
     
 

 

 

SPIN INTERACTIONS IN 

ORGANIC 

MOLECULAR ARCHITECTURES 

 

 

 

 

 
A DOCTORAL THESIS 

by 

ALESSIO VEGLIANTE 

 

 

 

Supervised by 

José Ignacio Pascual Chico 
 

 

December 2024 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 







Abstract

The study of magnetism in carbon-based nanostructures is a rapidly advanc-
ing field, driven by both fundamental scientific interest and the potential for
applications in emerging technologies like molecular spintronics and quantum
information.

Although magnetism is commonly associated with transition metals pos-
sessing unpaired d- or f -shell electrons, it can also emerge in light elements
like carbon. The so-called π magnetism, which arises from unpaired p-shell
electrons, is associated to several unique properties, such as enhanced spin de-
localization and longer coherence times, which make magnetic carbon-based
systems highly attractive for a variety of technological applications. The in-
vestigation of intrinsic magnetic states in purely organic nanostructures, long
confined to theoretical speculation, is now experimentally accessible thanks to
the advancements in on-surface synthesis techniques. These methods enable
the fabrication of nanostructures that are difficult to achieve using conven-
tional solution-based chemistry, including highly reactive carbon-based mag-
netic systems.

In this thesis, we investigate spin interactions in atomically precise or-
ganic nanostructures synthesized on metal substrates. Using scanning probe
microscopy techniques-primarily scanning tunneling microscopy (STM) and
spectroscopy (STS)-combined with theoretical simulations, we characterize the
spin states of these systems and explore how they are affected by variations
in the structural conformation or local chemical modifications.

We study several organic systems featuring a varying number of unpaired
π electrons. First, we investigate the magnetic state exhibited by a non-
planar organic diradical (2-OS) on a gold substrate. We demonstrate that the
exchange interaction between its two radical units is highly dependent on the
precise molecular conformation. Thus, we show that the intramolecular spin
coupling can be modified by inducing controlled structural changes with the
STM tip, either by applying local attractive forces or by directly contacting
the molecule and lifting it from the substrate. Additionally, we study how the
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spin state of the diradical can be altered by modifying its chemical structure,
specifically by reducing the distance between the radical units, which results
in a transition to a closed-shell state.

Next, we investigate more complex nanoarchitectures formed by coupling
triangulene building blocks via a combination of in-solution and on-surface re-
actions. First, we characterize a polyradical nanographene (TTAT), generated
by joining three pristine [3]triangulenes through a nitrogen-doped triangulene
core. The observation of typical magnetic fingerprints in STS, such as Kondo
resonances and inelastic spin excitations, demonstrates the open-shell charac-
ter of the final structure. With the support of advanced multiconfigurational
calculations, we show that this system accommodates three unpaired π elec-
trons which couple ferromagnetically, resulting in a high-spin ground state.
Similarly, we synthesize and characterize a [3]triangulene-based macrocycle
(TNS), which accumulates twelve unpaired π electrons. We reveal that this
nanostructure exhibits a many-body singlet ground state, with collective spin
excitations accessible via inelastic electron tunneling spectroscopy. Further-
more, we demonstrate that the magnetic behaviour of this system is consistent
with the predictions of the Heisenberg model for an antiferromagnetic S = 1
spin ring.

Finally, we explore strategies for fabricating two-dimensional covalent net-
works based on open-shell triangulene units, with the aim of investigating
collective spin states in extended organic architectures. While significant chal-
lenges remain in achieving fully ordered two-dimensional structures incorpo-
rating π-radical units, we identify here some promising approaches to overcome
these obstacles in future research.
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Introduction

Magnetic materials play an essential role in modern science and technology.
The investigation of magnetism, from bulk materials down to low-dimensional
systems and single molecules, has led to tremendous progress in our under-
standing of matter and has given rise to crucial technological advancements.

In the last decades, several scienti�c breakthroughs, starting with the dis-
covery of giant magnetoresistance1,2, have resulted in the emergence of spin-
tronics, a new research �eld that aims at using the spin of the electron for stor-
ing, processing and transmitting information3�5 . Compared to conventional
electronics, based on the electron charge, this new technology holds promise
for devices with higher e�ciency, increased processing speed and lower power
consumption. Furthermore, electron spins have been proposed as elementary
bits for quantum information technology, thus stimulating the fabrication and
investigation of nanomaterials and molecules with robust and addressable spin
states6.

Research on magnetism, including studies on single-molecule magnets, has
been mostly restricted to the elements belonging to thed- and f -block of
the periodic table7. More recently, however, carbon-based nanomaterials have
emerged as a new platform for the exploration of quantum magnetism and as
potential building blocks for spintronic devices8.

A fundamental incentive to the investigation of carbon-based nanostruc-
tures has surely come from the the widespread interest generated by graphene,
a truly two-dimensional all-carbon material, �rst isolated and characterized
in 20049,10. Although graphene itself does not exhibit intrinsic magnetism,
some graphene nanostructures with well-de�ned geometries (also callednano-
graphenes) can show spin polarization due to the presence of unpaired�
electrons11,12.

The magnetism arising fromp-shell electrons presents several features that
make it particularly appealing for fundamental studies and potentially advan-
tageous for technological applications. In contrast to transition metals, light
elements like carbon exhibit weak spin-orbit and hyper�ne coupling, which
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result in longer spin coherence times, more delocalized magnetic moments
and long-range spin interactions13,14. Thanks to these properties, magnetic
carbon nanostructures are considered excellent candidates for the realization
of stable bits for quantum computing15, and have been proposed as elemen-
tary components for di�erent spintronic devices, such as spin �lters, molecular
switches and spin valves11,16�18 . Furthermore, the chemical versatility of car-
bon, its ability to form a wide variety of compounds, makes these systems
highly tunable, and therefore an ideal platform for the fabrication of molecu-
lar architectures with tailored magnetic properties.

The presence of unpaired� electrons, however, is associated with high
chemical reactivity, which strongly hinders the synthesis and characteriza-
tion of carbon-based nanomaterials by means of conventional in-solution tech-
niques. Furthermore, their magnetic properties heavily depend on their atomic-
scale structure and can be signi�cantly altered by local defects, heteroatoms
or changes in the bonding con�guration. Thus, atomic precision is an essential
requirement for fabricating nanographenes with well-de�ned and reproducible
spin states.

In this respect, a decisive impulse to the experimental exploration of� -
magnetism has come from the recent development ofon-surface synthesis
under ultra-high vacuum conditions. By activating controlled reactions of
speci�c precursors on suitable metal surfaces, it is now possible to fabricate
carbon nanoarchitectures with full control over their atomic structure and
geometry19,20. Additionally, an important advantage o�ered by on-surface syn-
thesis is that the reaction products can be characterized by means of spatially
resolved surface-sensitive techniques, such as scanning tunneling microscopy
(STM) and spectroscopy (STS). These methods allow direct visualization of
the chemical structure of the synthesized molecules, as well as detection of
their electronic and magnetic properties with atomic resolution21.

Thanks to these tools, several magnetic organic systems, that remained
elusive to traditional solution chemistry, have been recently generated and
characterized on metal substrates, including long sought-after molecules, like
the triangulene and the Clar's goblet22,23.

In addition, by exploiting the manipulation capabilities of the scanning
tunneling microscope at low temperature, it is possible to induce chemical
reactions in speci�c molecular sites, to selectively quench or activate radical
units, and even to modify the structural conformation of individual molecules
or to decouple them from their metal supports. This o�ers unprecedented
control over the magnetic properties of matter at the single-molecule level,
which is highly appealing for applications in molecular spintronics. From a
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more fundamental point of view, these tools allow to explore and manipulate
magnetism at the atomic scale and thus to directly test theoretical spin models.

In this thesis we investigate spin interactions in carbon-based nanostruc-
tures fabricated on metal substrates through chemical reactions of speci�c
molecular precursors. We study di�erent all-organic systems featuring an in-
creasing number of unpaired� electrons. Using scanning probe techniques,
we unravel the magnetic states that emerge from the interactions among these
spin units and rationalize them with the support of theoretical calculations,
within the framework of the main models currently used to describe quantum
magnetism. The main objectives of this work are: i) to design and synthe-
size carbon-based nanoarchitectures with well-de�ned atomic structures and
reproducible magnetic states; ii) to detect and characterize the spin interac-
tions emerging in these nanostructures using STM and STS and examine their
dependence on the molecular conformation and atomic-scale chemical struc-
ture; and iii) to explore methods for manipulating the spin states of these
systems, by taking advantage of their chemical or mechanical tunability, to
achieve controlled changes in their magnetic properties.

The thesis is organized as follows:

Chapter 1 introduces the main theoretical concepts and the experimental
techniques used in the thesis. It starts with a general overview of the topic
of � -magnetism in carbon-based nanostructures, with a special focus on the
electronic and spin properties of the [3]triangulene, a paradigmatic example
of nanographene, which represents the basic building block of some of the
structures investigated in the thesis. Additionally, the impact of heteroatom
substitution on the spin state of graphene �akes are brie�y discussed.

Then we present the principles of scanning tunneling microscopy and spec-
troscopy, with a focus on bond-resolved imaging and on the detection of
magnetism in single molecules through its characteristic �ngerprints in STS
(Kondo resonances and inelastic spin excitation features). This is followed by
a description of the on-surface synthesis strategies commonly used to fabricate
graphene nanostructures. The chapter is completed with a brief description
of the experimental setup.

Chapter 2 reports the on-surface generation and investigation of the non-
planar organic diradical 2-OS, a derivative of the Chichibabin's hydrocarbon,
with a focus on the dependence of the intra-molecular spin coupling on the
structural conformation of the molecule. We show that the exchange interac-
tion between its two spin units can be tuned by means of mechanical manipu-
lation using the STM tip. Furthermore, we explore the possibility of modifying
the molecule's spin state through changes in its chemical structure.
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Chapter 3 focuses on an open-shell nanographene obtained through a
strategic coupling of three [3]triangulenes to the edges of a nitrogen-substituted
[3]triangulene core. We show that such combination of triangulene building
blocks results in a structure with three unpaired � electrons. We thus reveal
the interaction among these three spins, and demonstrate that the system
behaves as a ferromagnetic spin trimer.

Chapter 4 reports the on-surface synthesis and characterization of a
molecular macrocycle obtained by coupling six [3]triangulenes through their
vertices. The resulting nanostructure accumulates a large number of unpaired
� electrons (twelve) which give rise to a many-body singlet ground state. We
probe the spin states of this triangulene-based ring through the �ngerprints
of the collective spin excitations revealed by inelastic electron tunneling spec-
troscopy. Also, we investigate how the passivation of a radical unit or the
opening of the cyclic structure modify the spin properties of the system.

Chapter 5 focuses on our on-going exploration of on-surface synthesis
strategies for building extended two dimensional structures based on open-
shell triangulene units. We report a few attempts using distinct molecular
precursors, highlighting the challenges associated with the generation of cova-
lent triangulene networks, and outline the most promising directions for future
experiments.

Chapter 6 summarizes the main conclusions of the thesis.

Contributions from collaborating groups

The work presented in this thesis is the result of a collaboration between sev-
eral research groups. The experimental work involving on-surface synthesis
and characterization through scanning probe microscopy was carried out by
me, with contributions from other members of my group (Scanning Probe Mi-
croscopy at NanoGUNE). The synthesis of all the molecular precursors was
performed by the group of Diego Peña (CiQUS and Universidade de Santi-
ago de Compostela, Santiago de Compostela, Spain), while the theoretical
calculations were carried out by the groups of Thomas Frederiksen (Donos-
tia International Physics Center, San Sebastián, Spain), Emilio Artacho (CIC
NanoGUNE, San Sebastián, Spain), and Pavel Jelínek (Institute of Physics,
Czech Academy of Sciences, Prague, Czech Republic), with speci�c contribu-
tions as indicated in the di�erent chapters. Additionally, in Section 2.5, I also
report complementary data from MCBJ experiments conducted by the group
of Herre van der Zant (Delft University of Technology, Delft, The Netherlands),
as part of our collaboration. The speci�c contributions from the members of
these groups are indicated in the footnotes of the corresponding chapters.
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1 Theory and
experimental methods

1.1 Electronic structure of sp2 carbon systems

Carbon is one of the most versatile chemical elements, as re�ected in the great
variety of existing carbon-based compounds, both organic and inorganic. Car-
bon atoms can bond together in di�erent ways, giving rise to several allotropes
with very diverse properties, from diamond, an insulator, to graphite, which is
instead a good electrical conductor. This variety stems from di�erent bonding
geometries, which depend on the hybridized orbitals involved in the carbon-
carbon covalent bonds.

The carbon atom exhibits four valence electrons, and is therefore able
to form up to four covalent bonds, as a result of its ground state electronic
con�guration 1s22s22p2. In a covalent structure, a carbon atom is bonded to
neighbouring atoms (carbon or di�erent ones) through n + 1 hybrid orbitals,
indicated as spn orbitals, which arise from the combination of the 2s orbital
with n 2p orbitals, as illustrated in Figure 1.1a.

In this thesis we study magnetism in polycyclic aromatic hydrocarbons
(PAHs) composed ofsp2-hybridized carbon atoms. In such structures, each
carbon atom forms threesp2 orbitals, resulting from the hybridization of the
2s orbital with two of the 2p orbitals. This leads to the formation of three
� bonds with the neighbouring atoms in a planar trigonal geometry. The
remaining pz orbitals, which lie perpendicular to the plane of the molecule and
are not a�ected by the hybridization, overlap laterally forming the conjugated
� -electron system (Figure 1.1b).

Most of these molecules can be described as �nite fragments of graphene, a
single layer of sp2-hybridized carbon atoms arranged in a honeycomb lattice.
As shown in Figure 1.1c, graphene is abipartite system, made up of two
interconnected hexagonal sublattices. Each carbon atom shares three valence
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1. Theory and experimental methods

Figure 1.1: (a) Schematic depicting orbital hybridization in carbon. (b) Representation of carbon
orbitals and their bonds insp2-hybridized carbon systems. Adapted from [24]. (c) Honeycomb
lattice of graphene composed of two interpenetrating sublattices (red and blue atoms). Adapted
from [25]. (d) Band structure of graphene calculated with DFT (in grey) and di�erent tight-
binding models. The graph includes the nearest-neighbour model (blue), next-nearest neighbour
model (red) and third-nearest neighbour model (green), with both orthogonal (-o) and non-
orthogonal (-no) basis variants. Adapted from [12].

electrons with three atoms belonging to the opposite sublattice through the in-
plane sp2 hybrid orbitals. The bonds formed between thepz atomic orbitals
give rise to the � band, exhibiting a characteristic linear dispersion at the
Fermi level, which is responsible for the peculiar electronic properties of the
system26. Each carbon atom contributes with a single electron to the� band,
which is therefore calledhalf-�l led .

Taking advantage of the orthogonality between the� - and the � -symmetry
electronic states, the properties of graphene and, more broadly, of planarsp2

carbon structures can be understood by considering only thepz electrons form-
ing the � -conjugated system, which play the dominant role in their low-energy
electronic features.

The usual starting point for describing the electronic properties of graphene-
like structures is the tight-binding (TB) model, which, although relatively
simple, already captures the most relevant features of many of such systems.
In this model, the electronic structure of a solid is determined considering
atomic orbitals localized at the lattice sites and the possibility of electron
hopping between neighbouring sites. Importantly, this approximation ignores
electron-electron interactions.
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1.1 Electronic structure of sp2 carbon systems

The nearest-neighbour TB Hamiltonian can be written as

Ĥ0 = � t
X

hi;j i ;�

[cy
i� cj� + h:c:]; (1.1)

where cy
i� and ci� are the creation and annihilation operators of an electron

with spin � at site i , respectively, andt is the hopping integral between nearest-
neighbour orbital sites. The notation hi; j i indicates the pairs of nearest-
neighbour atoms, whileh:c: stands for the Hermitian conjugate terms. In the
case of neutral graphene systems, we consider one2pz orbital for each sp2

carbon atom.
It is found that this simple approach reproduces well the electronic prop-

erties of graphene. In fact, considering a nearest-neighbour hopping integral
t � 2:7 eV, the TB model correctly yields the linear dispersion of the � -
symmetry conduction and valence bands, as shown in Figure 1.1d. These
bands touch at the Fermi level, making graphene a zero-gap semiconductor,
or semimetal. It is important to point out that the absence of a band gap in
pristine graphene is a consequence of the equivalence of its two sublattices.

The TB model can also be used to get a �rst insight into the electronic
properties of �nite graphene �akes. An example is reported in Figure 1.2c,
which illustrates the solution of the Hamiltonian 1.1 for the [3]triangulene, a
paradigmatic example of nanographene. This molecule is a planar benzenoid
PAH exhibiting a characteristic triangular shape with three carbon hexagons
along each side (Figure 1.2a). All the carbon atoms constituting the system are
sp2-hybridized, including those at the edges, which are passivated by hydrogen
atoms.

The low-energy spectrum calculated with the TB model reveals an occu-
pied and an unoccupied molecular orbital at symmetric energies with respect
to zero and, interestingly, two electronic states exactly at zero energy27. Zero-
energy states are relevant in the context of magnetism since, in presence of
repulsive electron-electron interactions, they tend to undergo spin polariza-
tion, in agreement with the Stoner criterion11. This mechanism essentially
represents a possible way to overcome the instability induced by the pres-
ence of low-energy electrons. However, the TB model fails to capture this
e�ect, and therefore the onset of magnetism, since it treats the electrons as
non-interacting particles.

The Hamiltonian 1.1 can be complemented with a term accounting for
short-range electrostatic Coulomb interactions. This leads to theHubbard
model, which is described by the Hamiltonian

Ĥ = Ĥ0 + U
X

i

ni " ni #; (1.2)
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1. Theory and experimental methods

Figure 1.2: (a) Chemical structure of the [3]triangulene. (b) Representation of the molecule
highlighting the atoms belonging to the two sublattices, A (blue) and B (red). (c) Nearest-
neighbour tight-binding energy spectrum, obtained usingt = 2 :7 eV. The two states appearing
at zero energy are highlighted in the dashed box. (d) Mean-�eld Hubbard energy spectrum,
obtained for U = 3 :5 eV. The introduction of electron-electron interaction results in a spin
polarization. Figures (c) and (d) adapted from [27].

where ni� = cy
i� ci� is the number operator at the site i , and U > 0 represents

the repulsive on-site Coulomb interaction energy. It is noteworthy that this
Hamiltonian does not include long-range interactions; rather, it considers a
repulsive interaction between two electrons only when they occupy the same
orbital.

Due to the di�culty of obtaining an exact numerical solution even for
small systems, this additional term is usually treated introducing a mean-�eld
approximation, which leads to the Hamiltonian

ĤMFH = Ĥ0 + U
X

i

(ni " hni #i + hni " i ni # � h ni " i hni #i ); (1.3)

where hni� i indicates the average population of spin� electrons at site i .
As shown in Figure 1.2d, application of this model to the [3]triangulene

leads to the emergence of a spin polarization and consequently to the open-
ing of an energy gap (Coulomb gap). This results in the appearance of two
singly occupied molecular orbitals (SOMOs) with the same spin polarization27.
According to this picture, the [3]triangulene can be described as an open-
shell molecule hosting two unpaired� electrons (also referred to asdiradical
molecule). Additionally, following Hund's rule, the spins of the two electrons
occupying the SOMOs are aligned parallel to each other, therefore we can
expect a ground state with total spin S = 1 (triplet state).

A closer look at the structure of the [3]triangulene (Figure 1.2b) reveals
a di�erence in the number of atoms belonging to each of the two sublattices.
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1.2 Emergence of magnetism in graphene nanostructures

This asymmetry lies at the origin of its magnetic state, as we will discuss in
the next section.

1.2 Emergence of magnetism in graphene nanos-
tructures

1.2.1 Lieb's theorem

The equivalence between the two sublattices is responsible for the lack of
intrinsic magnetism in pristine graphene. Therefore an immediate way to
induce a net spin state in graphene (or in a graphene-based nanostructure)
is by creating a sublattice imbalance. This can be intuitively understood
considering that, since each carbon can form� bonds only with atoms of the
opposite sublattice, a di�erence in the number of sites in the sublattices results
in one or more � electrons that cannot be paired.

A more rigorous explanation is based on Lieb's theorem, which allows
determining the total spin of bipartite systems described by the Hubbard
model in case of repulsive electron interactions (U > 0)28. According to this
theorem, which represents a generalization of the Ovchinnikov's rule29, the
ground state of such systems exhibits a total spin

S =
1
2

jNA � NB j; (1.4)

whereNA and NB indicate the number of atoms belonging to sublattices A and
B, respectively. It immediately follows that in a graphene system a sublattice
imbalance leads to a net spin polarization.

One way to induce an asymmetry between the graphene sublattices is by
removal of a pz electron from the � -conjugation network. This was achieved
experimentally by creating atomic vacancies in a graphene layer through ion
bombardment, which indeed resulted in a local spin polarization, as revealed
by scanning tunneling spectroscopy30. In another experiment, the same e�ect
was obtained through passivation with atomic hydrogen, which locally changed
the carbon hybridization from a sp2 to a sp3 con�guration 31.

Although these works demonstrated for the �rst time the possibility of
inducing magnetism in graphene, they were based on the generation of defects
or on the addition of heteroatoms. However, anintrinsic magnetism can
develop in pristine graphene nanostructures when they are shaped in such a
way as to create a sublattice imbalance.

An example is the [3]triangulene, introduced in the previous section. This
molecule, in fact, exhibits a di�erent number of atoms in the two A and B
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1. Theory and experimental methods

sublattices (NA = 12 and NB = 10), from which Lieb's theorem predicts a
S = 1 ground state, in agreement with the electronic occupation of the energy
states obtained by solving the mean-�eld Hubbard Hamiltonian (Figure 1.2d).
This theorem therefore provides a powerful counting rule, which can be easily
applied to graphene nanostructures with well-de�ned geometries to predict
their spin state.

1.2.2 Unpaired � electrons and Clar sextets

In many cases, the emergence of magnetism can be directly inferred from the
Lewis structure of the nanographene. Considering again the [3]triangulene as
an example (Figura 1.2a), one can see that it is not possible to draw any reso-
nance structure without leaving unpaired � electrons, speci�cally two electrons
in the majority sublattice.

A conjugated hydrocarbon like the [3]triangulene, which cannot be asso-
ciated with a classical Kekulé structure, in which all the carbon atoms are
� -bonded, is known as a non-Kekulé molecule. It is important to note, how-
ever, that the presence of unpaired electrons is not necessarily the result of a
sublattice imbalance, as we will discuss in the next section.

Drawing chemical structures, therefore, provides a �rst insight into the
potential emergence of spin states in a graphene nanostructure. However, a
PAH typically exhibits more than one possible resonance structure, and in
some cases a molecule can be represented by both open-shell and closed-shell
resonance structures12.

A useful tool for determining the most likely resonance structure of a
nanographene is the Clar's rule, which relates the chemical stability of a
molecule with the number of Clar sextets, i.e., six-membered carbon rings
featuring three conjugated � bonds32,33. According to this empirical rule, for
a benzenoid PAH the most important resonance structure is the one display-
ing the highest number of non-adjacent Clar sextets. This follows from the
observation that a larger number of Clar sextets is associated to a higher aro-
maticity, which results in an increase of the chemical stability of the molecule.

1.2.3 Nullity

Another important counting rule that is usually used in the determination
of the magnetic properties ofsp2-hybridized carbon systems is derived from
benzenoid graph theory and is based on the concept ofnullity 34. This quantity
refers to the number of zero-energy states of a molecule as obtained by solving
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1.2 Emergence of magnetism in graphene nanostructures

the nearest-neighbour tight-binding Hamiltonian 1.1. According to this rule,
the nullity � of a honeycomb system is given by

� = 2 � � N; (1.5)

where N is the total number of sites and� is the maximum possible number
of sites that are not nearest neighbours to each other.

Determining the nullity of a certain nanostructure allows us to get a �rst
insight into its magnetism, since zero-energy states are expected to undergo
spin polarization for U > 0, as we saw before. Therefore the nullity of a
graphene fragment can be directly linked to the number of� radical units,
i.e., of unpaired � electrons.

Application of this rule to the [3]triangulene correctly yields � = 2 . In fact,
as it is common in bipartite structures, the maximum number of non-adjacent
sites is equal to the number of atoms of its majority sublatticeNA = 12, hence
� = 24 � 22.

Further examples are shown in Figure 1.3, where we report the structures
of other graphene fragments, along with the intrinsic spin state predicted
by Lieb's theorem and their nullity. Importantly, such nanographenes have
been actually synthesized and characterized on metal surfaces, con�rming their
open-shell character and the spin states determined with these simple counting
rules23,35,36.

Figure 1.3: Application of the counting rules (Lieb's theorem and nullity) for the prediction of
the magnetic properties of graphene nanostructures. (a) and (b) are examples of structures
with sublattice imbalance (heptauthrene and [4]triangulene, respectively27,37). The nanostruc-
ture represented in (c), called Clar's goblet, is an example of a non-Kekulé molecule without
sublattice imbalance23.
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A signi�cant case is represented by the bowtie-shaped molecule in Figure
1.3c, the so-called Clar's goblet. Di�erently from the other systems reported in
Figure 1.3, this nanographene does not exhibit a sublattice imbalance. It fol-
lows that Lieb's theorem predicts a total spin S = 0 for its ground state, which
apparently suggests a closed-shell structure. However, by applying equation
1.5, it is found that the system's nullity is � = 2 . This is in agreement with
the TB calculations, revealing two zero-energy states, which are expected to
undergo spin polarization when including the Hubbard interaction term11,23.
Indeed, it can be veri�ed that, despite the absence of sublattice imbalance, no
Kekulé structure can be drawn for this molecule.

To account for the S = 0 (singlet) ground state predicted by Lieb's theo-
rem the electrons occupying the two SOMOs need to be antiferromagnetically
coupled, which is in apparent contrast with Hund's rule. However, as seen
in the resonance structure in Figure 1.3c, here the two unpaired� electrons
belong to opposite sublattices, unlike the case of the [3]triangulene. The two
sublattices can be considered as two independent systems, to which Hund's
rule applies separately23.

These observations, based on the counting rules, allow us to get a �rst
insight into the mechanisms of spin coupling in graphene magnetic nanostruc-
tures. In particular, they indicate that radical states belonging to opposite
sublattices tend to couple antiferromagnetically, while for unpaired electrons
located on the same sublattice the ferromagnetic alignment is favoured. How-
ever, it is important to consider that these simple conclusions can be applied
only to bipartite structures, as they are derived from Lieb's theorem, and
therefore are not valid for doped systems or in the presence of non-benzenoid
rings.

1.2.4 E�ects of nitrogen substitution

Incorporating a foreign atom into the lattice of a nanographene can drastically
alter its electronic and magnetic properties. We focus here on the e�ects of
nitrogen substitution in triangulenes, which will be employed in some of the
nanostructures investigated in this thesis (Chapters 3 and 5).

The electronic con�guration of nitrogen in its ground state is 1s22s22p3,
which includes an additional valence electron with respect to carbon. There-
fore, incorporating a substitutional nitrogen atom in the graphene honeycomb
can be can be viewed as introducing an additional electron into thepz orbital
of the corresponding lattice site.

As an example, we consider here the case of the N-doped [3]triangulene,
also referred to as aza[3]triangulene, which was recently synthesized and char-
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1.2 Emergence of magnetism in graphene nanostructures

acterized on metal surfaces38. As shown in Figure 1.4a, the central atom of
the triangulene belongs to the minority sublattice. A �rst way to understand
the e�ect of substituting C with N in this site is to interpret the addition
of the extra pz electron as the removal of the corresponding atom from the
� -conjugation network. Applying Lieb's theorem to the [3]triangulene, but
taking now into account one atom less in the minority sublattice, results in
a S = 3=2 ground state. This would correspond to the chemical structure
represented in Figure 1.4b, exhibiting three unpaired electrons in the same
sublattice.

Figure 1.4: (a) Substitution of the central C atom with a N atom in the [3]triangulene, leading
to the aza[3]triangulene. The atoms belonging to the majority and minority sublattices are
marked in blue and red, respectively. (b) Chemical structure of the possibleS = 1 =2 ground
state con�guration, exhibiting a D 3h symmetry. (c) Molecular structure withC2v symmetry and
spin S = 1 =2: this structure, driven by Jahn-Teller distortion, represents the most energetically
favourable con�guration according to theoretical calculations38.

It is important to consider, however, that using Lieb's theorem in this
context is not strictly correct since it should be applied only to bipartite
systems. Indeed, density functional theory (DFT) calculations show that the
ground state of the aza[3]triangulene is a doublet (S = 1/2) 38. As illustrated
in Figure 4c, the structure with a single radical unit exhibits a lower molecular
symmetry (C2v) with respect to the triradical one (which has a D3h structure).
The S = 1=2 ground state is, in fact, a more energetically stable con�guration
driven by a Jahn-Teller distortion. It is characterized by an internal charge
redistribution, resulting in a zwitterionic structure, and the formation of a
C-N � bond, which reduces the number of radical units from three to one.

It was shown that this is actually a common mechanism in N-doped tri-
angulenes hosting the N atom in the minority sublattice. On the other hand,
application of Lieb's theorem yields a correct prediction of the spin state of
aza-triangulenes when N occupies a site of the majority sublattice, since in this
case the Jahn-Teller distortion and consequent charge redistribution would not
lead to a reduction in the number of unpaired electrons39.
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As an alternative to using Lieb's theorem to predict the spin state of an
aza-triangulene, a more rigorous approach is to �rst determine the zero-energy
states of the correspondent pristine molecule (e.g., by calculating its nullity)
and afterwards consider the e�ect of adding an extra electron, coming from
the N atom. We will present an example of application of this approach in
the prediction of the spin state of the N-doped nanostructure investigated in
Chapter 3.

1.3 Magnetic interactions in carbon-based nanos-
tructures

As previously noted, the presence of more than one radical unit in a graphene
nanostructure can lead to the development of di�erent intra-molecular mag-
netic interactions. In the case of diradical nanographenes, for example, both
ferromagnetic couplings, as in the [3]triangulene22,40, or antiferromagnetic in-
teractions, as in the Clar's goblet23, have been reported.

Considering a system with two radical units, the magnetic interaction can
be described in terms of an e�ective spin model:

H = J ~S1 � ~S2; (1.6)

where J is the exchange coupling, and~Si (i = 1,2) is the spin operator of the
electron at site i .

There are essentially three exchange mechanisms which determine the
strength and sign of J in carbon-based nanostructures41: i) Hund exchange,
ii) kinetic superexchange and iii) Coulomb-driven superexchange.

The Hund exchangeis observed in the case of spatial overlap of the elec-
tronic wavefunctions. It is always ferromagnetic, since it stems from the re-
duction of the Coulomb repulsion between the electrons, and scales linearly
with the Coulomb interaction. This mechanism is responsible for the triplet
ground state of the [3]triangulene: in this molecule the large spatial overlap
between the two zero-energy states results in a strong ferromagnetic coupling,
with an exchangeJ in the order of hundreds of meV (J � 500 meV).

The second mechanism, thekinetic superexchange, is always antiferromag-
netic, and stems from the hybridization between the zero-energy states of the
nanographene. It can be directly related to the hopping mechanism between
di�erent lattice sites, included in the tight-binding Hubbard Hamiltonian 1.2,
and therefore accounts for the antiparallel alignment of the spins of unpaired
electrons belonging to opposite sublattices (as in the case of the Clar's goblet).
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The strength of the coupling depends on the interplay between the hy-
bridization t and the Coulomb interaction U. In particular, in the limit t � U,
the exchange coupling is given by

J =
4t2

U
(1.7)

which corresponds to the expression of the Heisenberg model for antiferromag-
netic interactions.

The third mechanism, the Coulomb-driven superxchange, can lead to both
ferromagnetic and antiferromagnetic coupling. It is a more complex mecha-
nism, involving also orbitals di�erent from the zero-energy states, as recently
described in [41]. The name stems from the fact that in this case the coupling
scales quadratically with the Coulomb interaction.

As we will discuss in the next section, scanning tunneling spectroscopy al-
lows us to reveal spin interactions in individual molecules, to map their spatial
distribution and to directly quantify the exchange couplings. Indeed, robust
magnetic interactions, with values of the exchange coupling ranging from a few
meV up to J � 200 meV, have been measured on nanographenes synthesized
on metal substrates12,42,43. Certainly, the study of magnetic interactions in
carbon nanostructures is not limited to diradicals. Scanning tunneling spec-
troscopy is also a powerful tool to investigate the more complex spin states
emerging from the interactions of multi-radical units, as we will show in Chap-
ters 3 and 4.

1.4 Scanning tunneling microscopy

Scanning tunneling microscopy (STM) and spectroscopy (STS) represent the
main experimental techniques used for investigating the structural, electronic
and magnetic properties of carbon-based nanostructures. Since its develop-
ment in 198144,45, the scanning tunneling microscope has emerged as one the
most powerful tools in surface science, enabling the study and manipulation
of matter down to the single-molecule and single-atom level.

The working principle of STM is based on the quantum tunneling e�ect. As
shown in the scheme in Figure 1.5a, an atomically sharp metallic tip, moved
by a piezoelectric actuator, is brought very close to a conducting sample's
surface, at a distance on the order of a fewÅ. The application of a voltage
bias between the tip and sample results in a current of electrons (generally
in the sub-nanoampere range) tunneling through the vacuum which separates
the two electrodes46. This potential barrier, in fact, can be overcome by
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the electrons with a �nite probability, that depends exponentially on the tip-
sample distance.

Figure 1.5: (a) Simpli�ed representation of the set up for scanning tunneling microscopy (STM)
and spectroscopy (STS). Adapted from [47]. (b) Quantum tunneling in the approximation of
a one-dimensional square potential barrier. (c) Energy level diagram of the vacuum junction
with an applied bias voltageV between tip and sample. The horizontal arrows with di�erent
lengths indicate the exponential decrease of the transmission factor for lower electron energies.
Adapted from [46].

A �rst approximation to describe the quantum tunneling e�ect is to con-
sider a plane wave (z) of energy E travelling through a one-dimensional
square potential barrier (with height V0 > E ), as represented in Figure 1.5b.
For this system the solution of the time-independent Schrödinger equation is
given by

 (z) =  (0)e� kz ; k =

r
2m
~2 (V0 � E ); (1.8)

where  (0) represents the electron wavefunction at the tip position (z=0), m
is the mass of the electron and~ is the reduced Planck constant.

This exponential dependence forms the basis for the high spatial sensitivity
of STM. A change of 1 Å in the tip-sample distance, for example, typically
results in one order of magnitude change in the tunneling current: this allows
us to detect variations on the metal surface at the atomic scale.

However, the information provided by the tunneling current is not only
related to the "topography" of the surface but also to its local electronic density
of states. This can be rationalized considering the model developed by Bardeen
for describing tunneling in metal-insulator-metal junctions48.

In this approach, the tip-barrier and the sample-barrier are treated as two
separate systems. Their electronic states, tip and  sample , are obtained by
solving the time-independent Schrödinger equation for the two subsystems.
Then, using time-dependent perturbation theory for weak coupling between
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the electrodes, the transition rates between the initial i and the �nal f state
of the tunneling process are computed, resulting in the matrix elements

M f i =
~2

2m

Z

S

h
 tip ;i (r )r  �

sample;f (r ) �  �
sample;f (r )r  tip ;i (r )

i
� dS; (1.9)

where S indicates an arbitrary surface separating tip and sample.
The tunneling current can be expressed in terms of these transition matrix

elements, as follows:

I =
2e
~

X

i;f

jM f i j2� (E f � E i ); (1.10)

where e is the electron charge, andE i and E f represent the energies of the
initial and �nal state, respectively. Importantly, the delta function appearing
in the expression guarantees that the tunneling process is elastic, i.e., that no
energy is lost during the process.

It is then possible to express the tunneling current in terms of the electronic
density of states of tip and sample. In the limit of T = 0 , the resulting
expression is

I =
4�e
~

Z eV

0
� tip (� � eV)� sample(� )jM (� )j2 d�; (1.11)

where � (� ) is the energy-dependent density of states of tip/sample,V is the
applied bias voltage andM (� ) represents the transition matrix element as a
function of the energy. In the case of a one-dimensional rectangular energy
barrier, M (� ) is commonly approximated by the transmission factor

T(�; V; d) / exp

"

� 2d

s
2m
~2

�
� tip + � sample

2
+

eV
2

� �
� #

; (1.12)

where d is the tip-sample distance and� indicates the work function of the
tip or the sample.

Consequently, the tunneling current from Equation 1.11 can be expressed
as

I =
4�e
~

Z eV

0
� tip (� � eV)� sample(� )T(e; V; d) d�: (1.13)

According to this expression, the transmission factor depends on the energy
of the tunneling electrons. As shown in the scheme in Figure 1.5c, the e�ective
barrier for an electron with energy � is given by �� + eV

2 � � , where �� is the
average work function between tip and sample. An important consequence
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is that the transmission reduces exponentially for electrons with lower energy
(as indicated by the arrows in the �gure), and therefore the main contribution
to the tunneling comes from the electrons located at the Fermi level.

In the case of a small bias (eV � � ), the transmission factor can be
considered independent from� and V and only dependent (exponentially) on
the tip-sample distance, as discussed before. In this approximation,I is given
by

I =
4�e
~

T(d)
Z eV

0
� tip (� � eV)� sample(� ) d�; (1.14)

which clearly accounts for the tunneling current's dependence on the combined
density of states of tip and sample in the energy window determined by the
applied bias voltage.

In the case of a �nite temperature, the Fermi-Dirac distributions f (� ) can
be included in 1.13, leading to the expression

I =
4�e
~

Z 1

�1
[f (� � eV) � f (� )] � tip (� � eV)� sample(� )T(�; V; d) d�: (1.15)

The results obtained from this model, however, do not consider realistic
wavefunctions for the sample and the tip and therefore do not account for the
spatial resolution provided by STM.

The Bardeen model was adapted to the speci�c tip-sample geometry by
Terso� and Hamann49. They calculated the matrix element M in Equation
1.10 considering the tip as a point source at positionr t described by a spherical
s-like orbital. In this con�guration, and in the limit of small bias voltage V ,
the tunneling current can be expressed as

I /
X

n
j n (r t )j2� (EF � En ) � � sample(EF ; r t ): (1.16)

Within this approximation the current results proportional to the local density
of state (LDOS) of the sample evaluated at the Fermi levelEF in the tip
position r t . It follows that an STM measurement enables the probing of the
local electronic properties of a surface with atomic resolution.

1.4.1 STM imaging

The exponential dependence of the tunneling current on the tip-sample dis-
tance can be directly exploited to gain information on the atomic-scale topog-
raphy of a metal surface. For this end, the STM tip is scanned across the
sample with picometer precision by using piezoelectric crystals.

The most common method of operation is the so-calledconstant-current
mode, in which the tunneling current is maintained at a set value (typically
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in the order of picoamperes) using a feedback loop mechanism. The corre-
sponding variation in the tip-sample distance can then be processed into a
topographic image of the sample surface and its adsorbed molecules. It is
important to consider, however, that STM images do not provide the actual
atomic height of molecules or other adsorbates. As seen in Equation 1.14, in
fact, the tunneling current is actually a result of the convolution between the
topography and the electronic density of states.

An alternative method is the constant-height mode. In this case, the feed-
back mechanism is disabled and the tip is scanned over the surface at a �xed
height. The consequent variation in the current provides the information about
the sample topography. This method is generally used for scanning small and
�at areas, typically for probing individual molecules. In particular, it is the
preferred mode for performingbond-resolvedSTM (BR-STM) imaging, i.e., to
resolve the atomic structure of planar organic molecules.

BR-STM represents one of the most powerful tools to investigate individual
molecules on surfaces. It is typically performed using a carbon monoxide
(CO)-functionalized tip, i.e., a tip having a single CO molecule attached at its
apex, and scanning at small tip-sample separation and at low bias (typically
V � 10mV) 50.

The enhanced contrast obtained when CO is attached to the STM tip
can be explained considering the lateral de�ection of CO, which occurs due
to Pauli repulsion between the CO and the chemical bonds of the surface-
adsorbed molecule when scanning at close distances51. The lateral relaxation
then leads to a variation in the conductance of the junction, which allows
for the spatial localization of the individual chemical bonds though the con-
trast in the tunneling current. An example is reported in Figure 1.6a, which
demonstrates the possibility of characterizing the atomic-scale structure of a
nanographene using BR-STM. It is noteworthy that, since STM probes a con-
volution of topography and electronic density of state, a BR-STM image may
also reveal low-bias electronic features (like the Kondo resonance, described
in the next section), as shown in Figure 1.6b. From one side this e�ect can
hinder a proper visualization of the chemical structure of the molecule; on
the other hand, it provides a useful tool to spatially localize such low-energy
features (e.g., to identify the presence of radical units).

1.4.2 Complementary bond-resolved imaging with nc-AFM

An alternative technique for the determination of the atomic-scale structure of
organic molecules is non-contact atomic force microscopy (nc-AFM), which is
also performed using a CO-functionalized tip, as �rst demonstrated by Gross
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et al. in 200952. Di�erently from STM, which relies on measuring the tun-
neling current, nc-AFM detects atomic forces by scanning a cantilever close
to the surface in non-contact mode53. This allows the direct measurement of
the topography of the system, providing a true visualization of the molecular
structure without interference from the electronic states. As an example, nc-
AFM imaging of the [3]triangulene is shown in Figure 1.6c22. This technique
is particularly useful in systems with low-energy electronic features that can
alter the visualization of the submolecular structure in STM54,55.

Although STM is the primary tool used in this thesis, an example of
constant-height bond-resolved nc-AFM imaging will be provided in Chapter 3.
In this experiment, we use a q-plus sensor, which allows for simultaneous detec-
tion of STM and AFM images56. This is illustrated in Figures 3.1f-g, which
demonstrate the higher capability of AFM to visualize the precise chemical
structure of the molecule, without the distortions caused by electronic contri-
butions in STM imaging.

Figure 1.6: (a) Constant-height STM current image of a nanographene recorded with a CO-
functionalized tip at V = 5 mV. This imaging mode, known as BR-STM, allows direct visual-
ization of the bond-resolved structure of the molecule. Adapted from [57]. (b) Example of a
BR-STM image (recorded atV = 8 mV) in the presence of low-bias spectral features, which
appear as bright regions (indicated by the arrows). Adapted from [58]. (c) Bond-resolved
constant-height nc-AFM image of [3]triangulene on a Cu surface. The AFM image was ob-
tained using a q-plus sensor with a CO-functionalized tip, operated in frequency-modulation
mode (oscillation amplitudeA = 50 pm). Adapted from [22].

1.5 Scanning tunneling spectroscopy

As discussed in the previous section, the tunneling current measured in STM
depends on the local density of states of tip and sample. This principle is
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exploited in scanning tunneling spectroscopy (STS) to probe the electronic
properties of a system with atomic resolution.

In STS the tip is kept at a constant height and the tip-sample bias is swept
in a certain range, while measuring the di�erential conductance (dI=dV ). This
quantity can be directly related to the LDOS of the sample, as seen by dif-
ferentiating Equation 1.13 with respect to V . Under the approximation of
constant � tip ,

dI
dV

(V )
~

4�e
= e� tip � sample(eV)T(eV; V) +

Z eV

0
� tip � sample(� )

@T(�; V )
@V

d�:

(1.17)
According to the �rst term of this expression, the dI=dV signal measured

at a certain position in a given bias range provides a direct measurement of
the LDOS of the sample. The second term, containing the transmission factor,
constitutes a monotonic background to the signal. In practice thedI=dV signal
can be directly measured using a lock-in ampli�er by adding a high-frequency
sinusoidal modulation (with a certain amplitude Vmod) to the DC bias V 46.

Low-temperature STS is routinely performed on individual molecules on
surfaces to probe their electronic structure and also to map the spatial dis-
tribution of their orbitals, by recording dI=dV scans at well-de�ned energies
(dI=dV maps). As we will discuss next, STS can also be employed to detect
and quantify magnetic states and spin interactions at the single-molecule level.

1.5.1 Fingerprints of magnetism: Kondo e�ect and inelastic
spin excitations

In di�erential conductance measurements, a typical signature of a localized
spin state in a molecular system is the zero-bias resonance associated with the
Kondo e�ect . This feature arises from the screening of a magnetic impurity
by the conduction electrons of the metal substrate, which leads to a collective
S = 0 ground state59,60.

The Kondo e�ect, which is related to the increase in resistance observed at
low temperatures in metals containing magnetic impurities, was �rst explained
by J. Kondo61, and later described by P.W. Anderson in the single impurity
model62. This model represents the magnetic impurity as an unpaired electron
with spin S = 1=2 occupying a certain energy state. The exchange processes
with the electrons of the metal substrate lead to constant �uctuations of the
impurity's spin, resulting in a many-body S = 0 ground state. This is man-
ifested in the dI=dV as a resonance at the Fermi energy, since the electrons
close toEF are those involved in these scattering processes.
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Figure 1.7: (a) Kondo resonances revealed by STS in correspondence of the bright regions ap-
pearing in the low-bias BR-STM image of a graphene nanoribbon junction. These spectral
features indicate the presence of a localized magnetic moment. Adapted from [58]. (b)dI=dV
(top) and d2 I=dV 2 (bottom) spectra measured on the Clar's goblet (constant-current STM
image on the right), revealing inelastic spin excitation features at� 23 mV. Such features can
be ascribed to a singlet-triplet transition. Furthermore, being the molecule a diradical, the
energy onset of the excitation corresponds to the e�ective exchange coupling between the two
spinsJ = 23 meV. Adapted from [23].

It has been shown that a good description of the lineshape of the Kondo
resonance is provided by theFrota function63

F (V ) / Im

"

iei'

s
i � Frota

(eV � EK ) + i � Frota

#

; (1.18)

where ' is a phase factor, associated to the asymmetry of the lineshape,
and EK denotes the center of the resonance.� Frota is related to the half
width at half maximum (HWHM) of the resonance by the relation HWHM =
2:542� Frota .

An example of Kondo resonance revealed in STS on a graphene nanostruc-
ture, due to the presence of aS = 1=2 spin state, is reported in Figure 1.7a. It
is important to note, however, that Kondo resonances can be also detected in
the presence of higher spin state (S > 1=2), as a manifestation of the so-called
underscreenedKondo e�ect 57,64, as will be shown in Chapter 3.

Another spectral signature of the emergence of magnetism in a nanos-
tructure is the presence of bias-symmetric steps associated with inelastic spin
excitations. So far, we have described STS only in terms of elastic processes;

22



1.6 On-surface synthesis

however, the tunneling electrons can also lose part of their energy, inducing
inelastic excitations in the system. This case refers to inelastic electron tun-
neling spectroscopy (IETS)46,65�67 .

The inelastic transitions are manifested in dI=dV spectra as step-like in-
creases in conductance (and, therefore, peaks in thed2I=dV 2 spectra) above
the threshold corresponding to the energy of the excitation. In the context
of magnetism in graphene nanostructures, the appearance of these features
is generally attributed to the interaction between spins, since the excitations
can be related to spin-�ip processes or, more broadly, to transitions between
di�erent spin states of the system. An example of inelastic features attributed
to a singlet-triplet transition is reported in Figure 1.7b.

The characteristics of IETS spectra provide useful information on the spin
con�guration of the molecule. In particular, the energy onset of the excita-
tion generally allows us to quantify the coupling between the electrons, as we
will see in some examples in the next chapters. It is important to note also
that not all spin transitions are allowed in IETS. The conservation of angular
momentum requires that spin excitations induced by single-electron inelastic
processes follow the selection rules� S = 0 ; � 1 and � Sz = 0 ; � 127.

1.6 On-surface synthesis

The development of on-surface synthesis (OSS) represents one of the key fac-
tors contributing to the recent progress in the experimental investigation of
magnetic carbon nanostructures. As depicted schematically in Figure 1.8a,
this method consists in the activation of chemical reactions on atomically
clean metal surfaces in ultra-high vacuum conditions12,21,68. OSS enables the
synthesis of molecules which are di�cult to obtain using traditional in-solution
chemistry, including the highly reactive open-shell nanographenes hosting one
or more � radical units.

The advantages o�ered by OSS stem from the inert environment in which
the reactions are performed, but also from the spatial con�nement in two
dimensions and the catalytic activity of the metal substrate, which allows for
the exploration of reaction pathways that could not be easily accessible in
solution. Importantly, the products of OSS can be characterized by means of
scanning probe microscopy and spectroscopy, thus enabling the investigation
of their properties with atomic resolution.

OSS starts with the deposition of molecular precursors onto the atomically
�at surface of a suitable metal substrate. Subsequently the desired reactions,
which could be either intramolecular or intermolecular, are activated, generally
by thermal annealing. An example is illustrated in the scheme in Figure 1.8b,
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Figure 1.8: (a) Schematic representation of the typical on-surface synthesis procedure followed
for growing atomically precise nanostructures. First, molecular precursors are deposited on a
metal surface in ultra-high vacuum conditions; subsequently, intramolecular or intermolecular
coupling reactions are activated. Adapted from [12]. (b) Scheme of the formation of cova-
lent structures through Ullmann-like coupling on Au(111). (c) Example of the generation of
dimers, one-dimensional chains and two-dimensional networks starting from mono-, di- and
tetra-brominated molecular precursors. Adapted from [68].

showing the mechanism of surface-assisted Ullmann-like coupling, that repre-
sents the main reaction pathway employed in OSS to connect molecular build-
ing blocks into covalent structures. This was demonstrated for the �rst time
in the seminal work by Grill et al. (Figure 1.8c) which showed the possibility
of covalently coupling brominated molecular precursors on a Au(111) surface
via annealing68. The reaction occurs via the dissociation of bromine atoms at
elevated temperatures, leaving radicals that di�use on the surface and create
covalent bonds. As shown in Figure 1.8c, the position of the bromine atoms
in the molecular precursor is crucial, since it orients the reactions and also
determines the dimensionality of the �nal product. Indeed, in this work it was
demonstrated that depending on the number and the position of these atoms,
it was possible to build di�erent types of structures, from dimers to chains to
two-dimensional patches.

Another fundamental reaction in OSS, known as cyclodehydrogenation,
involves intramolecular C-C coupling through dissociation of hydrogen atoms.
This process closes the carbon rings of the molecular precursors, forming the
zigzag edges of triangulenes or other graphene nanostructures69�71 . We will
explore this reaction in various examples of triangulene-based nanostructures
investigated in this thesis.

Importantly, it is also possible to locally induce chemical reactions by sta-
bilizing the STM tip on a well-de�ned position on the molecule and ramping
the bias up to a certain energy threshold. This procedure is commonly used
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to dissociate atoms or functional groups passivating radical units in speci�c
molecular sites, as we will show in Chapter 2.

1.7 Experimental setup

The measurements reported in this thesis were performed with a low-temperature
STM inside an ultra-high vacuum (UHV) chamber, with base pressure in the
order of 10� 10 mbar. A photograph of the system is shown in Figure 1.9.

The STM is held at T � 5 K by a thermal shield connected to a liquid
helium cryostat. The entire system is surrounded by an additional liquid
nitrogen bath cryostat to minimize thermal �uctuations. The STM head is
suspended through three springs for isolation from mechanical vibrations. The
whole UHV system is then lifted by pneumatic feet to dump low-frequency
vibrations.

A sample preparation chamber is used for thein-situ cleaning of the metal
surfaces, for molecular deposition, and thermal activation of on-surface syn-
thesis reactions. The main substrate used in the experiments of this thesis is
an Au(111) single crystal. The surface is prepared by cycles of sputtering with
Ne+ ions followed by thermal annealing atT = 600°C through resistive or elec-
tron beam heating. In the experiments presented here molecular deposition
on the metal substrate is generally achieved through�ash evaporation from a
silicon wafer loaded with grains of the molecular compound. In this process,
the silicon is heated to a high temperature for a few seconds, causing rapid
evaporation of the material. This technique is particularly well-suited for large
molecular structures, since the short exposition to high temperatures reduces
molecular fragmentation. The more standard procedure of evaporation from
a Knudsen cell evaporator was used for two triangulene precursors in Chapter
5 when performing hot sample deposition, i.e., evaporating the molecules on
a substrate kept at high temperature.

The STM measurements were performed with a gold-coated tungsten tip
or, when indicated in the text, with a CO-terminated tip. The STM head (from
CreaTec Fischer & Co. GmbH) was controlled using Nanonis software (SPECS
Surface Nano Analysis GmbH). The �gures representing the experimental data
were prepared using WSxM and SpectraFox softwares72,73.

The AFM bond-resolved image and the Kelvin probe force microscopy
measurements reported in Chapter 3 were performed using a qPlus-type sensor
with eigenfrequencyf 0 = 30:72 kHz and Q-factor of the order of 10456. The
AFM was operated in the frequency modulation mode74, with an oscillation
amplitude of 60 pm.
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1. Theory and experimental methods

The measurements under an external magnetic �eld (reported in Figure 3.5
in Chapter 3) as well as the STS spectrum atT = 1 :3 K (reported in Figure 2.2
in chapter 2) were performed in a di�erent system compared to the other
experiments of this thesis, speci�cally in a commercial Joule-Thomson (JT)
STM with a base temperature of 1.2 K.

Figure 1.9: Photograph of the experimental setup, featuring the UHV system equipped with the
low-temperature STM.
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