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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 scientific breakthroughs, starting with the dis-
covery of giant magnetoresistance1,2, have resulted in the emergence of spin-
tronics, a new research field 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 efficiency, 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 the d- 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, first isolated and characterized
in 20049,10. Although graphene itself does not exhibit intrinsic magnetism,
some graphene nanostructures with well-defined geometries (also called nano-
graphenes) can show spin polarization due to the presence of unpaired π
electrons11,12.

The magnetism arising from p-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 hyperfine 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 different spintronic devices, such as spin filters, 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 π 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 significantly altered by local defects, heteroatoms
or changes in the bonding configuration. Thus, atomic precision is an essential
requirement for fabricating nanographenes with well-defined and reproducible
spin states.

In this respect, a decisive impulse to the experimental exploration of π-
magnetism has come from the recent development of on-surface synthesis
under ultra-high vacuum conditions. By activating controlled reactions of
specific 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 offered 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 specific 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 offers 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 specific
molecular precursors. We study different all-organic systems featuring an in-
creasing number of unpaired π 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-defined 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 π-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 flakes are briefly 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 fingerprints 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 π 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
π electrons (twelve) which give rise to a many-body singlet ground state. We
probe the spin states of this triangulene-based ring through the fingerprints
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 specific contribu-
tions as indicated in the different 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 specific 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 reflected in the great
variety of existing carbon-based compounds, both organic and inorganic. Car-
bon atoms can bond together in different 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 different 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
configuration 1s22s22p2. In a covalent structure, a carbon atom is bonded to
neighbouring atoms (carbon or different 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 of sp2-hybridized carbon atoms. In such structures, each
carbon atom forms three sp2 orbitals, resulting from the hybridization of the
2s orbital with two of the 2p orbitals. This leads to the formation of three
σ 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 affected by the hybridization, overlap laterally forming the conjugated
π-electron system (Figure 1.1b).

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

C hybridizationa)

ground 
state

1s 2s 2p

sp

1s sp orbitals py pz

1s sp2 orbitals pz

sp2

sp3

1s sp3 orbitals

b)

c)

graphene electronic structure

TB of graphene

d)

Figure 1.1: (a) Schematic depicting orbital hybridization in carbon. (b) Representation of carbon
orbitals and their bonds in sp2-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 different 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 the pz atomic orbitals
give rise to the π 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 π band,
which is therefore called half-filled.

Taking advantage of the orthogonality between the σ- and the π-symmetry
electronic states, the properties of graphene and, more broadly, of planar sp2

carbon structures can be understood by considering only the pz electrons form-
ing the π-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
∑

⟨i,j⟩,σ
[c†

iσcjσ + h.c.], (1.1)

where c†
iσ and ciσ are the creation and annihilation operators of an electron

with spin σ at site i, respectively, and t is the hopping integral between nearest-
neighbour orbital sites. The notation ⟨i, j⟩ indicates the pairs of nearest-
neighbour atoms, while h.c. stands for the Hermitian conjugate terms. In the
case of neutral graphene systems, we consider one 2pz 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 π-
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 first insight into the electronic
properties of finite graphene flakes. 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
effect, 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 the Hubbard
model, which is described by the Hamiltonian

Ĥ = Ĥ0 + U
∑

i

ni↑ni↓, (1.2)
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1. Theory and experimental methods

a)

[3]triangulene

A sublattice

B sublattice

NA= 12 NB= 10 

b)

TB MFH (U = 3.5 eV)
up down

SOMOs

SUMOs

zero-energy states

c) d)

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 using t = 2.7 eV. The two states appearing
at zero energy are highlighted in the dashed box. (d) Mean-field 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 niσ = c†
iσciσ 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 difficulty of obtaining an exact numerical solution even for
small systems, this additional term is usually treated introducing a mean-field
approximation, which leads to the Hamiltonian

ĤMFH = Ĥ0 + U
∑

i

(ni↑ ⟨ni↓⟩ + ⟨ni↑⟩ni↓ − ⟨ni↑⟩ ⟨ni↓⟩), (1.3)

where ⟨niσ⟩ indicates the average population of spin σ 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 π electrons (also referred to as diradical
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 difference 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 π bonds only with atoms of the
opposite sublattice, a difference in the number of sites in the sublattices results
in one or more π 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 |NA −NB|, (1.4)

where NA 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 π-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 effect
was obtained through passivation with atomic hydrogen, which locally changed
the carbon hybridization from a sp2 to a sp3 configuration31.

Although these works demonstrated for the first time the possibility of
inducing magnetism in graphene, they were based on the generation of defects
or on the addition of heteroatoms. However, an intrinsic 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 different 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-field Hubbard Hamiltonian (Figure 1.2d).
This theorem therefore provides a powerful counting rule, which can be easily
applied to graphene nanostructures with well-defined geometries to predict
their spin state.

1.2.2 Unpaired π 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 π electrons, specifically 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
π-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 first 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 π 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 of sp2-hybridized carbon systems is derived from
benzenoid graph theory and is based on the concept of nullity34. 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 η of a honeycomb system is given by

η = 2α−N, (1.5)

where N is the total number of sites and α 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 first
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 π radical units,
i.e., of unpaired π electrons.

Application of this rule to the [3]triangulene correctly yields η = 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 sublattice NA = 12, hence
η = 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, confirming their
open-shell character and the spin states determined with these simple counting
rules23,35,36.

c)

NA= 19 NB= 19

N= 38 α = 20

S = 0

η = 2

a)

NA= 15 NB= 13

N= 28 α = 15

S = 1

η = 2

NA= 18 NB= 15

N= 33 α = 18

S = 3/2

η = 3

b)

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 significant case is represented by the bowtie-shaped molecule in Figure
1.3c, the so-called Clar’s goblet. Differently 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 η = 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 verified 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 π 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 first
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 Effects 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 effects of
nitrogen substitution in triangulenes, which will be employed in some of the
nanostructures investigated in this thesis (Chapters 3 and 5).

The electronic configuration 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 the pz 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 first way to understand
the effect 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
π-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.

c)b)

N

A sublattice B sublattice

a) Introduction of 
N heteroatom in B

S=1/2

N
+

S=3/2

N

D3h C2v

-

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 possible S = 1/2 ground
state configuration, exhibiting a D3h symmetry. (c) Molecular structure with C2v symmetry and
spin S = 1/2: this structure, driven by Jahn-Teller distortion, represents the most energetically
favourable configuration 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 configuration
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 π 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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1. Theory and experimental methods

As an alternative to using Lieb’s theorem to predict the spin state of an
aza-triangulene, a more rigorous approach is to first determine the zero-energy
states of the correspondent pristine molecule (e.g., by calculating its nullity)
and afterwards consider the effect 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 different 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 effective spin model:

H = JS⃗1 · S⃗2, (1.6)

where J is the exchange coupling, and S⃗i (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 exchange is 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 exchange J in the order of hundreds of meV (J ≈ 500 meV).

The second mechanism, the kinetic 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
different 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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1.4 Scanning tunneling microscopy

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 different 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 effect. 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 few Å. 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

15
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the electrons with a finite probability, that depends exponentially on the tip-
sample distance.

a) b) c)

Figure 1.5: (a) Simplified 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 voltage V between tip and sample. The horizontal arrows with different
lengths indicate the exponential decrease of the transmission factor for lower electron energies.
Adapted from [46].

A first approximation to describe the quantum tunneling effect is to con-
sider a plane wave ψ(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

ψ(z) = ψ(0)e−kz, k =
√

2m
ℏ2 (V0 − E), (1.8)

where ψ(0) represents the electron wavefunction at the tip position (z=0), m
is the mass of the electron and ℏ 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, ψtip and ψsample, 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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1.4 Scanning tunneling microscopy

the electrodes, the transition rates between the initial i and the final f state
of the tunneling process are computed, resulting in the matrix elements

Mfi = ℏ2

2m

∫
S

[
ψtip,i(r)∇ψ∗

sample,f (r) − ψ∗
sample,f (r)∇ψtip,i(r)

]
· 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
ℏ

∑
i,f

|Mfi|2δ(Ef − Ei), (1.10)

where e is the electron charge, and Ei and Ef represent the energies of the
initial and final 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 = 4πe
ℏ

∫ eV

0
ρtip(ϵ− eV )ρsample(ϵ)|M(ϵ)|2 dϵ, (1.11)

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

T (ϵ, V, d) ∝ exp
[
−2d

√
2m
ℏ2

(Φtip + Φsample
2 + eV

2 − ϵ

)]
, (1.12)

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

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

I = 4πe
ℏ

∫ eV

0
ρtip(ϵ− eV )ρsample(ϵ)T (e, V, d) dϵ. (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 effective
barrier for an electron with energy ϵ is given by Φ̄ + eV

2 − ϵ, where Φ̄ 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 figure), 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 ≪ Φ), the transmission factor can be
considered independent from ϵ and V and only dependent (exponentially) on
the tip-sample distance, as discussed before. In this approximation, I is given
by

I = 4πe
ℏ
T (d)

∫ eV

0
ρtip(ϵ− eV )ρsample(ϵ) dϵ, (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 finite temperature, the Fermi-Dirac distributions f(ϵ) can
be included in 1.13, leading to the expression

I = 4πe
ℏ

∫ ∞

−∞
[f(ϵ− eV ) − f(ϵ)] ρtip(ϵ− eV )ρsample(ϵ)T (ϵ, V, d) dϵ. (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 specific tip-sample geometry by
Tersoff and Hamann49. They calculated the matrix element M in Equation
1.10 considering the tip as a point source at position rt described by a spherical
s-like orbital. In this configuration, and in the limit of small bias voltage V ,
the tunneling current can be expressed as

I ∝
∑

n

|ψn(rt)|2δ(EF − En) ≡ ρsample(EF , rt). (1.16)

Within this approximation the current results proportional to the local density
of state (LDOS) of the sample evaluated at the Fermi level EF in the tip
position rt. 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-called constant-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 fixed
height. The consequent variation in the current provides the information about
the sample topography. This method is generally used for scanning small and
flat areas, typically for probing individual molecules. In particular, it is the
preferred mode for performing bond-resolved STM (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 ≤ 10 mV)50.

The enhanced contrast obtained when CO is attached to the STM tip
can be explained considering the lateral deflection 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 effect 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 first demonstrated by Gross
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et al. in 200952. Differently 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.

a) b)

0.5 nm
0.5 nm0.5 nm

c)

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 at V = 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 amplitude A = 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 differential 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 ρtip,

dI

dV
(V ) ℏ

4πe = eρtipρsample(eV )T (eV, V ) +
∫ eV

0
ρtipρsample(ϵ)

∂T (ϵ, V )
∂V

dϵ.

(1.17)
According to the first 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 the dI/dV signal
can be directly measured using a lock-in amplifier 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-defined 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 effect and inelastic
spin excitations

In differential conductance measurements, a typical signature of a localized
spin state in a molecular system is the zero-bias resonance associated with the
Kondo effect. 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 effect, which is related to the increase in resistance observed at
low temperatures in metals containing magnetic impurities, was first 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 fluctuations 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 to EF are those involved in these scattering processes.
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b)a)
b)

a)

0.5 nm

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 d2I/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 effective exchange coupling between the two
spins J = 23 meV. Adapted from [23].

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

F (V ) ∝ Im
[
ieiφ

√
iΓFrota

(eV − EK) + iΓFrota

]
, (1.18)

where φ is a phase factor, associated to the asymmetry of the lineshape,
and EK denotes the center of the resonance. ΓFrota is related to the half
width at half maximum (HWHM) of the resonance by the relation HWHM =
2.542ΓFrota.

An example of Kondo resonance revealed in STS on a graphene nanostruc-
ture, due to the presence of a S = 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
underscreened Kondo effect57,64, 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;
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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 the d2I/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-flip processes or, more broadly, to transitions between
different 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
configuration 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 difficult to obtain using traditional in-solution
chemistry, including the highly reactive open-shell nanographenes hosting one
or more π radical units.

The advantages offered by OSS stem from the inert environment in which
the reactions are performed, but also from the spatial confinement 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
flat 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 first 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 diffuse 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 final product. Indeed, in this work it was
demonstrated that depending on the number and the position of these atoms,
it was possible to build different 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-defined position on the molecule and ramping
the bias up to a certain energy threshold. This procedure is commonly used
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1.7 Experimental setup

to dissociate atoms or functional groups passivating radical units in specific
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 fluctuations. 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 the in-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 at T = 600°C through resistive or elec-
tron beam heating. In the experiments presented here molecular deposition
on the metal substrate is generally achieved through flash 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 figures 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 eigenfrequency f0 = 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 field (reported in Figure 3.5
in Chapter 3) as well as the STS spectrum at T = 1.3 K (reported in Figure 2.2
in chapter 2) were performed in a different system compared to the other
experiments of this thesis, specifically 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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2 Manipulating spin interactions
in the 2-OS diradical

Open-shell polycyclic aromatic hydrocarbons represent promising building blocks
for carbon-based functional magnetic materials, but are also highly reactive
systems, requiring structural strategies to protect their radical states from in-
teracting with the environment. In this study, we demonstrate that the open-
shell ground state of an all-organic diradical (2-OS) survives on a Au(111)
substrate as a singlet formed by two unpaired electrons with anti-parallel spins
coupled through a conformational dependent interaction. The 2-OS molecule
is a derivative of the Chichibabin’s diradical, featuring a non-planar geometry
that destabilizes the closed-shell quinoidal structure. Theoretical calculations
reveal that the exchange coupling between the two spins strongly depends on
the torsional angles between the molecular moieties, suggesting the possibility
of influencing the molecule’s magnetic state through structural changes. This
is demonstrated here using the STM tip to manipulate the internal structural
arrangement of a 2-OS analogue, while simultaneously detecting changes in
spin-spin coupling.
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Part of the results reported in this Chapter are published as an article in
ACS Nano.

• Tuning the Spin Interaction in Nonplanar Organic Diradicals through
Mechanical Manipulation
Alessio Vegliante, Saleta Fernández, Ricardo Ortiz, Manuel Vilas-Varela,
Thomas Y. Baum, Niklas Friedrich, Francisco Romero-Lara, Andrea
Aguirre, Katerina Vaxevani, Dongfei Wang, Carlos Garcia Fernandez,
Herre S. J. van der Zant, Thomas Frederiksen, Diego Peña and Jose Ig-
nacio Pascual.
ACS Nano 2024 18 (39), 26514-26521.
https://doi.org/10.1021/acsnano.4c01963
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2.1 Introduction

2.1 Introduction

Carbon-based molecular nanostructures can exhibit magnetic states associ-
ated with the stabilization of unpaired electrons in radical sites12. Intrinsic
π-magnetism has been widely observed in polycyclic aromatic hydrocarbons
(PAHs) with an open-shell ground state, i.e., possessing one or more unpaired
π electrons23,27,58,75. In this context, organic diradicals are of fundamental
interest for understanding magnetic interactions at the molecular scale and
developing control strategies76.

A classical example of open-shell PAH is the Chichibabin’s hydrocarbon, a
molecule that has been extensively investigated for its large diradical character
in the ground state77,78. To circumvent its high reactivity, several derivatives
have been prepared, one of the latest examples being a stable compound re-
ported by Zeng et al. (2-OS, Figure 2.1a)79. The 2-OS molecule consists of a
central bisanthracene unit linked to two fluorenyl termini that accumulate the
radical character of the system. The steric hindrance between fluorenyl and
anthracene moieites determines a highly non-planar structure that is respon-
sible for the protection of the radical centers, which remain localized over the
fluorenyl sub-units. Owing to high stability of its diradical ground state and
its tuneable non-planar structure, 2-OS is a suitable system to explore the
relationship between magnetism and geometry at the single molecule scale.

A triplet ground state has been reported for 2-OS in solution, in agree-
ment with DFT calculations of the magnetic state of the molecule in the gas
phase79. Recently, 2-OS has also been studied in mechanically controlled
break-junction devices80, where spectroscopic features of either the singlet
or triplet ground state have been detected. These variations in the sign of
the magnetic exchange have been attributed to different torsional angles be-
tween the different conjugated moieties80, enhanced by the contacts to metal-
lic terminals81, but a clear demonstration of the correlation between magnetic
exchange and structure is lacking.

In this chapter, we demonstrate that the spin-spin coupling in the 2-OS
diradical can be manipulated by modifying its conformational structure. Low-
temperature scanning tunneling microscopy measurements show that the open-
shell character of 2-OS persists on a Au(111) substrate with a singlet ground
state very close in energy to a triplet excited state. Mean-Field Hubbard sim-
ulations reveal the influence of molecular geometry on the exchange coupling
between the radical centers. Following these findings, we demonstrate the pos-
sibility of tuning the spin state of the molecule by modifying the arrangement
of its constituent units through mechanical manipulation with the STM tip.
For this purpose, we introduce a 2-OS analogue functionalized with suitable
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2. Manipulating spin interactions in the 2-OS diradical

anchoring end groups and manipulate its structure by partially lifting it from
the substrate, either by exerting attractive forces or by forming a bond with
the tip. Finally, we explore the possibility of manipulating the spin interaction
in the diradical by modifying its chemical structures, specifically reducing the
distance between the radical units.

2.2 On-surface synthesis and characterization of 2-OS

OH

OH

On-surface
 reaction

-2OH

diol 1

2-OS 
diradical

280 ºC

5 nm

1 nm

5 nm

b) c)

0.5 nm 0.5 nm

a)

. .

Figure 2.1: (a) Schematic representation of the generation of the 2-OS diradical through dis-
sociation of the OH groups from the diol 1 deposited on the Au(111) substrate. (b) Overview
STM constant-current image displaying the typical close-packed domain formed by the molec-
ular precursors when deposited on the Au(111) surface (V = −1.25 V; I = 46 pA). In the
inset, close-packed structure showing the arrangement and the shape of the individual molecules
(V = −1.25 V; I = 30 pA). (c) STM constant-current image recorded after annealing the sam-
ple at 280◦C (V = −1.25 V; I = 30 pA). In the inset: left, STM image of a single isolated
molecule as found after the annealing (V = −1.25 V; I = 30 pA); right, DFT charge density
calculation of 2-OS on Au(111).

Evaporating di- and poly-radicals onto a substrate is known to be par-
ticularly challenging, as it easily results in fragmentation due to thermal
instability82,83. In order to get intact 2-OS molecules on a Au(111) sur-
face, we sublimated diol 1, a stable molecular precursor containing a hydroxyl
group (OH) capping each of the two radical centers at the fluorenyl termini,
and subsequently induced an on-surface reaction to dissociate the OH groups
and generate 2-OS, as shown schematically in Figure 2.1a. 1

The diol 1 was evaporated onto a clean Au(111) surface under ultra-high
vacuum (UHV) conditions. Extended close-packed molecular domains were
found on the Au surface after the sublimation, as revealed by constant-current

1In-solution synthesis of the 2-OS molecular precursor performed by Saleta Fernández
and Diego Peña (CiQUS and Universidade de Santiago de Compostela, Santiago de Com-
postela, Spain).
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2.2 On-surface synthesis and characterization of 2-OS

STM images (Figure 2.1b). A closer look into these structures shows that the
constituent molecules appear partially planarized, and display four lobes: the
two internal ones can be attributed to the anthracene units and the ones at
the ends to the fluorenyl termini. The sample was thus annealed with the
aim of inducing the C-OH cleavage, in a similar manner to the deoxygenation
reaction previously described for epoxyacene derivatives84. Figure 2.1c shows
an overview after annealing at 280◦C: some close-packed domains of reduced
dimensions can still be seen, alongside single isolated molecules, chains and
small molecular clusters of several shapes. Individual molecules appear in
constant-current STM images as shown in the inset in Figure 2.1c: they feature
two internal brighter lobes, that can be attributed to the anthracene moieties,
and darker external features, corresponding to the fluorenyl termini. A more
detailed elucidation of the molecular structure with bond resolution is hindered
by the non-planarity of the system. However, our DFT simulations of the
charge density of 2-OS on the Au(111) surface (also reported in Figure 2.1c)
is in good agreement with the main features found in the STM topography,
confirming our identification of the individual molecules.

Two distinct molecular structures are generally found after the anneal-
ing step, corresponding to one or both OH groups detached following the
on-surface reaction (Figure 2.2a,d). The STM constant-current images ap-
pear roughly the same in the two cases; nevertheless, scanning tunneling spec-
troscopy allows the identification of two distinct spin states, that can be related
to the two configurations with different numbers of OH groups left.

In a fraction of molecules (around 25% of the single molecules that have
been investigated, Figure 2.2a), the dI/dV spectra display a pronounced zero-
bias peak, as depicted in Figure 2.2b. This feature is well reproduced by a
Frota function with HWHM = 6.1 meV, and can be attributed to a Kondo
resonance, arising from the screening of a localized spin S = 1/2 by the con-
duction electrons of the metal substrate57,58,60,61,63. The dI/dV stacked plot
taken along an axis of the molecule (Figure 2.2c) shows that the Kondo reso-
nance is not spatially homogeneous but significantly more intense in one half
of the molecule. We relate this spin state to a monoradical structure in which
one OH group persists after the annealing and therefore conclude that the
Kondo resonance is associated to the single unpaired electron recovered from
the partial OH dissociation.

However, most of the individual molecules found after annealing (Fig-
ure 2.2d) display a distinct low-energy feature consisting of a narrow gap
centered at zero-bias, followed by two sharp dI/dV peaks at ±11 meV, as
depicted in Figure 2.2e. The dI/dV stacked plot in Figure 2.2f reveals that
these features appear distributed all over the molecule, weaker over the center
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2. Manipulating spin interactions in the 2-OS diradical
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Figure 2.2: (a,d) STM constant-current images (V = −1.25 V; I = 30 pA) of single molecules
as found after the on-surface reaction and the corresponding molecular structures, in the two
configurations: (a) with a residual OH group, corresponding to a monoradical, and (d) with no
OH groups, corresponding to the 2-OS diradical. (b) dI/dV spectrum taken on the molecule
in (a) at the position indicated by the blue circle, displaying a zero-bias resonance, that can
be fitted with a Frota function (black dashed line)63. (c) dI/dV linescan measured across
the molecule in (a) in the direction indicated by the arrow (V = −200 mV, Iset = 500 pA,
Vmod = 2 mV). (e) dI/dV spectrum measured on the molecule in (d) at the position indicated
by the purple circle, showing spin excitation steps. The black dashed line represents fits to
the data using the perturbative model by Ternes85, from which an antiferromagnetic exchange
J = 7.3 meV is obtained. The inset shows a spectrum measured at T = 1.3 K, emphasizing the
IET gap (V =30 mV, Iset = 200 pA, Vmod = 0.8 mV). (f) dI/dV line spectra measured across
the molecule in (d) in the direction indicated by the arrow (V = −100 mV, Iset = 500 pA,
Vmod = 2 mV).

of the molecule but with higher amplitude towards the fluorenyl end-groups.
Based on the symmetric position of the dI/dV peaks, we attribute these fea-
tures to an inelastic excitation of the two exchange-coupled spins at the radical
sites27,58,67,86–88, confirming that in this case both OH groups have been de-
tached, activating the 2-OS diradical.

We note that dI/dV spectra exhibit a higher-bias characteristic fall-off, re-
sembling a Kondo resonance superimposed on the gapped spectrum58,87. Fur-
thermore, such Kondo-like feature is absent at zero bias (see STS spectrum
recorded at 1.3 K in inset in Figure 2.2e). This indicates that the Kondo-like
fluctuations are enabled by inelastic electrons tunneling through the excited
state60,81,89 but are absent in the ground state. The spectral shape can be
interpreted as caused by the inelastic excitation of a singlet (total spin S = 0)
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2.2 On-surface synthesis and characterization of 2-OS

ground state into a triplet (S = 1) excited state. A model of two antiferro-
magnetically coupled 1/2 spins85 (dashed line in Figure 2.2e) reproduces well
the spectral features, revealing an exchange interaction between the flourenyl
moieties of J ∼ 7.3 meV. Therefore, we conclude that 2-OS on a Au(111) sur-
face exhibits a singlet ground state, excluding the previously observed triplet
ground state79, since this would result in a very different spectral lineshape.
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Figure 2.3: On-surface generation of 2-OS by electron-induced C-OH cleavage. (a) Constant-
current STM image of a small island of precursor molecules. The blue cross indicates the
position where the tip is stabilized (setpoint: V = 30 mV, I = 10 pA) before sweeping the
bias. (b) Constant-current STM image of the same area after the bias sweep. (c) dI/dV
spectra measured before (black) and after (red) the bias sweep from 30 mV to 2 V at the
positions indicated in (a,b) by the corresponding circles. The inset shows the variation of the
tunneling current during the process. After the bias sweep, the diradical is generated, as clearly
demonstrated by the appearance of the IET steps attributed to the two exchange-coupled spins.
This experiment was performed at T = 1.3 K. Topography parameters: V = 2 V; I = 10 pA.
Spectroscopy parameters: Vmod = 0.8 mV, Iset = 200 pA.

Finally, we explored an alternative approach for the on-surface generation
of 2-OS, consisting in inducing the C-OH cleavage by means of spatially con-
trolled voltage pulses, as illustrated in Figure 2.3. We identify a small domain
of precursors, then place the tip on top of a molecule and slowly raise the sam-
ple positive bias above 1.5 V, until we detect a steep increase in the tunneling
current. The dI/dV spectrum recorded after the bias sweep displays the IET
features attributed to the singlet-triplet excitation (Figure 2.3)c, thus indicat-
ing the formation of the diradical. We found out that this procedure allows
us to remove one or more OH groups in the same molecule or in neighboring
molecules within the assembled domains and clusters, but does not provide
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2. Manipulating spin interactions in the 2-OS diradical

isolated molecules over the Au surface. Therefore, our analysis here is based
on single 2-OS molecules generated by annealing the substrate.

2.3 Geometry-dependent spin coupling
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Figure 2.4: TB-MFH calculations for the exchange coupling as a function of torsional angles
in 2-OS. (a) Structural model for the 2-OS carbon backbone with three torsional angles.
For simplicity, we fix the two outer angles θouter to be identical. (b) MFH results for the
intramolecular exchange coupling J = EFM − EAFM between the two radicals, obtained using
a value of U = 3 eV90, as a function of the two torsional angles θouter and θinner. The value
of J is obtained as the energy difference between ferromagnetic (FM) (solution constrained to
Sz = 1) and antiferromagnetic (AFM) order (solution constrained to Sz = 0). The contours
represent constant-J in meV: the AFM solution is always the ground state, but J approaches
zero whenever one of the two angles reaches 90◦. (c) Local spin polarization per radical (defined
as the sum of the spin density over sites on one half of the molecule) in the AFM state, as a
function of the two torsional angles θouter and θinner. The constant-J contours from (b) are
also included here as a guide. For J ≳ 200 meV the ground state becomes a closed-shell singlet
(no local polarization).

To explain the origin of the antiferromagnetic coupling found on the Au
substrate, we performed tight-binding mean-field Hubbard (TB-MFH) simu-
lations of the magnetic ground state of 2-OS in different geometries.2 Specif-
ically, we calculated the energy of the antiferromagnetic (AFM, the singlet
case) spin arrangement with respect to the ferromagnetic (FM, the triplet
solution) case, i.e., J = EFM − EAFM, as a function of the dihedral angles
θinner (between the central anthracenes) and θouter (between each anthracene
and the outer fluorenyl). For simplicity, we assumed the two outer angles to
be identical and the individual anthracenes and fluorenyls units to be planar.
We considered a single p-orbital per carbon site, locally perpendicular to the

2Calculations performed by Ricardo Ortiz and Thomas Frederiksen (Donostia Interna-
tional Physics Center, San Sebastián, Spain).
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2.3 Geometry-dependent spin coupling

backbone unit and constructed the corresponding TB Hamiltonian with sisl91

using the Slater-Koster parametrization of [92].
The variation of J as a function of the two torsional angles is depicted in

Figure 2.4b. The singlet is always the ground state (∆EST is always positive).
for any combination of θinner and θouter. However, we observe a clear trend in
the evolution of J with the conformation: its value is close to 0 when any of
the torsional angles approach 90◦, but it progressively increases as the angles
reduce. This means that the planarization of the molecular structure (i.e.
the decrease of the angles between the units) stabilizes the singlet solution,
unveiling an increasingly higher AFM exchange coupling. According to the
TB-MFH results shown in Fig. 2.4c, the effect of planarization is drastic:
the spin polarization vanishes for angles below 60◦, revealing that for smaller
angles, the open-shell singlet transforms itself into a (spin-unpolarized) closed-
shell singlet.

The experimental observation of a singlet ground state for 2-OS on Au(111)
is in agreement with the trend obtained in the MFH simulations. The interac-
tion with the flat metal substrate is expected to induce a partial planarization
of the molecular units (see the DFT calculation of the adsorption geometry
in the Appendix, Section 2.8.2), contributing to the stabilization of the AFM
order.

From TB-MFH results, the FM solution is always less energetically favor-
able than the AFM one, even for high values of the torsional angles. This
apparently contradicts results from previous DFT calculations, which found a
triplet ground state in the gas phase, with a triplet-singlet gap of 26 meV79.
This discrepancy is explained by considering that the value reported by Zeng
et al.79 takes into account also vibrational effects due to temperature. Includ-
ing these in our DFT simulations, we reproduced the higher stability of the
triplet ground state for a gas-phase relaxed molecule (i.e. with both angles
θi ∼ 90◦) and at room temperature (shown in the Appendix, Section 2.8.3).
At the lower temperature of our experiment, however, vibrational effects do
not play a significant role, and DFT qualitatively reproduces the results of the
TB-MFH calculations.

In any scenario, all simulation tools agree that decreasing the torsional
angle of the molecular subunits stabilizes the singlet state. As shown in Fig-
ure 2.17, this can be explained by the increase in hopping elements across the
dihedral angles. These matrix elements primarily enhance kinetic exchange
mechanisms, which induce AFM ordering in 2-OS, while direct Hund’s like
exchange is expected to be negligible41,81,93. Following these theoretical re-
sults, the controlled modification of the spin interactions should be achievable
by tuning the molecular configuration.
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2. Manipulating spin interactions in the 2-OS diradical

Motivated by the theoretical predictions indicating a correlation between
the geometry of 2-OS and the exchange coupling J , we explored the pos-
sibility of modifying its spin excitation gap and magnetic ground state by
manipulating the molecular conformation using the STM tip. We note that
the non-planar structure of 2-OS arises from hindrance among different con-
jugated units, imposing the persistance of a dihedral angle even on the metal
substrate (see Figure 2.18). Consequently, we anticipated that approaching
the STM tip towards the central part of the molecule would exert attractive or
repulsive forces over these submolecular units, forcing variations of their dihe-
dral angles94,95, as observed in our DFT simulations in the Appendix Figure
2.19.
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Figure 2.5: Manipulation experiments on 2-OS. (a) Constant-current STM image of the
molecule on which the tip approach experiment is performed, as seen before starting the process
(V = −1.25 V; I = 30 pA); (b) Image of the same area after the manipulation, showing that
the molecule has been picked up by the tip. (c) Stack of normalized dI/dV spectra recorded
during the approach-retract experiment in the position indicated by the cross in the inset in
(d), as described in the text. Red curves are recorded during the approach phase, blue curves
during retraction. (d) Current measured at different tip heights (with constant tip-sample bias
V = 100 mV) while approaching the tip. The sharp increase at -150 pm coincides with the
change of magnetic fingerprint in the dI/dV spectra, as shown in panel c). Spectroscopy pa-
rameters: Vmod = 2 mV, Iset = 200 pA.

However, we found that 2-OS molecules were abruptly modified, and fre-
quently displaced towards the STM tip in response to attractive forces, due to
the weak interaction with the surface. This is shown in Figure 2.5, where we
report one of such manipulation experiments on an individual 2-OS molecule.
The manipulation procedure is the following: we stabilize the tip above the
central units of 2-OS, in the position indicated by the cross in the inset in Fig-
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2.4 SMe-2OS: a candidate for mechanical manipulation

ure 2.5d, at a starting height (z = 0) determined by a setpoint of V = 100 mV
and I = 200 pA; then we approach towards the molecule in steps of 20 pm,
measuring dI/dV spectra at each step, and finally rectract back to the start-
ing point. We can observe the appearance of a Kondo peak and simultaneous
disappearance of the IET steps at -180 pm. The Kondo feature persists while
retracting the tip back to the starting position. This suggests that the change
in the spectral feature is due to the quenching of one of the two radicals upon
formation of a tip-molecule contact, as confirmed also by the image recorded
at the end of the process (Figure 2.5b), which shows that the molecule has
been picked up during the process.

2.4 SMe-2OS: a candidate for mechanical manipu-
lation

To overcome the issues related to the high mobility of 2-OS, we designed an
extended version of the diradical, denoted SMe-2OS (Figure 2.8a), wherein
methylthiophenyl moieties were strategically incorporated at each fluorenyl
sub-unit. These moieties were chosen since sulfur groups are widely used for
anchoring molecules to gold electrodes96–98.
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Figure 2.6: (a) Schematic representation of the on-surface generation of the SMe-2OS diradical
through dissociation of OH protecting groups from the correspondent precursor. (b) Overview
STM constant-current image after deposition, revealing chain-like self-assembled structures and
an individual molecule (V = 1 V; I = 30 pA). (c) Image of the self-assembled dimer marked
in (b), and possible chemical structure, suggesting the removal of an end group from each
molecule. (d) Close-up image of the individual molecular precursor and corresponding chemical
model. Isolated intact precursors are generally found close to fragments (the round shaped
feature appearing here on the left).

Similar to the 2-OS base molecule, we generated the SMe-2OS diradical
on the Au(111) surface starting with a closed-shell precursor containing OH

37



2. Manipulating spin interactions in the 2-OS diradical

protecting groups at the two radical sites (chemical model in Figure 2.6a).3 In
this case, the evaporation on the Au(111) substrate resulted mostly in small
self-assembled chain-like structures instead of large close-packed domains, as
shown in Figures 2.6b-c. Interestingly, we also observed some isolated precur-
sors, generally found close to round features, which could be attributed to gold
adatoms captured by the SMe groups (Figure 2.6d). Due to the availability of
single molecules on the surface, we activated the OH decapping reactions by
applying controlled bias pulses over the molecular moieties.
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Figure 2.7: On-surface generation of SMe-2OS by sequential electron-induced C-OH cleavage.
(a-c-e) Chemical models at the different steps of the reaction, (b-d-f) corresponding constant-
current STM images and (g-h-i) low-bias dI/dV spectra measured at each step in the positions
indicated by the red circles in the STM images. First, the tip is stabilized in the position
indicated by the blue cross in (b) (setpoint: V = 30 mV, I = 10 pA) before opening the
feedback and raising the bias above 30 mV. The inset in (g) reports the variation of the tunneling
current during the bias sweep: the sudden jump at 2.3 V indicates the C-OH cleavage. The
dI/dV spectrum measured after the first bias sweep (h) shows a Kondo peak that emerges as
a consequence of the removal of one OH group. After the second bias sweep, performed at
the position marked by the cross in (d), clear IET features appear in the dI/dV spectrum (i),
indicating the dissociation of the second OH group. The variation of the current as a function
of the bias (ramping from 30 mV to 2.1 V) is reported in the inset. Topography parameters:
V = 1 V; I = 30 pA. Spectroscopy parameters: Vmod = 2 mV, Iset = 500 pA.

As illustrated in Figure 2.7, the decapping proceeds as follows: we first
bring the tip to the position corresponding to a fluorenyl unit and, after open-

3In-solution synthesis of the SMe-2OS molecular precursor performed by Manuel Vilas-
Varela and Diego Peña (CiQUS and Universidade de Santiago de Compostela, Santiago de
Compostela, Spain).
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2.4 SMe-2OS: a candidate for mechanical manipulation

ing the feedback, we slowly increase the tip-sample bias voltage, until we ob-
serve a jump in the current (inset in Figure 2.7g), signalling the activation of
the C-OH cleavage. The dI/dV spectrum measured afterwards (Figure 2.7h)
displays a resonance that can be attributed to a S=1/2 Kondo, thus confirm-
ing the generation of a monoradical. We repeat the same procedure on the
opposite fluorenyl unit (as shown in Figure 2.7d) and measure a new dI/dV
spectrum: now, similarly to 2-OS, clear spin excitation features are observed,
indicating the presence of two coupled spins. It is important to point out
that the pulse-induced generation of SMe-2OS presented here appears more
controlled and reproducible compared to the analogous procedure for 2-OS
illustrated in Figure 2.3, due to the absence of neighbouring molecules and to
the stronger anchoring to the substrate provided by the SMe groups.
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Figure 2.8: Manipulation experiments on SMe-2OS. (a) Chemical model of SMe-2OS, the
sulfide substituted analogue of 2-OS synthesized for the manipulation experiment. (b) STM
image (V = −1.25 V; I = 30 pA) of SMe-2OS, as obtained after the on-surface generation
of the diradical. (c) dI/dV spectrum measured on the molecule at the position indicated by
the purple circle in (b), displaying the same IET feature as 2-OS. The black dashed line is a fit
to the data using the perturbative model by Ternes85, revealing an antiferromagnetic exchange
J = 3 meV. (d-f) Mechanical manipulation of the spin state of SMe-2OS, as indicated in
the central scheme. The STM tip is stabilized on the molecule in the position marked by
the red cross in (b) at a starting height (here indicated as 0) determined by I = 200 pA
and V = 50 mV. dI/dV spectra are measured after approaching the tip by the indicated
distances, in three sequences: (d) while approaching the tip down to 170pm with respect to the
starting position; (e) when retracting back towards the starting position; (f) while continuing
approaching to lower tip-sample distances from the end of (d). At some positions, a peculiar
IET peak asymmetry is observed, attributed to particle-hole asymmetries99, probably caused by
the coupling to the tip86. Spectroscopy parameters: Vmod = 2 mV, Iset = 200 pA.

The STM constant-current images of the resulting SMe-2OS molecules,
shown in Figure 2.7f and in Figure 2.8b, reveal bulky features similar to those
of the 2-OS species. However, they also display two additional lobes (one
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2. Manipulating spin interactions in the 2-OS diradical

bright and one darker) at each end, which can be attributed to the methylth-
iophenyl end groups.

The differential conductance spectra measured on SMe-2OS (Figure 2.8c)
reproduce similar features as in 2-OS, namely, IET onsets attributed to singlet-
triplet spin excitation, accompanied by a dI/dV decrease characteristic of
Kondo fluctuations in the excited state. This confirms that the addition of
the edge groups preserves the magnetic ground state of 2-OS. The singlet-
triplet gap in SMe-2OS is ∼ 3 meV, thus smaller than on 2-OS. Owing to
the strong sensitivity of the intramolecular exchange with the conformation
reported in Figure 2.4, the smaller value of J reflects the slightly larger values
of torsional angles in the relaxed structure of SMe-2OS on gold, probably
induced by the bonding of SMe end groups with the substrate.

To study the evolution of spin interactions in SMe-2OS as a function of
structural changes, we stabilized the STM tip above the center of the molecule
(red cross in Figure 2.8b) and performed dI/dV measurements while the STM
tip was approached to or retracted from the molecule in steps of 10 or 20 pm.
Figure 2.8d displays spectra measured while approaching the tip 170 pm from
the starting position. The width and depth of the excitation gap decreases
along the first approaching steps until collapsing into a zero-bias peak at
100 pm. This change can be interpreted as a transition to a new spin state
of SMe-2OS caused by the structural modification induced by the STM tip.
The approach of a tip to a molecular adsorbate is known to cause attractive
forces of tens of piconewtons100, which can induce detectable distortions in
the structure of the adsorbed molecules101,102. In the present case, vertical
forces rearrange the internal anthracene units into a less planar conformation,
as shown in the schematic representation of Figure 2.8 d. DFT simulations
shown in the Appendix (Figure 2.19) find that the major distortion caused by
the approach of an arbitrary STM tip is an increase in both inner and outer
dihedral angles. As suggested by the MFH results, an increase in one or both
the torsional angles results in the reduction of the intramolecular spin-spin
coupling. Therefore, the zero-bias peak observed in the final steps of the ap-
proach can be attributed to a Kondo-like feature, emerging when the two spins
become non-interacting.

The mechanical manipulation of the spin state of the diradical is reversible
(Figure 2.8e). Retracting the tip back to the starting position restores the
initial inelastic spectral features, thus indicating that the molecule is brought
back into the original conformation stabilized by the substrate. The reversibil-
ity of this process demonstrates that the change in the spectra is caused by
mechanical modifications rather than by the formation of a tip-molecule bond
(and consequent quenching of a spin).
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2.5 Tuning the spin interaction in two-terminal transport measurements

The antiparallel spin configuration is restored back when the STM tip is
moved further towards the molecule from the closest point in Figure 2.8d.
Figure 2.8f shows dI/dV spectra measured while approaching the tip from
190 pm to 310 pm from the starting position in Figure 2.8d. In this range, the
Kondo peak gradually develops a gap, opening as the STM tip approaches,
attributed to the reactivation of an inelastic spin excitation. This indicates
that the molecule is gradually pushed back towards the substrate, progressively
restoring the original torsional angles between the central anthracenes and
recovering the antiparallel spin interaction. This agrees with previous non-
contact AFM results100, which revealed that attractive forces in the tip-sample
junction persist for about 300 pm of tip approach before entering a regime of
repulsive interactions. Curiously, this gap-reopening is smooth, in contrast
to the first range of the approach (Figure 2.8d), where a sudden gap closing
occurred. This suggests that the dihedral angle can be tuned gradually in the
range of pushing, while during the initial pulling regime, the attractive forces
acting at larger distances induce a more sudden structural reorganization.

These results demonstrate that the spin-spin coupling in 2-OS can be
tuned using mechanical manipulation reversibly, confirming the theoretical
prediction of a strong interplay between precise structural conformation and
magnetic state.

2.5 Tuning the spin interaction in two-terminal trans-
port measurements

We further explored the mechanical manipulation of the spin state of SMe-
2OS by conducting lifting experiments. It has been shown in several works
that the STM tip can be used to contact a molecule and partially lift it from
the substrate in a controlled manner. In this way a molecular junction is
created and two-terminal transport experiments can be performed103–105. In
our case, this procedure allows us to probe the spin state of the system while
progressively reducing the partial planarization induced by the substrate and
thus recovering conformations closer to the gas phase. The presence of the
methylthiophenyl groups at the terminations of the molecule is particularly
suitable for this purpose, since it allows to create stable tip-molecule contacts
without quenching the radical units, which are mostly delocalized over the
fluorenyl moieties.

Furthermore, an interesting advantage offered by this procedure is the
possibility of reproducing experimental configurations similar to those ob-
tained in break-junction devices, where a single molecule is suspended be-
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2. Manipulating spin interactions in the 2-OS diradical

tween two metal electrodes. The 2-OS diradical has been previously studied
in mechanically-controlled break junction (MCBJ) experiments, where differ-
ent spin states were detected depending mostly on the position and geometry
of the molecule within the junction80. This technique allows the exploration
a wide range of molecular conformations due to the high variability of the
geometry of the molecule-electrode contacts. However, it lacks the spatial res-
olution, single-molecule control, and high reproducibility provided by STM.
Therefore, in this section we will also compare the results from STM lifting
experiments on SMe-2OS with those obtained in the same molecule in an
MCBJ setup, to establish a link between the two techniques. 4

2.5.1 Lifting SMe-2OS with the STM tip

We start the experiment by activating the diradical state of an isolated SMe-
2OS precursor via tip-induced reactions, as described in the previous section.
Then, we stabilize the STM tip on one edge of the molecule at V = 500 mV
and I = 30 pA, in correspondence to a sulfur atom, and open the feedback
loop (Figure 2.9a). After reducing the tip-sample bias to V = 30 mV, we start
approaching towards the molecule in controlled steps of 10 pm, while simul-
taneously recording the tunneling current signal, as illustrated in Figure 2.9c,
until a sudden increase in the current is detected. This indicates the formation
of a chemical bond between the tip apex and the molecule, as confirmed by the
conductance detected while retracting the tip, which is always higher than the
one measured at the corresponding tip heights during the approach103,104. The
most probable chemical process occurring here is the removal of the methyl
group followed by the formation of a Au-S bond, which is expected to provide
a robust and stable contact for the transport measurements98.

To study the evolution of the spin-spin interaction while partially lifting
SMe-2OS from the substrate, we recorded low-bias dI/dV spectra at each
retraction step. After the jump to contact (tip height z=0), the usual spin
excitation feature is still observed, with a gap of 3.3 meV, demonstrating the
preserved diradical character upon formation of the tip-molecule bond. In
the first stages of the tip retraction (up to z = 170 pm), the dI/dV spectra
keep displaying the same features, although with changes in their lineshape,
particularly in the bias overshoots on top of the IET peaks, likely due to
variations of the Kondo exchange coupling with the substrate (Figure 2.9d).
Interestingly, after retracting the tip 200 pm, the IET feature starts to change,

4The MCBJ measurements were performed by Thomas Y. Baum in the group of Herre
van der Zant at Delft University of Technology (Delft, The Netherlands) and reported in his
PhD thesis106.

42



2.5 Tuning the spin interaction in two-terminal transport measurements

a) b)

c)

Au(111)

                d) e)

retract

approach

0 200 400 600
                      z(pm)

10-10

10-8

10-6

C
on

du
ct

an
ce 

  (
S

)
170 pm

150 pm

10 pm

110 pm

90 pm

90 pm

70 pm

50 pm

30 pm

10 pm

0

Bias (mV)
30

dI
/d

V
 (

no
rm

)

20100-10-20-30
0

2

4

6

8

10

3020100-10-20-30
0

2

4

6

8

Bias (mV)

dI
/d

V
 (

no
rm

)

250 pm

240 pm

230 pm

220 pm

210 pm

200 pm

190 pm

180 pm

170 pm

re
tr

ac
tin

g

re
tr

ac
tin

g

Figure
2.9d

tip
retraction

SMe

1 nm

Figure
 2.9e

Figure
 2.10

Figure 2.9: (a) STM constant-current image (V = −1.25 V; I = 30 pA) of an isolated SMe-
2OS molecule. (b) Schematic model of the manipulation experiment described in the text.
(c) Conductance measured at different tip heights z, while approaching the tip towards the
molecule and during the subsequent retraction steps. The position at which the tip-molecule
contact is formed is indicated as 0. (d) dI/dV spectra recorded at different z (as indicated
for each curve) in the first range of retraction, from the jump to contact to z = 170 pm.
(e) dI/dV spectra measured from z = 170 pm to z = 250 pm. The z limits of both sets of
spectra are indicated as dashed lines in the conductance curve in (c). Spectroscopy parameters:
Vmod = 2 mV, Vset = 30 mV.

showing a gradual reduction in the inelastic gap (Figure 2.9e). However, after a
steep jump in the current, the initial features are fully recovered. This suggests
that in this range of retraction we are starting to induce some modification
in the dihedral angles but then a structural reorganization, indicated by the
current jump, brings the system back to its initial conformation.

Nevertheless, a full transition in the spin state of the molecule is observed
within a few retraction steps between z = 350 pm and z = 430 pm, as il-
lustrated in Figure 2.10. The initial IET gap, associated to the antiferro-
magnetic alignment of the two unpaired electrons, with a coupling exchange
J = 2.7 meV, progressively merges into a Kondo resonance, which can be in-
terpreted as the fingerprint of a configuration of loosely interacting spins. This
change is therefore attributed to a gradual reduction of the intramolecular ex-
change J , as a consequence of the increase in one or more torsional angles
during the lifting process. Determining the structural modifications occurring
while pulling the molecule is not straightforward, but we can assume that at
this stage of the retraction (around 500 pm from the contact), at least the
fluorenyl unit closer to the tip-molecule bond position is fully detached from
the substrate, thus rotating its orientation with respect to the inner moieties.

While further retracting the tip, the conductance keeps decreasing ex-
ponentially, as expected for non-resonance transport through a molecular
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Figure 2.10: (a) Set of dI/dV spectra and (b) corresponding colorplot measured while contin-
uing retracting the tip (z = 290 pm to z = 480 pm) after the initial lifting stages reported
in Figure 2.9. The z limits of this set of spectra are indicated as dashed lines in the conduc-
tance curve in Figure 2.9c. Now a full and gradual transition from the spin excitation feature
to a Kondo resonance is observed, suggesting a progressive reduction of the intramolecular
exchange coupling. Spectroscopy parameters: Vmod = 2 mV, Vset = 50 mV.

junction104. Finally, at a tip height around z = 520 pm, the Kondo signal
vanishes, as shown in Figure 2.11. Interestingly, the Kondo resonance is sub-
sequently recovered in the dI/dV spectra after a further jump in the current
(at z = 560 pm), which can be related to the detachment of a molecular moi-
ety from the substrate or to another conformational change, due to the high
structural flexibility of SMe-2OS.

After the lifting process, we started to gradually reduce the tip-sample
distance, with the aim of bringing the molecule back to its initial on-surface
configuration, while simultaneously measuring differential conductance spec-
tra.

As illustrated in Figure 2.12, during this process, the Kondo resonance
vanishes and IET features are recovered. However, now we observe higher
exchange values compared to the lifting stage, with the gap progressively in-
creasing up to 36 meV, and smaller conductance overshoot over the steps. The
wider spin excitation gaps suggest that, while pushing the molecule towards
the substrate, we are able to induce structural conformations with smaller di-
hedral angles compared to those stabilized by adsorption on the surface. How-
ever, at z = 140 pm. we detect an abrupt structural change, which results
in a sudden reduction in the IET gap. Finally, when bringing the tip height
to values close to the starting position of the lifting experiment, after another
sharp change, the initial singlet-triplet excitation features are fully recovered,
with an exchange J = 4.7 meV, closer to the value measured when SMe-2OS

44



2.5 Tuning the spin interaction in two-terminal transport measurements

a) b)

re
tr

ac
tin

g

-50 -25 0 25 50
Bias (mV)

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

dI
/d

V
 (

ar
b.

 u
ni

ts
)

660 pm

640 pm

620 pm

600 pm

580 pm

560 pm

560 pm

540 pm

520 pm

500 pm

re
tra

ct

ap
pr

oa
ch

10-1010-810-6

Conductance   (S)

z 
(p

m
)

500 pm

660 pm

0

200

400

600

Figure 2.11: Two-terminal transport measurements performed while lifting SMe-2OS, at larger
tip retraction heights with respect to Figure 2.10. (a) Conductance curve recorded during
the whole lifting experiment, with the dashed lines highlighting the z range considered here
(from z = 500 pm to z = 660 pm). (b) Stack of dI/dV spectra measured at different z (as
indicated for each curve). At this stage the Kondo signal vanishes but is then recovered after
a structural modification in the molecular junction, in correspondence to the steep jump in
the current detected at z = 560 pm.

is lying on the substrate. This suggests that, after forcing more planar con-
figurations with the STM tip, the system reorganizes into the more stable
on-surface adsorption conformation with larger torsional angles. These results
demonstrate the reversibility of the manipulation process and the robustness
of the diradical state of the molecule, as well as the variety of structural phases
that can be explored in this two-terminal experimental configuration.

Finally, we want to point out then the importance of the exact contact
position in single-molecule transport measurements. As illustrated in Figure
2.13, we studied the effect of picking up SMe-2OS from a fluorenyl moiety,
hence in a position closer to a radical site. Before approaching the STM tip,
we measured the usual spin excitation features in STS (Figure 2.13b). Then,
we followed the same procedure described before and contacted the molecule
in the position marked by the cross in Figure 2.13a.

After the formation of a tip-molecule bond (tip height z = 0), a new broad
and asymmetric feature appears in the dI/dV spectra at 0 bias, as shown in
Figure 2.13d. While retracting the tip, the feature acquires a more symmetric
shape, compatible with a Kondo resonance, although some instability is ob-
served during the process (e.g., in correspondence to the jump in the current
at z = 50 pm). The drastic change in the transport spectral features upon
formation of the tip-molecule contact can be attributed to the suppression
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Figure 2.12: (a) Set of dI/dV spectra and (b) corresponding colorplot measured when bringing
the molecule back towards the substrate, after the lifting process illustrated in Figures 2.9
and 2.10. During this process new structural modifications occur, determining the appearance
of distinct spectral features. In the end, the original singlet-triplet excitation spectrum is
recovered. Parameters: Vmod = 2 mV, Vset = 50 mV.

of the radical unit hosted by the fluorenyl moiety where the bond is formed.
Consequently, the symmetric zero-bias peak recovered while further retracting
the tip can be ascribed to a S = 1/2 Kondo resonance related to the remaining
unpaired electron, as previously observed in similar manipulation experiments
on graphene nanostructures58.

As expected, the contact formed in this position is more fragile than in the
sulfur-hosting end groups: as displayed in Figure 2.13c, after retracting the tip
around 260 pm from the initial height, a steep decrease in conductance occurs,
suggesting that the contact has been lost. We report in Figure 2.13e-f dI/dV
spectra measured before and after the breaking of the tip-molecule bond. In-
terestingly, we observe that when the molecule "falls" back to the surface, the
Kondo resonance disappears and the singlet-triplet excitation features are fully
recovered in the STS spectra, which demonstrates the reversibility of the spin
quenching effect induced by the tip.

In conclusion, the two-terminal transport measurements performed in par-
tially suspended configurations provide a further confirmation of the tunability
of the spin state of SMe-2OS and its relation to the molecular structural ar-
rangement.
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Figure 2.13: Picking up the molecule from a fluorenyl moiety. (a) STM constant-current image
of the SMe-2OS molecule, indicating the site of the tip-molecule contact. (b) dI/dV spec-
trum measured on the molecule in (a), in the position marked by the circle, before contacting
it with the tip (Vmod = 2 mV, Vset = 30 mV, Iset = 500 pA). (c) Conductance measured at
different tip heights z, while approaching the tip towards the molecule and during the subse-
quent retraction steps (tip-sample bias V = 30 mV). The position at which the tip-molecule
contact is formed is indicated as 0. (d) dI/dV spectra recorded at different z (as indicated
for each curve) from the jump to contact (z = 0 pm) to z = 260 pm. (e) dI/dV spectrum
measured at z = 260 pm, before the current drop highlighted in (c) by the dashed line. The
spectrum displays a zero-bias peak that can be attributed to a Kondo resonance. The black
dashed line is a fit with a Frota function, yielding a HWHM=6.50 meV. (f) dI/dV spectrum
recorded after the current drop, now revealing recovered spin excitation features. The steep
reduction in the conductance suggests that the tip-molecule contact has been lost at this
position. Spectroscopy parameters: Vmod = 2 mV, Vset = 30 mV.

2.5.2 Comparison with mechanical manipulation
in break-junction devices

The experimental configurations explored by contacting individual molecules
with the STM tip allow for a direct comparison with single-molecule transport
measurements performed in mechanically controlled break junctions (MCBJ),
another common technique for investigating the electronic properties of single
molecules107,108.

In MCBJ experiments a metal wire, fixed on a flexible support, is progres-
sively broken by applying mechanical strain with a rod controlled by a piezo-
electric actuator, so that a small gap, of the order of a nanometer, is opened.
When a molecular solution is drop-cast onto the device and the solvent is
completely evaporated, one or a few molecules may remain trapped within the
gap during the breaking process. In this way it is possible to contact a single
molecule with two metal electrodes, and thus probe charge transport through
an individual molecular junction. Additionally, in the MCBJ setup the elec-
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trode spacing can be precisely tuned by bending the substrate, which also
allows for manipulation of the molecule’s conformation within the junction.
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Figure 2.14: (a) Schematic representation of the manipulation of the SMe-2OS diradical in a
mechanically controlled break junction (MCBJ). The two electrodes contacting the molecule
are progressively separated, while I-V characteristics are simultaneously recorded. Then,
dI/dV spectra are numerically computed to study the evolution of the spin state. (b) Col-
orplot of dI/dV spectra measured as a function of the electrode displacement ∆x, showing
a transition from a spin-flip signal to a Kondo resonance. The spectra are normalized to the
average background between 10 mV and 20 mV. Figure adapted from [106].

We focus here on the spectroscopic features observed when introducing
SMe-2OS diradicals in the MCBJ setup and on the variations detected while
progressively separating the metal electrodes, as represented schematically in
Figure 2.14a.

First, a solution of the diradical diluted in dichloromethane (DCM) was
drop-cast onto the device. Importantly, we note that in the MCBJ experiment
the diradical was deposited already in its open-shell form, with the solvent
playing a role in preserving its radical state. Afterwards, the solvent was
evaporated and the system was pumped to P = 10−6 mbar and cooled down
to liquid Helium temperature. The atomic-scale contact was then opened
and the gap progressively increased in controlled steps (around 5 pm), while
simultaneously recording I − V characteristics as a function of the electrode
displacement ∆x. The differential conductance spectra were then calculated
numerically80.

Interestingly, similar spectroscopic features were obtained in the two ex-
perimental configurations (MCBJ and STM), despite the different procedures
for the diradical deposition and the different contact geometries. As illus-
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2.6 Spin manipulation by chemical tuning

trated in Figure 2.14b, the MCBJ measurements performed at low electrode
displacements reveal, in fact, bias-symmetric steps with significant conduc-
tance overshoots and lack of zero-bias resonances. These features, which can
be attributed to an inelastic singlet to triplet excitation, are similar to those
observed in the STM dI/dV spectra measured on SMe-2OS molecules ad-
sorbed on the Au substrate (Figure 2.8c). Additionally, an exchange coupling
J ≈ 3 meV, close to the one measured in STM, can be inferred from the onset
of the inelastic steps, suggesting analogous intramolecular arrangements in the
two configurations.

A transition from this spin-flip signal to a zero-bias feature is detected
after an electrode displacement ∆x = 0.5 Å. This change appears remarkably
similar to the transition from IETS to Kondo observed in the STM lifting
experiment (as shown in Figure 2.10), that we had attributed to a progressive
increase in the dihedral angles of the molecule while detaching it from the
Au(111) surface. However, considering the different manipulation processes
(displacement of the contact electrodes versus partial lifting of the molecule
from a substrate), it is not straightforward to relate these similar spectral mod-
ifications to analogous changes of the molecular structural conformation. Due
to the difficult determination of the exact molecule-electrode contact positions
in the MCBJ setup, we cannot safely discard a process of spin quenching that
reduces the number of unpaired electrons from N=2 to N=1.

Overall, these results demonstrate that both the MCBJ and STM tech-
niques allow for controlled and fine-tuned single-molecule manipulation. While
MCBJ is generally valued for the mechanical stability of the junctions, it also
presents several limitations, mostly related to the lack of direct information
on the shape and the composition of the molecular junctions, including the
actual number of contacted molecules. As a result, statistical analysis of a
large series of conductance curves is generally required for the determination
of single-molecule properties109–111. In contrast, STM allows for the direct
visualization and characterization of the molecules at the junction. The re-
sults from our mechanical manipulation experiments highlight the advantages
of directly comparing MCBJ with STM: the similarity in spectral features
observed in the MCBJ trace and in the two-terminal STM lifting experiment
provides a direct confirmation of the single-molecule nature of the SMe-2OS
junctions formed using the MCBJ technique.

2.6 Spin manipulation by chemical tuning
Finally, we studied how modifications of the chemical structure affect the in-
tramolecular spin-spin interaction in the 2-OS diradical. For this purpose, we
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2. Manipulating spin interactions in the 2-OS diradical

considered a derivative featuring a single anthracene moiety, and thus a shorter
distance between the radical-hosting units, and investigated its properties on
a Au(111) substrate.
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Figure 2.15: Generation of the mono-anthracene-2-OS diradical on Au(111). (a) Envisioned on-
surface synthesis of the diradical from a closed-shell precursor featuring OH capping groups.
(b) STM image recorded after deposition of the precursor onto Au(111), revealing mostly
molecular chains and several isolated units, as the one highlighted in the dashed box. (c)
Close-up image of the structure in (b). (d) Low-bias dI/dV spectra measured in the positions
marked in (c), indicating a closed-shell structure. (e) STM image after annealing the sample
at 315◦C. A higher degree of planarization is observed now in the molecular structures, as
highlighted in the close-up image in (f), suggesting that the OH groups may have been
removed. (g) dI/dV spectra measured in the positions marked in (f), still displaying no
fingerprint of magnetism. Topography parameters: V = 1 V; I = 30 pA. Spectroscopy
parameters: Vmod = 1 mV; Vset = 200 mV; Iset = 1 nA.

As shown in the scheme in Figure 2.15a, we followed the same on-surface
synthesis procedure envisioned for the original 2-OS diradical, starting with a
closed-shell precursor containing OH capping groups incorporated at the two
radical sites.5 After sublimation of the precursor onto the Au(111) surface
through flash evaporation, we observed mostly self-assembled molecular chains
as well as some fragments (likely corresponding to detached fluorenyl moieties)
and many identical isolated structures, as illustrated in Figure 2.15b.

A close-up STM image of one of such structures is reported in Figure 2.15c.
As in the case of the 2-OS diradical, it is not straightforward to identify its
components and attribute them to the different molecular moieties, due to

5In-solution synthesis of the precursor performed by Manuel Vilas-Varela and Diego Peña
(CiQUS and Universidade de Santiago de Compostela, Santiago de Compostela, Spain).
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2.6 Spin manipulation by chemical tuning

the presence of non-planar features. We observe, however, that the system
consists of two identical units, each with a lateral length of around 1 nm,
which suggests that it may correspond to a dimer-like structure. Additionally,
the observation of self-assembled chains containing both odd and even number
of units (each unit being the square-like structure that forms half of the system
in Figure 2.15c) supports the identification of these structures as dimers rather
than individual molecules. As expected for a closed-shell precursor, the low-
bias dI/dV spectra measured on different positions along the alleged dimers
do not show any magnetic features, such as clear zero-bias resonances or bias-
symmetric IETS steps.

We then annealed the sample at progressively higher temperatures in order
to induce the C-OH cleavage reaction. We observed structural changes in the
molecules after annealing at 315◦C. As shown in Figures 2.15e-f, in addition
to the disassembly of the chains and an overall desorption of material from
the surface, the individual dimer-like structures now display a higher degree of
planarity, a change that could be interpreted as an indication of the removal
of the OH capping groups. However, the low-bias dI/dV spectra shown in
Figure 2.15g still do not reveal any magnetic signatures.
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Figure 2.16: Lateral manipulation of the molecular structures formed after the annealing (Figure
2.15), revealing the presence of two self-assemble molecules. (a) STM image before manipu-
lation; (b) image after separating the units composing the dimer (with the chemical structure
superimposed on one unit); (c) dI/dV spectra measured on one monomer and on the bare
Au, revealing the absence of magnetic features in the individual molecules. Topography pa-
rameters: V = 1 V; I = 30 pA. Spectroscopy parameters: Vmod = 1 mV; Vset = 100 mV;
Iset = 1 nA.

To gain a better understanding of the nature of the molecular structures
found after the annealing, we performed lateral manipulation using the STM
tip, as illustrated in Figure 2.16. The structure reported in Figure 2.16a
could easily be separated into two identical units (Figure 2.16b), confirming
its identification as a dimer composed of two non-covalently bonded mono-
anthracene-2-OS molecules. We observe that each molecule displays a bright
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2. Manipulating spin interactions in the 2-OS diradical

lateral feature in the centre, that can be reasonably attributed to the inner
anthracene unit, exhibiting some rotation with respect to the substrate. This
interpretation is supported by comparison with the 2-OS diradical (see the
STM image in Figure 2.1c), where, after the dissociation of the OH groups, the
internal anthacene units appeared brighter with respect to the end fluorenyl
moieties.

We then performed dI/dV spectroscopy on an isolated single molecule and
still did not detect any fingerprint of magnetism, as reported in Figure 2.16c.
Assuming that the structural changes observed after the annealing can be
attributed to the removal of the OH groups, the lack of magnetic features in
the spectra suggests that the molecule is in a closed-shell state even when its
radical units are not quenched.

A possible explanation of this result is that the reduction in the spin-
spin separation, which is expected to enhance the intramolecular exchange
coupling27,112,113, could lead to the formation of a closed-shell singlet state
in the case of strong hybridization of the two radicals wavefunctions. This
is also suggested by the TB-MFH calculations for the original 2-OS dirad-
ical (reported in Figure 2.4c), which show that for high exchange couplings
(J ≳ 200 meV) the open-shell singlet transforms into a spin-unpolarized
closed-shell singlet.

2.7 Conclusions
In summary, we have demonstrated that the 2-OS diradical, a derivative of
the Chichibabin’s hydrocarbon, retains its open-shell character on Au(111)
with a singlet ground state. Through the cleavage of protecting groups of
the deposited diol precursors followed by spatially resolved scanning tunnel-
ing spectroscopy measurements, we resolved a singlet ground state with an
exchange coupling J ∼ 7.3 meV. The robust singlet ground state measured at
low temperature contrasts with the triplet ground state previously reported at
room temperature79. We attributed this difference to the effect of thermally
excited vibrational deformations at room temperature.

Theoretical TB-MFH simulations found that the substrate-induced par-
tial planarization of 2-OS favors the antiparallel coupling of the unpaired π
electrons, while increasing the torsional angle between the molecular moieties
progressively reduces the spin exchange coupling. Thus, we demonstrated the
possibility of tailoring the magnetic interactions in a 2-OS analogue function-
alized with anchoring end groups, which fix the molecule to the metal substrate
while inducing structural modifications by approaching the STM tip. We ob-
served that the spin-spin interaction decreases when the molecule is partially
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lifted from the substrate (thus acquiring a more orthogonal conformation),
and that the initial singlet state can be recovered when bringing it back to a
more planar arrangement.

Similar changes in the spin coupling were detected in two-terminal trans-
port measurements when directly contacting the molecule with the STM tip
in the position of the anchoring groups in order to lift it from the substrate
in a controlled way. Interestingly, this configuration also allowed to reproduce
the spectra obtained in mechanical manipulation experiments performed in a
MCBJ setup.

In addition, we studied a shorter 2-OS analogue, with a reduced distance
between the radical-hosting units, caused by the removal of one anthracene
moiety, and showed that this chemical modification transforms the original
open-shell ground state into a closed-shell singlet.

Overall our results demonstrate the high tunability of the magnetic ground
state of derivatives of the Chichibabin’s hydrocarbon and, in particular, their
high sensitivity to mechanical interactions, suggesting their strong potential
as new all-organic spin-cross over materials.
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2. Manipulating spin interactions in the 2-OS diradical

2.8 Appendix

2.8.1 MF-Hubbard modeling based on
Slater-Koster parametrization

In order to explore the role of the torsion angles of 2-OS we implemented
an effective non-orthogonal tight-binding description based on a Slater-Koster
parametrization114. Our model considers a single p orbital per carbon site per-
pendicular to the anthracene (or fluorenyl) plane to which the atom belongs.

Using a custom implementation based on sisl91, some characteristic hop-
ping matrix elements tij between fluorenyl and anthracene sites are shown in
Figure 2.17.
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Figure 2.17: Selective Slater-Koster hopping matrix elements tij between characteristic sites as a
function of the torsional angle θ around the C–D bond connecting (a) fluorene and anthracene
or (b) two anthracene units.

In addition to this effective one-orbital-per-site SK model, we consider in
the main text (Figure 2.4) also a local onsite Coulomb repulsion U in the mean-
field approximation (MF-Hubbard). We solve iteratively for the symmetry-
broken solutions corresponding to Sz = 0 (AFM or unpolarized) and Sz = 1
(FM) using hubbard90.
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2.8 Appendix

2.8.2 DFT study of 2-OS adsorption geometry on Au(111)

In our study, Density Functional Theory (DFT) calculations were executed
using Siesta115 to understand the interactions between 2-OS and the metallic
surface. The adsorption geometry is shown in Fig. 2.18. In this adsorption
configuration we could not stabilize the antiferromagnetic spin state of the
gas-phase molecule, but it was recovered by increasing the molecule-surface
distance by 0.5 Å or more. The image shown in the inset of Figure 2.1c
(main text) was obtained from the calculated charge density using the WSxM
software72.

To explore the impact of attractive forces from the STM tip on the adsorp-
tion geometry of 2-OS on Au(111), we also performed additional 6 geometry
optimizations in the presence of a model tip constrained at different positions
near the center of the molecule as shown in Fig. 2.19. The variation in the
dihedral angles are summarized in Tab. 2.1. We found that the three key di-
hedral angles in all cases increased due to attractive interactions with the tip.
This corroborates the interpretation of a reduced exchange coupling J induced
by attractive forces to the STM tip according to the model of Figure 2.4 in
the main text. Such a change is consistent with the experimentally observed
effects reported in Figure 2.8 in the main text for SMe-2OS.

(a)

(b) (c)

41 40
64

Figure 2.18: Adsorption geometry of 2-OS on Au(111) obtained with SIESTA. The three tor-
sional angles indicated in panel (a) corresponds to θsurf

outer = 40-41◦ and θsurf
inner = 64◦. As

reference, the corresponding angles in the gas phase were found to be θfree
outer = 54◦ and

θfree
inner = 71◦.
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(a) (b) (c)

(d) (e) (f)

Figure 2.19: Adsorption geometries of 2-OS on Au(111) in the presence of a model STM tip at
different positions obtained with SIESTA, (a) with the tip far from 2-OS, (b-f) with the tip
progressively closer to the molecule.

Configuration x (Å) y (Å) z (Å) θouter,1 θinner θouter,2
Fig. 2.19(a) 16.5 11.4 16.6 40.8 (0.0) 64.4 (0.0) 40.2 (0.0)
Fig. 2.19(b) 16.5 11.4 10.9 42.1 (1.3) 65.1 (0.8) 40.2 (0.0)
Fig. 2.19(c) 15.4 11.4 10.3 43.5 (2.7) 66.9 (2.6) 41.9 (1.6)
Fig. 2.19(d) 16.5 11.4 9.9 43.3 (2.5) 66.1 (1.7) 40.3 (0.0)
Fig. 2.19(e) 16.5 9.4 7.9 41.6 (0.8) 68.3 (4.0) 43.2 (3.0)
Fig. 2.19(f) 16.5 11.4 8.9 46.2 (5.4) 71.4 (7.0) 42.9 (2.7)

Table 2.1: Summary of molecular conformation for different STM tip apex atom positions
(x, y, z) relative to the Au(111) surface, indicating the three dihedral angles θi and, in paren-
theses, the changes relative to those without the tip.
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2.8.3 Thermochemistry effects on DFT calculations

In this section we will address the effects of considering thermochemistry (vi-
brations, rotational motion, etc.) to DFT calculations on 2-OS. As it is dis-
cussed in the main text, according to MF-Hubbard calculations the open-shell
S = 0 solution is lower in energy that the triplet. A variation of the angles θo,i

affects the ∆ET S energy separation, but it does not change the spin quantum
number of the ground state. The effect of θo,i on the hoppings is calculated
with a Slater-Koster parametrization in the case of MF-Hubbard, obtaining
that ∆ET S decreases when the angles are increased. The antiferromagnetic
character of the kinetic exchange driven by hopping makes the S = 0 solution
more stable, becoming degenerate with a S = 1 solution when two anthracene
units, or an anthracene and an external fluorenyl unit, are perpendicular.

In Gaussian (g16)116 it is possible to include the effects of temperature by
the "freq" flag117. This flag entails the computation of different contributions
to the entropy (Stot) and internal thermal energy (Etot). Specifically, this
program considers the contributions from translation, electronic motion, rota-
tional motion and vibrational motion. Then, it considers a thermal correction
to the enthalpy and free energy, respectively, as:

Hcorr = Etot + kBT, (2.1)

and
Gcorr = Hcorr − TStot, (2.2)

where Stot = St+Sr+Sv+Se and Etot = Et+Er+Ev+Ee consider the different
contributions that have been mentioned, where t, r, v and e refer, respectively,
to the contributions from translation, rotational motion, vibrational motion
and electronic motion.

By comparing the sum of electronic and thermal free energies for the S = 1
and open-shell S = 0 solutions (GS,T ) for different values of the temperature
with a relaxed gas phase geometry (θi ≈ 90◦), we can conclude that the
thermochemistry effects are responsible of the S = 1 ground state in gas
phase (see Figure 2.20), since for low T the S = 0 is the ground state but
very soon the S = 1 becomes more stable when the temperature is increased.
Then, if the geometry is planarized, the S = 0 solution is stabilized in account
of an enhancement of the kinetic antiferromagnetic exchange, in accordance
with MF-Hubbard.
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2. Manipulating spin interactions in the 2-OS diradical

Figure 2.20: Variation of GT − GS = ∆GT S with the temperature (T ), calculated with DFT.
It was used the PBE exchange-correlation density functional118 and the STO-3G basis119,120

with the Gaussian package116 and the thermochemistry flag. For the red circles the geometry
was relaxed for both spin solutions, and for the blue squares it was used the S = 1 relaxed
geometry for all the calculations. The geometries were relaxed without the "freq" flag.

PBE/STO-3G PBE/STO-3G BLYP/6-31G BLYP/6-31G
(5K) (100K) (5K) (100K)

∆GT S (meV) 0.7 −7 −0.2 −9

Table 2.2: Difference in energy between the open-shell S = 0 and S = 1 solutions for different
density functional/basis and temperatures. The geometries were relaxed for every S in gas phase
and without thermochemistry.
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3 Spin interactions
in a ferromagnetic
molecular trimer

Triangulenes are prototypical examples of open-shell nanographenes. Their
magnetic properties, arising from the presence of unpaired π electrons, can
be extensively tuned by modifying their size and shape or by introducing
heteroatoms. Different triangulene derivatives have been designed and syn-
thesized in recent years, thanks to the development of on-surface synthe-
sis strategies. Triangulene-based nanostructures with polyradical character,
hosting several interacting spin units, can be challenging to fabricate but are
particularly interesting for potential applications in carbon-based spintronics.
In this chapter, we combine pristine and N-doped triangulenes into a more
complex nanographene, TTAT, predicted to possess three unpaired π elec-
trons delocalized along the zigzag periphery. We generate the molecule on a
Au(111) surface and detect direct fingerprints of multi-radical coupling and
high-spin state using scanning tunneling microscopy and spectroscopy. With
the support of theoretical calculations, we show that its three radical units are
localized at distinct parts of the molecule and couple via symmetric ferromag-
netic interactions, which result in a S = 3/2 ground state, thus demonstrating
the realization of a molecular ferromagnetic Heisenberg-like spin trimer.
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An article based on the results reported in this Chapter has been submitted
to Journal of the American Chemical Society.

• On-surface Synthesis of a Ferromagnetic Molecular Spin Trimer
Alessio Vegliante, Manuel Vilas-Varela, Ricardo Ortiz, Francisco Romero-
Lara, Manish Kumar, Lucía Gómez-Rodrigo, Fabian Schulz, Diego Soler,
Hassan Ahmoum, Emilio Artacho, Thomas Frederiksen, Pavel Jelínek,
Jose Ignacio Pascual and Diego Peña.
Submitted to Journal of the American Chemical Society.
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3.1 Introduction

Graphene flakes with triangular shapes represent a paradigmatic platform for
studying interacting quantum spins. As shown in Chapter 1, the net spin
of triangulene molecules depends on the flake’s size and can be modified
by heteroatom substitution22,36–40,42,64. The high-spin states of triangulenes
are exceptionally robust because their singly-occupied orbitals (or zero-energy
states) live in the same carbon sublattice, thus having a large spatial wavefunc-
tion overlap. Consequently, Hund’s exchange coupling and the spin excitation
energies generally amount to a significant fraction of an electronvolt. While
systems with considerable energy gaps between the ground and excited spin
states can be attractive for some applications related to classical magnetism,
this can be a drawback for applications using the full spin spectrum of the
nanographene.

Nanographenes with weakly interacting spins have been successfully syn-
thesized on surfaces by covalently-bonding triangulene building blocks through
their vertices27,42,112,121–123. This strategy maintains the triangulene integrity
because the zero-energy modes have a low density of states over these connect-
ing sites, and results in antiferromagnetic interactions between the monomer
units, as we will see in the next chapter. An alternative strategy, explored more
rarely, is connecting the nanographenes through their zigzag edges. While
this method modifies the electronic and magnetic configuration of the original
structure124, it allows to build customized flakes hosting interacting localized
radicals88.

Here, we implement this strategy to synthesize a large, triangular nanogra-
phene hosting three ferromagnetically interacting radical units. By fusing
three [3]triangulenes (3T) onto the edges of an aza[3]triangulene (A3T) core,
we form TTAT (tris-triangulene-aza-triangulene, Figure 3.1), a high-spin tri-
radical nanographene behaving as a symmetric Heisenberg spin trimer.

Each 3T unit hosts two unpaired π electrons localized along majority zigzag
sites22,40. As shown in Figure 3.1a, this connection strategy pairs majority sub-
lattice sites in opposite orientations, thus reducing the number of zero-energy
states (i.e., their nullity) from eight to four and resulting in four unpaired π
electrons for the pristine carbon structure.

Within the A3T core, nitrogen substitution at a majority site introduces an
additional electron to the π system, stabilizing a D3h symmetric configuration
with three unpaired electrons at the zigzag corners.

Structurally, TTAT resembles an aza[8]triangulene with six fewer six-mem-
bered rings, two per triangular side. This change creates three distinct gulf
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Figure 3.1: (a) Schematic representation of the formation of TTAT (c), obtained by coupling
three [3]triangulene building blocks through an aza[3]triangulene core. (b-c) In-solution and
on-surface reaction steps leading to the synthesis of TTAT, with the C-C bonds formed during
each step indicated in blue and red, respectively. (d) STM constant-current image (V = 0.9 V,
I = 30 pA) after deposition of the precursor on Au(111) and subsequent annealing at 330 ◦C.
The white dotted square highlights an intact and planar molecule, corresponding to target
product. (e) STM constant-current image of TTAT measured with a CO-functionalized tip
(V = 200 mV, I= 30 pA). (f) Constant-height bond-resolved STM current scan (V = 5 mV)
and (g) constant-height bond-resolved AFM image (oscillation amplitude A = 60 pm), both
performed with CO-functionalized tips.

regions along the edges, each formed by two conjoined bay areas that accom-
modate nine Clar sextets (see Figure 3.1c).

In the following, we report the on-surface generation of TTAT on a
Au(111) surface and demonstrate that it behaves as a ferromagnetic Heisen-
berg spin trimer. Combining low-temperature STM measurements with the-
oretical simulations, we resolve its structural integrity on the surface and
demonstrate that it lies in a neutral charge state, maintaining a S = 3/2
ground state. The resolution of low-energy spectroscopic fingerprints and
their simulation through multiconfigurational simulations reveal the presence
of a triradical character with ferromagnetic interaction among the unpaired
electrons. This nanographene represents, therefore, a unique system for inves-
tigating entanglement in a single-molecular architecture.

62



3.2 On-surface synthesis of TTAT

3.2 On-surface synthesis of TTAT
We envisioned the synthesis of TTAT through a combination of in-solution
and on-surface synthesis, as represented in Figure 3.1b. First, we addressed
the preparation of the TTAT precursor 1 following the synthesis strategy of
an aza-[5]-triangulene precursor64, shown schematically in the figure.1

We deposited the TTAT precursor 1 onto a Au(111) surface at room tem-
perature via flash annealing of a silicon wafer loaded with molecular grains.
Subsequently, the sample was annealed at 330◦C to activate the dehydro-
genation reactions necessary to induce the formation of the twelve C-C bonds
marked in red in Figure 3.1c and achieve full molecular planarization. The
overview STM constant-current image recorded after annealing (Figure 3.1d)
shows intact triangular-shaped products alongside smaller molecular fragments.
A closer inspection reveals that many triangular products retain one or more
methyl groups, which appear as protruding rounded lobes in the STM images.
Nevertheless, we identified the target product, TTAT, in a small fraction
(around 5%) of the non-fragmented molecules. The molecular structure ap-
pears fully planarized in this case and displays chamfered corners (Figure 3.1e).
To conclusively demonstrate the successful on-surface generation of TTAT,
we performed bond-resolved (BR) constant-height STM and non-contact AFM
imaging using a CO-terminated tip52 (Figures 3.1f-g). The BR images resolve
the molecular backbone, revealing the absence of structural defects and the
preserved three-fold symmetry of TTAT upon adsorption on the surface. Ad-
ditionally, the bond-resolved STM image, recorded at V = 5 mV, displays an
apparent increase in the current signal along the zigzag edges near the tri-
angulene corners and in the gulf regions around the center, providing a first
indication of an enhanced density of states around the Fermi level, likely due
to the presence of radical states58.

3.3 Open-shell state of TTAT on Au(111)

To address the electronic and magnetic properties of TTAT on Au(111),
we performed differential conductance (dI/dV ) spectroscopy (Figure 3.2a).
First, we explored the low-energy spectral window, where spin fingerprints
appear in the density of states. Spectra measured on the corners of the
outer triangulenes show low-bias features indicative of an open-shell char-
acter: a weak zero-bias peak, characteristic of a Kondo resonance, and bias-

1In-solution synthesis of the molecular precursor performed by Manuel Vilas-Varela,
Lucía Gómez-Rodrigo and Diego Peña (CiQUS and Universidade de Santiago de Compostela,
Santiago de Compostela, Spain).
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Figure 3.2: (a) Low-energy dI/dV spectra measured with a CO-functionalized tip along the
zigzag edges of TTAT at the positions indicated in the bond-resolved CO image in the inset.
The spectra display similar features: a Kondo resonance and spin excitation features centered
at V ≈±15 mV. The black dashed lines represent fits to the data using the perturbative
model by Ternes85, for the case of three S=1/2 spins coupled with a ferromagnetic exchange
J = 9 meV. The higher energy steps at ±35 mV (also visible on the bare Au(111) surface) are
observed when recording spectra with a CO-functionalized tip, and are generally attributed to
the excitation of a frustrated rotational mode of the CO molecule125. Spectroscopy parameters:
V = 50 mV, I = 1 nA, Vmod = 2 mV. (b-c) d2I/dV 2 maps at distinct bias (V = −3.27 mV
and V = 15 mV, respectively), obtained by numerical differentiation from a grid of dI/dV
spectra. The maps allow to probe the spatial distribution of the Kondo resonance (b) and
the spin inelastic excitation (c). (d) Simulated Kondo and (e) spin excitation dI/dV maps,
computed from the Kondo orbitals (d) and Natural Transition Orbitals (NTOs), respectively
(Kondo orbitals and NTOs reported in the Appendix Figures 3.12 and 3.11, respectively).

symmetric step-like features at V ≈ ±15 mV, which are related to inelastic
spin excitation processes86,88,122,123,126. To probe the spatial distribution of
both Kondo and inelastic electron tunneling spectroscopy (IETS) features, we
mapped the derivative of the differential conductance (i.e., d2I/dV 2 maps) at
V = −3.27 mV and V = 15 mV, respectively. At these bias values, Kondo
and IETS features appear as peaks in d2I/dV 2 spectra, with amplitude pro-
portional to the weight of the Kondo and inelastic channels (see Appendix
Figure 3.8). As shown in Figures 3.2b and 3.2c, in both maps the d2I/dV 2

signal appears localized on the corners of the three outer triangulenes, indi-
cating that the radical character of the molecule stems primarily from orbitals
distributed over the edge of the external moieties, as we will discuss later.
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Figure 3.3: (a) dI/dV spectra measured at the points indicated in (b), revealing molecular
orbital resonances (V = 1 V, I = 500 pA, Vmod = 10 mV). (b) Constant-height (CH)
dI/dV map recorded at V = −100 mV with a CO-functionalized tip, corresponding to an
orbital with non-vanishing signal over the inner N-doped triangulene (open feedback param-
eters: V = −100 mV, I = 300 pA, Vmod = 10 mV) . (c) Constant-current (CC) dI/dV
maps recorded at different bias values around 0, with a CO-terminated tip (I = 300 pA,
Vmod = 10 mV). (d) Simulated dI/dV maps, obtained using Dyson orbitals, corresponding to
the processes of adding and removing electrons. (e) Dyson orbitals isosurfaces.

Resolution of the TTAT frontier orbitals and their distribution over the
molecular architecture provides a glimpse of the molecular spin ground state.
We measured dI/dV spectra on a broader bias range (1V, -1V) on distinct
molecular positions (Figure 3.3a) and found several peaked resonances at-
tributed to molecular states. The dominant one is a resonance centered at
around −100 mV, with spatial distribution over the central aza moiety, as
probed by the constant-height dI/dV map reported in Figure 3.3b. The tail
of this resonance crosses through zero bias and causes the tilted background
in the low-energy spectra of Figure 3.2a. It also accounts for the increased
current around the center observed in bond-resolved constant-height images
like in Figure 3.1f.

As shown in Figure 3.3c, a non-vanishing signal over the central aza moi-
ety is only found in the dI/dV map measured at −100 meV, with no replica
at positive bias. This points towards a doubly-occupied state over the center
of the flake, in agreement with results from DFT calculations reported in the
Appendix (Figure 3.9) for a free molecule. According to DFT, the zero-energy
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3. Spin interactions in a ferromagnetic molecular trimer

orbital A1 (with the largest amplitude over the N site and C3v symmetry) hosts
the extra electron provided by the N heteroatom substitution in the neutral
charge state. The molecule spin is primarily hosted in the three remaining
singly-occupied orbitals (SOMOs), two of which are degenerated, with E sym-
metry, and the third one is the C3v symmetric A2 orbital127. These orbitals
are distributed mainly along the molecular edges, with a weak contribution
from the inner aza group.

Their singly occupied character can be concluded from dI/dV maps through-
out a wider energy region: characteristic dI/dV patterns attributed to the
SOMOs and their correlated singly unoccupied orbitals (SUMOs) appeared
at −700 meV and −300 meV, and at 100 meV and 700 meV, respectively.
Since all states detected around EF lie close in energy, the molecular sys-
tem is expected to exhibit a strong multiconfigurational character. Therefore,
to identify and interpret the dI/dV maps, we computed the relevant Dyson
orbitals128 using the natural orbitals obtained from Complete Active Space
Configuration Interaction (CASCI) calculations (see Appendix Figure 3.10).
2 In agreement with DFT, we obtained three Dyson orbitals accounting for
electron addition and four for electron removal (Figure 3.3e), as expected for a
ground state composed of three singly occupied and one doubly occupied state.
In Figure 3.3d, we show the simulated dI/dV maps resulting from the com-
puted Dyson orbitals, including a CO-functionalized tip, calculated with the
PP-STM code129. The simulations reproduce the experimental dI/dV maps
in great detail, further confirming the identification of three singly occupied
states hosting the spin properties of the molecule.

The simulations indicate that TTAT maintains a neutral charge state
on the electrophilic Au(111) surface. Kelvin probe force microscopy (KPFM)
measurements confirm that the molecule remains in a neutral state on Au(111)130.
As reported in Figure 3.4, we measured the local contact potential difference
(LCPD) between tip and sample on the molecule and on the bare Au(111)
at different tip heights. The LCPD measured on the molecule is always more
negative than on the substrate. However, the very little variation of the LCPD
when approaching the tip towards the molecule (around 22 mV across a range
of 1 nm), as well as the small difference between the values recorded on the
molecule and on the bare surface, suggest that TTAT is in a neutral charge
state on Au(111)131.

This behavior contrasts with the cationic state found for the structurally
similar molecule aza[5]triangulene (A5T), despite both molecules having the
same spin imbalance and nullity39,64,132. Although the precise factors driving

2Calculations performed by Manish Kumar, Diego Soler, and Pavel Jelínek (Institute of
Physics, Czech Academy of Sciences, Prague, Czech Republic).
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Figure 3.4: Kelvin probe force microscopy (KPFM) measurements on TTAT. (a) Local contact
potential difference (LCPD) values measured at different tip-molecule distances on the molecule
and on the bare Au(111) surface, as indicated in the constant-current STM image in (b). The 0
distance corresponds to the setpoint (I = 30 pA; V = 200 mV) over the centre of the molecule.
For each tip height, we first measure a ∆f(V ) spectrum (frequency shift as a function of the
tip-sample bias) in the range (-0.1V, 0.9V) on the molecule, then we move the tip to the bare
Au (with the feedback loop open) and record the same spectrum at the same height, and
determine the LCPD for each position from the vertex of the KPFM parabola130.

charge transfer differences near chemical equilibrium would require further
study, we speculate that the neutral stability of TTAT (compared to TTAT+)
is related to its enhanced aromaticity, evidenced, for example, by the larger
number of Clar sextets. In contrast, the antiaromaticity of neutral A5T species
accounts for its tendency to oxidize on Au(111)64.

These observations suggest that TTAT has a spin ground state S = 3/2
on Au(111), with parallel spin alignment due to Hund’s exchange interactions
among the three SOMOs41,133. We thus attribute the zero-bias resonance in
the STS spectra to an underscreened Kondo effect associated with this high-
spin state. Nanographenes with spin above S = 1/2 generally exhibit partial
Kondo screening on surfaces, leading to smaller zero-bias resonances40,57, as
seen in Figure 3.2a. Additional evidence for this underscreened Kondo effect is
the resonance splitting under an external magnetic field (B = 2.7 T) shown in
Figure 3.5. An underscreened Kondo resonance, in fact, is expected to undergo
a splitting as soon as the Zeeman energy (gµBB) becomes greater than the
thermal broadening (kBT ), which in our experiment (T = 1.2 K) corresponds
to a field B ≈ 1T58. A fully screened S = 1/2 Kondo resonance, on the other
hand, would not display any splitting at this relatively low field, as shown in
previous works57,64.
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Figure 3.5: Comparison of low-bias dI/dV spectra measured in the position indicated in the
inset, in the absence of external magnetic field, and at 2.7 T field. The Kondo resonance
displays a splitting of 0.480 mV when applying the magnetic field. This can be interpreted
as an indication of an underscreend Kondo effect. Parameters: V = 10 mV, I = 1 nA,
Vmod = 0.5 mV. These measurements were performed at T = 1.2 K.

3.4 Triradical character of TTAT and Heisenberg
spin trimer model

To rationalize the high-spin triradical ground state of TTAT, and the origin
of the IETS features observed in dI/dV spectra, we performed multiconfigu-
rational calculations with the complete active space self-consistent (CASSCF)
method.3 Considering a CAS(7,10), we obtain that three natural orbitals
(highlighted in the dashed box, Figure 3.6a) have an electron occupation close
to 1 in the ground state, thus indicating the presence of three unpaired elec-
trons. In accordance with the DFT calculations and the experimental results,
a natural orbital with A1 symmetry and centered on the N heteroatom appears
with a larger electron occupation.

As shown in the many-body energy levels in Figure 3.6b, the CASSCF
calculations confirm the quartet (S = 3/2) ground state of TTAT, which
accordingly is predominantly described by a single determinant134, as depicted
in Figure 3.6c.

The first two excited states are two nearly degenerate spin S = 1/2 lev-
els found at 19 meV and 22 meV above the ground state. These values lie
close to the experimental excitation gap obtained from the IETS steps (∆ ∼

3Calculations performed by Ricardo Ortiz, Thomas Frederiksen (Donostia International
Physics Center, San Sebastián, Spain).
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Figure 3.6: (a) Natural orbitals computed by CASSCF(7,10). The numbers at the bottom of
each orbital indicate the electron occupation. We find three orbitals with occupation close to 1,
spatially distributed over the triangulene edges. (b) Diagram representing the energy and the
total spin of the many-body ground state and first two excited states of TTAT, as computed
by CASSCF(7,10). (c) Schematic representation of the most relevant Slater determinant for
each of the many-body states in (b), displaying the electronic occupation of the three natural
orbitals highlighted in the dashed box in (a). The number below each Slater determinant refers
to its weight in the corresponding many-body state.

15 meV), supporting the identification of the inelastic spectral features with a
spin excitation process from S = 3/2 to S = 1/2. These doublets are described
by a linear combination of different Slater determinants with similar weight
(Figure 3.6c), justifying the multiconfigurational methods used in Figure 3.3.

The multiconfigurational nature of the doublet excited states is likely re-
flected in the experimental magnetic fingerprints shown in Figures 3.2b-3.2c.
To explain the spatial localization of the Kondo signal, we used the concept
of Kondo orbitals recently introduced in [132] to describe the Kondo effect
in open-shell polyradical molecular systems. In this framework, the Kondo
orbitals are associated with scattering processes between molecular electrons
and conduction electrons of the underlying metal featuring antiferromagnetic
exchange coupling. Using CASCI calculations, we obtained the set of Kondo
orbitals shown in Appendix Figure 3.12, which were then used for calculating
the corresponding Kondo dI/dV map using the PP-STM code129. The simu-
lated dI/dV map shown in Figure 3.2d reproduces the shape and distribution
of the experimental Kondo map, further confirming the interpretation of the
Kondo signal as the fingerprint of a S = 3/2 spin state.

Similarly, the inelastic spin excitation from the quadruplet ground state
to the two doublet excited states is represented by CASCI Natural Transition
Orbitals (NTOs) shown in the Appendix Figure 3.11. The simulated spin
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3. Spin interactions in a ferromagnetic molecular trimer

excitation dI/dV map129 reported in Figure 3.2e was obtained by summing
the contributions of the NTOs corresponding to the spin excitation to the
two degenerate excited states. The excellent agreement with the experimental
map of the IETS signal supports the origin of the inelastic signal as a quartet-
doublet spin excitation.
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Figure 3.7: (a) Representation of the three singly occupied orbitals using a maximally localized
basis set, which shows that each spin is mostly located on an individual triangulene corner. (b)
Spin-spin correlation between each pair of spins computed using the orbital representation in
(a). This picture allows the description of the magnetic state of TTAT in terms of a symmetric
Heisenberg ferromagnetic trimer, as illustrated in (c). According to this model the experimental
quartet-doublet energy gap of 15 meV corresponds to an exchange coupling J = 10 meV135.

The localization of spin fingerprints at the three vertices suggests that the
open-shell character of TTAT could be described by three spatially local-
ized radicals rather than a set of overlapping SOMOs. Using a maximally
localized orbital basis set, we obtain a representation where each of the three
unpaired electrons is mostly located at an individual triangulene corner, as
displayed in the SOMOs in Figure 3.7a. We computed the spin-spin correla-
tion Aij = ⟨ŜiŜj⟩ − ⟨Ŝi⟩⟨Ŝj⟩ for each pair of spins i and j in those maximally
localized orbitals. The results, illustrated in Figure 3.7b, confirm the ferro-
magnetic coupling between three unpaired spins in the ground state with a
value of the spin-spin correlation Aij = 0.22 au.

This representation suggests the possibility of describing the triradical
molecule TTAT as a symmetric Heisenberg S = 1/2 trimer135. Considering an
equal ferromagnetic coupling J between the three unpaired spins (Figure 3.7c),
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a Heisenberg spin model yields a ground state with total spin S = 3/2 and two
degenerate doublets (S = 1/2) as first excited states, similarly to the results of
the many-body CASSCF calculations. In the case of an equilateral Heisenberg
trimer, the exchange J is given by J = 2

3∆E, where ∆E is the quartet-doublet
energy difference. Therefore, considering the experimental excitation energy
∆E = 15 meV, we determine for TTAT an exchange coupling J = 10 meV,
in good agreement with the value of 9 meV obtained from the fit to the STS
data using the perturbative model by Ternes85.

3.5 Conclusions

In summary, we have presented a polyradical aza-nanographene (TTAT) host-
ing three unpaired π electrons localized at the vertices of a triangle and coupled
through symmetric ferromagnetic interactions.

The system was designed by combining well-known molecular building
blocks, all-carbon and N-doped [3]triangulenes, and fabricated via a combina-
tion of in-solution and on-surface synthesis. The detection of clear magnetic
fingerprints in scanning tunneling spectroscopy (i.e., both a weak Kondo reso-
nance and IETS step-like features) demonstrated the open-shell and polyradi-
cal character of the molecule on Au(111). Combining differential conductance
spectra and orbital maps with DFT and multi-configurational calculations, we
revealed the presence of three radical units and their ferromagnetic alignment,
resulting in a S = 3/2 (quartet) ground state, and showed that the molecule
can be described as a Heisenberg ferromagnetic spin-1/2 trimer.

The evidence of multi-radical interactions and the high-spin configuration
make this system a suitable platform for the exploration of magnetic states in
extended molecular structures. More broadly, our results demonstrate that tri-
angulene units can be strategically coupled through their zigzag edges, giving
rise to more complex nanostructures with customized spin states.
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3. Spin interactions in a ferromagnetic molecular trimer

3.6 Appendix

3.6.1 Second derivative spectra

We report here the low-bias d2I/dV 2 spectra as obtained by numerical dif-
ferentiation from a grid of dI/dV spectra. The peaks corresponding to the
Kondo resonance and the spin excitation are marked in the plot. Those ener-
gies are selected to map the spatial distribution of the two signals, as shown
in Figures 3.2b-c in the main text.
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Figure 3.8: Single dI/dV spectrum (a) and corresponding d2I/dV 2 plot (b) extracted from a
dI/dV grid in the position indicated in (c). Alongside the Kondo and spin excitation features,
we can observe inelastic steps around V = ±5 mV and V = ±35 mV that originate from
vibrational modes of the CO molecule attached to the tip. The red and blue dashed lines in
(b) indicate the peaks (at V = −3.3 mV and V = 15 mV) that were selected to map the
spatial distribution of the Kondo and the spin excitation feature, respectively, as reported in
Figures 3.2b-c in the main text. Parameters: V = 50 mV, I = 1 nA, Vmod = 2 mV.
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3.6 Appendix

3.6.2 Complementary theoretical results

DFT simulations First-principles calculations were performed using density-
functional theory (DFT) implemented in the SIESTA code using the PBE
generalized-gradient approximation.4 The energy level diagram and the or-
bital isosurfaces of the single-particle states are reported in Figure 3.9.
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Figure 3.9: (a) Molecular orbital isosurfaces corresponding to the single-particle states shown
in the energy level diagram in (b) obtained from spin-polarized DFT calculations. The labels
refer to the symmetry of each orbital, defined in terms of irreducible representations of the C3v

symmetry point group. The singly occupied orbitals are three: two degenerate orbitals with E
symmetry, and one with A2 symmetry. The only orbital with the highest intensity on the N site
is the A1, which is fully occupied.

CASCI calculations We report here the results from the complete active
space configuration interaction (CASCI) method, employed to obtain an accu-
rate description of the wave function and electronic energies. The full many-
body Hamiltonian was constructed from these integrals in the π-orbital sub-
space of 11 electrons in 11 orbitals and diagonalized in our in-house many-body
code. By diagonalizing the one-particle density matrix from the ground state
CASCI wavefunction, we have calculated the occupation of natural orbitals
and constructed the natural orbitals, see Figure 3.10b. The fractional occu-
pation of natural orbitals gives an insight into the radical character of the
molecules within the many-body framework.

4DFT calculations performed by Hassan Ahmoum and Emilio Artacho (CIC NanoGUNE,
San Sebastián, Spain).

73



3. Spin interactions in a ferromagnetic molecular trimer

a)

b)

HONO SONO 1 SONO 2 SONO 3 LUNO

HOMO SOMO SUMO LUMO LUMO +1

CASCI natural orbitals

ROHF canonical orbitals

1.96 1.00 1.00 1.00 0.03

Figure 3.10: a) Restricted open-shell Hartree-Fock (ROHF) orbitals and (b) complete active
space configuration interaction (CASCI) natural orbitals of TTAT. The numbers below the
natural orbitals indicate their fractional electronic occupation. As for the CASSCF calculations
reported in the main text, three singly occupied natural orbitals (SONO) are obtained.

Natural Transition Orbitals (NTO) To simulate the dI/dV maps cor-
responding to IETS spin excitation maps, we have calculated the Natural
Transition Orbtals (NTOs)136, which correspond to the electronic transition
density matrix of single spin flip process from the quartet ground state to the
doublet excited states obtained from CASCI calculations. Figure 3.11 displays
the calculated NTOs with corresponding amplitudes.

0.57

a) b)

0.37 0.62 0.27

Figure 3.11: NTOs for the spin excitation from quartet ground state to a) first doublet and b)
second doublet.

Kondo Orbitals (KO) Kondo orbitals are calculated by diagonalizing the
Hamiltonian derived from the multi-channel Anderson model, which considers
the many-body multiplet structure of molecules obtained from the CASCI
calculation for the neutral ground state and virtual charge states132. The
computed KOs and their coupling to the substrate are reported in Figure
3.12.

74



3.6 Appendix
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Figure 3.12: Results from the multi-orbital Kondo analysis, used to simulate the Kondo spatial
distribution map presented in the main text. (a) Coupling constants ja computed as a function
of the chemical potential for each Kondo orbital (KO). (b) Orbital isosurfaces of the four KOs
with non-zero coupling to the conduction electrons of the substrate at a chemical potential
of 3 eV. Three of these orbitals (highlighted in the dashed box) correspond to channels with
antiferromagnetic coupling (ja > 0) to the electron bath and therefore are involved in the
many-body Kondo screening process.

Dyson Orbitals In Figures 3.13 and 3.14 we report the calculated Dyson
orbitals and their amplitudes for removal/addition of a single electron. As de-
scribed in the main text, Dyson orbitals were used to simulate the experimentsl
dI/dV maps (Figure 3.3c).

Theoretical dI/dV maps of NTOs and Kondo orbitals were calculated by
the Probe Particle Scanning Probe Microscopy (PP-SPM) code129 for a CO-
like tip. For NTO we have chosen the tip composed of pxpy (90%) and s
(10%) orbitals while for Kondo orbitals the tip is composed of pxpy (85%)
and s (15%) orbitals to match the experimental dI/dV maps.

Ψ0
N-1(0.69) Ψ1

N-1(0.31) Ψ2
N-1(0.31) Ψ5

N-1(0.78)

Figure 3.13: Dyson orbitals for the process of removal of one electron with the norm of the
wavefunction below.
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Ψ1
N+1(0.78) Ψ2

N+1(0.78) Ψ3
N+1(0.77)

Figure 3.14: Dyson orbitals for the process of adding one electron with the norm of the wave-
function below.
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4 Collective spin states
in a triangulene-based
hexamer

In the previous chapter we have shown that triangulene building blocks can be
combined to generate a larger open-shell graphene nanostructure, exhibiting
a higher spin state than the original units, and containing three unpaired π
electrons. Here we go a step further and investigate spin interactions in a
macrocycle formed by six [3]triangulenes, obtained via a combination of in-
solution and on-surface synthesis. This triangulene-based hexamer hosts 12
unpaired π electrons, which give rise to a many-body singlet ground state orig-
inated by the antiferromagnetic interaction of six S = 1 spin units. We use
inelastic electron tunneling spectroscopy to detect collective spin excitations
from the ground state to many-body triplet states, and demonstrate that the
system can be described as a Heisenberg S = 1 spin ring. Furthermore, we
study the effects of opening the ring macrocycle by investigating the mag-
netic properties of a hexamer with a quenched radical unit and of open-ended
triangulene chains.
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Part of the results reported in this Chapter are published as an article in
Angewandte Chemie International Edition.

• On-Surface Synthesis and Collective Spin Excitations of a Triangulene-
Based Nanostar
Jeremy Hieulle, Silvia Castro, Niklas Friedrich, Alessio Vegliante, Fran-
cisco Romero-Lara, Sofía Sanz, Dulce Rey, Martina Corso, Thomas Fred-
eriksen, Jose Ignacio Pascual and Diego Peña.
Angewandte Chemie International Edition 2021, 60, 25224.
https://doi.org/10.1002/anie.202108301
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4.1 Introduction

4.1 Introduction

The [3]triangulene, with its S = 1 ground state, represents the perfect building
block for the design of open-shell carbon-based nanostructures with different
spin quantum numbers. During the last years, indeed, several triangulene-
based nanographenes, exhibiting different magnetic states, have been gener-
ated via on-surface synthesis37,57,137. Some of these nanostructures display
characteristic low-energy spectral fingerprints associated with spin excitations
induced by inelastic tunneling electrons23,27. As shown in the previous chap-
ter, such inelastic features allow to quantify spin interactions in nanographenes
and to test current theoretical models for describing many-body spin states.

In this chapter, we present the synthesis and characterization of a new
triangulene derivative consisting in six [3]triangulenes coupled at their vertices,
thus forming the macrocycle TNS (Triangulene-based NanoStar, shown in
Figure 4.1). This molecule is particularly appealing due to its large number
of unpaired electrons (twelve) organized in a cyclic structure, which makes it
a model system for investigating collective interactions in a spin ring.

CDH

Au(111)

on-surfacein-solution

.

.

.

.

.

.

.

.

. .

. .

BrBr

macrocyle 1 triangulene-based nanostar (TNS)

Ni(COD)2, COD
2,2'-bipyridine

Toluene/DMF
reflux, 20h

2

Figure 4.1: Schematic representation of the synthesis of the triangulene-based nanostar (TNS),
obtained through a combination of in-solution and on-surface chemistry. The first step is the
in-solution coupling of 2,7-dibromo-10(2,6-dimethylphenyl)-anthracene molecules (2), which
results in the macrocycle 1. The second step consists in surface-assisted cyclodehydrogenation
(CDH), which forms the C-C bonds marked in blue, leading to the generation of the TNS.

We envisioned the preparation of the TNS via a combination of in-solution
and on-surface synthesis, as illustrated in Figure 4.1. First, triangulene pre-
cursors, each consisting of a di-brominated anthracene core attached to a
dimethylphenyl group (2), were coupled in solution to generate the macrocycle
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4. Collective spin states in a triangulene-based hexamer

1.1 Then, the on-surface cyclodehydrogenation (CDH) of 1 was activated on
Au(111) in one annealing step, leading to the generation of the TNS via the
formation of twelve C-C bonds (highlighted in blue in Figure 4.1).

We also explored an alternative route for the synthesis of the TNS, con-
sisting in the on-surface Ullmann-like coupling of precursors 2, followed by
a CDH reaction step. This pathway, however, did not lead to the formation
of the hexamer but resulted instead in a wide variety of triangulene-based
oligomers, including open-ended triangulene chains. We will describe these
different products in the final part of the chapter, demonstrating that the
breaking of the cyclic structure results in a modification of the spin state of
the system and in the emergence of peculiar edge states138.

4.2 On-surface synthesis of the TNS
Considering the large molecular mass of macrocycle 1, we sublimated it via
flash-annealing of a silicon wafer loaded with grains of the compound. Figure
4.2a shows an overview STM image of the Au(111) substrate after deposi-
tion. Molecular rings surviving thermal sublimation appear in closed-packed
molecular islands, surrounded by polymeric fragments, probably from rings
broken during the thermal sublimation: for the coverage of Figure 4.2a, about
8 % of the material deposited corresponds to the intact precursor 1. Indi-
vidual precursors can be extracted from the domains by lateral manipulation
with the STM tip. This is achieved by stabilizing the tip at the centre of
a macrocycle (setpoint: V = 5 mV; I = 3 nA) before opening the feedback
and slowly moving the tip laterally. As shown in Figure 4.2b, the individual
precursors appear in STM images as six protruding lobes corresponding to the
six dimethylphenyl groups attached to the anthracenes moieties.

To induce the full planarization of the macrocycle 1 and generate the tar-
geted TNS, we annealed the substrate to 330◦C. At this temperature, the
CDH reaction is activated at the methyl groups, resulting in the formation
of twelve C-C bonds per hexamer (blue in Figure 4.1). However, due to the
high temperatures required to fully planarize the whole rings and to their
radical character, the CDH competes with additional C-C coupling and bond-
breaking reactions, resulting in a few isolated TNS and in the formation of
many triangulene oligomers, as shown in Figures 4.2c-d. Bond-resolved scan-
ning tunneling microscopy (BR-STM) images of individual molecular rings,
obtained using a CO functionalized STM tip, resolved the triangulene units

1In-solution synthesis operformed by Silvia Castro, Dulce Rey, Diego Peña (CiQUS and
Universidade de Santiago de Compostela, Santiago de Compostela, Spain).
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Figure 4.2: (a) STM image (V = 0.5 V; I = 60 pA) recorded after sublimating the macrocycle
1 onto Au(111) via flash evaporation. Closed-packed molecular islands are formed upon depo-
sition. The individual molecule in the image (V = 0.2 V; I = 40 pA) in (b) was separated
from the island via tip manipulation. (c) Overview STM image (V = 1 V; I = 40 pA) recorded
after annealing the sample. Several triangulene oligomers are obtained, but also a few isolated
TNS, as the one highlighted in the close-up image (V = 1 V; I = 100 pA) in (d). The suc-
cessful on-surface generation of the triangulene nanostar is confirmed by the constant-height
bond-resolved STM image (V = 5 mV) reported in (e).

connected in a closed ring structure (Figure 4.2e), demonstrating the success-
ful on-surface generation of the TNS. Each individual [3]triangulene hosts
two unpaired π electrons, coupled through a strong ferromagnetic exchange
interaction27. Therefore, the resulting structure can be seen as a ring of
six S=1 spin units, one for each triangulene, which are expected to interact
through the π-conjugated system and stabilize a collective spin state.

4.3 Unravelling multiple spin excitations
A first insight into the spin state of the ring was obtained by mean-field Hub-
bard (MFH) simulations. As illustrated in the spin density map in Figure 4.3a,
the intramolecular parallel magnetic coupling remains strong in the TNS,
building a total spin S = 1 in each triangulene, and dominating over a weaker
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Figure 4.3: (a) Spin density map of the TNS obtained from mean-field Hubbard simulations
with an on-site Coulomb potential U = 3.5 eV. (b) Bond-resolved constant-height STM image
of the TNS indicating the position where the spectrum in (c) was measured. (c) dI/dV
spectrum taken on the triangulene unit in (b), displaying three inelastic steps at E1 = ±14 mV,
E2 = ±42 mV and E3 = ± 80 mV. Parameters: V = 100 mV, Iset = 500 pA, Vmod = 2 mV.
The red line represents a simulation of the spectrum. obtained from the Heisenberg model with
exchange constant J = 18 meV, as explained in the text.

anti-parallel coupling between neighbouring triangulene units. Such interac-
tion pattern is expected to lead to a global spin singlet ground state. Interest-
ingly, antiferromagnetic (AFM) rings of integer spins have been widely stud-
ied theoretically for demonstrating the Haldane conjecture139, stating that the
spin excitation spectrum of an infinite Heisenberg S = 1 AFM chain remains
gapped, with an energy value close to 0.4 J (J being the Heisenberg exchange
constant). Such a gapped spectrum is an anomalous behavior of integer AFM
spin chains, which contrasts with the gapless spin excitation spectrum of sim-
ilar chains made of half-integer spins (Heisenberg chains)140,141.

To experimentally determine the spin configuration of the TNS, we probed
the excitation spectrum by means of Inelastic Electron Tunneling Spectroscopy
(IETS)67,142. We measured dI/dV spectra over the edges of the triangulene
units. As shown in Figure 4.3c, the spectra display bias-symmetric steps,
which can be interpreted as fingerprints of spin excitations induced by inelastic
electron tunneling. Specifically, we observe three steps of different height
centered at E1 = ±14 mV, E2 = ±42 mV and E3 = ±80 mV. The first
two dI/dV steps have similar height (each amounting to a relative increase of
conductance of ≈ 35 %), while the third one appears with a smaller spectral
weight (<7 %).

As illustrated in Figures 4.4a-b, the same stepped spectral features are
found across the different triangulene units of the hexamer. Furthermore, the
stacked dI/dV plot of Figure 4.4c clearly shows that the inelastic signal is
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Figure 4.4: (a) Bond-resolved constant-height STM image of the TNS indicating the positions
where the spectra in (b) and (c) were measured. (b) dI/dV spectra taken on the six triangulene
units, displaying the same stepped features at the same bias onsets. (c) dI/dV stacked line
plot measured along one triangulene unit, in the direction indicated in (a). The plot clearly
shows the localization of the inelastic signal on the triangulene edges. Spectroscopy parameters:
Vset = 100 mV, Iset = 100 pA, Vmod = 2 mV; individual spectra were offseted to appear with
the same zero-bias conductance. (d-f) d2I/dV 2 maps recorded at the bias values corresponding
to the onset of each of the three spin excitation steps. The maps were obtained by numerical
derivation of a grid of dI/dV spectra taken over the whole TNS.

mostly localized over the edges of the triangulenes. Such localization effect is
also pictured by mapping the derivative of the differential conductance at the
energies corresponding to the onset of the three spin excitation steps. The
resulting d2I/dV 2 maps, reported in the Figures 4.4d-f, show indeed a strong
signal over the edges, in particular at the onset of the first and second spin
excitations, while the signal associated to the third excitation appears much
fainter. These results confirm that the excitation probability of the collective
spin states of the TNS coincides with the larger spin density over the edge
sites of the triangulenes, as expected for π-radical states23,42,58.

The presence of three spin excitation steps in the dI/dV spectra is a re-
markable feature that contrasts with the single-stepped spectra that were mea-
sured in [3]triangulene dimers27 and in other graphene nanostructures23,42,43,58,143.
Due to the ∆S = 0,±1 selection rule imposed by conservation of the angular
momentum27,67, these IETS steps were attributed to singlet-triplet transitions
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4. Collective spin states in a triangulene-based hexamer

induced by the tunneling electrons. Similar single-stepped spectra would be
expected also for the TNS according to the classical picture provided by the
MFH simulations (Figure 4.3a). Therefore, the multi-step features observed
in our spectra unveil a complex excitation pattern of collective spin states in
the ring, which imposes to turn to a different theoretical model to describe
the magnetic properties of the system.

4.4 Many-body singlet ground state and collective
spin excitations

To explain the origin of the multiple inelastic steps, we modeled the coupled
spin system with an isotropic Heisenberg Hamiltonian

ĤHeisenberg = J
∑

i

S⃗i · S⃗i+1, (4.1)

where S⃗i represents the spin-1 operator at the i unit, and J the exchange
coupling.2
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Figure 4.5: (a) Schematic model of a six-membered S=1 spin ring, simulated using the Heisen-
berg spin Hamiltonian written below. (b) Diagram representing the excitations of the collective
spin states as obtained from the model in (a) with J = 18 meV. Only excited states up to a
total spin ST = 3 are shown here. Thin/thick lines indicate singly/doubly degenerate total spin
states, while the arrows highlight the three dominant transitions induced by tunneling electrons,
which coincide in energy and weight with the three steps observed in the dI/dV spectra.

We considered a closed ring of six S = 1 spins coupled though an AFM
exchange interaction (J > 0), as shown in the model in Figure 4.5a. The many-

2Calculations performed by Sofía Sanz, Thomas Frederiksen (Donostia International
Physics Center, San Sebastián, Spain), Niklas Friedrich and Francisco Romero-Lara (CIC
NanoGUNE, San Sebastián, Spain).
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4.4 Many-body singlet ground state and collective spin excitations

body ground state of the TNS, obtained by exact diagonalization of the spin
Hamiltonian, has a total spin ST = 0, corresponding to a global singlet, and
consists in the superposition of the classical solutions of antiferromagnetically
coupled triangulene units (i.e., the ground state from the MFH model in Figure
4.3a), and other combinations of the triangulene spins resulting in a global
singlet (ST = 0). Similarly, the set of excited states are collective spin modes
with total spin amounting from ST = 0 to ST = 6, which can also be described
as superpositions of triangulene S = 1 multiplet states.
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Figure 4.6: Schematic representation of the most relevant combinations of S = 1 triangulene
spins contributing to the ground state and first excited state of the TNS, as obtained with the
Heisenberg model. The individual triangulene S = 1 multiplet states are represented with a red
or blue arrow (Sz = 1 and Sz = −1, respectively) or with a filled circle (Sz = 0). The numbers
below each term indicate the multiplicity and the contribution to the total many-body state.

To rationalize the excitation spectrum, we consider that the IETS steps
correspond to transitions with ∆S = ±1 and adjust the Heisenberg exchange
constant J to fit the lowest allowed excitation with the first dI/dV step (cen-
tered at ±14 mV). The best spectral match occurs using J = 18 meV. Fig-
ure 4.5b shows the computed excitations with energy up to 100 meV, classi-
fied according to their global spin (up to ST = 3). Several singlet and triplet
excited states appear within the energy window of the IETS spectrum, includ-
ing triplet states grouped around the excitation energy values E1 = ±14 mV,
E2 = ±42 mV and E3 = ±80 mV, in agreement with the three dI/dV steps
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4. Collective spin states in a triangulene-based hexamer

in the experimental spectra. A representation of the singlet ground state and
the first triplet excited state in terms of combinations of individual triangulene
S = 1 multiplet states is reported in Figure 4.6.

To explain the different dI/dV step heights found in the experiment, we
calculated the cross-section of each spin transition following the expression85:

|Mmn|2 = 1
2

∣∣∣⟨m|Ŝ+|n⟩
∣∣∣2 + 1

2
∣∣∣⟨m|Ŝ−|n⟩

∣∣∣2 +
∣∣∣⟨m|Ŝz|n⟩

∣∣∣2 , (4.2)

where n and m indicate the initial and final states, respectively, while Ŝ+,
Ŝ− and Ŝz represent the raising, lowering, and z-projection spin operators,
respectively, acting on a specific spin-1 unit.

This quantity reflects the scattering probability of a tunnel electron with
every collective spin eigenstate and, thus, is related to the step height of the
inelastic signal. The first excitation at 13 meV has the largest spectral weight
(60 %, as shown by arrows in Figure 4.5b), while several states bundled at
around E2 = 45 meV contribute to most of the remaining weight (39 %).
Higher states are weaker in terms of spectral weight and produce a faint step
in spectrum. A table with the results from the solution of the Heisenberg spin
Hamiltonian, including all the eigenstates with energy below 100 meV, their
degeneracy, and the cross-section of the active excitations is reported in the
Appendix (Figure 4.11).

The simulated spin excitation spectrum shown in Figure 4.3c (red plot)
reproduces with good agreement the position and the height of the three steps
observed in the experimental dI/dV curve. There are, however, small differ-
ences in the step positions and in the relative height that can be accounted for
by including a more precise description of spin interactions. In our model, in
fact, we consider six S = 1 spin units due to the strong ferromagnetic coupling
within the individual trangulenes. However, we can also include a finite intra-
triangulene coupling and apply the Heisenberg model to a system of twelve
S=1/2 spins. As we show in the Appendix Section 4.8.2, this allows to better
reproduce the equal height of the first and the second excitation steps.

4.5 Defect-induced modifications of the spin state
of the TNS

In addition to the pristine TNS, we obtained several rings with structural
defects, such as non-planar regions, missing units, or quenched spins. Here
we focus on a planar molecule showing a bright triangulene in bond-resolved
STM imaging (Figure 4.7c). The increased low-bias current signal detected
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4.5 Defect-induced modifications of the spin state of the TNS

on a single triangulene indicates the breaking of the six-fold symmetry of the
TNS and suggests the presence of a localized radical state23. As indicated
by the arrow in Figure 4.7c, a distorted and sharp carbon ring appears in the
neigbouring triangulene. In bond-resolved STM, this feature is a well-known
fingerprint of an sp3-hybridized carbon, bonded to an additional hydrogen
atom22,38,57. The presence of the extra H is expected to quench one of the two
radical units of the triangulene, resulting in a significant modification of the
overall spin state of the hexamer, as discussed below.
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Figure 4.7: (a) dI/dV spectra measured with a CO-functionalized tip on a TNS with a defective
triangulene unit, reported in the STM bond-resolved image in (c). The spin excitation step-like
features appear centered at the bias values E1 = ±21 mV, E2 = ±36 mV and E3 = ±55 mV
(dashed grey lines). Additionally, a Kondo resonance is observed at a single triangulene unit.
The weaker low-energy step features can be attributed to the excitation of translational modes of
the CO molecule on the tip apex125. Parameters: Vset = 80 mV, Iset = 500 pA, Vmod = 2 mV.
(b) Corresponding d2I/dV 2 spectra obtained by numerical differentiation of the experimental
dI/dV data, enabling the determination of the energy onset of the excitations. (c) Constant-
height bond-resolved image recorded at V = 5 mV. The molecule displays a brighter triangulene,
likely due to the presence of an additional H atom in the neighbouring unit, as indicated by
the arrow. (d) Model of an open chain of five S=1 spin units, with an extra S=1/2 unit linked
to one end of the chain. All the spin units interact through the same Heisenberg exchange
constant J . In the valence-bond solid picture, each S = 1 unit is described as the union of
two S = 1/2 spins (smaller circles, where red and black represent spin up and spin down,
respectively). (e) Simulated dI/dV spectra corresponding to the spin system in (d), obtained
using the program by Ternes85, with a Heisenberg exchange J = 18 meV, as in the case of the
pristine TNS. The dashed vertical lines indicate the energies corresponding to the onset of the
excitation steps observed in the experimental dI/dV spectra.

Differential conductance spectra measured in the bias range (60 mV, -60 mV)
reveal a Kondo resonance on the unit appearing brighter in the bond-resolved
image, while all the other triangulenes show only step-like inelastic features
(Figure 4.7a).
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4. Collective spin states in a triangulene-based hexamer

Now the IETS steps appear centered at the bias values E1 = ±21 mV,
E2 = ±36 mV and E3 = ±55, as clearly seen in the corresponding d2I/dV 2

spectra in Figure 4.7b. The deviation of the energies of the inelastic features
from those measured in the pristine TNS (Figure 4.3), indicates a variation of
the collective spin states of the system, probably caused by the local structural
modification.

To rationalize these observations, we simulated the experimental dI/dV
spectra using the perturbative model by Ternes85, applied to the spin system
represented in Figure 4.7d. We considered five S = 1 units, corresponding
to the pristine triangulenes, and one S = 1/2 unit (brown in the model) to
account for the triangulene with a single unpaired electron, resulting from the
presence of the additional H atom. We also assumed a negligible interaction
between the S = 1/2 unit and the neighbouring S = 1 triangulene closest to
the extra H (blue unit in Figure 4.7d), resulting in an open-ended structure, as
shown in the model. Considering then the same Heisenberg exchange coupling
used in the simulations for the pristine TNS (J = 18 meV), we obtained the
dI/dV spectra reported in Figure 4.7e.

We observe that the simulations qualitatively reproduce the experimental
results, revealing multiple IETS steps in all units and a Kondo resonance
localized at the S = 1 end of the chain, but absent on the defective triangulene
(the S = 1/2 unit in the simulations). However, the number of the spin
excitations as well as their energies clearly do not match the experimental
data. The poor quantitative agreement with the STS results highlights the
limitations of the Heisenberg model in reproducing the spin properties of S = 1
open chains. Indeed, as shown by Mishra et al. in their work on triangulene-
based Haldane chains138, the IETS features measured on such systems are
better captured within the framework of the BLBQ model, considering the
spin-1 Hamiltonian

ĤBLBQ = J
∑

i

[
S⃗i · S⃗i+1 + β(S⃗i · S⃗i+1)2

]
, (4.3)

which includes both bilinear and biquadratic exchange terms (with β being a
parameter that determines the relative strength of the biquadratic term)141.

The ground state solution for an AFM chain is given by the so-called
valence-bond solid138,140. In the case of an S = 1 chain, each unit can be
described as the sum of two virtual S = 1/2 spins, as shown in Figure 4.7c.
The formation of singlet states between virtual spins belonging to adjacent
AFM coupled S = 1 units results in the emergence of a global singlet ground
state and, interestingly, in the appearance of S = 1/2 unpaired spins at the
chain edges (fractional edge states). According to this description, the Kondo

88



4.6 Open-ended chains

resonance observed in our spectra can be related to the edge state located at
the S = 1 terminal unit of the chain. This picture also accounts for the absence
of Kondo features at the opposite chain end: the unpaired electron provided
by the triangulene with the additional H atom, in fact, forms a singlet with
one of two two S = 1/2 spins of the adjacent unit, quenching the edge state
that would be expected there in the case of a pristine S = 1 chain.

4.6 Open-ended chains

Open-ended triangulene chains can be directly generated on Au(111) using
the dibrominated triangulene precursor 2 already introduced in Figure 4.1
and reported here in Figure 4.8a. The deposition of this molecule, followed by
surface-assisted intermolecular Ullmann-like coupling and CDH, can lead, in
principle, to the formation of the TNS, but is more likely to result instead in
the synthesis of non-cyclic structures (Figure 4.8a).

a)

on-surface

precursor 2
BrBr

. .. .

. .

Ullmann+
CDH

triangulene chains
10 nm

b) b)

10 nm

c)

Figure 4.8: (a) Schematic representation of the on-surface synthesis of one-dimensional
triangulene-based nanostructures from the 2,7-dibromo-10(2,6-dimethylphenyl)-anthracene pre-
cursor (2), consisting in two reaction steps: Ullmann-like coupling and CDH. (b) Overview STM
image (V = 2.5 V; I = 20 pA) recorded after deposition of the precursor via flash evaporation
and annealing in one step at 350◦C. The high coverage leads to the formation of long and
interconnected triangulene chains. (c) STM image (V = 1 V; I = 50 pA) after deposition
of a lower amount of precursor 2 and subsequent annealing at 340◦C, displaying now smaller
structures, including isolated open-ended chains.

Indeed, planar triangulene-based one-dimensional nanostructures were eas-
ily obtained when depositing 2 onto Au(111) and subsequently annealing the
sample at 340 − 350◦C, as displayed in the overview STM images in Figures
4.8b-c. The use of this debrominated precursor can result in the formation
of oligomers of arbitrary length, including long and interconnected chains as
those shown in Figure 4.8b, which extend over tens of nm, covering the surface
terraces almost entirely and creating large and ordered molecular assemblies.
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4. Collective spin states in a triangulene-based hexamer

Tuning the amount of deposited molecules allows to obtain shorter and iso-
lated structures (Figure 4.8c), thus enabling the investigation of triangulene
chains with varying number of constituent units.

These systems have been already extensively studied by Mishra et al. in
a recent work138. The authors provide there a systematic experimental char-
acterization of open-ended chains with a number of triangulene units ranging
between N=2 and N=20, and a description of their spin properties based on
the BLBQ model (equation 4.3). Here we will focus on two representative
structures obtained in our preparations.
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Figure 4.9: (a) Constant-height bond-resolved STM image (V = 5 mV) of a chain composed
of six triangulene units. (b) d2I/dV 2 spectra measured on the different units at the positions
marked in (a). The dashed lines indicate the average energy onset of the three excitations
measured in this energy range: E1 = ±9 mV, E2 = ±32 mV and E3 = ±65 mV. Parameters:
Vset = 100 mV, Iset = 1 nA, Vmod = 5 mV. (c-d) Constant-height d2I/dV 2 maps recorded
at bias values corresponding to the two lower excitation energies, revealing their spatial distri-
bution. All measurements were performed with a CO-functionalized tip. (e) Representation of
the N=6 open-ended chain in the valence-bond solid picture: each S = 1 unit is composed of
two S = 1/2 spins, here represented as filled smaller circles (red and blue indicate spin up and
down, respectively). The two edge states couple via an interedge exchange, as described in the
text.

First, we investigated an open-ended chain composed of six triangulene
units (Figure 4.9). The bond-resolved STM image reported in Figure 4.9a
demonstrates the successful on-surface generation of a defect-free chain from
precursor 2. To characterize the spin properties of the system, we recorded
d2I/dV 2 spectra on all the triangulene units, as displayed in Figure 4.9b.
The direct measurement of d2I/dV 2 plots, in fact, allows us to better identify
the energy onset of the inelastic spin excitations and their modulation over
the different triangulene units. We observe three IETS features in the bias
range (100 mV, -100 mV), corresponding to peaks centered at E1 = ±9 mV,
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4.6 Open-ended chains

E2 = ±32 mV and E3 = ±65 mV, with the third feature being much fainter
than the two lower energy ones in all units.

The spin excitations appear at different energies compared to the TNS,
despite the same number of constituent units, demonstrating the impact of the
breaking of the cyclic structure on the spin state of the system. Furthermore,
the loss of the equivalence among the units expected in the open-ended struc-
ture is reflected in the variations in the spectra observed across the different
triangulenes, mainly with respect to the spectral weight of the spin excitations.

This is highlighted in the constant-height d2I/dV 2 maps recorded at the
energies corresponding to the onset of the two lowest spin excitations (Fig-
ures 4.9c-d). We observe that the signal associated to the first excitation is
mostly localized on the terminal triangulene units, while the intensity of the
signal recorded at the onset of the second spin excitation is much more in-
tense over the internal units. This result is in agreement with the findings of
the BLBQ model for S = 1 open-ended spin chains138. As already described
in Section 4.5, in fact, the ground state of the system is represented by the
valence-bond solid, characterized by a total spin S = 0 and featuring S = 1/2
edge states at the chain termini. These two states are expected to couple
to each other through an antiferromagnetic exchange (Figure 4.9e), which
decreases as the number of units increases. In small chains, such interedge
exchange dominates over the Kondo coupling of the individual edge states
with the substrate, resulting in the appearance of a low-energy singlet-triplet
splitting in the dI/dV spectra. Therefore, the lowest energy inelastic feature
(measured at E1 = ±9 mV and spatially confined at the termini) can be at-
tributed to the excitation of the singlet formed by the edge states, while the
higher energy ones can be associated to many-body bulk excitations involving
the total spin state of the chain, similarly to those observed in the TNS138.

Finally, as reported in Figure 4.10, we investigated a chain made up of three
triangulene units. The bond-resolved STM image recorded on the molecule
(Figure 4.10) displays an increase in the low-bias current signal on one of the
two terminal units, suggesting the presence of a S = 1/2 edge state. This
is confirmed by differential conductance spectroscopy, that reveals a Kondo
resonance only in the corresponding triangulene, as shown in Figure 4.10b.
All three units then display inelastic spin excitations, centered at bias values
around E1 = ±31 mV and E2 = ±62 mV, as can be better visualized in the
corresponding d2I/dV 2 spectra reported in Figure 4.10c.

The observation of a single S = 1/2 edge state can be explained considering
the existence of a local defect in one of the two terminal units. As seen
in the bond-resolved image in Figure 4.10a, in fact, the bottom triangulene
contains a six-membered carbon ring appearing with an elongated shape. This
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Figure 4.10: (a) Constant-height bond-resolved STM image (V = 5 mV) of a chain composed of
three triangulene units, containing an additional H atom in the bottom unit, as indicated by the
arrow. (b) dI/dV spectra measured on the three triangulenes, at the positions marked in (a).
Parameters: Vset = 100 mV, Iset = 500 pA, Vmod = 2 mV. (c) d2I/dV 2 spectra recorded at
the same positions. The dashed lines highlight the two spin excitations revealed by the spectra:
E1 = ±31 mV and E2 = ±62 mV. Parameters: Vset = 100 mV, Iset = 1 nA, Vmod = 5 mV.
The measurements were performed with a CO-functionalized tip. (d) Representation of the
spin state of the system in the valence-bond solid picture, revealing the existence of a S = 1/2
edge state only in one of the two terminal units.

indicates the presence of an additional H atom, which passivates one of the
two unpaired electrons of this triangulene. According to the valence-bond solid
picture, no edge state is expected at this chain end (model in Figure 4.10d),
similar to what we observed in the hexamer with a defect discussed in Section
4.5. Consequently, the zero-bias resonance detected at the opposite terminal
unit (the defect-free end) can be attributed to the Kondo screening of the
corresponding S = 1/2 edge state, while the IETS steps measured across
all the triangulenes are associated to transitions from the many-body singlet
ground state to excited triplet states.

4.7 Conclusions

In conclusion, we have demonstrated the successful generation of a macrocycle
of six [3]triangulenes through a combination of in-solution synthesis coupling
and on-surface cyclodehydrogenation. We characterized the spin state of this
triangulene-based ring by means of scanning tunneling spectroscopy, detecting
collective spin excitations from a many-body singlet ground state to three
triplet states. We showed that the spin excitation pattern exhibited by the
hexamer follows the predictions of the Heisenberg model for a ring composed
of six S = 1 spin units coupled through an antiferromagnetic exchange.
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4.7 Conclusions

Furthermore, we investigated how the breaking of the cyclic structure af-
fects the collective spin states of the system. Specifically, we characterized a
ring with a quenched radical unit and two open-ended triangulene chains. In
particular, we observed the emergence of S = 1/2 edge states at the termini
of such non-cyclic structures, in agreement with theoretical predictions. We
also highlighted the key role of extra H atoms, which can dramatically alter
the spin configuration of the system.

Overall, our results demonstrate the potential of using the well-known
[3]triangulene molecule as a basic unit for the realization of atomically pre-
cise one-dimensional nanostructures with different geometries, enabling the
investigation and manipulation of complex spin states in all-organic molecular
platforms.
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4. Collective spin states in a triangulene-based hexamer

4.8 Appendix

4.8.1 Transition rates of the spin excitations

We present here the results from the solution of the Heisenberg spin Hamilto-
nian, indicating the eigenstates with energy below 100 meV, their degeneracy
(including Sz multiplets), and the transition probabilities of the excitations
from the singlet ground state to different triplet final states. The excitation
spectrum for scattering with tunneling electrons is dominated by three collec-
tive spin excitations, with the two lowest energy ones having a much higher
spectral weight compared to the third excitation, in agreement with the ex-
perimental dI/dV spectra.

Figure 4.11: Eigenstates (with energy up to 100 meV) of the Heisenberg Hamiltonian for a ring
of six S = 1 units, and transition probabilities of the active excitations observed in this energy
range.
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4.8 Appendix

4.8.2 Heisenberg model for a ring of twelve S=1/2 spins

We explored the effect of including a finite intra-triangulene ferromagnetic
exchange coupling in the Heisenberg spin model. In this case we considered a
ring of twelve S = 1/2 spin units:

Ĥ = 4J ′
6∑

i=1
S⃗2i−1 · S⃗2i + 4J

6∑
i=1

S⃗2i · S⃗2i+1, S⃗i = S⃗i+12, (4.4)

where S⃗i is the spin-1/2 operator on site i (two sites per triangulene), J
and J ′ are the (antiparallel) inter- and (parallel) intra-triangulene exchange
couplings, respectively. For comparison between the two case models a factor
4 is conveniently included (arising from normalization of the spin operators).
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Figure 4.12: Simulated dI/dV spectra of the TNS as obtained using different models: (blue)
ring of six S = 1 units, as described in the main text; (red) ring of twelve S = 1/2 units,
with varying intra- and inter- triangulene exchange couplings. The best agreement with the
experimental spectra is achieved for large but finite −J ′/J ratios; (green) ring of twelve
S = 1/2 units with J = 14 meV and −J ′/J = 5.

The comparison between the two models is shown in Figure 4.12 for fixed
J = 18 meV and varying −J ′/J ratios. We observe that by including a
large but finite value for J ′ (e.g., −J ′/J =10 or 100), the step heights of the
first and the second excitations become similar in magnitude, as we find in
the experiment and in contrast to the ≈ 60/40 ratio obtained in the S = 1
model (blue curve in Figure 4.12 and Figure 4.3 in the main text). Thus,
we conclude that a finite intra-triangulene coupling between the two unpaired
electrons simulates better the experimental results.

We also considered the effect of a small intra-triangulene coupling J ′: as
J ′ is reduced, we observe an upward shift of the excitation onsets, with the
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4. Collective spin states in a triangulene-based hexamer

first threshold shifting the most. By fixing the ratio −J ′/J to 5, we can fit the
first experimental threshold energy by lowering the AFM coupling to J = 14
meV (green dashed curve in Figure 4.12). However, then the second step does
not match the energy of the second excitation detected in the experiment:
this confirms that the assumption |J ′| ≫ |J | is still reasonable to describe the
triangulene ring.
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5 Towards two-dimensional
triangulene-based networks

Following the on-surface synthesis and characterization of the polyradical
graphene nanostructures reported in the previous chapters, here we explore
strategies for fabricating extended carbon-based systems on metal surfaces,
studying the potentiality of open-shell triangulene molecules as building blocks
for two-dimensional covalent networks. We focus on different approaches based
on distinct reaction pathways and molecular precursors. We will highlight the
limitations of the different strategies and look for the best conditions and the
most promising directions to overcome the challenges associated to the growth
of ordered two-dimensional nanostructures.
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5. Towards two-dimensional triangulene-based networks

5.1 Introduction

Since the first generation and characterization of the [3]triangulene, many ef-
forts have been devoted to the realization of larger structures based on this
paradigmatic open-shell molecule. In particular, as discussed earlier, different
one-dimensional systems, from dimers to chains27,126,138,144, have been synthe-
sized via strategic Ullmann-like coupling and cyclodehydrogenation reactions
on metal substrates, allowing the study of magnetic interactions and the build
up of collective spin states.

Recently, theoretical investigations have started exploring the properties of
triangulene-based two-dimensional (2D) crystals145–147. In these systems, the
intermolecular hybridization between the zero-energy modes of neighbouring
triangulenes is expected to give rise to weakly dispersive energy bands located
close to the Fermi energy. Such bands are generally associated to strong
electronic correlations leading to exotic phases: an example is the excitonic
insulator ground state, which was recently predicted for [4]triangulene-based
Kagome lattices148.

The collective magnetic properties of triangulene-based crystals can be
predicted by application of the Lieb’s theorem, valid in the case of half-filling.
A network with a symmetric unit cell (made up of two equal [n]triangulenes),
thus with no sublattice imbalance, is expected to exhibit a S = 0 ground
state and antiferromagnetic intermolecular interactions; on the contrary, unit
cells composed of triangulenes of different sizes are predicted to give rise to
long-range ferromagnetic or ferrimagnetic order145.

Triangulene-based lattices could be ideal platforms for studying strongly
correlated electronic phases and for investigating and manipulating metal-free
magnetism in two dimensions146. However, their synthesis remains particu-
larly challenging.

Ullmann-type intermolecular reactions have been successfully employed to
fabricate one-dimensional triangulene-based nanostructures138,144, but long-
range polymerization in two dimensions is not straightforward. In general,
it is limited by the irreversibility of covalent coupling reactions and by the
absence of self-correction mechanisms, which lead to poor order and high defect
density21,149. There are a few examples of successful growth of low-defect
2D covalent organic structures based on closed-shell triangulene units150,151,
but large-area networks composed of open-shell nanographenes have not yet
been reported. The incorporation of radical units requires additional reaction
steps (i.e., cyclodehydrogenation, dissociation of radical-protecting functional
groups, etc.) which are expected to introduce further complexity into the 2D
growth process.
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5.2 Tri-brominated [3]triangulene precursor

Here we explore the possibility of growing these structures on metal sub-
strates following different design concepts and strategies. We will consider
three distinct molecular precursors (a pristine triangulene molecule and two
aza-triangulene ones), designed for specific on-surface reaction processes aimed
at generating radical units within extended covalent structures.1

5.2 Tri-brominated [3]triangulene precursor
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Figure 5.1: (a) On-surface reaction mechanism envisioned for generating a 2D covalent net-
work starting with the tri-brominated triangulene precurso, consisting in Ullmann-like coupling
and cyclodehydrogeantion (CDH) and dehydrogenation (DH) reactions. (b) Overview STM
constant-current image recorded after depositing the precursor onto the Au(111) surface kept
at room temperature. In the inset, STM image showing the spatial organization of the molecules
inside the self-assembled domains. (c) STM image after annealing at 260◦C; the inset high-
lights an island with some non-planar triangulenes arranged in six-membered rings. (d) STM
image after annealing at 280◦C, showing only disordered structures, and (e) after annealing at
350◦C, displaying similar structures but with more planar regions. STM parameters: V = 1 V;
I = 5 pA.

Our first approach involves the [3]triangulene precursor depicted in Fig-
ure 5.1a, containing three bromine substituents strategically incorporated at

1In-solution synthesis of the molecular precursors performed by Manuel Vilas-Varela,
Diego Peña (CiQUS and Universidade de Santiago de Compostela, Santiago de Compostela,
Spain).
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5. Towards two-dimensional triangulene-based networks

the triangulene vertices. The halogen atoms are positioned in such a way to
promote symmetric Ullmann-like polymerization in two dimensions. The in-
termolecular C-C coupling reaction, together with the cyclodehydrogenation
of the three methyl groups in each triangulene, needed for the formation of the
zigzag edges, is expected to lead to the generation of honeycomb networks, as
illustrated in Figure 5.1a. This approach, therefore, represents the first and
most immediate strategy to attempt an "extension" of the TNS (Chapter 4)
into large-area 2D structures.

Following a procedure similar to that of the on-surface synthesis of the
triangulene chains, we first sublimated the molecule on a Au(111) surface kept
at room temperature and then annealed the sample to thermally activate the
surface-assisted reactions. The deposition of the precursor, achieved through
flash evaporation from a Si wafer, resulted in large self-assembled close-packed
molecular domains, displaying both hexagonal and square-like symmetry, as
depicted in the STM image in Figure 5.1b.

We then annealed the sample at progressively higher temperatures, start-
ing at 260◦C. At this step we already expect dehalogenation and subsequent
C-C coupling on Au(111), while the cyclodehydrogenation reaction is gener-
ally activated around 300◦C or above. As shown in Figure 5.1c, after the
first annealing stage we can observe a spatial reorganization of the molecules
inside the close-packed domains, but this leads only to partial intermolecu-
lar coupling, which results in the formation of a few hexagonal rings with
the expected corner-to-corner links (inset in the figure). The low yield of the
polymerization reaction is likely due to the highly non-planar geometry of the
precursor, caused by the presence of the three bulky methyl groups, that can
increase the activation barrier for the intermolecular coupling152.

We thus annealed to higher temperatures in order to induce the cyclode-
hydrogenation reaction and promote molecular planarization. However, the
further heating only resulted in highly irregular structures which were gener-
ally still retaining three-dimensional features, as seen after annealing at 280◦C
and 350◦C (Figures 5.1d-e, respectively).

We conclude that the bulky structure of the precursor and the interplay
between the planarization and polymerization reactions limit the formation of
extended covalent structures and hinder the generation of ordered intermolec-
ular bonds in the desired honeycomb symmetry. It is therefore necessary to
turn to less three-dimensional molecular precursors and consider different re-
action pathways.
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5.3 CH2-substituted aza-triangulene precursor

5.3 CH2-substituted aza-triangulene precursor
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Figure 5.2: (a) Schematic representation of the on-surface reaction mechanism envisioned for
growing 2D covalent structures starting with a CH2-substituted aza-triangulene. (b) STM im-
age (V = 1 V; I = 30 pA) recorded after deposition of the precursor on a Au(111) surface
kept at 200◦C. Large self-assembled domains of brominated precursors can be observed, as
highlighted in the close-up image in the inset. (c) Constant-current image (V = 500 mV;
I = 50 pA) recorded after deposition on the Au(111) surface kept at 217◦C: small structures of
non-covalently bonded molecules are observed; the image in (d) highlights a few of such struc-
tures (V = 500 mV; I = 70 pA). (e) Bond-resolved constant-height STM image (V = 5 mV)
of a supramolecular structure composed of five triangulenes. (f) Tentative chemical model of
the assembly in (e).

An alternative candidate for the generation of 2D networks is the precursor
depicted in Figure 5.2, consisting in a tri-brominated aza-triangulene molecule
substituted with methylene groups at the zigzag edges. This precursor exhibits
a less three-dimensional structure; also, in this case the envisioned reaction
mechanism involves thermally activated Ullmann coupling followed by dehy-
drogenation. The second reaction step can be induced either by annealing at
higher temperature or via tip-induced reactions, thus allowing, in principle, to
selectively generate radicals inside the covalent network.

Instead of first sublimating the molecule and then annealing the sample,
now we deposited the precursor directly on a hot Au surface, with the aim of
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5. Towards two-dimensional triangulene-based networks

enhancing surface diffusion and favour intermolecular coupling151. We started
by depositing on the substrate kept at 200◦C. As shown in Figure 5.2b, after
annealing to this temperature only self-assembled domains are observed, as
the precursors still retain their bromine atoms, appearing as rounded lobes at
the triangulene corners (see the inset of Figure 5.2b).

Deposition at 217◦C (Figure 5.2c) results in a different outcome, mostly
small aggregates of molecules with several geometries. The close-up STM im-
age in 5.2d, highlighting a few of such structures, shows that at this stage
the triangulenes are non-covalently bonded. The bromine atoms, in fact, are
still visible in most molecules, suggesting that these structures correspond to
supramolecular assemblies, stabilized by electrostatic interactions. This inter-
pretation is supported by the STM bond-resolved image of a structure made
up of five triangulenes (Figure 5.2e), which clearly demonstrates the absence
of intermolecular covalent coupling. Considering the relative orientation of
the Br atoms inferred from the STM image (and represented in the chemi-
cal model in Figure 5.2f), it is likely that the molecules are held together by
Br· · · Br halogen bonds, or Br· · · H electrostatic interactions established be-
tween a Br atom of one triangulene and an edge H atom close to the corner
of a neighbouring one153.

It is worth mentioning also that at this temperature some H atoms are
already removed from the methylene groups, as a few carbon rings in the
triangulenes appear smaller and less sharp compared with those containing
hydrogenated sp3-hybridized carbons, as seen in Figure 5.2e and indicated in
the model in Figure 5.2f.
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Figure 5.3: (a) STM image (V = 1 V; I = 30 pA) of the sample after deposition of the same
precursor on the Au surface kept at 250◦C. At this temperature, we obtain small covalent
structures, made up of only a few units, as shown in the image in (b). (c) Bond-resolved
constant-height STM image (V = 5 mV) of the triangulene dimer marked by the white box in
(b) and tentative chemical model, showing the formation of a lateral bond.
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5.3 CH2-substituted aza-triangulene precursor

Covalent coupling between the molecular units was only achieved when
depositing on a substrate heated at 250◦C (Figure 5.3), although resulting in
small and irregular structures. A close-up image to some of these products
is shown in Figure 5.3b, which displays also a few isolated aza-triangulene
monomers. We focused on the dimer marked by the white box, in which
two triangulenes are apparently fused laterally, and performed bond-resolved
STM (Figure 5.3c) in order to determine its exact structure. We observe that
covalent bonds have been formed between a de-brominated vertex of one tri-
angulene and the center of a zigzag edge of the other, in the position initially
hosting a methylene group. This outcome is likely due to a competition be-
tween the dehalogenation and dehydrogenation reactions, which are activated
at similar energies, thus promoting irregular intermolecular links in lateral
positions, instead of the targeted corner-to-corner bonds. Therefore, strate-
gies to kinetically decouple the two reactions are needed, in order to achieve
regular structures with the desired coupling geometry.

For this purpose, we first explored the possibility of activating the same
reaction steps on a different substrate, Ag(111), with the idea of employing
organometallic intermediates as templates for the generation of regular cova-
lent networks. It is known, in fact, that extended and ordered metal-organic
structures, involving carbon-metal-carbon bonds, are easily formed on this
substrate, while they are more rarely observed on Au, due to the lower stabil-
ity of the C-Au bond154–157.

Indeed, deposition of the precursor onto the substrate kept at room temper-
ature gave rise directly to the formation of large honeycomb-like organometal-
lic networks, as illustrated in Figure 5.4a. This was possible since partial de-
bromination takes place already at room temperature on Ag(111), as reported
in previous works157,158. The same structures then persisted after heating the
sample to 200◦C (Figure 5.4b), without significant modifications.

The metal-organic nature of the networks obtained on Ag(111) is evident in
the close-up STM image of the hexagonal structures reported in Figure 5.4c.
We can clearly observe, in fact, that the intermolecular bonds between the
triangulene units are mediated by Ag adatoms, appearing in the STM images
as circular bright lobes (indicated by arrows in the figure)159. This interaction
results in a center-to-center distance between the triangulenes of around 1.15
nm. Additionally, small round-shaped features are observed near the molecular
edges, which can be tentatively attributed to the detached bromine atoms. It is
worth noting the relatively good degree of structural order of the network. This
is more commonly achieved in organometallic systems, compared to covalent
structures, due to the reversibility of the metal-organic bonds, which leads to
structural rearrangement and error correction processes155.

103



5. Towards two-dimensional triangulene-based networks

3 nm

300 ºCd)

5 Å

f)

5 Å

c)

5 Å

e)

3 nm

RTa) 200 ºC

3 nm

b)

N

Ag

Ag

N

Ag

AgAg

H H

H

H
H

H

H

H

H H

H

H

N

HH

H

H

H

H

N H

H
H

H

H H

Figure 5.4: (a) STM image (V = 1 V; I = 20 pA) recorded after deposition of the CH2-
substituted aza-triangulene precursor on the Ag(111) surface kept at room temperature, show-
ing the direct formation of metal-organic coordination networks. (b) STM image (V = 1 V;
I = 100 pA) after annealing the sample at 200◦C, displaying the same networks without struc-
tural modifications. (c) Close-up image of the area marked by the box in (b). We can clearly
observe that the intermolecular links are mediated by Ag adatoms, appearing as protrusions in
the middle of the bonds (as indicated by the arrows). (d) STM image (V = 1 V; I = 30 pA)
recorded after annealing at 300◦C, showing the conversion of the metal-organic networks into
different structures. (e) Close-up image of an ordered assembly of non-bonded triangulenes,
surrounded by bromine atoms. (f) Close-up image of the area in (d) containing a small chain
of molecules linked through corner-to-corner covalent bonds.

We progressively increased the annealing temperature, without observing
changes in the metal-organic complexes. Annealing at 300◦C finally resulted
in the disruption of the coordination networks and the appearance of different
structures, as depicted in the overview image in Figure 5.4d. Two distinct
phases were found, as highlighted in the close-up images in Figures 5.4e-f.

In some regions we observe ordered assemblies of non-coupled monomers,
surrounded by features which appear to be bromine atoms. This is possible
considering that bromine persists on the Ag surface until higher tempera-
tures, with desorption starting only at around 400◦C158. Nevertheless, small
structures made up of coupled triangulenes can be found in other areas. An
example is the chain highlighted in Figure 5.4f. Now, the evident lack of Ag
adatoms within the intermolecular links suggests the formation of covalent
bonds. This is confirmed also by the smaller center-to-center distance mea-
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5.4 Ketone-substituted aza-triangulene precursor

sured between neighbouring molecules (around 8.60 Å), compared with that
observed in the metal-organic network (1.15 nm). It is important to point
out that these covalent bonds are formed in the expected geometry, i.e., be-
tween the debrominated triangulene corners, unlike the irregular ones obtained
on Au (Figure 5.3). They generate, however, only disordered and small-area
structures.

We conclude that the conversion of the honeycomb metal-organic com-
plexes formed on Ag(111) into covalent structures results in the loss of the
initial structural order and geometry; therefore, this approach does not ap-
pear suitable for the formation of large and regular networks.

5.4 Ketone-substituted aza-triangulene precursor
A promising strategy for overcoming these issues is based the ketone-substituted
precursor depicted in Figure 5.5a. It was already reported that the deposi-
tion of this molecule on a pre-heated Au surface can lead to the formation
of ordered 2D covalent networks151. This is due in particular to the molecu-
lar structure, containing carbonyl groups that ensure a more planar and rigid
geometry compared to the previous precursors, thus improving π-conjugation.

In addition, it was recently demonstrated that the open-shell aza-[3]triangu-
lene monomer can be successfully generated on metal substrates from a ketone-
substituted precursor38. The first step of the on-surface synthesis consists in
exposure to atomic hydrogen followed by annealing, which results in partial or
total deoxygenation of the precursor. After oxygen detachment, CH2 groups
are generally observed at the zigzag edges. Subsequently, the extra H atoms
are removed via tip-induced reactions or annealing to obtain the open-shell
aza[3]triangulene.

We explored therefore the possibility of growing radical-hosting networks
combining these two results, i.e., following the reaction procedure illustrated in
Figure 5.5a: i) formation of the 2D structures by thermally induced Ullmann-
coupling; ii) exposure to atomic H and iii) further annealing and/or tip ma-
nipulation for generating radical units. The possibility of creating radicals via
hydrogenation after the formation of the 2D polymer appears as a viable route
to avoid competing reactions activated through annealing, like those needed
for the precursors described earlier.

We deposited the precursor directly onto a hot Au(111) surface kept at
325◦C, with the aim of directly promoting the Ullmann coupling reaction. As
shown in the STM image in Figure 5.5b, the surface-assisted reaction resulted
indeed in the formation of honeycomb-like networks. The image in Figure
5.5c clearly demonstrates the generation of covalent planar structures. We
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Figure 5.5: (a) Schematic representation of the on-surface synthesis strategy proposed for the
generation of the aza-triangulene network. (b) STM image recorded after depositing the pre-
cursor onto a Au(111) surface kept at 325◦C for 30 minutes. (c) STM image showing the
covalently linked structures obtained after deposition on the hot substrate. (d-e) Constant-
current images recorded, with a CO-functionalized tip, after exposing the sample to atomic
H for 5 minutes, following the procedure described in the text, and subsequent annealing at
350◦C. We can observe now a more irregular network, containing several three-dimensional
features, due to the generation of sp3 carbons. STM parameters: V = 1 V; I = 30 pA.

can observe the expected six-membered macrocycles, with center-to-center
distances of around 1.78 nm, in agreement with previous reports151, but also
some defects in the honeycomb lattice and rings with a different number of
triangulene units.

The following step is the deoxygenation of the networks. This is achieved
by exposing the sample to a flux of atomic hydrogen originated by ther-
mally splitting molecular hydrogen through a tungsten tube heated by electron
bombardment160. From previous experiments on the individual aza[3]triangu-
lenes, it is known that the hydrogenation generates several sp3-hybridized
carbons inside the molecules and therefore a subsequent annealing is needed
to recover the planar structures38.

We filled the preparation chamber with molecular hydrogen to a pressure of
1.0 × 10−7 mbar, and applied 40 W of heating power to the tungsten capillary
(reaching a temperature T = 2400 K). The sample, kept at room temperature,
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5.4 Ketone-substituted aza-triangulene precursor

was placed in front of the H source for 5 minutes and subsequently annealed at
350◦C. The STM images in Figures 5.5d-e, recorded after this process, show a
significant reduction in the overall structural order of the network, due to the
breaking of C-C bonds between the triangulenes. Additionally, several non-
planar regions, appearing as brighter lobes, and likely due to the presence of
sp3 carbons, persist after the post-annealing at the relatively high temperature
of 350◦C.

Different parameters were tuned, such as the H2 pressure, the exposure
time or the heating power of the cracking source. We always observed some
disruption of the C-C bonds inside the covalent networks, although the degree
of disorder could be reduced using lower heating power. An example is shown
in Figure 5.6, which demonstrates the generation of a few segments with the
targeted open-shell structures in certain areas.
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Figure 5.6: (a) STM constant-current image (V = 1 V; I = 30 pA) of an area of the network
after hydrogenation and subsequent annealing. The image was recorded with a CO-terminated
tip. (b) Bond-resolved constant-height current image (V = 5 mV) of the planar six-membered
ring highlighted in the white box in (a). The two arrows indicate possible sites containing
hydrogenated sp3 carbons. (c) dI/dV spectra measured on the bright regions of the bond-
resolved image in (b), at the positions indicated by the corresponding circles. The presence of
Kondo resonances suggests the existence of localized radical units. Spectroscopy parameters:
V = 50 mV, Iset = 500 pA, Vmod = 2 mV.

Although most triangulenes in the network display three dimensional fea-
tures, we could identify a few planar units, like those in the macrocycle
highlighted in Figure 5.6a. Here, we performed bond-resolved STM with a
CO-functionalized tip, recording the low-bias (V = 5 meV) constant-height
image reported in Figure 5.6b. The increase in the current signal detected
in two units suggests the presence of localized radical states. In particular,
the triangulene labeled as 1 displays a structure that can be attributed to
an aza[3]triangulene after full deoxygenation and removal of the additional
H atoms (the expected final product shown in the reaction scheme in Fig-
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ure 5.5a). This molecule is supposed to have a S=1 ground state on Au(111),
after the electron transfer to the surface38. This is compatible with the weak
Kondo resonance detected in STS (Figure 5.5c). Bright features are also ob-
served on the unit on the right (labeled as 2). They make it difficult to
resolve the molecular backbone, thereby hindering the determination of the
exact chemical structure. The dI/dV spectrum recorded here displays a Kondo
peak with a higher intensity than on 1, suggesting the presence of a localized
S = 1/2 radical unit.

The remaining planar triangulenes mostly retain their initial carbonyl
groups. It is not straightforward to distinguish these units from CH2 groups.
However, in bond-resolved STM, rings containing hydrogenated sp3 carbons
generally appear larger and more elongated, as those indicated by the arrows
in Figure 5.6b. Therefore, it is possible that in a few sites, the deoxygenation
reaction has occurred but the additional H atoms in the resulting CH2 groups
have not been detached during the subsequent annealing.

Overall, this reaction pathway can generate localized radical states, but the
main limitation is represented by the difficulty of achieving efficient and spa-
tially homogeneous deoxygenation without inducing structural disorder into
the network. These issues significantly reduce the possibility of generating
large-area ordered structures containing multiple interacting radical units.

5.5 Conclusions
In this chapter we have described a few on-surface synthesis strategies aimed
at generating radical-hosting 2D organic nanostructures. By exploring differ-
ent molecular precursors and reaction pathways, we have found two conditions
needed to achieve extended and ordered covalent networks: the use of struc-
turally rigid and planar molecules, necessary for enhancing the intermolecular
Ullmann-like reaction; and the decoupling of the different steps of the on-
surface synthesis, required for avoiding the formation of irregular structures.

In particular, we have pointed out that the competition between Ullmann
coupling and (cyclo)dehydrogenation, the most common reactions involved in
the fabrication of nanographenes, can easily lead to the formation of irregular
intermolecular links during the 2D growth process. For instance, this was
clearly observed for the methylene-substituted precursor presented in Fig-
ure 5.2. In this case, a possible solution could be the replacement of the
bromine substituents with different halogen atoms, like iodine. It is known,
in fact, that cleavage of the C-I bond is achieved on Au(111) already at room
temperature161,162. This would, in principle, enable activation of the Ullmann-
like coupling via mild heating: in such a way, this reaction would be kinetically
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decoupled from the dehydrogeneration needed to generate the radicals, thus
avoiding the lateral fusion and irregular coupling observed when employing
the brominated precursors.

Another possibility is to explore hierarchical approaches for the growth of
ordered 2D networks163,164. Two different halogens with distinct activation
temperatures (e.g., I and Br) can be, in fact, strategically incorporated in the
triangulene precursors in order to first direct the Ullmann coupling towards the
formation of 1D chains, and subsequently interlink these structures laterally
to form 2D structures150.

Among the different approaches presented here, the best results in the
generation of 2D covalent networks were achieved using the ketone-substituted
triangulene precursor illustrated in Figure 5.5. The deposition of this molecule
on a hot Au substrate resulted in large-area structures with good long-range
order. This was possible thanks to the structural rigidity of the molecule and
to the lack of competing thermally activated reactions. The presence of car-
bonyl substituent groups on the triangulene edges, in fact, helped confining
the Ullmann reaction to the desired corner-to-corner geometry, thus hinder-
ing the formation of irregular bonds. However, the subsequent removal of
oxygen via atomic hydrogen dosing mostly resulted in the breaking of the
C-C bonds between triangulenes. These results show that deoxygenation of
carbonyl groups represents a promising route, alternative to the dehydrogena-
tion of methyl or methylene groups, for generating radical units in organic
nanostructures. However, further investigation and optimization of the hy-
drogenation process are necessary in order to efficiently and safely scale up
this method for the fabrication of extended covalent structures.
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6 Conclusions

In this thesis we investigated the magnetic properties of atomically precise
carbon-based nanostructures fabricated on metal substrates through on-surface
synthesis techniques. Using low-temperature scanning probe microscopy and
spectroscopy, and supported by theoretical simulations, we explored spin in-
teractions within all-organic molecular architectures with varying numbers of
unpaired π electrons: a diradical molecule, derivative of the Chichibabin’s hy-
drocarbon (2-OS), a triradical aza-nanographene (TTAT), and a triangulene-
based macrocycle (TNS) hosting twelve unpaired electrons. For each of these
molecular systems, the emergence of intramolecular magnetic interactions was
revealed by characteristic spectroscopic fingerprints like Kondo resonances or
inelastic spin excitations. We demonstrated that the spin state of these sys-
tems is influenced by the precise molecular structure, and investigated how
their properties can be tuned through chemical or mechanical manipulation.
Finally, we explored potential strategies for the on-surface synthesis of two-
dimensional covalent networks based on spin-hosting triangulene units.

First, we studied the 2-OS diradical, a non-planar organic molecule fea-
turing non-benzenoid moieties. We demonstrated that it retains an open-shell
state on an Au(111) surface, specifically a singlet ground state resulting from
the partial molecular planarization induced by the substrate. Interestingly,
we showed that the spin exchange interaction in this molecule can be tuned
by controlled mechanical manipulation, highlighting the influence of the struc-
tural conformation on the spin states of molecular systems. This was demon-
strated by using the STM tip to apply local attractive forces and modify
the arrangement of the molecular moieties, as well as by directly contacting
the molecule to partially lift it from the substrate. Specifically, we observed
that the spin coupling became weaker in more orthogonal conformations, and
that the original antiferromagnetic spin interaction could be recovered upon
bringing the molecule back to a more planar arrangement. We also studied
a shorter 2-OS analogue, with a reduced distance between the radical units,
showing that such modification in the chemical structure results in a transi-
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tion from an open-shell to a closed-shell singlet state. The capability to tune
the spin coupling by means of mechanical or chemical modifications provides
new possibilities for the design of molecular architectures with customized and
adjustable magnetic properties.

Next, we investigated a triradical aza-nanographene (TTAT), synthe-
sized by coupling pristine and nitrogen-doped [3]triangulene building blocks
along their zigzag edges. We demonstrated that the three unpaired π elec-
trons hosted by the system interact ferromagnetically, resulting in a high-spin
(S = 3/2) ground state. This was revealed by the appearance in STS of
characteristic spectral features, both an underscreened Kondo resonance and
inelastic spin excitations. Supported by advanced multiconfiguational calcu-
lations, we concluded that the spin state of the molecule is compatible with a
Heisenberg ferromagnetic spin trimer.

Following a different covalent coupling strategy, we also studied a ring ar-
chitecture formed by six [3]triangulenes bonded through their vertices (TNS,
triangulene-based nanostar). Through inelastic electron tunneling spectroscopy,
we observed collective spin excitations from a global singlet ground state to
several many-body triplet states. The multi-step spin excitation pattern found
by STS was rationalized by applying the Heisenberg spin model to a ring of
six S = 1 spin units. Furthermore, we showed that the spin state of the sys-
tem can be drastically modified by opening the cyclic structure (resulting in
open-ended triangulene chains) or by passivating radical units. This offers im-
portant insights into the effect of topological modifications or local structural
changes on the spin properties of molecular nanoarchitectures.

The generation and characterization of such multi-radical systems demon-
strate the potential of triangulene-based nanostructures as platforms for in-
vestigating π magnetism and testing quantum models of spin interactions. A
natural next step is to employ open-shell triangulenes as building blocks for
fabricating extended two-dimensional structures. However, as we discussed
in the final chapter, significant obstacles remain in achieving fully ordered
two-dimensional networks with unpaired π electrons. The reactions required
to incorporate radical units into organic networks add additional complexity
to the already challenging process of 2D growth. Future work is needed to
further explore and optimize some promising approaches described here, such
as the deoxygenation of ketone-substituted precursors via hydrogen dosing.

Overall, the results presented in this thesis provide new insights into the
design of molecular architectures with tailored magnetic properties. We have
demonstrated that these structures represent ideal model systems for inves-
tigating magnetic interactions at the nanoscale. Moreover, the possibility to
manipulate their spin states through various methods opens up significant
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prospects for the future application of carbon-based systems in quantum tech-
nologies.
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