat-laying
HHTP molecules. This is, in a sense, reminiscent of the organization revealed in
three-dimensional crystals made of HHTP molecules.!6% 178191 The first peak has
a low intensity, such that it could actually correspond to the contact layer with the
substrate.

535.0eV
l 538.8eV

multilayer

Intensity (arb. units)

sub-monolayer

530 535 540 545 550 555 560
Photon Energy (eV)

FIGURE 4.5: O 1s K-edge NEXAFS spectra acquired with a p-polarization (electric field per-
pendicular to the surface) for the multilayer deposit and the sub-monolayer deposits, before and
after thermal annealing.
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4.4 Thermally-induced dehydrogenation of the hydroxyl groups

4.4 Thermally-induced dehydrogenation of the hydroxyl
groups
4.4.1 Continuous temperature-dependent XPS study

As initial approach, a continuous temperature-dependent in situ study of the multi-
layer phase was carried out. This gives us a comprehensive overview of the system’s
evolution with the temperature for both, C 1s and O 1s core level spectra. O 1s
core level spectra versus temperature map is shown in Figure 4.6. A first compo-
nent is located at binding energy of around 532.5 eV, corresponding to the intact
hydroxyl groups (C-OH) of the molecules. The second one is located at binding en-
ergy of 530.5 eV, corresponding to dehydrogenated hydroxyl groups. The intensity
of this peak is increasing at the expense of the other component while increasing the
temperature. At 590 K, the intensity of the peak starts decreasing indicating the
decomposition of the molecules. It is noteworthy that the excess of HHTP molecules
that compose the multilayer phase, are gradually desorbed from the surface leading

to a HHTP monolayer on Cu(111) after the annealing process.
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FIGURE 4.6: Map showing O 1s core-level spectra versus temperature starting from a multilayer
of HHTP molecules deposited on Cu(111) at room temperature.

The C 1s core level spectra versus temperature map. As it is shown in Figure 4.7,
two main components are observed already at room temperature. At higher binding
energy values (285.8 eV), a less intense and narrower peak is attributed to the carbon
atoms that are attached to oxygen ones (C-O), whereas the intense component at
lower binding energies (284 eV) is related to the carbon skeleton of the HHTP
molecules (“Cing”). At around 590 K, the C-O component starts to disappear while
the “Cyine” component is detected even at the highest tested temperature. This
indicates that at such temperatures the triphenylene skeleton remains intact and no
new covalent links are induced by the thermal treatment.
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FIGURE 4.7: Maps showing C 1s core-level spectra versus temperature starting from a multilayer
of HHTP molecules deposited on Cu(111) at room temperature.

4.4.2 XPS on thermally-induced sub-monolayer phase

The temperature-dependent XPS analysis revealed profound changes of the C 1s
and O 1s core levels spectra above 500 K. Thus, we address in details samples
obtained after a thermal treatment at 530 K in order to resolve the chemical trans-
formation of the molecule, and to understand its effect on the molecule-molecule

and molecule-surface interactions.

The main effect of annealing at 530 K the sub-monolayer molecular deposit is
a shift of the entire XPS spectrum to lower binding energies. The “C-O”, “Cyip,”,
and “Ciing-H” components are shifted by 0.2 eV, 0.3 eV and 0.3 eV respectively
(Figure 4.8). Shifts of comparable magnitude have been reported for quinoneazine
systems and were ascribed to a charge donation from the copper substrate, thus
increasing the electron charge population around C atoms.?’ The shifts are less
strong than those observed alongside the Ullmann coupling reaction, where the for-
mation of strong and highly-polarised C-Cu bonds in the intermediate reaction step
yields a C 1s contribution centred at around 283 eV.”™ The detail of the fits used to
analyse the data are given in Table 4.3 and Table 4.4.

Overall, the presence of three peaks on the C 1s core level spectra reveals three
kinds of chemically-inequivalent C atoms in the molecules, and the observed shift
between the corresponding binding energies before and after annealing suggests a
charge transfer from the substrate to the molecule after a thermal annealing treat-
ment. As we will now see, this effect is accompanied by a chemical transformation

of the molecule.
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FIGURE 4.8: a) C 1s and b) O 1s core-level XPS spectra (full dots) after the subtraction
of a Shirley background, for a sub-monolayer molecular deposit at room temperature and after
annealing at 530 K. Measurements were carried out with a photon energy of 400 eV (C 1s) and
650 eV (O 1s). The spectra are fit (solid red curve) with different components (pink, blue, orange,

green, brown and yellow-shaded curves) described by Voigt functions.

Species Parameters | Cls/sub-monolayer | Cls/after annealing

BE(eV) 285.7 285.7
C-muni-OH Area 0.9 0.8
FWHM 0.6 0.5

BE(eV) 284.7 284.4
C-OH Area 1.1 1.4
FWHM 0.5 0.4

BE(eV) 284.2 284.0
C-0 Area 1.0 1.0
FWHM 0.6 0.5

TABLE 4.3: Refined fit parameters used for the analysis of the XPS core level spectra for C 1s
at a photon energy of 400 eV. The area ratios of all peaks are normalized with respect to “C=0”
peak.

After the thermal annealing, the O 1s core level spectrum also changes. A single
component is observed at a binding energy of 530.4 eV. This is an evidence that all
hydroxyl groups have been dehydrogenated. This suggests a significant catalytic ac-
tivity of the Cu(111) surface at 530 K. The corresponding product in the gas phase
would have a sextu-radical form, or alternatively a hexaquinone form (product B in
Scheme 4.1) — without considering the effect of the surface.

At this point we wish to mention that the analysis of the O 1s spectra of the sub-
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4 Stepwise oxidation of HHTP molecules on Cu(111)

Species | Parameters | Ols/sub-monolayer | Ols/after annealing
BE(eV) 532.8
C-OH Area 1.0
FWHM 1.2
BE(eV) 530.8 530.4
C=0 Area 1.0 1.0
FWHM 1.4 0.8

TABLE 4.4: Refined fit parameters used for the analysis of the XPS core level spectra for O 1s
at a photon energy of 650 eV. The area ratios of all peaks are normalized with respect to “C=0”
peak.

monolayer sample (before thermal annealing), shown in Figure 4.8b, does not feature
a component between the “C-OH” and “C=0" components. This is at variance with
the analysis made by Giovanelli et al. on a much related system, dehydrogenated
HHTP molecules on Ag(111).1™ In our case, such an intermediate component is not
needed to produce a good fit to the experimental data. This does not exclude that
such a component exists, and since it was ascribed to H bonds between the molecules,
we actually do expect it in principle (see discussion below). Equally good fits can
actually be produced by introducing one or several (we expect different kinds of H
bonds, see discussion below) intermediate components with low weight. It seems
that nevertheless, if these components exist, they have relatively low weight. The
difference with the case of a Ag(111) substrate might relate with strength of the H
bonds between the C=0 and H-O groups, which is possibly more limited in our case
(Cu(111) substrate). The bowl-shape of the molecules on Cu(111) (we will come
back to the morphological analysis of the molecules later) imposes that the C=0
and H-O groups do not lay in the same plane, which is not optimal for strong H
bonds.

Chemical pathway of thermally-induced dehydrogenation

On the basis of XPS and NEXAFS, we can conclude that the HHTP molecules are
not stable on the Cu(111) surface. At room temperature, half of the hydroxyl groups
have lost their hydrogen atoms. After thermal annealing at 530 K, all six hydroxyl
groups have lost their hydrogen elements (see Scheme 1). Unlike what is reported by
Giovanelli et al. where only a partial thermally-induced dehydrogenation (of only
four of the six hydroxyl groups) accompanied by strong hydrogen bonds between
dehydrogenated and still-hydrogenated hydroxyl groups is observed when HHTP
molecules are deposited on Ag(111).!™ Imaging of the supramolecular self-assembly
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4.5 Effect of dehydrogenation on the assembly of HHTP on Cu(111)

before/after thermal treatment will give us further confirmation of the stepwise
dehydrogenation of the HHTP molecules on Cu(111).

HO OH

Cu (111)
[ o
HO Q Q OH
(o] OH

HHTP

HO o O,
9 o
e O e G
HO o O/ o
THTQ THQ

ScHEME 4.1: Dehydrogenation of sub-monolayer of HHTP molecules on Cu(111) deposited at
room temperature. Partial dehydrogenation produces A. Two other molecular forms are displayed,
one of which, trihydoxy-triphenylene-quinone (THTQ), featuring a molecular resonance. Full de-
hydrogenation of the hydroxyl groups leads to product B. Two other molecular forms are displayed,
one of which is a triphenylene-hexaquinone structure (THQ).

o

4.5 Effect of dehydrogenation on the assembly of HHTP
on Cu(111)

In STM, the molecules appear as threefold-symmetry objects, equilateral triangles
with a side-length of about 1.0 nm (Figure 4.9) matching the expected dimension
of a flat-laying molecule (Scheme 4.1) on Cu(111). Before thermal annealing, the
sub-molecular deposit forms domains of sizes of the order of a few tens of nm, as it
is shown in Figure 4.10a. The molecular domains are delimited by dashed lines and
they are well-oriented along [110] and [01 1] surface directions.

Different kinds of domains are found. An example of the first kind is shown in
Figure 4.9a. The molecular lattice is triangular, and within the precision of our
STM measurements, its unit cell seems to coincide with (5x5) unit cells of the
Cu(111) surface (the crystallographic orientation of the substrate has been deter-
mined via electron diffraction), corresponding to a lattice constant of 1.1 4+ 0.1 nm.
The molecules are oriented with their mirror plane aligning a dense-packed row of

the substrate ([112] direction, see Figure 4.9¢). A second kind of domain is shown
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4 Stepwise oxidation of HHTP molecules on Cu(111)

FIGURE 4.9: a,b) STM images, taken at constant current I = 0.1 nA and bias V =-0.8 V, of a
sub-monolayer deposit, for two different kinds of supra-molecular networks (low and high density)
coexisting on the surface. A few molecules are overlaid on the STM image and the unit cell’s
vectors are indicated. The molecules’s structure is overlaid on the STM image (black sticks: C-C
bonds, red sticks: C-O bonds, blue sticks: O-H and C-H bonds). c,d) Corresponding molecular
models shown in top- and side-views, whose geometry has been optimized via DFT calculations.

in Figure 4.9b. The lattice is here also triangular, and seems to be commensurate
to the substrate lattice too, once more with a (5x5) coincidence. In this unit cell,
the molecules are organized differently, though. The lattice constant is the same as
the other phase, naturally. The mirror plane of the molecules aligns to [011] direc-
tion of the substrate (Figure 4.9d). Both domains present a well-defined orientation
along the three high-symmetry family (101) directions with respect to the Cu(111)
lattice as it is shown in Figure 4.10a.

Our STM images do not allow to directly determine the binding site of the
molecules on the substrate. This information is nevertheless crucial to understand
the relative importance of intermolecular and molecule-substrate interactions, which
in turn is related to the chemical form of the molecules (fully hydrogenated or not).
We remind that the joint XPS and NEXAFS analysis indicates that before thermal
annealing, the HHTP molecule is partially dehydrogenated. According to DFT,

92



4.5 Effect of dehydrogenation on the assembly of HHTP on Cu(111)

FIGURE 4.10: a) STM image of a sub-monolayer deposit on Cu(111) at room temperature,
taken at constant current I = 0.1 nA, and V = -0.8 V (scale bar of 10 nm). b) STM image of a
sub-monolayer deposit annealed at 530 K, taken at constant current I = 0.07 nA, with V. =-0.8 V
(scale bar of 2.5 nm). c) Close-view of a sub-monolayer of molecules deposited on Cu(111) held at
530 K. The STM image was taken at a constant current I = 0.1 nA, with V = 41.0 V (scale bar
of 2 nm).

when it is far from other molecules, such a molecule on Cu(111) has a lowest-energy
binding configuration with the C atoms of the central ring sitting almost exactly
atop the hollow sites of the Cu(111) surface (Figure 4.11). In this case the molecule
has a bowl shape, with a height of 3.14 A

HHTPIG 1) (‘"";‘f_,;"i?iﬂi'f‘:r"ﬂ'ﬁi‘:"e Ddsorption | octrate
partially hydrogenated) height (A)

TOP 0.00 3.14

FCC-HOLLOW +0.11 3.14

HCP-HOLLOW +0.12 3.14

BRIDGE +0.17 3.14

FIGURE 4.11: Preferential binding site of a HHTP molecule on Cu(111) with the central ring
laying on TOP sites of copper substrate. The table summarizes the adsorption energy values (Eqqs)
for the three possible sites (HOLLOW, TOP and BRIDGE) of the substrate, normalized to the
most stable one (TOP) and the calculated heights for a HHTP molecule at each position.

The molecular arrangements discussed above are very similar to two local en-
ergy minima in the configuration landscape that we addressed with DFT. These
minimum-energy configurations consist of the same coincidence lattices as those
deduced from the STM observations. One of these configurations (5x5 with molec-

ular orientation along [11 2] direction) features a molecular binding on the substrate
with only two C atoms in the central ring sitting atop hollow sites of the substrate
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4 Stepwise oxidation of HHTP molecules on Cu(111)

(Figure 4.9¢). This binding configuration is not the one found for the (quasi) iso-
lated molecule (Figure 4.11), but it indeed has lower energy (i.e. the proximity of
neighbour molecules modifies the hierarchy of the binding energy configurations).
For the other configuration (5x5 with molecular orientation along [0 1 1] direction),
the molecular bonding resembles the case of far-appart molecules, with all C atoms
of the central ring atop Cu(111) hollow sites (Figure 4.9d). Compared to the case of
far-appart molecules (Figure 4.11), the molecules are rotated, which may be seen as
a consequence of their mutual interaction. The shortest inter-molecular H-O bonds
are 3.17 A, which is typical of H-bonds.® The two configurations correspond to
similar binding energies (4.21 vs 4.09 eV /molecule), and in both cases, the molecule
has a bowl shape. Overall the molecular system is in a weak chemisorption regime
following the Newns-Anderson model.%!

NAAN
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FIGURE 4.12: Isocontour of the charge distribution (top and side views) over an HHTP molecule

partially dehydrogenated on Cu(111) for a) (5x5) configuration oriented along [112] direction and
b) (5x5) configuration oriented along [01 1] direction. Blue and red colours represent accumulated
and depletion charge areas, respectively. In both cases, an internal charge redistribution and a

charge transfer from the substrate to the molecule take place.
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In these minimum-energy configurations, all C bonds have the same length in the
central ring, suggesting no alternating C-C and C=C bonds. This corresponds to
the structure of THT(Q molecule (Scheme 4.1). Our DFT calculation find strong
charge transfers amounting 1.2 electrons per molecule from the Cu atoms to the
C atoms (see Figure 4.12). This charge transfer is distributed unevenly across the
molecules, with O atoms in the dehydrogenated OH groups having each an excess
of 0.17-0.18 electrons, and the six C atoms bond to the central C ring having each
an excess of 0.15-0.26 electrons.

For both molecular configurations (Figure 4.12a and b), important depletion
charge areas (in red) are found on the copper surface, just below the molecule, con-
firming the direction of the charge transfer indicated previously (from the surface
to the molecule). Also, all central C atoms and all O atoms are acceptor electrons
(areas in blue) coming from either the surface or from inside the molecule itself,
indicating a strong charge redistribution linked to the partial dehydrogenation of
the molecule. This finding confirms the oxidized character of the dehydrogenated
molecule, which acts as a good electron acceptor, and the loss of aromaticity in the
central ring since due to an homogeneous distribution of charge over the six C atoms.

After annealing to 530 K (Figure 4.13a) or depositing at this temperature (Fig-
ure 4.10c), a different kind of supra-molecular network is observed. The domains
are larger than in the case of molecules deposited at room temperature without
annealing, but they comprise a large number of structural defects, that we will dis-
cuss later. For now, we focus on the ordered parts of the lattice. In these parts,
the molecule’s mirror axis aligns the [112] crystallographic direction of the sub-
strate, and chains of molecules with a single orientation form. The parallel chains
of molecules have alternating molecular orientation and bunch in sets of two closer
chains. At least to a very good approximation, the molecular lattice coincides with
(9%8) unit cells of the Cu(111) substrate (Figure 4.13c). It resembles the so-called
zip phase reported by Coratger et al. for HHTP molecules on Ag(111).%°

According to the XPS and NEXAFS analysis, the hydroxyl groups of the molecules
are now expected to be fully dehydrogenated. We find that the distance between
H atoms (which are bonded to C atoms of the triphenylene skeleton) and O atoms
(which are bonded to C in the ketone group form) is between 1.75 and 3.0 A, which
is in range expected for H bonds in such a system: Parwin et al. reported 2.86 A;
with anthraquinon molecules.'®? One should keep in mind that the system features
a certain degree of structural constraint imposed by the bonding to the substrate,
which is sufficiently strong to lead to a commensurate molecular lattice. In the
present case, the H bonds involve two H atoms and one O atom, and thereby should
involve all the H atoms of the molecules. This maximized number of H bonds pre-
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sumably is the reason why the molecular density is higher than in the previously
discussed molecular lattices.

The molecular arrangement observed with STM is here also very similar to a min-
imum energy-configuration found with DFT for the same coincidence lattice. This
configuration comprises three different kinds of molecular binding configurations
(Figure 4.13c), one of which corresponding to the lowest-energy binding configu-
ration in the case of far-appart molecules (all of the C atoms of the central ring
fall atop in hollow sites, and O atoms lay over the top sites of the copper lattice,
maximizing the contact with it).

FIGURE 4.13: a,b) STM images, taken at constant current I = 0.07 nA and bias V=-0.8 V, of a
sub-monolayer deposit after an annealing at 530 K. In a) ordered parts of the lattice are delimited
by dashed lines. b) Shows the molecular trimers formed by three HHTP molecules with a trapped
object at the hollow site at the center of the trimer. The structure of a few molecules is overlaid
on the STM image (black sticks: C-C bonds, red sticks: C-O bonds, blue sticks: O-H and C-H
bonds). c¢) Corresponding molecular models shown in top- and side-views, whose geometry has
been optimized by DFT calculations.

Now, the molecules have a dome shape (Figure 4.13c) — and not a bowl shape as
in the case of partially-dehydrogenated molecules. In the four C rings, the C bond
length alternates from 1.38 A to 1.45 A, as expected for benzene rings. This form
corresponds to the top-right structure shown in Scheme 4.1, where the O atoms
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4.5 Effect of dehydrogenation on the assembly of HHTP on Cu(111)

would be radicals if the molecule were in the gas phase. This is obviously not the
case in the presence of Cu(111), but the DFT calculations do predict short Cu-O
distances (consistent with the dome shape, Figure 4.13c) and strong electron trans-
fers from Cu to O atoms. In total, 1.9 electrons are transferred from the substrate
to the dehydrogenated molecule. This charge transfer is especially strong, beyond
the values obtained with molecules such as perylenetetracarboxylic dianhydride,
tetracyanoquinodimethane, and azine derivatives that are acknowledgedly strong
electron acceptors.3:4%:63
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FIGURE 4.14: a) Isocontour of the charge distribution over fully dehydrogenated HHTP
molecules on Cu(111) for (9x8) configuration, obtained after annealing at 530 K. Blue and red
colours represent accumulated and depletion charge areas, respectively. In both cases, an internal

charge redistribution and a charge transfer from the substrate to the molecule take place. b) Net
charge loss and gain calculated in a plane comprising the lowest-laying C atoms of the molecule.

Singular charge distribution can be observed in Figure 4.14a. Depletion charge
areas are found at specific places on the copper surface (below the oxygen atoms
are linked to it) whereas charge accumulation occurs on C and O atoms. Compared
to the partially dehydrogenated molecules, the six C atoms bond to the central C
ring have less excess electrons (0.11-0.17), while all O atoms now have an excess of
0.16-0.18 electrons. As pointed out previously with the C-C distances of the central
ring, the aromaticity seems to be recovered since now, alternate charge accumu-
lation areas are displayed in this part of the molecules. Also, important charge
accumulation is clearly found at the O atoms that are linked to the copper surface,
when the charge loss/gain at lower C plane is drawn (Figure 4.14).

4.5.1 Defects in the lattice of dehydrogenated molecules

The molecular phase we just described contains a significant density of defects.
These defects occur whenever along a molecular chain, a molecular stacking fault
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4 Stepwise oxidation of HHTP molecules on Cu(111)

(i.e. amolecule rotated by 180° with respect to the others along the chain) is found.
Overall, the defect can be described as a trimer of molecules all of them pointing in
the same direction (delimited by a green triangle Figure 4.13b), with the distance be-
tween the molecules’ center of around 2.4 4+ 0.1 nm. At the center of this trimer, an
object is systemically found, whose (apparent) height is intermediate between that
of the pristine Cu(111) surface and that of the molecule (Figure 4.13b), and whose
lateral size is significantly smaller than that of a molecule. Careful inspection at
the edges of the molecular domains reveals even smaller objects with similar height.
This is highlighted in inset images of Figure 4.10b, which correspond to zooms at
the island edges, where white arrows point to what we assign to Cu adatoms. The
size of these objects overall seems incompatible with a molecular origin, suggesting
that they could be individual atoms or small clusters of atoms. Figure 4.15 shows
the corresponding apparent heigh profiles for (presumably) Cu adatoms found either
the border of the molecular islands or inside trimers of HHTP molecules oriented
in the same direction, created after annealing. The apparent heigh values found for
both species are 0.25 A, suggesting that the small fragments created inside of the
trimers and the laterally smaller features at the molecular islands’ edges are of the
same nature (individual or clustered Cu adatoms).

Apparent heigh (A)

0 02 04 06 08 10 12 14
Position (nm)

FIGURE 4.15: Apparent heigh profiles of individual or clustered Cu adatoms and HHTP
molecules after annealing. The red profile corresponds to a Cu adatom found in the border of
the molecular island whereas the green profile corresponds to the Cu cluster created alongside the
formation of triangular defects in the supramolecular lattice. Inset STM images and coloured dash
lines show the place where the profiles were taken.

The Cu(111) surface is actually known to be in equilibrium with individual Cu

adatoms, specially so when the temperature is increased above room temperature
like in our experiments.'” These adatoms were reported to be involved in the
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4.5 Effect of dehydrogenation on the assembly of HHTP on Cu(111)

formation of metal-organic systems, via linkage with oxygen 30> 7 181,185,194 pitrq.

gen, 192,195 op sulphur atoms.'”® The smallest of the objects we find at the edges of
the molecular islands have a size compatible (keeping in mind the convolution with
the shape of the scanning STM tip) with the lateral extension of a molecule imaged
on a surface, (see inset of Figure 4.15) we note that some of these objects are located
at the corners of the molecules, in the immediate vicinity of the dehydrogenated OH
groups (O atoms, hence) which are expected to readily coordinate with Cu atoms
(forming Cu-O-C bonds).

Arguments supporting this view are found in DFT calculations performed with
trimers of dehydrogenated molecules, with and without a few-atom Cu cluster
trapped in the region delimited by the molecular trimer. Figure 4.16 shows most
relevant trimer configurations with their corresponding absorption energy values per
molecule. As previously noted, the dehydrogenated HHTP molecules which conform
a trimer structure are oriented in the same direction.

_E,/mol=4.31 eV

M E,/mol=4.46 eV

FIGURE 4.16: Molecular models shown in top-views for trimers generated after annealing of the
sample at 530 K, whose geometry has been optimized by DFT calculations. Each configuration is
displayed with by its associated binding energy per molecule (Ep/mol). The green balls represent
Cu adatoms trapped in the centre of the trimer structure.

A trimer structure without small fragment in its centre is more stable if all C

atoms of the central ring lay at atop hollow sites, giving an absorption energy of
4.26 eV (Figure 4.16a). This agrees with what was pointed out in previous section,
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4 Stepwise oxidation of HHTP molecules on Cu(111)

since in this configuration the O atoms that are linked to the surface do so through
top copper sites. The inclusion of three Cu atoms at the center of the trimer (repre-
sented by green balls in Figure 4.16¢) leads to a stabilization of the molecule (with
respect to the situation without the Cu cluster), as witnessed by a binding energy
larger by about 50 meV. Whether the stabilization is direct, via a tendency to bond-
ing between O or H atoms to Cu adatoms, or indirect, via the substrate, remains
an open question. The Cu adatoms binding more favourably on the hollow site of
the substrate. To confirm our analysis, we also considered another stable binding
configuration for the three dehydrogenated HHTP molecules, where only half the C
atoms in the central ring lay on hollow sites of the Cu substrate (Figure 4.16b). In
this case too, the inclusion of the Cu cluster in the center of the molecular trimer
leads to an increased binding energy for the molecule, this time by 90 meV (Fig-
ure 4.16d). Finally, if instead of three Cu atoms, we consider six Cu atoms, we also
find that the molecular binding energy is increased, by 200 meV. Now, some of the
Cu atoms are very close to O atoms, suggesting that Cu-O-C bonds could form.

4.6 Conclusions

In this chapter the chemical structure, morphology and interaction of HHTP molecules
adsorbed on Cu(111) at room temperature and after annealing at 530 K have been
studied by means of XPS, NEXAFS, STM and DFT calculations.

By high-resolution XPS analysis, two inequivalent oxygen atoms with 1:1 area ra-
tio have been identified upon deposition at room temperature, indicating the partial
dehydrogenation of the molecules catalyzed by the substrate. The binding energy
values shifs observed in C 1s and O 1s regions for multilayer and sub-monolayer
phases, indicate a charge-redistribution within the molecular structure due to the
chemical transformation. By in-situ NEXAFS measurements, these conclusions have
been confirmed, since important changes on the spectra (broader and less intense
peaks and the presence of a new peak at low photon energy) have been observed as
a result of a re-hybridization and chemical transformation upon deposition. Addi-
tionally, the observation of signatures for electronic transitions involving 7* and o*
states with different light polarization, we deduce that the molecules lay parallel to
the surface in the three studied phases.

In order to confirm the stepwise oxidation of the triphenylene derivative on
Cu(111), a complementary microscopic analysis was carried out on the supramolec-
ular self-assembly formed upon absorption at room temperature. The most impor-
tant effect on the molecular organization due to the partial dehydrogenation of the
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molecule is the formation of triangular domains homogeneously distributed on the
surface. Two possible orientations of the molecules within these domains have been
observed (along (112) and (011) directions) with a unit cell that coincides with
(5%5) unit cells of the Cu(111) surface. DFT calculations of this phase revealed
the bowl shape of the molecules with an important interaction with the substrate,
mainly through the carbons of the central ring. The (at least) partial loss of molec-
ular aromaticity is confirmed by the homogeneous C-C bond length in the central
ring derived at this step. Also, the formation of H-bond between adjacent molecules
is plausible, with an average distance of 3.17 A. A charge transfer of 1.2 electrons
per molecule from the substrate to the molecules has been calculated and a charge
distribution maps over the system confirms: i) the electron donor character of the
substrate ii) the electron acceptor behaviour of the molecule and iii) the charge
re-distribution that was suggested by the spectroscopic analysis.

Additional spectroscopic characterizations have been carried out on the result-
ing phase upon annealing at 530 K. The enhanced catalytic effect of the surface
by the temperature is confirmed after the XPS analysis of the O 1s region, since
only one peak reported at similar values in the literature for of ketone groups is
found, indicating the full dehydrogenation of the molecules. This dramatic chemi-
cal transformation is again followed by a large binding energy shift towards lower
values for C 1s and Ols peaks, suggesting an important charge transfer from the
substrate to the molecule. By STM analysis, a different kind of supra-molecular net-
work is observed, that complies (by forming additional bonds) with the the chemical
transformation of the molecule. Now, parallel chains of molecules have alternating
molecular orientation and bunch in set of two closer chains. The molecular lattice
coincides with (9x8) unit cells of the Cu(111) substrate. Here also, the molecu-
lar interaction with the substrate and between the molecules was studied by DFT
calculations. The molecules present a dome shape with direct linking between the
oxygen atoms and the copper surface, and seem to recover aromaticity over all four
carbon rings. In this sense the molecules resemble the (hypothetical) case of fully
dehydrogenated HHTP molecules in the gas phase with six O atoms as radicals.
H-bond, with length between 1.7 and 3.0 A, seem to play a more importance in the
cohesion of the supra-molecular assembly in this case. Most importantly is that in
this phase a strong charge transfer of 1.9 electrons per molecule from the substrate
to the molecule occurs.This is higher than the values obtained with molecules that
are acknowledgedly strong acceptor species.3% 4263

Within this phase, an important amount of defects has been observed with STM,
which are constituted by three HHTP molecules oriented in the same direction with
an unknown species at their centre. The characteristic height and size of these ob-
jects suggests that they could consist of few Cu adatoms released from the surface,
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4 Stepwise oxidation of HHTP molecules on Cu(111)

and trapped in between molecules. The characteristic height and size of these ob-
jects suggests that they could consist of few Cu adatoms released from the surface,
and trapped in between molecules. DFT further suggests the possible formation of
Cu-O-C bonds between the Cu clusters and the dehydrogenated molecules.
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5 Synthesis of polymeric

arene(ruthenium) nano-sheets via
imine chemistry at a liquid/liquid

interface

In this chapter we show the results derived from a polymeric synthe-
sis carried out at a liquid/liquid interface. The presented strategy is
based on a Schiff condensations scheme which involves a commercial
diamine precursor and an organometallic complex ended by trialdehyde
groups, specifically designed for this purpose. Spectroscopic characteri-
zation techniques have been employed to demonstrate the formation of
the new (C=N) bonds, and a combination of microscopic and diffraction
techniques have proven the formation of ultrathin organometallic poly-
meric sheets, that can be suspended across the holes of membranes.
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5 Synthesis of polymeric arene(ruthenium) nano-sheets

5.1 State of the art

Polymerization reactions offer various paths to the formation of extended ultra-thin
or even two-dimensional (2D) materials under mild and low-cost conditions.'! Ben-
efiting from the abundance of a wide variety of building blocks, these new kinds of
materials are expected to host a great diversity of physical and chemical properties.
In contrast, the synthesis of inorganic 2D materials like graphene, boron nitride, or
transition metal dichalcogenides, is more demanding, requiring e.g. (ultra) high vac-
uum and high temperatures found in molecular beam epitaxy or chemical /physical
vapour deposition reactors,'?7>198

Organometallic polymeric sheets stand out owing to a superior electronic con-
duction down to the 2D limit.!® Organic m-conjugated two dimensional materials
can be prepared by a favourable combination between metal ions and chelating -
conjugated lingands, forming a framework that can host hybrid orbitals, starting
from the d orbitals of the transition metal centers and the frontier orbitals of the
conjugated carbon units. Huang et al. have shown the formation, via an interfacial
reaction, of a highly crystalline thin film of a novel copper coordination polymer,
Cu(BHT) (BHT=benzenehexathiol), with planar 2D lattice. It presents a high elec-
trical conductivity (1580 S cm~! at room temperature), and this, together with its
good transmittance in the visible region, highlights its potential to serve as a trans-
parent electrode. These organometallic nanosheets have been also in the spotlight
of the scientific community in the last years as potential practical realizations of
quantum phases deriving from the spin-orbit interaction or magnetism associated
with the metal centers.'?972%1 The first experimental example of a two dimensional
organometallic polymer synthesised by interfacial reaction which could exhibit topo-
logically non-trivial electronic states was the Ni(BHT) complex.'%%2%2 [t adopts a
kagomé lattice, showing a flat band above two Dirac bands in its calculated band
structure. The presence of the metallic centers in the polymer, induce spin-orbit
coupling effects, which lift the degeneracy at the the Dirac point close to the Fermi
level. Small band gaps between these three kagomé bands were predicted based on
first-principle calculations. Additionally, calculations predict that in the absence
of SOC, the band gaps vanish. Electronic edge states, at the border of crystalline
grain, were predicted to be robust against (reasonable) introduction of disorder,
protected by the topology of the electronic band structure.

Most organometallic polymeric sheets are obtained via reactions where each metal-
lic center is at the center of a coordination complex, being either linkers? 103, 118,196,201
or reticulation nodes.'06:18%:203 Tn these systems, electronic delocalisation involves
both 7 and d orbitals and since the metal-coordination bonds are reversible, the
preparation of long-range ordered networks become feasible. A recent example
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of metal-organic frameworks with topologically-protected electronic properties was
proposed by Kumar et al..?%® A controlled synthesis of a high quality honeycomb
metal-organic framework on epitaxial graphene allowed to electronically decouple
the organic linkers from the metallic substrate. By means of scanning tunneling
spectroscopy, the authors claimed the formation of a stable Co-dycianoanthracene
network with significant in-plane hybridization between the Co atoms and the or-
ganic blocks, confirming the formation of an extended electron system. Alternative
routes to polymers featuring electronic delocalisation are chemical reactions forming
covalent bonds that extend 7 conjugation throughout the polymer.?> 7% Grill et al.
demonstrated that by using predefined connections points in the organic units which
will take part in the polymeric reaction, a precise control on the lattice symmetry
and motif of the final product can be addressed.?® In this work, the new covalent
bonds formed between porphyrin molecules ensured the stability of the final network
as well as a collective charge transport. However, the strength of the covalent bonds
is often a kinetic hinderance to the healing of defects that stochastically form during
synthesis. As a possible workaround to this issue, self-correcting reactions have been
used recently, in particular dynamic imine chemistry.''® This approach allowed to
synthesize fully-organic''! and metalorganic''? 2D polymers. In the former case,
illustrated by Dai et al., a two-dimensional covalent organic framework was synthe-
sised from simple aromatic triamine and dialdehyde molecules at the air/water in-
terface. Spectroscopic characterization of the resulting monolayer, demonstrates the
imine-bond formation during the Schiff base condensation reaction. The air/water
synthesis approach released a smooth, coherent, large and free-standing polyimine
monolayer, representing a step towards conjugated polymers for electronic or opto-
electronic applications. The work of Sahabudeen et al., that are most relevant to
ours, gave a demonstration that metallic centers can be introduced in the polymer
without involving them in the polymerization reaction. In that case, the organic
building blocks that are involved in the reaction correspond to Co(II)-porphyrin
derivatives and terephthalaldehyde. Separating the two problems (polymerization
and functionalization) is obviously desirable for versatile design organometallic poly-
mers at will.

We propose a new synthesis scheme also based on dynamic imine chemistry, at
a liquid/liquid interface, allowing versatile transfer of the polymeric sheets to vir-
tually any kind of support via a Langmuir-Blodgett or Langmuir-Schaefer methods
(or derivatives).!00,103,106, 111,204 The chosen reaction is a Schiff-base condensation,
between a diamine (p-phenylenediamine, monomer 2) acting as a linker and a tri-
aldehyde (Ru[n®(hexamethyl-benzene)|-biphenyl-aldehyde, monomer 1) acting as a
reticulation node, which provides a new illustration of a reticulation process that
does not involve the metallic centers. Like with the other known dynamic imine
chemistry polymerization scheme liable to yield organometallic systems, with the
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5 Synthesis of polymeric arene(ruthenium) nano-sheets

metallic center hosted by a porphiryn,'? here the hosting by a sulfur-linked arene?%

(label 3) yields a ++1T oxidation number.

In this chapter we show UV-visible and Raman spectroscopy analysis done to
characterize the formation of the imine bonds. Together with optical, scanning and
transmission electron microscopies (SEM, TEM) and selected-area electron diffrac-
tion (SAED), this allows us to demonstrate the formation of ultrathin (< 20 nm)
organometallic polymeric sheets that can be transfered to virtually any kind of sub-
strate, e.g. the oxidized surface of silicon wafers, Si;N, TEM grids, quartz plates.

5.2 Starting materials

All molecular products employed for the synthesis of the polymeric Ru-imine nanosheet
were synthesised and supplied by Frédéric Chérioux at FEMTO-ST laboratory, in
Besangon (FRANCE).

All reactions were carried out under nitrogen, by using standard Schlenk tech-
niques. Solvents were degassed prior to use. The dinuclear dichloro complexes
[Ru(CgMeg)Cla]2, with label (A) in Scheme 5.1 and [Rua(CgMeg)2(p-S-CgH,-Br)3|Cl,

with label (B) in the same scheme, were synthesised by previously described meth-
ods, 206210

5.2.1 Chemical synthesis of the Ru trialdehyde monomer

The Ru-trialdehyde monomer, with chemical formula of [Rua(CgMeg)a(p-SCeHy-
CgH,-CHO)3]|Cl, compound 1 in Scheme 5.1, is a dinuclear ruthenium (II) complex
with bypiramidal triangular shape. Each Ru centre coordinates to one methyl-
benzene (HMB) ligand and three sulphur atom bridges. These three S atoms are
themselves linked each to a biphenylaldehyde (biPh-aldehyde), giving the triangular
geometry of this monomer. Its chemical synthesis is shown in Scheme 5.1.

The trisbromodinuclear complex (C), [Ruz(CgMeg)2(p-S-CHy-Br)3]|Cl (0.1 mmol)
and pinacol ester derivatives (CHO-CgH;-B(OR))2; 0.33 mmol), were dissolved in
tetrahydrofuran. Then, an aqueous solution of Cs,CO4 (1 mL), and Pd(PPhy), cat-
alyst (0.01 mmol, 11 mg) was added. The resulting mixture was refluxed in ethanol
for 48 hours. After cooling to 293 K, the red solution was filtered through Celite and
the solvent was removed under reduced pressure. The oil obtained was purified by
column chromatography (silica gel, dichloromethane/ethanol 10:1; rf close to 0.8).
[Rua(CgMeg)2(p-S-CeH,-CgHy-CHO)3]ClL, compound 1 in Scheme 5.1, was isolated
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after evaporation of the solvent, as red-orange powder.
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SCcHEME 5.1: Synthesis protocol of the Ru trialdehyde monomer, label 1. The compounds (A)
and (B) were synthesised by previously described methods.206-210

The |Rug(CgMeg)2(p-S-CgH,-CHy-CHO)3|Cl compound was characterize by nu-
clear magnetic resonance technique, showing the following chemical shifts:

'H NMR (300 MHz, CDCl3, 21°C): § = 1.58 (s, 36H, CH3-Ar), 7.81 (d, 3Jp p =
8.2 Hz, 6H, CH-Ar), 7.82 (d, 3Jg.g = 8.2 Hz, 6H, CH —Ar), 7.96 (d, 3Jyn = 8.2
Hz, 6H, CH —Ar), 7.98 (d, 3J g g = 8.2 Hz, 6H, CH —Ar), 10.02 (s, 3H, -CHO). 13C
NMR (50 MHz, CDCl3 , 21°C): § = 15 (CH3-Ar), 95 (Ru-C-Ar), 127 (C-Ar), 130
(C-Ar), 135 (C-Ar), 140 (C-Ar), 201 (C-Ar), 135.48 (C=0).

5.2.2 Chemical synthesis of the Ru-imine-compound as molecular
reference

To characterise the formation of the imine bonds, we will compare the spectroscopy
of the polymer (compound 3 of Figure 5.1) with that of a reference (simpler) com-
pound (label 4 in Scheme 5.2), since it presents the main chemical groups expected
in the polymer. It is obtained by reacting monomer 1 with aniline as it is shown in
Scheme 5.2.

The trisbromodinuclear complex [Rua(CgMeg)2(p-S-CgH,-CgH,-CHO)3]Cl, com-
pound 1 (0.1 mmol) and 4-cyanoaniline (NH,-CzH,-CN; 100 mmol), were dis-
solved in ethanol. The resulting mixture was refluxed overnight. After cooling
to 293 K, the red solution was filtered through Celite and the solvent was re-
moved under reduced pressure. The oil obtained was washed with diethylether
(3x50 ml). The obtained red powder was purified by column chromatography (sil-
ica gel, dichloromethane/ethanol 10:1; rf close to 0.8). The |[Rua(CgMeg)2(p-S-
CegH,-CgH,-CH=N-C4zH,-CN)3]|Cl compound was isolated after evaporation of the
solvent, as red-orange powder.
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SCHEME 5.2: Synthesis protocol of the Ru-imine-compound, label 4.

The [Rug(CgMeg)a(p-S-CeHy-CoHy-CH=N-CxH,-CN)3]Cl compound was char-
acterize by nuclear magnetic resonance technique, showing the following chemical
shifts:

'H NMR (300 MHz, DMSO-dg , 21°C): § = 1.58 (s, 36H, CH3-Ar), 7.81 (d, *Jy.u
= 8.2 Hz, 6H, CH -Ar), 7.82 (d, 3J g g = 8.2 Hz, 6H, CH —Ar), 7.90-8.00 (m, 18H,
CH -Ar), 8.06 (s, 3H, -CH=N-), 8.18 (d, *J gy =8.2 Hz, 6H, CH —Ar).

5.2.3 p-phenylenediamine

The p-phenylenediamine molecule, monomer 2 in the chemical reaction scheme of
Figure 5.1, is the second component employed in the imine-polymerization reaction.
Its structure is shown in Figure 5.1b and it was purchased in SigmaAldrich and
used as received. It presents a melting point of 411-416 K and a vapor pressure of
1.08 mmHg (473 K).

5.3 Synthesis at liquid/liquid interface

The polymerization of monomers 1 and 2 is expected to extend via the formation
of imine (C=N) bonds, by a Schiff-base condensation between the aldhehyde and
amine groups, as it is detailed in the chemical reaction Scheme of Figure 5.1b.

To perform the polymerization reaction we dissolved monomers 1 and 2 in a mix-
ture of chloroform /ethyl acetate (top organic phase) and in water (bottom aqueous
phase), respectively (Figure 5.1a). Given its lower density, the aqueous phase was
the first introduced in the beaker. The organic phase was then carefully introduced
on top with the help of a pipette along the walls of the beaker, avoiding as much
as possible to disturb the interface between the two phases. Before introducing the
two phases, the host substrate for the polymer was placed at the bottom of the
beaker. After overnight reaction, a solid orange sheet forming at the liquid/liquid
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FIGURE 5.1: a) Photograph of the reaction beaker highlighting the liquid/liquid chloroform-
ethyl acetate/water interface and involved phases. b) Reaction synthesis of Ru-imine polymer 3
from Ru-trialdehyde 1 and p-phenylenediamine 2 monomers.

interface is observed. Then, the aqueous phase was drained again with the help of
a pipette until the interface touched the surface of the substrate. We consider that
the observation of a meniscus at the surface of the substrate marks the moment
when the polymer comes in contact with the substrate. We then drain completely
the aqueous phase and finally remove the substrate from the bottom of the beaker.
This approach can be viewed as a variant of the Langmuir-Schaefer method (Fig-
ure 5.2).

‘I
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e

Polymerization Drainage of the Variant
reaction aquose phase Langmuir-Schaefer
deposition method

FI1GURE 5.2: Schematic depiction of the nano-sheet transfer onto a bare substrate
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Precursor quantities and volumes employed for the synthesis of imine-nanosheets
are summarized in Table 5.1. Different concentrations were used depending on
the investigated host substrate. A thinner imine-polymer was synthesised when
deposited on TEM grids substrates, which are in deed the samples on which we will
focus our discussion along this chapter.

For SiO4/Si substrate | For TEM grids
Product ( K/IHY:)I) Quantity Quantity
Monomer 1 | 1377,45 0.5mg 0.2mg
Monomer 2 | 108,14 58ug 23ug
H,0 At substrate level At substrate level
CHCly 2mL 2mL
AcOEt 18mL 18mL

TABLE 5.1: Summary of precursor quantities used for synthesis of Ru-imine polymer, depending
on the host substrate employed.

5.4 Evidence for polymerization via UV-Vis spectroscopy

UV-visible spectra were collected using an UV-Vis Spectrophotometer Lamba 900
(PerkinElmer) apparatus. A series of UV-visible absorption spectra were measured
as a function of reaction time (0, 1, 3, 5, 22 hours) after monomers 1 and 2 have been
introduced in their respective phases. As shown in Figure 5.3, already after 1 h of
reaction, two broad bands are observed, one centered in the UV range (beyond the
explored range) and the other centered at 480 nm. As it was already reported, these
two bands correspond to m/7m* electronic transitions of hexamethyl-benzene ligand
and metal-ligand charge transfer, respectively.2% 2! However, the absorption value
of the latter, is red-shifted with the ones found in the bibliography. Our theory
is that the presence of an extended network by result of the reaction of monomers
1 and 2 may alter the metal-ligand charge transfer process, producing its red-shift
value.

Moreover, the intensity of these bands grow with the reaction time, confirming
that the polymerization reaction develops successfully.
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FI1GURE 5.3: Time-dependent absorption spectra of polymerisation reaction on quartz substrate.

5.5 Suspended nano-sheets

As summarized in Table 5.1, different precursor quantities were used for the synthe-
sis of the imine-polymer, depending the host substrate. A thick film was prepared
and deposited on 300nm SiO,/Si substrate whereas a thinner film was targeted for
the case of the suspended polymer on the SisN, TEM grids. In the latter case we
planned cross-characterization with various techniques performed on the very same
region of the suspended polymer. We planned transmission electron microscopy
experiments, for which the thinnest possible films are preferred. We also planed
Raman spectroscopy experiments. For these ones, a several 100 nm wide laser beam
was used. This beam "sensing" the surrounding TEM membrane (whose holes are
500 nm in diameter). Hence the membrane yields a spurious background signal.
This lead us to address no too-thin films liable to produce a Raman signal above
this background.

5.5.1 Validation of Langmuir-Schaefer deposition method

Once the success of the reaction was confirmed by UV-Vis spectroscopy, the next
step was to transfer the samples from the interface to the desired substrates. We
used a variant of the Langmuir Schaefer method, which is described in section 5.3.
For this purpose, a first look onto the samples was taken by means of optical mi-
Crocopy.

Optical microscopy informs about the shape, quantity and distribution of the
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final products generated by the reaction and the residuals from the starting reac-
tants. Importantly as well, this technique is indispensable to localise surface features
(products, residuals) that will be analysed afterwards with other characterization
techniques. Optical images have been acquired in a Zeiss microscope equipped with
a digital camera “axiocam 105 color” device, a tungsten halogen light source, and
magnifications of 2.5x, 10x and 100x. Additional optical images were taken during
Raman experiments with the help of the CDD camera coupled to the microscope
that is used to perform the Raman confocal measurements.

LSRN

FIGURE 5.4: a) and b) Set of optical microscopy images taken on the polymer deposited on a
Si sample covered with 300 nm SiO,. c) and d) Set of optical microscopy images taken on polymer
deposited on a SizN; TEM grid. Scale bar of 100 pm a), b) and c); scale bar of 10 ym d).

As it is observed in Figure 5.4a and b, several types of features were found on the
surface: flakes with different degree of density and solid objects with needle shape
mainly. The needles are found across the surface and they exhibit a characteristic
length of the order of 70 um. The flakes have variable sizes from, 30 to 150 pm.
They do not have a well-define optical contrast, suggesting that they are not homo-
geneous in thickness, density or composition. Similar observations are made when
the polymer was deposited on TEM grids, as observed in Figure 5.4c and d. Close in-
spection shows that this sheet can cover the 500 nm-diameter holes of the TEM grid.

A better spatial resolution is obtained with scanning and transmission electron
microscopies as it is shown in Figure 5.5. A large scale SEM image (Figure 5.5a)
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5.5 Suspended nano-sheets

shows the aspect of a freshly prepared sample, where it is possible to find cov-
ered (pointed out by white circles and arrows) and uncovered holes by the polymer
nanosheet after the deposition by Langmuir Schaefer method. In Figure 5.5b, the
covered area with thicker polymer nanosheet corresponds to the fainter holes. By
means of SEM analysis, the average polymer thickness is determined to be <20 nm.

f)
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FIGURE 5.5: a) Large-scale and b) close-view SEM images of the polymer deposited on a TEM
grid. White circles and arrows indicate the covered areas. Series of TEM images with increasing
magnification, c¢) taken on the polymer suspended on a TEM-grid after irradiation by an intense
laser spot. d) High-resolution TEM image. ¢) SAED pattern taken on the polymer suspended and
f) its intensity profile. Scale bar of 5 um, a); Scale bar of 500 nm, b); Scale bar of 500 nm, c);
Scale bar of 150 nm, d).

Similar observations were done by TEM on the same samples as those studied
with Raman spectroscopy. Figure 5.5¢, is centered in a zone where it is possible to
find both the suspended polymer(darker holes) and uncovered membrane holes. The
latter were actually initially covered with the polymer, but the use of a too high
laser power during Raman spectroscopy measurements burnt the polymer. The
beam was also focused onto a needle, which was also burnt together with the sus-
pended polymer around/below it, on the membrane. After the irradiation by the
intense laser beam (0.3 mW /um?), a small flake remains at the side of the membrane
hole and crystalline nanoparticles were observed (Figure 5.5d). These particles are
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5 Synthesis of polymeric arene(ruthenium) nano-sheets

presumably a product of the thermal degradation of the polymer, since we do not
observe them without laser irradiation or after irradiation with a less intense laser
beam. We are not able to tell if the nanoparticles are embedded in the flake, or
simply located on top or below it. The polymer hence forms a sensitive sheet that
is self-supported, at least at the 500 nm scale investigated here.

The SAED pattern measured on a suspended sheet consists of a ring with uniform
intensity (Figure 5.5e). This shows that at the scale of the electron beam (few
hundred nanometres), the sheet is composed of randomly in-plane oriented grains
(strong disorder on the system within the electron beam size). The radial scattered
intensity distribution extracted from the SAED pattern (Figure 5.5f) exhibits a
peak centered at 11 nm ™', corresponding to a real space distance of 0.114 nm. This
distance is precisely the one that we measured for a lacey carbon TEM grid, and
can hence be ascribed to the C-C bonds we expect in the polymer.

5.5.2 Imine bond formation in the polymer nano-sheet

Raman spectroscopy was used to search for signatures of the bond’s formation fol-
lowing the polymerisation reaction. We expect to detect low-energy vibration modes
related to the polymeric framework, as well as modes related to the imine group,
that should differ from those of the aldehyde groups in the precursor.

Intensity (arb.units)
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FIGURE 5.6: Raman spectra acquired on monomer 2 (diamine molecule) in powder, taken with

a laser wavelenght of 633 nm laser, a power of 1.8 mW/um? and 500 s acquisition time.

Powders of compounds 1, 2, and 4 were analysed, in order to have a reference
spectra before the reaction. In the case of monomer 2, we observe a strong back-
ground with a 532 nm wavelength, which we ascribe to fluoresecence. The Raman
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5.5 Suspended nano-sheets

spectra of this compound is clearer with a 633 nin wavelength for which fluores-
cence is suppressed (Figure 5.6). The observed vibrational modes are summarized
in Table 5.2, together with their assignment, and the experimental and calculated
vibrational modes for diamine in solution found in the bibliography.?'?

Bibliography | Bibliography

Observed (Experimental) | (Calculated) Assignment
- ring deformation
367 367 352 w (C-C) or ring wag.
470 466 475 d (C-C) or ring bend.
d (C-C-C) or ring bend. def.
648 648 062 v (C-C-C) or ring str. def
- ring breathing
sad sad 857 § (C-C-C) or ring bend. def.
1177 1178 1157 v (C-C-C) or ring str. Def
v (C-N) or C-N str.
1267 1265 1299 ring breathing
v (ring-N) or ring-N str.
1614 1615 1628 v (C-C-C) or ring str. Def
1632(sh) 1640 1661 5 (NH2) or NH2 scissor(bending)

TABLE 5.2: Observed and bibliographic (experimental and calculated) vibrational modes of
diamine molecule. Observed spectrum of diamine molecule in powder was taken with a laser
wavelength of 633 nm laser, a power of 1.8 mVV/,um2 and 500 s of acquisition time. The experi-
mental spectrum of diamine molecule published in the literature was taken in chloroform and water
solution,?'? while the calculated values were optimized at the B3LYP/6-311G**level of theory.?"”

We find a very good agreement between the Raman shifts of the different bands
we measure for a powder of monomer 2 and those reported previously for the com-
pound in solution.?'? We find deviations amount at most a few 1 cm™'. The laser
wavelength used in reference 212 is unknown, hence we cannot exclude that some
of the vibration modes are dispersive. The calculations provide a good qualitative
account of the observations, and allow to assign the different bands. The bands at
376 cm™!, 470 cm ™!, 648 cm ™!, 844 cm ™!, 1177 ecm ™!, and 1614 cm™!, all corre-
spond to vibrations involving C-C bonds. The band at 1267 cm™! and the shoulder
at 1632 cm~! involve N atoms. The latter shoulder is a clear cut evidence of the
presence of the amine function. Its absence, e.g. in the final polymer, is thus in
principle a proof that all amine bonds have been transformed. Unfortunately, its
intensity is in general too low to make definitive statements based on this argument
only. We will rather track the presence or absence of the band at 1267 cm™! for
this purpose.

Raman spectra of monomer 1 and compound 4 were measured with a 532 nm laser
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5 Synthesis of polymeric arene(ruthenium) nano-sheets

wavelength. In an extended range of wavenumbers (100-900 cm?!, 1000-1750 cm?,
2650-3300 cm?), the two Raman spectra share many similar or identical bands, and
also show a few important differences that will help us to unambiguously confirm the
formation of the imine bond (Figure 5.7). Bands at 438 cm! and 666 cm! (skeletal
vibration related to the presence of C=N groups), and 1202 cm! (C-C bonds of
the aromatic rings) are only found for compound 4, while bands at 710 cm! (which
unknown origin), 1171, 1193 cm! (C-C bonds of the aromatic rings) and ~ 2900 cm?!
(C-H stretching mode of aldehyde groups) are absent for this compound. In the
following we will track the presence/absence of the doublet at 1171, 1193 cm?, which
is transformed into a single peak in compound 4 presumably due to the replacement
of the carboxylic acid function grafted on the aromatic rings by the imine groups.
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FIGURE 5.7: Raman spectra acquired on monomer 1 and compound 4 in powder from 200-
900 cm ™!, from 1000-1750 cm ™" and from 2650-3300 cm ™!, taken at laser power of 1.7 mW /um?
and 300 s of acquisition time.

Then, the polymer suspended on Si;N, TEM grids were analysed on the inter-
mediate range of Raman shift (from 1000 to 1800 cm 1), for which the acquisition
conditions were more favourable and simple for compound 3. The laser spot size
was ~ 1 pm and the focal point of the optical setup was adjusted to maximise the
signal from the polymer. The signal was collected through a 50x objective with a
numerical aperture of 0.75. For the Raman spectra, the power was varied between
0.02 and 2.0 mW /um?, in order to test the degradation of the samples under the
laser spot and optimise counting times. The effect of an excessive laser power can
be seen in Figure 5.9 (inset), where a needle and its surroundings are completely
burnt after the Raman experiment. The acquisition time was varied to increase the
signal-to-noise ratio, and to allow the detection of the weak signal corresponding to
some vibration modes; typically 300 s are needed to measure a "good" spectrum for
powder samples and 1000 s for a suspended sample. Then a 1800 lines/mm grating
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5.5 Suspended nano-sheets

were used in the spectrometer to high resolution spectrum.

T T T T T
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FIGURE 5.8: Raman spectra acquired on monomer 1 (label ‘1’) and compound 4 (label ‘4)
in powder, taken with a laser wavelenght of 532 nm laser, a power of 1.7 mW/;un2 and 300 s
acquisition time. Raman spectrum of the polymer suspended on a SisN, TEM grid (label ‘3’),
taken with a laser wavelenght of 532 nm, a power of 0.17 mW/um? and an acquisition time of
1000 s. Inset image shows the exact position where the Raman was taken (burgundy spot). Scale
bar of 2 pm.

We now focus on the local vibrational analysis of a suspended sheet. The back-
ground level is rather high whatever the incident light power compared to the case of
the spectra acquired on the powders of monomers 1 and of compound 4 (Figure 5.8),
presumably because of the measurement configuration: we expect a non-negligible
contribution from the material of the TEM membrane that is illuminated by the
tails of the laser beam (focused on a few 100 nm spot). Table 5.3 lists the different
bands observed in Figure 5.8 for the monomer 1 and both, compounds 3 (polymer)
and 4, and a tentative assignment of these bands.'%0>16!

For the polymer (compound 3), we observe a number of bands above background
level, at 1024 cm™', 1081 cm™!, 1200 ecm ™, 1290 cm ™!, 1590 cm ! and 1608 cm ™.
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Raman mode wavenumbers
Vibration model Monomer 1 | Compound 4 | Compound 3
(cm-1) (cm-1) (cm-1)
1015 1014 1024
B(C-H) 1082 1082 1081
Doublet
v(C-C)arom 172 / 1193 1202 1200
Doublet
v(C-C)arom 1280 1274/1286 1290
V(C=N)arom 1586 1587 1590
v(C=C)arom 1603 1601 1608
v(C=0) 1696 - R
v(C=N) - 1679 -

TABLE 5.3: Experimental vibration modes for monomer 1 and both, compound 3 (polymer) and
4, and their assignment based on refereces 111,160,161,205.

These bands correspond to the C-C vibrations expected from the diphenyl branches
(1015 cm ™, 1080 cm ™!, 1204 cm !, 1285 cm ™!, 1587 cm ™! and 1605 cm~!),2%% and
to the C=N vibration of imine bonds (1586 cm~!).!'! Conversely, the characteristic
band corresponding to the C=0 vibration (aldehyde, 1690 cm™!) is not detected,
and no clear double band is observed slightly below 1200 cm™!, unlike in the spec-
tra of monomer 1. In deed, the value of 1200 cm ™' is closer to the single peak in
compound 4 (1202 cm™1). Note also that the comparison between Raman spectra
for monomer 1 and compound 4 reveals the signature of the imine bonds (C=N) at
1679 cm~!. The corresponding band has low intensity, and given the rather impor-
tant background level in the Raman spectra measured for the suspended polymeric
sheet, it is not surprising that this characteristic band could not be detected unam-
biguously.

It is important to keep in mind that the spectrum measured from the compound 4
will not necessarily be the same as that of the final polymer. Indeed, since the poly-
mer is not simply a (rather) small isolated molecule, additional vibrational modes
could exist, some other modes could become silent, and existing modes could have
slightly different energy or bandwidth. Raman spectroscopy hence overall supports
the claim that indeed a self-supporting polymeric sheet has been obtained.

As it was shown in Figure 5.4d, the polymeric sheet is accompanied with needles
distributed at random. Raman spectra recorded on a needle is shown in Figure 5.9.
As explained before, the presence of the doublet around 1200 cm~! and the small
band closer to 1700 cm™! rather than to 1650 cm™!, reveals that the needles cor-
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respond to unreacted monomer 1. This fact indicates that an excess of monomer 1
was employed for the synthesis of thin polymer nano-sheets and a readjust of the
reaction conditions is needed.
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FiGURE 5.9: Raman spectra acquired on a needle, at the location marked with a blue spot
in the optical micrograph (inset). Measurement settings: laser power of 0.13 mW/um? and 100 s
acquisition time.

5.6 Conclusions

A new synthesis scheme based on dynamic imine chemistry at a liquid/liquid inter-
face has been proposed. The chosen reaction is a Schiff base condensation between
p-phenylenediamine, which acts as a linker, and a trialdehyde (Ru[n®(hexamethyl-
benzene)|-biphenyl-aldehyde, which acts as a reticulation node. We report the for-
mation of a ultrathin organometallic polymeric sheets by means of optical, scan-
ning and transmission electron microscopies (SEM, TEM) and selected-area electron
diffraction (SAED). The synthesis strategy leads to a reticulation process which does
not invole the metallic centers and where the polymerization and functionalization
stages are performed in a single step.

The sheets are readily transferred to various kinds of substrates via Langmuir-
Schaefer method and can be self-suspended on top of membranes. The formation of
the imine bonds has been demonstrated by UV-Vis and Raman spectroscopy. It is
expected that this covalent bond allows the extension of the m-conjugation over the
whole system, yielding a polymeric nanosheet that could serve as a flexible electronic
conductor, or thermoelectric material, where the presence of high-atomic-number
metallic centers is crucial.
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6 Conclusions and perspectives

In this thesis, we have attempted the synthesis and the characterization of organo-
metallic molecular architectures via interface chemistry. Two systems have been
studied: i) molecular self-assemblies of triphenylene derivatives, hexahydroxyl- triph-
enylene (HHTP) molecules which are important constituents in molecular electronic
systems, that were deposited at the vacuum /solid interface, on Cu(111) and ii) poly-
meric organometallic nanosheets at a liquid/liquid interface. These systems present
desirable features in the prospect of low-dimensionality organo-metallic materials.
As we will explain below, self-assembly networks of HHTP molecules exhibit in-
teresting electron-acceptor properties and the polymerization of arene(ruthenium)
polymeric nanosheets, organo-metallic in nature, has been demonstrated via dy-
namic imine chemistry and they could be suspended across the holes of membranes.

The analysis of the literature (chapter 2) was focused on the development of
molecular systems, with the final goal to achieve ultrathin sheets, with or with-
out internal covalent bonds, that could serve in future molecular electronic devices.
Given the two research directions we have investigated during the PhD thesis works,
we have reviewed to synthesis strategies and properties of two classes of systems,
one prepared at the interface between two fluids, and the other at well-defined sur-
face, under ultrahigh vacuum.

The next chapter presented the tools and methods that we used in three laborato-
ries and at a synchrotron faculty. It is probably interesting to note that at the time
our work started, molecular systems had not been studied in the research group I
belonged to, at least not with the surface science probes available in the group. The
PhD works held them a strong explorative aspect, not only regarding the scientific
questions that we addressed, but also regarding instrumentation.

As it has been presented in chapter 4, the stepwise oxidation of the HHTP
molecule on Cu(111) spontaneously occurs at room temperature upon its absorp-
tion on the surface and then, by an additional thermal treatment. By this proce-
dure, the dehydrogenation (oxidation of the alcohol functions) strongly alters the
chemical reactivity with other molecules and the substrate, and the molecular struc-
ture/morphology, compared to the parent molecule. These effects are analysed with
high resolution XPS, NEXAFS, and STM. While in a much related system, HHTP

121



6 Conclusions and perspectives

molecules on a Ag(111) surface, self-assembled molecular lattices form with partially
dehydrogenated molecules, in the case of a Cu(111) substrate that we studied, a
full dehydrogenation occurs. According to DFT calculations, we find that from a
partially dehydrogenated to a fully dehydrogenated molecule, a qualitative morpho-
logical modification occurs, from a bowl shape before annealing, when the molecule
is partially dehydrogenated, to a dome shape after the thermal treatment, when
the molecule is completely oxidized. Not only the shape is affected by the chemical
transformation. The interaction with the substrate is dramatically affected, corre-
sponding to a weak chemisorption regime through the C atoms of the central ring,
after deposition, and mainly through the O atoms, upon the full dehydrogenation.
Moreover, these two different absorption configurations carry distinct charge transfer
values (always from the substrate to the molecule). When the molecule is attached
to the surface through the C atoms (partially dehydrogenated), the charge transfer
is lower (1.2 electrons per molecule) than in the case of the linking to the surface
through the oxygen atoms (full dehydrogenation with 1.9 electrons per molecule).
This is consistent with the higher electronegativity of the O atoms, with respect
to the C, enhancing the electron-acceptor character of the molecule. Interestingly,
bonding via the O atoms seems to restore the aromaticity of the carbon skeleton of
the molecules.

Within the dehydrogenated system, we find possible signs of the fomation of
organo-metallic structures. They noticeably involve trimers of molecules all of them
pointing in the same direction presumably enclosing a small cluster of copper atoms
in the centre. The elucidation of the nature of the cluster have been suggested by
STM analysis (through comparison of the apparent height with similar objects accu-
mulated in the border of the molecular networks) and DFT calculations. The latter
indicate that the presence of a Cu clusters enhances the binding of the molecules on
the surface, and that Cu-O-C bonds may form depending on the nature of the clus-
ter. All these observations turn to be crucial for further investigations based on the
combination of the HHTP ligand with other organic molecules or other metallic cen-
tres, with the prospect of hopefully long-range ordered systems with high electron
transfer from the copper surface. In this regard, preliminary experiments focused
on the analysis of hexabromo-methyl-benzene (HBMB) molecule on Cu(111) as a
potential molecular candidate have been carried out by means of STM. With this
prior analysis, the molecular debromination starts upon deposition at room temper-
ature and it could be controlled by further thermal treatments. With this stepwise
molecular activation, the reaction between HBMB and HHTP ligands is expected
on Cu(111), leading to a 2D network.

Chapter 5 was devoted to another class of system based on polymeric nanosheets
grown at a liquid/liquid interface. A new synthesis reaction has been presented
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based on dynamic imine chemistry. By means of this strategy, self-correction pro-
cesses can take place during the reaction process, in principle allowing the synthe-
sis of defect-free and long range ordered two-dimensional networks (even though
we eventually did not manage to obtain evidences of good order). New imine
(C=N) bonds have been formed between diamine and arene(ruthenium)-byphenyl-
trialdehyde monomers (through a Schiff-base condensation reaction). In our work,
including ruthenium centres in the monomer was motivated by the prospect of
interesting quantum phases properties that may derived from the spin-orbit inter-
action or magnetism associated with the inclusion of metallic centres in the polymer
structure (this long-standing goal was actually the scope of the national project in-
volving Institut Néel, Institut FEMTO-ST, and IPCMS). The literature is full of
examples where the metallic elements constitute the linkages of the network, but
few works gave a demonstration that they can be introduced in the polymer without
involving them in the polymerization reaction. Here, we attempt this synthesis at
a liquid/liquid interface, which is a configuration known to favour the development
of smooth, large area polymers. UV-Vis and Raman spectroscopy confirmed the
formation of the imine bonds in the structure, suggesting the extension of the -
conjugation over the whole system. Together with SEM and TEM an ultrathin (<
20 nm) organometallic polymeric nano-sheet was observed and SAED analysis on a
suspended sample revealed structural disorder at least at the scale of the electron
beam. Future investigations could be oriented to improve the crystallinity of the
polymeric nanosheets by a systematic study of the synthetic conditions (tempera-
ture, concentration type of precursors) and by addition of chemical substances that
could help the monomers to better order at the interface, as it has been recently
reported by Fang et al.?'®> This would open the way to finer structural investiga-
tions, for instance with scanning probe techniques or electron microscopy. In order
to facilitate the characterization process of the imine bond formation, efforts should
also be focused on the development of suspending membrane yielding low back-
ground level in the spectroscopy measurements, which we believe would be optimal
in the case of larger holes and silicon-based membranes. This will jointly require
to control the transfer process so that extended suspension of the rather fragile
polymer nanosheets is effective without disrupting them. Finally, thanks to these
improvements on the polymer quality, electronic transport measurements on the
nano-sheets deposited on SiO2/Si substrates can be envisaged.
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