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Résumé : Au cours des derniéres années, le graphéne a
suscité une attention considérable en raison de ses
excellentes propriétés mécaniques, thermiques et
électriques. Cependant, I'absence de gap électronique
dans le graphéne constitue une barriere pour des
applications en optique et optoélectronique. Pour
surmonter cette limitation, l'ouverture d'une bande
interdite impliquant la nanostructuration du graphéne a
été développée au fil des années. Ce travail de thése se
concentre sur la synthése « bottom-up » et les études
optiques de deux matériaux graphéniques : les
nanoparticules de graphéne et les nanomeshes de
graphéne.

Les nanoparticules de graphéene ont tendance a s'agréger
par des interactions m-m, ce qui limite I'étude de leurs
propriétés optiques intrinseques. Grace a l'approche «
bottom-up » il est possible de contréler la taille, la forme et
les bords des structures avec une précision atomique,
permettant de concevoir des architectures spécifiques
pour limiter le processus d'agrégation.

La premiére partie de cette thése est consacrée a la
synthese d'une famille de nanoparticules de graphéne de
forme allongée, qui, grace a l'intégration de groupes
fonctionnels volumineux dans leur structure, sont
hautement solubles dans des solvants organiques. Cette
solubilité améliore leur processabilité et a permis une
description précise des propriétés photophysiques de
ces nanoparticules en combinant des données
expérimentales et théoriques.

La deuxieme partie explore deux méthodes pour
augmenter la solubilité des nanoparticules. Soit en
élargissant la stratégie employée dans la famille
allongée, soit en brisant le caractere purement
bidimensionnel des nanoparticules de graphene par la
synthése des structures hélicoidales.

La derniére section est consacrée a la synthese de
différents précurseurs organiques et a leur dépot sur des
surfaces métalliques afin de les assembler en
nanomeshes de graphene.

Title : Synthesis and optical properties of graphene nanostructures

Keywords : Bottom-up synthésis, graphene, nanoparticles, nanomeshes, nanographene, photoluminescence

Abstract In recent years, graphene has captured
significant attention due to its excellent mechanical,
thermal, and electrical properties. However, the absence of
a bandgap in graphene constitutes a barrier for
applications in optics and optoelectronics. To overcome
this limitation, bandgap engineering involving the nano-
structuration of graphene has been developed over the
years. This thesis work focus on the bottom-up synthesis
and optical studies of two nanostructured graphenic
objects: graphene quantum dots (GQDs) and graphene
nanomeshes (GNMs).

The tendency of nanographene materials to aggregate via
Ti-stacking interactions constitutes a limitation in the study
of their intrinsic optical properties. Thanks to the bottom-
up approach, it is possible to control the structure's size,
shape, and edges with atomic precision, enabling the
design of specific architectures to limit the aggregation
process.

The first part of this thesis is dedicated to the synthesis
of a family of rod-shaped graphene nanoparticles that
exhibit a high solubility thanks to the integration of bulky
functional groups into their structure. Thanks to this
enhanced solubility and processability, an accurate
description of the photophysical properties of these
GQDs, combining experimental and theoretical data, was
possible.

The second part explores on further increasing the
solubility of GQDs by expanding the strategy employed
in the rod-shaped family and by breaking the purely two-
dimensional character of GQDs through twisted or
helical structures.

The last section is dedicated to the synthesis of different
organic precursors and their deposition on metallic
surfaces for their assembly into GNMs.







RESUME EN FRANCAIS

SYNTHESE ET PROPRIETES OPTIQUES DE NANOSTRUCTURES DE GRAPHENE

Depuis la découverte du graphéne en 2004, plusieurs propriétés intéressantes telles qu'une haute conductivité, une
grande résistance mécanique et une transparence optique ont été mises en évidence. Cependant, I'absence de gap énergétique
limite les applications du graphéne en optique et optoélectronique. Pour ouvrir une bande interdite dans le graphéne, il est
possible de nano-structurer le matériau. En réduisant les deux de dimensions du graphéne a une taille nanométrique, on obtient
des nanoparticules de graphene. En réduisant une seule de ses dimensions, on forme des nanorubans de graphéne. Finalement,
il est possible de créer un réseau de trous réguliers de taille nanométrique dans un feuillet de graphéne pour obtenir des
nanomeshes de graphéne. Pendant ce travail de thése nous nous sommes principalement intéressés a deux structures

graphéniques : les nanoparticules et les nanomeshes de grapheéne.

Ces nanomatériaux peuvent étre synthétisés via une approche descendante ou ascendante. C'est la deuxieme qui a été
pertinente dans ce travail de these car elle permet une synthése a I'atome pres. Il est donc possible de créer des matériaux avec
une taille, une forme et des groupements fonctionnels bien définis. Avec des structures contrélées et homogenes, il est possible
de s'intéresser aux propriétés optiques intrinseques des nanoparticules. Les études sur les propriétés optiques intrinseques des
nanoparticules de graphene sont rares. La premiére raison repose sur le fait que la majorité des nanoparticules étudiées ont été
synthétisées par des méthodes descendantes et, du fait de leur méthode de synthese, ces particules ne sont pas toutes identiques
et elles contiennent des multiples défauts et inhomogénéités qui régissent leurs propriétés optiques. Avec le développement
croissant par la synthése organique de grands hydrocarbures aromatiques polycycliques (PAHs), de nouveaux défis ont émergé
concernant notamment la faible solubilité de ces molécules. Tout d'abord, les études optiques se sont limitées a I'observation de
petits PAHs, comme I'hexabenzocoronéne. En raison des interactions mi-t importantes, les nanoparticules de graphéne les plus
grands n'ont été étudiés que par spectroscopie d'absorption, donnant lieu a des spectres présentant des transitions larges et
difficiles a analyser. En réponse a ce probleme, des substituants ont été ajoutés le long des bords des nanoparticules (par
exemple, des chaines alkyles, des groupements tert-butyle, des atomes de chlore ou des groupes alcoxy). Bien que ces
substituants aient aidé a améliorer légerement la solubilité des PAH, pour la plupart, ils continuent a s'agréger, limitant ainsi
I'étude de leur propriétés. Cette faible solubilité impacte également la possibilité de purification. Cependant, avoir des
échantillons purs de nanoparticules de graphéne pour les études optiques est tres important car la présence d'impuretés peut

conduire a une mauvaise interprétation du comportement optique.

Dans la premiére partie de cette these, nous nous sommes concentrés sur I'amélioration de la solubilité des
nanoparticules de graphéne. Dans un premier temps, nous avons synthétisé une famille de nanoparticules de graphéene de forme
allongée et de symétrie ( portant des groupes tert-butyle le long de leur axe principal. Cette famille est composée de quatre
membres : C7stBug, CostBus, C114tBu1o et C132tBuqz2 d’une taille allant de 1,99 nm a 3,11 nm (Figure R.1). La stratégie de synthese
de cette famille repose sur la formation d’un dendrimére polyphényléne a partir d’une réaction de Diels-Alder entre un cceur
portant des groupements alcynes et une cyclopentadienone. Ce dendrimére est ensuite soumis a une cyclodéshydrogénation, ou

réaction de Scholl, pour créer les nouvelles liaisons carbone-carbone et obtenir un domaine graphénique.
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Figure R.1 | Structures des nanoparticules allongées partiellement fert-butylées.

Avec cette famille, nous avons constaté que le positionnement des groupements fonctionnels joue un réle crucial pour
supprimer les interactions -t Les premiéres observations optiques ont suggéré que les plus grandes nanoparticules sont
hautement solubles et individualisées en solution malgré leur grande taille. Etonnamment, le plus petit membre, la nanoparticule
CzstBug, a montré un comportement qui pourrait étre expliqué par I'agrégation en solution. L'inverse est généralement vrai : a
fur et @ mesure que la taille augmente, les interactions 1t-m deviennent plus importantes, et donc I'agrégation augmente. Pour
mieux comprendre ce processus, des calculs sur deux nanoparticules de cette famille allongée, la CostBus et la C7stBusg, ont été
effectués en collaboration avec des théoriciens de I'Université de Mons en Belgique et I'Université de Varsovie en Pologne. Ces
calculs ont mis a jour deux raisons pour lesquelles I'agrégation dans CostBus est supprimée, qui sont liées a la présence de
groupes tert-butyles adjacents le long de I'axe principal de la nanoparticule : I'encombrement stérique des groupement
fonctionnels et I'existence de conformeres stables et instables. En effet, le positionnement des groupements tert-butyles
engendre la présence de conforméres, six dans le cas de CogtBus. Lors du processus d'agrégation, les calculs ont montré la
présence d'une barriére énergétique générée par I'encombrement stérique des fert-butyles. Néanmoins, cette barriére peut étre
surmontée si les groupes fonctionnels sont préalablement disposés dans des configurations spécifiques. Dans le cas de CogtBus,
les conformeres avec des configurations permettant le début d'agrégation sont tres énergétiques et n'existent pratiquement pas
en solution, ce qui confére une grande solubilité a la nanoparticule. Dans le cas de CrstBus, Ses deux conforméres existent et ils

sont tous deux présents solution, ce qui constitue un point d'entrée au processus d'agrégation.

La grande solubilité de la famille des nanoparticules allongées a permis une purification efficace des nanoparticules
par des techniques standard en chimie organique : précipitations, chromatographie sur colonne de silice et chromatographie
d'exclusion stérique. Il a été possible d’obtenir des échantillons de nanoparticules de grande pureté. De plus, grace a leur
solubilité accrue, leur structure a pu étre confirmée par spectrométrie de masse et par résonance magnétique nucléaire (RMN).
Ces échantillons purs et solubles ont permis d'effectuer des expériences optiques plus poussées en collaboration avec des
physiciens au laboratoire LUMIN a I'ENS Paris-Saclay. La nanoparticule CostBusg a été prise comme exemple pour décrire les

propriétés optiques de la famille allongée. Cette nanoparticule présente un spectre d'absorption bien défini avec des bandes



d'absorption fines permettant d'apprécier le couplage vibronique. En combinaison avec des descriptions théoriques, il a été
possible d'attribuer les pics observés dans les spectres d'absorption et d'émission aux transitions électroniques et a leurs
vibrations associées. Ces attributions ont été confirmées par des expériences d'anisotropie de fluorescence, ou il a été possible
d'observer la variation de |'orientation du dipdle des transitions d'absorption par rapport au diple d'émission. Enfin, des
expériences a |'échelle de la molécule unique ont été réalisées pour la nanoparticule CostBus. Un excellent accord a été trouvé
entre les propriétés optiques en solution et celles observées pour une seule molécule, confirmant que CostBusg est hautement

individualisée en solution.

Avec cette famille de nanoparticules de graphéne allongées, il a été possible d'ajuster I'absorption et I'émission de plus
de 150 nm en fonction de la taille (Figure R.2). Une émission jusqu’au proche infrarouge a été observée pour le plus grand
membre de la famille. Dailleurs, I'augmentation de la taille a eu une influence sur la distribution des charges des transitions
électroniques, générant des différences entre les intensités des différentes transitions électroniques dans les spectres
d'absorption. Enfin, cette famille de nanoparticules allongées posséde des rendements quantiques tres élevés, jusqu'a 94% pour
CostBus. C'est I'un des plus hauts rendements décrits pour des nanoparticules de graphéne. Tous ces comportements intéressants
de la famille allongée des nanoparticules nous ont encouragés a intégrer CsstBus et CostBug dans des diodes
électroluminescentes organiques en tant que matériaux émissifs. Bien que les performances des dispositifs ne soient pas encore

optimales, cela a servi de preuve de concept pour les applications potentielles de ces nanoparticules.
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Figure R.2 | (a) Spectres d'absorption des nanoparticules allongées partiellement tert-butylées. (b) Spectres d'émission.

Pour augmenter davantage la solubilité des nanoparticules, nous avons procédé a I'ajout des groupements tert-butyles
supplémentaires le long de I'axe des nanoparticules. Ceci a généré une famille de nanoparticules entiérement tert-butylées,
composée de quatre membres (Figure R.3) : CeotBug, CrstBuqo, CostBuqy, et Ci14tBusa. En outre, un cinquieme membre, la
C132tBusg, est en cours de synthése. Les groupes fonctionnels supplémentaires ont été trés efficaces pour supprimer I'agrégation
des plus petits membres de la famille : CeotBus et CsstBuqo. Les premiéres mesures optiques ont révélé de nouveaux
comportements pour ces membres par rapport a la famille précédente. D'ailleurs, les groupements tert-butyles supplémentaires
ont eu un effet bathochrome de I'absorption et I'émission et ont engendré un effet moins prononcé dans la distribution de
charges en fonction de la taille, par rapport a la famille partiellement tert-butylée (Figure R.4).

oo



Figure R.3 | Structures des nanoparticules allongées complétement tert-butylées.
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Figure R.4 | (a) Spectres d'absorption des nanoparticules allongées complétement tert-butylées. (b) Spectres d'émission des

nanoparticules.

Une stratégie alternative pour augmenter la solubilité des nanoparticules de graphéne consiste a briser leur caractére
bidimensionnel pour diminuer les interactions T-i. Cette approche a été testée lors de cette thése avec la synthése d’'hélicenes
(Figure R.5). Trois triple-[6]hélicénes ont été ciblés en introduisant un encombrement stérique dans leur structure pour prévenir
la planarisation : (CsotBua)3-T[6]H, (C36):-T[6]H, et (C36tBus)s-T[6]H. Il a été observé que lorsque seuls des groupes tert-butyles
sont utilisés pour ajouter un encombrement stérique, comme c'est le cas pour (CsotBua)s-T[6]H, ces groupes sont enlevés lors
de I'oxydation de Scholl et une nanoparticule plane est obtenue. L'oxydation du dendrimére hautement encombré 44, a
démontré I'importance de la caractérisation des structures obtenues par d'autres méthodes que la spectrométrie de masse. Or,
cette derniere est la méthode de choix d'analyse des hydrocarbures aromatiques polycycliques de grande taille du fait de leur
faible solubilité. L'analyse est particulierement importante car le mécanisme d'oxydation de Scholl n'est pas encore totalement
compris, et des réarrangements imprévus peuvent avoir lieu. Le spectre de masse lors de I'étape de cyclodéshydrogénation du
dendrimére 44 a donné la valeur m/z et les distributions isotopiques attendues pour (CsstBus)s-T[6]H. Cependant, I'analyse par
RMN a montré une distribution de pics inattendue. C'est grace a la mesure de la structure par diffraction de rayons-X sur un
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monocristal que nous avons pu identifier que 'hélicéne cible n'a pas été forme. A sa place, la nanoparticule bis-spiro 47 a été
obtenue, cette structure posséde deux carbones au centre de la molécule ol I'hybridation sp’a été brisée. Cette nanoparticule
bis-spiro posséde des bonnes propriétés chiroptiques qui ont été analysées par dichroisme circulaire et par spectroscopie de
luminescence de circulairement polarisée. Finalement, une nanoparticule possédant deux domaines graphéniques attachés de
facon covalente, (C72tBus),, a pu étre synthétisée et caractérisée par RMN. Dans cette thése nous présentons ses études optiques

préliminaires.

oxidation hindered

by tBu groups oxidation hindered
by phenyl groups

oxidation hindered
by phenyl and tBu groups

(C,;tBu,),-T[6]H

Figure R.5 | Structure des différentes nanoparticules de graphéne hélicoidales.

La derniere partie de ce travail de these a été consacrée a la synthése de différents précurseurs de nanomeshes de
graphéne et a leur dépot sur une surface métallique pour leur assemblage (voir Figure R.6 pour les structures). L'objectif
principal est la synthese du GNM-1, qui garde une structure graphénique partout dans sa structure. Pour cela un précurseur de
forme hexagonale 67 avec des groupes halogénes pour guider le couplage a la surface a été synthétisé. Nos premieres tentatives
de dépot sur surface de ce précurseur se sont confrontées a une faible adsorption a la surface du fait de sa nature
tridimensionnelle. Pour améliorer son adsorption, le précurseur a été cyclodéshydrogéné pour obtenir un dérivé de
I'hexabenzocoronéne 72. Ce composé a montré une meilleure adsorption a la surface et a donné de tres beaux assemblages
supramoléculaires. Cependant, il n"a pas donné le réseau bidimensionnel attendu a cause d'une mauvaise accessibilité aux sites
de couplage par I'encombrement stérique des atomes d'hydrogéne adjacents. Une stratégie alternative pour la formation de
nanomailles de graphéne a également été introduite : la synthése en surface de nanorubans de graphéne suivie de leur fusion
latérale. Néanmoins, I'obtention de grands nanorubans de graphéne avec nos deux précurseurs en forme de trapeze (73 et 74)
s'est avérée compliquée. Lors du recuit, seulement des structures désordonnées ont été obtenues.
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Figure R.6 | Structures des différents précurseurs testés pour 'obtention d'une nanomaille de graphéne. Structure de la nanomaille de
graphene ciblée GNM-1.
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CHAPTER 1  INTRODUCTION

1.1 GRAPHENE

In graphene (Figure 1.1a), the 2s, 2p, and 2p, orbitals of a free carbon atom are averaged, or hybridized, to give three
sp’ orbitals, leaving the 2p, orbital unchanged (Figure 1.1b-c). The three hybridized orbitals lying in the same plane form o-
bonds with neighboring carbon atoms. These bonds form a 120 angle between each other and are responsible for the mechanical
properties in graphene. The remaining 2p; orbitals, perpendicular to the sigma plane, overlap with adjacent orbitals creating a
ni-hond where electrons can be delocalized (Figure 1.1d). These delocalized orbitals are responsible for the intriguing electronic
properties in graphene. Two 1 systems can interact in a non-covalent fashion which is responsible of the spontaneous stacking
of graphene layers. When multiple graphene layers stack following an ABA arrangement, we obtain graphite, a natural carbon
allotrope.

Figure 1.1 | (a) Schematic representation of graphene. (b) Representation of atomic orbitals energy levels before and after sp?
hybridization in a free carbon atom. () Model of sp? hybridized atomic orbitals. (d) Model of atomic orbitals in graphene forming, in-

plane, o-bonds, and, out of-plane, t-bonds.

In 1947, P. R. Wallace, a Canadian physicist at McGill University, published a theoretical study describing graphite's
electrical conductivity. As a mathematical simplification, he established that no conductivity happened between carbon layers,
thus viewing graphite as a monolayer, he reported the first description of graphene. Over the years, many theoretical studies of
the electronic and magnetic properties of a monolayer of graphite followed.* Nevertheless, its synthesis remained challenging
for over halfa century. The firstisolation and characterization of graphene was reported in 2004 by A. K. Geim and N. S. Novoselov,
who mechanically exfoliated graphite and were able to measure its quantum Hall effect.*> Their work opened the door for
multiple physical studies of graphene and other two-dimensional materials. In 2010, Geim and Novoselov were awarded the

Physics Nobel for their work on graphene and its implications in two-dimensional materials research.®



1.1.1 PROPERTIES AND APPLICATIONS

To better understand the electronic properties of graphene, we can apply a tight binding model and consider only -
bands, neglecting the sigma-bands (Figure 1.2).” When observing the electronic structure of graphene, firstly, we notice that at
the center of the hexagonal Brillouin zone, the valence *-band and conduction m-band have their maximum and minimum
energy, respectively. The mi-band is here completely bonding, and the t*-band antibonding. At the K and K' points, the m-band
and t*-band degenerate in the shape of Dirac cones. As we move away from the K and K' points, the energy increases linearly at
" and decreases linearly at 1i. This linear relationship results in electrons propagating through graphene as being of zero mass
and traveling at relativistic speeds.®

E(k)

Figure 1.2 | Electronic band structure of graphene. (a) T and * band structure of graphene with atomic orbitals representations in I
and K points.” (b) Closer view of a Dirac cone in the K point.

Graphene is quasi-transparent, absorbing only 2.3% of visible and infrared light,’ which makes graphene an exciting
candidate for transparent conducting electrodes.”" Early thermal conductivity measurements in suspended graphene showed
a considerable value of 3 000 W.m™K™." This property has led to applications as thermal sensors and heat management.”-'6
Graphene's tensile strength, the maximum stress a material can withstand before rupture, is 130 GPa, and its Young module of
1TPa.” These values correspond to a hundred times those of structural steel.” It has also been observed that graphene is good
at distributing impact energy.” These interesting mechanical properties have encouraged researchers and the industry to

consider graphene as a potential material for applications in the military, automobile, aerospace, and sports industries.?-*2

Electron mobility in graphene has been measured to be 200 000 cm“V'.s™ on suspended graphene. Still, when in
contact with an interface such as silicon dioxide, this value drops to 15 000 cm2V".s" but remains in the high-end values of
electron mobilities.*” Our modern society is utterly reliant on electronics. With increasing demand and a growing necessity for
smaller and more performant electronic components, graphene is an interesting candidate to tackle these problems. Graphene
may be incorporated into analogic and digital components. ). Kedzierski et al. reported in 2008 the synthesis of graphene
transistors, which exhibited mobilities up to 5 000 cm2V".s™ and lo/l ratios up to seven.** Although the observed electron
mobility is very high compared to silicon devices, the l../lo ratios are minimal and hinder its applications in digital electronics.
This low ratio is an intrinsic consequence of the absence of bandgap resulting in an inability to turn off the conduction. Therefore,

great interest has been given to engineering an energy gap in graphene.
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1.1.2 OPENING A BAND GAP IN GRAPHENE

As discussed before, opening a bandgap in graphene would enable new applications, notably in electronics and
optoelectronics; thus, in the following paragraphs, we will shed some light on some strategies that can be taken to modify
graphene's band structure. It is important to comment that, in principle, graphene is defined by its properties previously
described (i.e., the presence of Dirac cones, absence of a bandgap, and composed exclusively of carbon atoms). When we modify
its properties by functionalizing graphene or opening a bandgap, we talk about graphenic materials or graphene related materials
(GRM).

We can divide the here described methods for opening a bandgap in graphene into two groups. The first one consists
of ways that do not modify the intrinsic structure of graphene. The change in band structure comes instead from graphene’s
interaction with its environment, such as in bilayer graphene or heterostructures. The second group consists of strategies that
change the configuration of graphene by introducing new chemical elements or limiting the size of graphene to nanometric

dimensions.

Interactions with its environment can modify the band structure of graphene. Otha et al. reported that a 320 meV
bandgap could be observed in bilayer graphene when a disparity of the layers was induced by changing the carrier concentrations
with the deposition of potassium atoms on the top layer (Figure 1.3a).” Another way of creating a gap in graphene without
changing its underlining structure can relate to how it is synthesized and its interaction with a substrate. For example, Zhou et al.
observed, using angular resolved photoemission spectroscopy (ARPES), that samples prepared by epitaxial growth on silicon
carbide (SiC) had a different spectrum to the one expected for free-standing graphene, which was explained by the presence of
a bandgap.% In a similar mindset, a gap can be engineered by integrating graphene in a Van der Waals heterostructure of two-
dimensional materials. For instance, Wang et al. reported a 160 meV gap in an epitaxially synthesized graphene/hexagonal boron
nitride (h-BN) heterostructure.” The band gap opening is caused by the mismatch of the lattice between the two structures that
generates a Moiré superlattice potential. It is worth noting that heterostructures of two-dimensional materials are a trending
topic among researchers because they allow for a synergy of properties between two different two-dimensional materials and

the appearance of new properties not present in the isolated materials.

A commonly used method for bandgap engineering is chemical doping, which involves introducing new chemical
elements in the structure of graphene. However, it is important to keep in mind that creating new covalent bonds with a carbon
in graphene will break its sp? character and disturb the m-bands of the material. One strategy for chemical doping involves
exposing graphene, who has a reactive surface with available p, orbitals, with an external element or molecule. Hydrogenation is
an example of this type of functionalization; upon exposing graphene to hydrogen plasma, Elias et al. observed that the material
behaved as an insulator, and upon annealing, the sample partially recovered the properties of pristine graphene.?® Instead of
hydrogen, fluorine can be reacted with graphene via exposure to xenon difluoride (XeF,) to obtain fluorographene, which also
exhibits an insulating behavior (Figure 1.3b).”* Similarly to hydrogenated graphene, fluorination in graphene is reported to be
reversible.' A final example of this approach is graphene oxide (GO), a regularly studied material analogous to graphene and
obtained by treating graphite with various oxidants (Figure 1.3c).* Oxygen is incorporated into the graphene sheet as epoxy
bridges, hydroxy, or carboxy groups. GO can be reduced to obtain reduced graphene oxide (rGO) with a diminished oxygen
content, restoring some properties of graphene.® The bandgap can be tuned depending on the rate of oxygen incorporated in
GO or rGO. 3



Another doping possibility is substituting one carbon atom in the graphene lattice with another element. Carbon can be
replaced with similar atoms, such as boron or nitrogen. Usachov et al. reported a nitrogen-doped graphene exhibiting a bandgap
of 0.2 eV, detected by ARPES (Figure 1.3d).” Later, Chan et af. reported the synthesis of graphene doped with boron and nitrogen
domains exhibiting bandgaps up to 0.6 eV for low B-N concentrations.® Other examples of substitutional doping can be found
with phosphorous,® silicon,#"iron,* manganese,” and other transition elements.* However, altering the chemical structure of
graphene, either by functionalizing (as described in the last paragraph) or by substituting a carbon atom in its structure, can harm
the unique electrical properties of pristine graphene.” For example, in rGO, the electron mobility drops to the order of tens of
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Figure 1.3 | Examples of approaches to open a bandgap in graphene. (a) Left, Representation of an asymmetric graphene bilayer by
doping the top layer. Right, the energy -momentum dispersion relation measured and calculated for potassium absorption on a graphene
layer.*” (b) Top (left) and lateral (right) view of fluorographene. Gray balls represent carbon atoms and green balls fluorine atoms.* (c) A

structure of graphene oxide. (d) Right, a structure of graphene doped with nitrogen atoms. Left, ARPES measurement for the nitrogen-

doped graphene.¥

Finally, to create a bandgap in graphene it is possible through the nanostructuration of the material. Quantum
confinement limits the distribution of charge carriers in space, creating a gap that increases in energy as size diminishes.
Graphene has two dimensions that can be reduced to take advantage of this quantum effect. Upon reduction of one of its
dimensions, we obtain graphene nanoribbons (GNRs - Figure 1.4b). When limiting both dimensions of graphene, we get
graphene quantum dots (GQDs - Figure 1.4a), also named graphene nanoparticles. In both cases, we do not change the intrinsic
structure of graphene; nevertheless, edges can no longer be neglected and will directly impact the electronic properties of
graphene. Another way to use this quantum confinement is by creating a superlattice of nanopores that act as quantum wells.”

These superstructures are known as graphene nanomeshes (GNM - Figure 1.4c).
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In this section, we reviewed different methods of engineering an energy gap in the electronic structure of graphene. For
clarity purposes, they were presented separately, but it is worth noting that they can also be combined. As an example, we can
cite a nitrogen-doped GQD.* The scope of this thesis work is the investigation of the optical properties of graphene
nanostructures, particularly graphene quantum dots and graphene nanomeshes. The following section discusses how these
graphene nanostructures can be synthesized.

1.2 NANOGRAPHENE SYNTHESIS

Material synthesis can be divided into two large groups: top-down and bottom-up. A top-down strategy consists in
taking a bulk material which is then shaped, via physical or chemical methods, into the desired structure (Figure 1.5a). In
opposition, we have the bottom-up strategy, which consists of assembling sub-units to obtain the target structure (Figure 1.5b).
The first synthesis of graphene was achieved by mechanical exfoliation, a top-down technique. Using tape, Geim and Novoselov
repeatedly peeled a highly oriented pyrolytic graphite and then carefully transferred it into a silicon oxide substrate where they
could observe domains of graphene monolayers.* Later, large-area graphene films were also obtained by Li et al. through
chemical vapor deposition (CVD), a bottom up approach, of methane on a copper surface.”' Many examples of nanographene
synthesis were developed in the years following the first graphene publication, motivated by the challenge of bandgap

engineering in graphene. This section discusses strategies for top-down and bottom-up synthesis of GQDs and GNMs.

®
‘ @ ® e
Break-down . . ' ‘ . Assemble

O @
Figure 1.5 | Schematic illustration of top-down and bottom-up approaches. (a) Top-down approach: breaking down of the bulk

material. (b) Bottom-up approach: assembly of sub-units.



1.2.1 GRAPHENE QUANTUM DOTS

ToP-DOWN APPROACH

One of the most common routes for synthesizing GQDs is the oxidative cutting of carbon-based precursors, such as
graphite, coal, or amorphous carbon (Figure 1.6a). In general, the synthesis these GQDs starts with the formation of graphene
oxide: graphite is exposed to potassium permanganate (KMn0,), sodium nitrate (NaNOs), and sulfuric acid (H,S04). This method
for the synthesis of GO, was first described by Hummers in the middle of the XX century.®? Shen et al. further oxidized GO with
nitricacid (HNOs) to cleave it into smaller sheets. The treated GO was passivated with polyethylene glycol, and then reduced with
hydrazine to obtain the GQDs.* The obtained nanoparticles had a dispersity between 5 and 19 nm with a 13 nm average diameter.
A similar pathway was proposed by Pan et al., using a solvothermal approach the authors deoxidized GO to obtain graphene
sheets (GS).* These GS were re-exposed to H,S0, and HNOs under sonication, acids were removed, and the sheets dispersed in
a basic solution and heated. The obtained GQDs ranged in size from 5-13 nm with an average size of 9 nm.
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Figure 1.6 | Top-down synthesis of GQDs. (a) Schematic representation of the synthesis of GQD through oxidative cutting followed by

reduction.” (b) Schematic representation of the electrochemical method to get GQDs proposed by Ahirwar et al. A transmission electron
microscope (TEM) image of the obtained nanoparticles is also given.*® (c) Schematic representation of the strategy proposed by Kang et
al. for on surface synthesis of GQDs and a TEM image of the obtained nanoparticles. >’

Ahirwar et al. synthesized GQDs using an electrochemical method.* They heated graphite rods to create defects in the
surface, where, mounted as electrodes in an electrochemical setup, exfoliation occurred at the defect sites yielding oxidized GQDs
(Figure 1.6b). The nanoparticles' oxidation ratio was found to depend on the electrolyte composition in citric acid and sodium
hydroxide. Using this electrochemical method, the authors obtained GQDs with average sizes of 2.2-3.4 nm with distributions of
1.5-4.5 nm. Kang et al. proposed a method involving etching a graphene layer previously protected by a SiO, layer serving as a
substrate for the growth of gold nanoparticles.”” These nanoparticles act as masks for the graphene below, and after etching and
subsequent removal of the gold and SiO, layer, GQDs were obtained (Figure 1.6¢). Etching was done using oxygen plasma which
created some oxygen impurities and vacancies. Subsequent annealing of the nanoparticles helped to diminish these defects. The



observed GQDs had an average size of 12-27 nm and a distribution of 5.9 nm. Alternative methods such as solvothermal,
hydrothermal, ultrasounds, chemical exfoliation, and micro-wave exfoliation, among others, have been described over the

years. >

BOTTOM-UP APPROACH

Bottom-up graphene quantum dots synthesis methods consist of taking subunits of the final material, usually small
organic molecules, and assembling them. The assembly can be done with various methods like epitaxial growth, solvothermal
methods, template methods, pyrolysis, or organic chemical synthesis. It is the latter that is of utmost importance for the
purposes of this thesis. From a bottom perspective, we notice graphene as an infinite array of benzene subunits. Between these
two extrema, benzene, and graphene, there is a plethora of finite structures (Figure 1.7a). For the smaller part of this spectrum,
molecules have been known under the name of polycyclic aromatic hydrocarbons (PAHs) since the beginning of the XX century.
These molecules occur naturally in coal, petroleum, and as side products of the combustion of organic materials.® When the
polycyclic aromatic hydrocarbons reach a nanometric size, they can be assimilated to graphene quantum dots." Using an organic
chemistry approach, it is possible to tailor the structure of the GQD: its size, shape, and edges (Figure 1.7b). For instance, due
to the hexagonal lattice of graphene, there are two types of possible edges in GQDs: armchair or zigzag. Also, on these edges, it is
conceivable to add functional groups. All these parameters that define the structure of the GQD will impact its properties and,

more earnestly, for the scope of this work, on its optical properties.
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Figure 1.7 | Organic chemistry for the synthesis of GQDs. (a). lllustration of some molecular entities in the spectrum between benzene
and graphene. (b) Organic chemistry can synthesize specific edges, sizes, and shapes of GQDs.

R. Scholl and E. Clar were pioneers in the synthesis of small PAHs during the first half of the XX" century.®™-* When
referring to large polycyclic aromatics that can be assimilated to GQDs, hexa-peri-benzocoronene (HBC), also known as "super-
benzene”, is a prototype model that contains 42 sp? hybridized carbon atoms. Clar et a/. and Halleux et al.5” were the first to
describe the synthesis of HBC in 1958 (Scheme 1.1). They each proposed a different synthetic route. Clar et al. proposed a

Tt is important to state that from now on the term polycyclic aromatic hydrocarbons will be indistinguishably used to refer to
graphene quantum dots or graphene nanoparticles synthetized through an organic chemistry approach. Even though PAH are in principle
molecules, because of their size, they can also be assimilated to quantum dots. A distinction will be made when talking about polycyclic
aromatics smaller than 1 nm by referring to them as small PAHs.



strategy consisting of the bromination of 2:3-7:8-dibenzo-peri-naphtene 1-1 and subsequent heating to 153°C to obtain
tetrabenzoperopyrene 1-2. Further heating of 1-2 gave HBC. Instead, Halleux et al. proceeded to the cyclodehydrogenation of
hexaphenylbenzene I-3 in a melt blend of AlCl; and NaCl.
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Scheme 1.1 | First synthetic pathways to HBC. From left to the middle, the steps proposed by Clar et al. for the synthesis of HBC. From
right to middle, the strategy proposed by Halleux et al.

These first examples of the synthesis of HBC were complicated, involving heating to high temperatures and low reaction
yields. Thus, for almost 30 years, no further interest was given to the synthesis of larger PAHs. By the end of the XX™ century, with
the advances in organic chemistry, a new concern was brought to the synthesis of these large PAHs. Stabel et al. described the
synthesis of an alkyl chain substituted HBC in milder and simpler conditions.” The authors took a similar approach to the one
proposed by Halleux et al.: the synthesis of a polyphenylene dendrimer followed by a Scholl oxidation to create the new carbon-
carbon (C-C) bonds and achieve the graphitization of the molecule (Scheme 1.2). The polyphenylene precursor 1-5 was
synthesized by [2+2+2] cycloaddition of a substituted diphenyl acetylene 1-4 catalyzed by Co,(CO)s. Then I-5 was

cyclodehydrogenated with Cu(OTf),. The synthesis was later optimized by using a milder oxidant, iron(Ill) chloride.%
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Scheme 1.2 | Alkyl-substituted HBC synthesis. Cyclotrimerization of an alkyl-substituted biphenyl acetylene to synthesize a
polyphenylene dendrimer followed by Scholl cyclodehydrogenation.

In this approach, the polyphenylene dendrimer is a crucial intermediate in the overall synthesis of large polycyclic
aromatics because its structure will account for the final shape, size, and placement of functional groups. We can find various
examples of oligopolyphenylenes synthesized throughout the past century.”? Later, thanks to the progress made in the synthesis
of large PAHs by K. Miillen and his collaborators, these polyphenylenes were graphitized. Three main synthetic approaches can
be taken to obtain polyphenylene dendrimers: cyclotrimerization, Diels-Alder reaction, and cross-couplings (Scheme 1.3).
Metal-catalyzed [2+2+2] cycloadditions, or cyclotrimerization, of ethynyl functions can be achieved using cobalt or rhodium
catalysts.” The advantage of this reaction is that using only one precursor, it is possible to achieve the polyphenylene. The
downside is that, to prevent the formation of isomers, the precursors should be symmetric, thus, giving only sixfold-symmetrically
substituted molecules. Diels-Alder reaction, a [4+2] cycloaddition, consists in reacting a diene with a dienophile to create a new
cycle.”* In our case of interest, this can be achieved by reacting a substituted cyclopentadienone with a substituted alkyne to form

a substituted six-member aromatic ring through the extrusion of carbon monoxide. This strategy allows for lower symmetry
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dendrimers, but two precursors must be prepared. Finally, cross-coupling, such as the Suzuki-Miyaura reaction, can be used to
create phenyl-phenyl bonds.” This strategy allows for a more precise construction of the polyphenylene but present the

disadvantage to create only one carbon-carbon bond at a time, leading to lower yields and extra steps.

[2+2+2] cycloaddition
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Scheme 1.3 | Strategies for polyphenylene dendrimer synthesis. Three different pathways for the synthesis of polyphenylene
dendrimers which can be then used to obtain PAHs: cyclotrimerization, cross-coupling, and Diels-Alder reaction.

Following the approach to synthesize a polyphenylene through a Diels-Alder reaction, and with the milder conditions
developed by K. Miillen and his collaborators in the 90s, the library of large PAH grew bigger. Different sizes and symmetries were
achieved (Figure 1.8).%® The biggest two-dimensional structure reported to this date is a hexagonal PAH containing 222 sp’
carbon atoms 1-7, synthesized by Simpson et al®" As the structures become bigger, the m-stacking effect is more important,
increasing the difficulty of their synthesis and characterization. To address this problem, different functional groups, including
alkyl-, alkylphenyl-, alkylester-chains, arylamine, or tert-butyl, among others, were designed into the surface of the PAH to try to
counteract this problem. For example, we have a triangular-shaped 168 sp carbon atoms quantum dot substituted with trialkyl
phenyl groups 1-8 synthesized by Yan et al* The research team observed an increase in the solubility compared to previous
unsubstituted examples. The procedure for synthesizing large polycyclic aromatic hydrocarbons from a polyphenylene dendrimer
followed by Scholl oxidation is quite versatile, yet it has limitations. The first one is that the number of steps increases as the
structure complexifies. Secondly, the oxidation conditions can be harsh, generating undesired side products or destroying the
functional groups in the process.® We can find reports of cleavage of alkyloxy and alkylthio substituents when using FeCl; as an
oxidant.® Over the years, protocols using milder oxidants, like 2,3-dichloro-5,6-dicyano-1,4-benzoquinoine (DDQ) or
[bis(trifluoroacetoxy)ido]-benzene (PIFA), have been perfected, generating less undesired products and compatible with a

broader spectrum of functional groups.** Finally, the Scholl oxidation permits the formation of only armchair structures.
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Figure 1.8 | Different sizes and symmetries of large PAHs synthesized through the years, containing 60,77 72,&7 78,7%# 9 (98950 132 91
150,% 164,%° 168%2, and 2228 sp? carbon atoms with different shapes and substituents.

At the middle of the XX™ century, E. Clar studied the aromaticity of polycyclic aromatic hydrocarbons and postulated the
T-sextet rule.” In PAHs, the electrons are delocalized, which leads to the existence of multiple resonance structures. In their
Kekulé representation we get an alternation of single and double bonds. A Clar sextet is identified when a benzene-like ring,
containing six r-electrons (or three double bonds), is present in the Kekulé structure. Clar sextets are typically represented by a
circle inside the hexagonal ring. The notation is depicted in Figure 1.9 for phenanthrene and triphenylene. For a molecule with
multiple resonance structures, the most stable configuration is the one that contains the greatest number of Clar sextets.** A PAH
composed exclusively of m-sextets is referred to as being “fully benzoid”. These are the most stable PAHs and have the largest
band gaps. All the structures discussed so far have been fully benzoid, and they all have armchair edges. The addition of a zigzag
edge will give a structure that it is no longer composed exclusively of Clar sextets, the most stable representation will also have
double bonds, as in the phenanthrene example. These types of PAHs are less stable and exhibit different reactivities and
properties. We will now focus more attention on these structures.
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Figure 1.9 | Kekulé and Clar representations of (a) two resonant structures of phenanthrene and (b) triphenylene.

Zigzag-edged nanoparticles display different physical and chemical properties than their armchair counterparts. For
instance, they exhibit increased chemical reactivity, smaller optical gaps, and open-shell characters.®>* To create zigzag edges in
a molecular chemistry fashion, one must extend an existing 1t system. This 1-extension can be achieved through a Diels-Alder
reaction, acetylene cyclization, cyclotrimerizations, ring-closing olefin metathesis, cross couplings, or intra Friedel-Crafts
reactions, among others.**"-' For instance, Fort et al., reacted nitroethylene to the bay region of 7,14-dimesitylbisanthene 1-9
through a Diels-Alder reaction to get the corresponding ovalene I-10 (Scheme 1.4a)." Chen et al. reported the synthesis of a
nanographene containing 42 sp? carbon atoms and zigzag edges, whose synthetic pathway is a good illustration of different
strategies for m-extension (Scheme 1.4b)." They started with the synthesis of bi(naphthylphenyl)diyne I-14 through a Suzuki
coupling between I-11and 1-12, to incorporate the first zigzag edge, followed by a Glaser-coupling. I-14 underwent an acetylene
cyclization with iodine monochloride to yield the iodinated bichrysene 1-15. Photochemical cyclo-deiodo-dehydrogenation of I-
15 gave intermediate 1-16 which, through nucleophilic attack on the aldehyde group with a Grignard agent, and subsequent intra
Friedel-Crafts and oxidation, gave compound I-17. Upon bromination of 1-17 and a Pd-catalyzed benzannulation, the
cyrcumpyrene 1-19 was formed.
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Scheme 1.4 | m-expansion strategies for zigzag edged nanographenes. (a) Synthesis of an ovalene through Diels-Alder m-extension.®
(b) Synthesis of a cyrcumpyrene using different reactions for the m-expansion of the aromatic system to get zigzag edges.'*
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The synthesis of nanographene through an organic chemistry process faces the challenge of the low solubility of the
intermediates or final compounds. This can have consequences in their processability and characterization. The most common
employed method of characterization is mass spectrometry.'” This technique has limitations, the first one being that it is not a
quantitative method, and the second that it does not allow to distinguish between different constitutional isomers. We already
saw how it is possible to incorporate different functional groups into the GDQ to increase its solubility. An alternative technique
for diminishing T interactions between large PAHSs is adding a tri-dimensional character to the structure. This can be attained by
inducing nonplanarity in the structure by creating sterically congested structures through the incorporation of functional groups
in hindering positions or through the integration of five-, seven- or eight-member rings into the structure.®-""

As part of this PhD thesis, we targeted the synthesis of two twisted nanographenes structures: propellers and helicenes.
Concerning nanographene propellers, in 2004, Simpson et al. reported the synthesis of a tri-hexabenzocoronene propeller with
three distinct graphenic domains, held together at a central phenyl." Each sp? domain oriented themselves in different directions

for steric reasons, thus giving a three-dimensional character to the overall structure (Figure 1.10a).
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Figure 1.10 | Examples of three-dimensional nanographenes. (a) Calculated structure of a propeller-type GQD with 3 distinct HBC sub-

units held together by a benzene ring."2 (b) Synthetic scheme of a double [9]helicene and its single-crystal structure." (c) Single-crystal
structure and schematic representation of a helicoidal 258 carbons GQD with six [7]-fused rings helicene.™

Using a parallel approach to the synthesis of planar GQDs, a congested polyphenylene dendrimer can be enforced to
take a three-dimensional conformation during the oxidation step. It is possible to introduce into their structures ortho-fused
phenyl rings, named helicenes since they adopt a helical configuration.” The library of so synthesized nanographenes, also called
m-extended helicenes, has been enlarged in the past few years.""""'"" For example, Tan et al. reported the synthesis of a twisted
GQD containing two helicenes, each composed of nine ortho-annulated benzene rings (Figure 1.10b)." Zhu et al., were able to
synthesize a twisted nanographene with 258 conjugated carbon atoms (Figure 1.10¢).™ This structure is, so far, the biggest
polycyclic aromatic hydrocarbon synthesized in an organic chemistry fashion. It is essential to keep in mind that breaking the
planar structure may have an impact on the electronic properties of graphene but in the case of helical structures also adds a

new optical property: chirality."®""® We will further discuss helicenes and their chiral properties in Chapter 3.
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1.2.2  GRAPHENE NANORIBBONS
The synthesis of graphene nanoribbons has been extensively developed in the past years, notably by K. Millen and A.
Narita. The synthesis of these graphenic structures was not the primary objective of this thesis, hence, a shorter introduction will

be provided.

TOP-DOWN APPROACH

The top-down approaches to the synthesis of graphene nanoribbons consist mainly on the cutting graphene through
lithography techniques, mechanical techniques, or by unzipping carbon nanotubes (CNTs)." In 2007, Han et al. reported the
synthesis of a GNR through electron-beam lithography of graphene flakes.™ The year after, Li et al. exfoliated and sonicated
expandable graphite to obtain GNR that were then characterized through atomic force microscopy (AFM).™ They observed
nanoribbons with widths from 10 nm to 50 nm. In the same research group, Jiao et al. reported the unzipping of multi-walled
carbon nanotubes embedded in a poly(methyl methacrylate) through argon plasma etching to obtain GNRs.'® The obtained

nanoribbons had smooth edges with widths distributions between 10 nm and 20 nm.

BOTTOM-UP APPROACH

The first synthesis of aromatic, carbon-based ribbon structures was reported by Stille et a/. in the 1970s.™ Though they
contained hexagonal and pentagonal aromatic rings, they can be viewed as the first examples of GNR-like structures. In the
following years, some examples of benzene-narrow nanoribbons were reported.''% Later at the beginning of the XXI* century,
the approach of synthesizing a polyphenylene precursor followed by its Scholl oxidation to create the new carbon-carbon bonds,
primarly developed for the synthesis of large PAHs, was also extended to the synthesis of GNRs. The first examples following this
approach, allowed to achieve wider nanoribbons but suffered of numerous defects due to possible isomerzations during the
oxidation step.'"'® It was in 2008 that Yang et al. reported the first synthesis of a graphene nanoribbon structurally defined
through a Suzuki-Miyaura polymerization (Figure 1.11a)." Their structure contained an armchair edge with nine rows of carbon
atoms (N =9) but its length was limited to =12 nm. Different GNRs synthesized in liquid-phase have been reported after this first
example of structurally defined nanoribbon.™"*' They were achieved through Suzuki-Miyaura polymerization,"** Yamamoto
polymerization, >~ Diels-Alder polymerization,""*' or crystal topochemical polymerization. To illustrate this we give the
following examples. In 2012, Schwab et al. reported the synthesis of a laterally extended GNR through a Yamamoto polymerization
(Figure 1.11b)."™ The obtained nanoribbons exhibited a number average molecular weight of 44 000 g.mol" with a very narrow
distribution. In 2014, Narita et al. reported the synthesis of cove-type nanoribbon synthesized through a Diels-Alder

polymerization (Figure 1.11c). The obtained GNRs had longitudinal extensions over 600 nm.
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Figure 1.11 | Solution mediated synthesis of GNRs. (a) First structurally defined GNR. The nanoribbon was obtained through a Suzuki
polymerization followed by Scholl oxidation.™ (b) Synthesis of a GNR through Yamamoto polymerization in solution.™® (c) Synthesis of a
cove-type GNR through Diels-Alder polymerization.®

The previously cited examples were all synthesized through liquid-phase chemistry. Another popular route for the
synthesis of structurally defined graphene nanoribbons is on-surface chemistry. On-surface chemistry consist in adsorbing a
molecular precursor on a surface, more commonly a metallic surface but other surfaces like ionic crystals or bulk insulators can
be employed."*-" In the case of the metallic surfaces, the surface atoms act as a heterogeneous catalyst, and allow chemical
reactions, such as Ullmann coupling, to take place.""" Different parameters like the surface, the precursor design, the
temperature, and the environment play an important role on the reactivity of the adsorbed precursors.™ On-surface reactions
are commonly characterized by scanning probe microscopy techniques such as scanning tunneling microscope (STM) and non-
contact atomic force microscopy (nc AFM) with functionalized probes. A more detail presentation of these techniques will be
given in Chapter 4; however, they allow a characterization molecule by molecule. The first coupling reactions on a metallic surface
were reported by the end of the last century."™ However, the field started to rapidly develop by the end of the 2000's after the
work of Grill et al, who reported the first covalent molecular network synthesized on-surface from porphyrin building blocks."™’
As we will see in the following examples, and in the nanomeshes section, Ullmann coupling is a choice reaction for the on-surface
formation of carbon-carbon (C-C) bonds. In this coupling, two precursors containing halogen atoms are linked together by the

presence of a metallic atom (Scheme 1.5).™
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Scheme 1.5 | Copper promoted Ulimann coupling of biphenyl. X=1, Br.

The first on-surface synthesis of a graphene nanoribbon was reported by Cai et al.™ They deposited a 10-10'-dibromo-
9,9'-bianthracene on an Au(111) and Ag(111) surface. After heating the surface in two steps to achieve Ullmann coupling and
cyclodehydrogenation, they observed by STM the presence of straight N = 7 armchair GNRs (Figure 1.12a-b). In the same report
they described the synthesis of a chevron-type graphene nanoribbon with lengths of approximately 20 nm (Figure 1.12¢c-d).
After this seminal work, numerous structures have been synthesized over the years, varying in widths, shape, edges and
dopants."™*" For example, in 2016, Ruffieux et al. reported the synthesis of a graphene nanoribbon with zigzag edge topology
onanAu(111) surface (Figure 1.12e-f). The designed precursor had additional methyl groups that would undergo oxidative ring
closure to form a new six-member ring on the surface and create the zigzag edge. The observed GNR had lengths of approximately
50 nm.
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Figure 1.12 | On-surface synthesis of GNRs. (a) Scheme of the reaction on a gold surface of 10-10"-dibromo-9,9"-bianthracene to
obtain a GNR. (b) STM image of the obtained nanoribbon with a partially overlaid molecular model. (c) Scheme of the reaction on a gold
surface of 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene to give chevron-type GNR. (d) STM image of the nanoribbons with a partially
overlaid model. (a-d)™3 (e) Scheme of the reaction to obtain a N = 6 zigzag graphene nanoribbon on a gold surface. (f) nc-AFM image of
the nanoribbon taken with a CO-functionalized tip. (e-f)'®

1.2.3  GRAPHENE NANOMESHES

ToP-DOWN APPROACH

The general top-down strategy for synthesizing graphene nanomeshes involves taking monolayer or bilayer graphene
to crave a pattern of nanometric-sized pores. The modeling of nanometric holes in the graphene sheet can be achieved via
physical or chemical etching. Bai et al. used for the first time the designation "graphene nanomesh" for a well-organized
nanoporous graphene layer synthesized using block copolymer nanolithography.™ The authors transferred a graphene layer on
a substrate, followed by the deposition of a protective silicon oxide and a polymer layer. This serves as a template for fluoride-
based reactive ions to partially degrade the coating and form the nanopores. Subsequent exposure to an oxygen plasma craved
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the holes in graphene, and after cleaning the oxide layer, the GNM was revealed (Figure 1.13a-b). Different neck widths and
hole periodicities, ranging in the tenths of nanometers, were obtained using this method. In an analogous method, Zeng et al.
used anodic aluminum oxide (AAQ) as an etch mask over reduced GO for creating GNMs via oxygen plasma etching (Figure
1.13¢-d).”® Akhavan proposed a different approach using local photodegradation of a graphene oxide sheet in contact with a
vertically positioned ZnO nanorod to produce GNM (Figure 1.13e-f).™ Using this method, the obtained pores ranged around
200 nm.
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Figure 1.13 | Top-down strategies for the synthesis of GNM. (a) Schematic fabrication process of a graphene nanomesh using a Si0x
mask and plasma etching. (b) SEM image of the GNM structure obtained after etching and removal of the oxide mask. Scale bar, 100 nm.
(a-b)™”. (c) Schematic fabrication process of a GNM using an AAO mask and plasma etching. (d) SEM image of a large area GNM after
removal of AAO. (c-d)"®. (e) Schematic illustration of the mechanism of the formation of GNM using ZnO nanorods as photocatalysts. ()
AFM image of a GNM obtained using Zn0 nanorods. (e-f)'*.

BOTTOM-UP APPROACH

The bottom-up graphene nanomesh can be synthesized via the templated growth of carbon-based precursors. The
template can come from external materials or it can be designed into the precursor’s architecture. As we will see later in this
section, the latter uses molecular chemistry's reactivity principles to design the precursor's shape, size, and chemical functions.
Let us first be interested in external templating for GNM synthesis. A nanomesh can be achieved by epitaxial growth on a copper
surface containing patterned aluminum oxide dots acting as a growth barrier, as was reported by Safron et a/. (Figure 1.14a-
b)." The nanopatterned oxide layer was achieved by electron beam and bloc copolymer lithography, which, after CVD growth,
was chemically removed along with the copper substrate yielding GNM with pores of an average size of 14 nm and neck width of
24 nm (Figure 1.14c). In a similar approach, Jung et al. used a gold nanonetwork as a growth template for CVD, obtaining GNMs
with an average neck width of 23 nm (Figure 1.14d-e)."

18



Counts 0

12 16 20
| Width (nm)
- >

&
(i) (ii)
00 a3=06=00 93=08=00

“Graphene

Perforation

Figure 1.14 | Bottom-up synthesis of GNMs via CVD growth. (a) Deposition of Al;0 on a copper surface, graphene grows around the
oxide island to achieve the nanohole after removal of the island. (b) Steps of CVD growth: methane gas decomposes into carbon (i),
diffuses (ii), nucleates (iii), and grows (iv) on the copper surface. (c) SEM image with an insert of the neck width distribution of the grown
nanomesh. Scale bar, 100 nm. (a-c)'® (d) Schematic illustration of the fabrication steps of a gold nanonetwork and GNM growth. (e) FE-
SEM image of the obtained graphene nanomesh and magnification image. (d,e)™®’

From a molecular point of view, we can compare graphene nanomeshes to a popular porous structure: metal-organic
frameworks (MOFs), a macromolecular architecture made of organic linkers and metal atoms. If, instead of linking the organic
monomers through coordination bonds, they are covalently connected between them, we obtain covalent organic frameworks
(COFs). When aryl-aryl bonds link together these COFs, and we limit their structure to only two dimensions, we achieve GNMs. In
this case, the synthesis is guided by the information contained within the precursors in the character of functional groups. These
chemical functions can react in solution, on an interface, or in a solid state.’>'® For the purposes intended in this thesis work,
we will further be interested in on-surface synthesis. As previously discussed, in the past years, surface-assisted graphene
nanoribbons synthesis has attracted a lot of attention because of the precise control allowed by the technique. Recently, this has
also extended to the synthesis of two-dimensional carbon materials, as we will discuss shortly.

In this perspective, Bieri et al. deposited an hexaiodo-cyclohexa-m-phenylene (CHP) on an Ag(111) surface and, after
annealing at 532°C, obtained two-dimensional polyphenylene networks (Figure 1.15a).™ They performed the analysis using
scanning tunneling microscopy (STM) and observed perfect agreement with the expected structure, exhibiting an interpore
distance of 7.4 A and continuous domains of up to 10x10 nm (Figure 1.15b-c). Gutzler et al. reported further analysis of the
surface's role in forming 2D nanoporous networks.' They deposited 1,3,5-tris(4-bromophenyl)benzene (TBPB) in graphite(001),
Cu(111), and Ag(110) surfaces. The graphite surface only yielded a supramolecular assembly of TBPB molecules, which desorbed
at larger temperatures. Similarly, for the Ag(110) surface, a supramolecular arrangement and little initiation of polymerization
were observed at temperatures of 110°C. Upon annealing the Cu(111) surface at 300°C, disordered polymerization was observed
with not only the expected hexagonal macrocyclization but also pentagonal and heptagonal (Figure 1.15d-e). This work showed
the necessity of the metallic surface in carrying out the C-C coupling. Later, Blunt et al, deposited 1,3,5-tris(4-
bromophenyl)benzene (TBPB) on an Ag(111) in an attempt to obtain the same hexagonal network as Gutzler et al. with a different
precursor, and also observed disordered macrocyclizations (Figure 1.15f-g)." Nevertheless, larger continuous domains of
porous networks were obtained. One of the most impressive examples of GNM synthesis used a three-step approach. First, the
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formation of a graphene nanoribbon, followed by its cyclodehydrogenation and finally their cross-dehydrogenative coupling
(Figure 1.15h)." For this, Vilas-Varela et al., deposited diphenyl-10,10’-dibromo-9,9"-bianthracene (DP-DBBA) on Au(111) and
heated up the surface to 200°C coupling the monomers into a GNR. Further annealing at 400°C triggered the intramolecular
cyclodehydrogenation, and cross-coupling is achieved at 450°C (Figure 1.15i). A highly ordered GNM with continuous domains

up to 50x70nm was reported (Figure 1.15j-k).
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Figure 1.15 | On-surface synthesis of graphene nanomeshes. (a) Scheme of the reaction on a silver surface of CHP to give a

polyphenylene network. (b) STM image of polyphenylene network after polymerization on a silver surface at 530°C, and (c) a
maghification of an edge with the overlaid chemical structure. (a-c)'®. (d) Scheme of the reaction on a copper surface of TBPB and the
expected hexagonal porous network. (e) STM image of the protopolymer obtained after annealing of TBPB on a copper surface at 300°C.
(d-e)'. (f) Scheme of the reaction on a gold surface of TBPB, an alternative precursor to obtaining the porous hexagonal network as in
(d). (g) STM image of the obtained polyphenylene network after annealing on a gold surface at 180°C. Scale bar, 1.9 nm. Inserts showing
different macrocyclizations observed. Scale bars, 14 A. (f-g)'®. (h) Reaction pathway of DP-DBBA undergoing Ullmann coupling, intra-
cyclodehydrogenation, and cross-coupling at three different temperatures on a gold surface to give nanoporous graphene. (i) Constant
height mode nc AFM CO-functionalized tip image of a GNM obtained from annealing DP-DBBA at different temperatures on a gold
surface. (j) STM image of a gold surface covered by DP-BBBA GNR and fused domains of GNM. (k) Laplacian-filtered topographic close-
up image of the black rectangle in (j). (h-k)'®".

Covalent organic frameworks containing heteroatoms are also of interest."'® Recently, Steiner et al., reported the
formation of 2D-COF from carbonyl-bridged triphenylamines (CTPA) substituted with iodine and bromine atoms." They achieved
a doped nanoporous network through hierarchical reactivity. First, they formed, on an Au(111) surface, CTPAs macrocycles at a
first temperature by activating the C-I bonds. Secondly, they reticulated the macrocycles into a 2D network by heating at a farther
temperature to activate the C-Br bonds (Figure 1.16a-c). Another synthesis strategy for doped GNM is to couple halogen-
substituted porphyrins on-surface. For example, Lafferentz et al. also followed a hierarchical approach to obtaining porphyrin-
containing covalent organic frameworks (Figure 1.16d).”" Though Ullmann coupling is a widespread choice for on-surface C-C
coupling because of the absence of secondary reactions, other reactions have been employed to obtain 2D-COF such as
cyclotrimerization of alkyne or acetyl functions." For instance, Liu et al. obtained a polyphenylene network by a [2+2+2]
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cyclization reaction of 1,3,5-tris-(4-ethynylphenyl)benzene (TEB) on an Au(111) surface at 160°C (Figure 1.16e)."” Through this
strategy they were able to observe regular domains of polyphenylene network (Figure 1.16f). There are other reactions that can
be applied for on surface C-C, such as Bergman cyclization, Glaser coupling, boronic acid condensation, and dehydrogenative
coupling, that have been, up to this date, primarily used for the synthesis of graphene nanoribbons.®3

Br
0 O 0 Au(111)
il e
I OI

Au(111 Au(111
Building Block ﬁ)» 1D chain ﬁ)» 2D network

Figure 1.16 | Doped GNM and alternative reactions to Ullmann coupling. (a) Scheme of the reaction of the hierarchical formation of an

N-O-doped GNM on a gold surface. First, the formation of brominated macrocycles at 147°C followed by the formation of the two-
dimensional network at 267°C. (b,c) STM image of the covalent porous network formed after annealing at 267°C of CTPA precursor on a
gold surface. (a-c)". (d) Summary of the synthesis of a porphyrin-based 2D nanoporous network on a gold surface. Left, chemical
representation of the porphyrin building block. Middle, STM image of the 1D chain formed after heating to 120°C. Right, STM image with
the overlayed structure of the reticulated 2D network after annealing at 250°C. "7 (e) Scheme of the trimerization reaction of TEB
molecules on a gold surface at 160°C to yield a 2D-COF. Highlighted the phenyl ring formed in the trimerization of three alkyne functions.
(f) STM image of a regular domain of COF obtained by trimerization of alkyne functions in TEB on a gold surface. (f-g)"”.

As illustrated in the previously cited examples, the neck of the GNMs synthesized is a simple carbon-carbon bond
(Figure 1.17a). So far, there are no reports of synthesized nanoporous graphene with a neck containing two or more C-C bonds
keeping the hexagonal structure of graphene (Figure 1.17b). Overcoming this challenge is one objective of this thesis work.
Recently, Multu et al. described the on-surface synthesis of a GNM containing a neck with two C-C bonds." They deposited
methylated 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene on an Au(111) surface and thermally activated Ullmann coupling at
220°C to form graphene nanoribbons which were then heated at 430°C to achieve cyclodehydrogenation and cross-
dehydrogenative coupling. A five-member ring is formed in the annealing step because of the presence of a methyl group, and
upon cross-coupling, a rubicene neck is formed (Figure 1.17d-c). Though rubicenes exhibit interesting properties, the graphene
hexagonal network is broken.
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Single C-C neck

—_—
220°C

Figure 1.17 | Graphene neck in the nanomesh structure. (a) Structure of a 2D nanoporous network with single C-C bond neck. (b)
Structure of a GNM with a graphene-like neck. (c) Reaction scheme for the synthesis on a gold surface of a GNM with a rubicene neck
highlighted in red. First, the formation of a 1D zigzag chain followed by subsequent intramolecular dehydrogenation and inter-cross-
coupling. (d) Topographic STM image of the rubicene necked GNM. (c-d)*

1.3 OPTICAL PROPERTIES OF GQDs

As we saw in the previous sections, it is possible to open a bandgap in graphene by quantum confinement. The
nanometric-sized graphene structures can be synthesized in a bottom-up fashion using an organic chemistry methodology. In this
way, itis possible to obtain atomically precise architectures for which is now possible to study the true intrinsic optical properties
of graphene quantum dots. The study of optical properties is achieved through the study of the absorption and emission features
of the nano-object coupled with theoretical studies. Having a better understanding of the effect that size, symmetry, and
functional groups have on the optical behavior of nanographene is of significant interest to facilitate its applications and be able
to tailor the desired properties. This section will discuss important photophysical definitions and some examples of the optical
studies performed so far for GQDs.

1.3.1 GENERALITIES

When considering light as an electromagnetic wave, it is composed of an oscillating electric field and a magnetic field
perpendicular to each other with a given frequency (wavelength) (Figure 1.18a). In natural light, these fields have no
preferential orientation and so the light is said to be unpolarized. However, when there is a preferential orientation of their
electromagnetic fields, light is said to be polarized. Light can be linearly, circularly, or elliptically polarized. Linearly polarized light
has its electric fields oscillating in a single direction. Circularly polarized light results from the combination of two distinct
electromagnetic waves with the same amplitude propagating perpendicular to each other but with a phase offset of /2 or 31t/2.
This makes the electric field vector to rotate in a circular pattern as the waves propagate (Figure 1.18b). If the two waves have
different amplitudes or phases, the resulting light is called elliptically polarized.

22



Wavelength

Magnetic field

propagation
Electric field

Figure 1.18 | (a) Wave composition of light, an electric (red) and magnetic (blue) field perpendicular to each other. (b) Combination
of two electric fields (red and orange) with identical amplitude but offset by 3m/4 whose sum (purple) creates a left-handed circular

polarization.

Upon interaction with light, a molecule can absorb its energy and undergo an internal modification. In the ultraviolet
(UV), visible, and near-infrared (NIR) regions of the electromagnetic spectrum, the energy corresponds to the displacement of an
electron from an occupied orbital to an unoccupied orbital; this is called an electronic transition. For a given transition to happen,
it must respect symmetry and spin multiplicity selection rules. The spin selection rule states that for a transition to be allowed,
spin multiplicity must not change between the initial and final state (AS=0). The ability of a transition to happen is associated with
its absorption coefficient (€) and is related to the concentration (c), light path (/), and the ratio between incident to transmitted
light (lo/1) at a specific wavelength by Beer-Lambert's law (Equation 1.1). In practice, forbidden transitions can happen because
of additional interactions that might not be considered theoretically, but will have lower absorption coefficients than allowed
transitions.

A

A(\) =log <5—g> =e(dlc

Equation 1.1 | Beer-Lambert's law.

After the absorption of light, a very fast process, a molecule goes to an excited state. It will return to its ground state
through radiative decay, with the emission of a photon, or through non-radiative decay, by thermal relaxation and environmental
interactions. Depending on spin multiplicity, the excited states can be divided into singlet S, (s=0) or triplet T, (s=1) states. A non-
radiative transition between two states with same spin multiplicity, i.e. S»— S, is called internal crossing (IC). As stated in Kasha's
rule, the ICto a high vibrational level will be followed by an immediate vibrational relaxation to the lowest level in the new excited
state. The IC conversion between excited states is faster than between the first excited state and the ground state because of a
higher energy difference; therefore, there can be competition with other processes. One of these processes is the emission of a
photon in the S1—S, relaxation, called fluorescence. The non-radiative passage from a singlet to a triplet state S,—T, is called
intersystem crossing (ISC). This transition, in principle forbidden, is possible thanks to the spin-orbit coupling with a more
pronounced effect for molecules containing or interacting with heavy atoms. The radiative transition from the triplet to the ground
singlet state T,—So is known as phosphorescence. Because of the spin selection rule, phosphorescence is going to happen at a
much slower rate than fluorescence. The timescale of fluorescence lies between 10107 s, and for phosphorescence between

10610 s. All these processes can be summarized using a Jablonski diagram (Figure 1.19).
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Figure 1.19 | Jablonski diagram. Thick lines represent electronic states and thin lines vibronic states.

In some cases, as for small polycyclic aromatic hydrocarbons, it is possible to see also the vibrational structure in the
electronic spectra of the molecules. As seen in the Jablonski diagram (Figure 1.19), upon absorption of a photon, the transition
from the ground state to a vibrational level v, of an excited state can take place. Conversely, the emission happens from v, of S
to the vibrational levels v, of the ground state. The transition from voin Sy to v in o is labeled as 0-0 and is commonly known as
zero-photon line (ZPL). The spacing between vibrational levels and the Franck-Condon factors, that determine the intensity of the
vibronic bands, are virtually similar between S; and S,. Because of this, the emission gives the impression of being the mirror
image of the absorption at the lowest energies (Figure 1.20a). The energy difference between the maximum of the absorption
band lowest in energy and the maximum of the first emission band corresponds to the Stokes shift (Figure 1.20b). It is possible
to lose the vibronic structure because of the broadening of the absorption bands. The effect can come from the existence of a
large set of vibrational levels generating a quasi-continuum in the electronic states; this is homogeneous broadening. Another
reason is heterogeneous broadening, a consequence of the molecule’s interaction with its environment or the presence of
additional chromophores whose spectrum overlaps.

When we are interested in fluorescence molecules, there are two crucial pieces of information about the radiative
process. The first one is the lifetime of the excited state ts. It can be measured by recording the fluorescence intensity over time
after an excitation pulse. The intensity decreases exponentially. The second important piece of information is the quantum yield
®r, which is the ratio of emitted photons over absorbed photons. Other essential behaviors of the emitters are photobleaching
and blinking. Photobleaching occurs when the molecule losses its emissive properties after prolonged exposure to light. This can
result from chemical damage done to the emitter during the excited lifetime. Blinking is the intermittent emission over extensive
periods of time. This results from temporarily forming a "dark" non-emissive state with a relatively long lifetime. This can be, for
example, a molecule that stays trapped in a triplet state after ISC limiting its capacity of emitting or reabsorbing a photon until it
returns to the ground state. In contrast to photobleaching, once the molecule returns to the ground state, it can reabsorb and

decay by a fluorescent path again.
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Figure 1.20 | (a) Mirror absorption and emission and associated transitions.'” (b) Stokes shift between an absorption (orange) and

emission (red)."®

1.3.2  OPTICAL STUDIES OF GQDs

First optical studies on top-down synthesized GQDs showed that their optical properties were mainly governed by
defects states."””-'” During these first studies, the challenge relied in the distinction between the intrinsic emission and the
emission originated by defects in the GQD. The intrinsic emission is caused by the sp? carbon, while the defect emission can be
caused by the presence of undesired functional groups at the edges as well as missing or by unhybridized sp’ carbon atoms in the
core of the quantum dot. Considering this issue, this is where a synthetic organic chemistry approach comes in handy. With
tailored and homogeneous architectures, it is possible to study and better understand the intrinsic optical properties of GQDs.
However, advanced optical studies of the intrinsic properties of graphene quantum dots are scarce. As we will see in the following
examples, their solubility and derived issues, continue to handicap the optical studies. In the synthesis section, we already

described how to tackle this problem with structure design.

So far, among large PAHs seen as GQDs, the photophysics of hexabenzocoronene and its derivatives is the most
extensively described. Because of its small size and relatively easy synthesis, an extensive library of compounds has been
developed over the years.” The use of different functional groups has improved its solubility in various organic solvents and even
in aqueous media with surfactants.’'®" Recently, Haines et al. focused on how the nanographene's substituent groups and
symmetry affect the HBC's electronic properties (Figure 1.21a-b)."™ First, they observed that when the symmetry of HBC was
broken with the presence of the electron-withdrawing group, previously forbidden transitions were observed. Moreover, as the
electron-withdrawing effect increased, the authors observed attenuation of the main band and a red-shifted absorption and
emission spectra, and the appearance of phosphorescence at low temperatures (Figure 1.21c). The strong electron withdrawing
group, NO,, significantly impacted the electronic properties of HBC, triggering a redistribution of charge density with high
influence of the solvent (Figure 1.21d).

Initial photophysical studies of larger "organic" GQDs were limited to absorption spectroscopy (Figure 1.21e)." The
recorded absorption spectra become broader as the size of the nanoparticle increases and their solubility decreases, even in the
presence of solubilizing functional groups. Later, Tan et al. described the synthesis of a series of chloro-functionalized GQDs
ranging from 42 to 222 sp’ carbon atoms (Figure 1.21f).™ The absorption of the GQDs extended from the ultraviolet to near-
infrared (Figure 1.21g). They observed that the absorption bands were shaper and better resolved than those of homologue
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nanoparticles functionalized with alkyl chains. This suggested that the chlorinated nanoparticles exhibited less aggregation in

solution. Additionally, they also reported a bathochromic shift in the absorption spectra, compared to their hydrogenated

counterparts, due to the electron-withdrawing effects of the chlorine atoms.
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Figure 1.21 | Optical studies of HBC derivatives and larger GQDs in solution. (a) Chemical structure of HBC derivatives with an
increasing electron-withdrawing group. (b) Absorption (plain) and emission (dotted) spectra of 5a-e from top to bottom, respectively. (c)
PL spectra of 5a at different temperatures in MeTHF. At low temperatures, the new PL bands were attributed to phosphorescence. (d) PL

emission of 5¢ (top) and 5e (bottom) in different solvents upon excitation at 350 nm. 5e exhibits high solvatochromism. (a-d)™2. (e)
Absorption spectra of large PAHs with an increasing number of conjugated carbon atoms from top to bottom.™ () Structures of large
PAHs with chlorinated edges. (g) Absorption spectra of the chlorinated PAHs in toluene. (f-g)'8

Besides aggregation, solubility raises another issue when it limits the purification process of the GQDs. If impurities are

present in the sample, and they have a strong interaction with light, they can interfere with the interpretation of optical data and

make it difficult to assign the intrinsic optical properties to the GQDs. For instance, the first studies conducted on a (13, GQD with

side alkyl chains, whose structure is given in Figure 1.22a, described that a small singlet-triplet energy splitting led to a significant

increase in intersystem crossing, giving rise to fluorescence and phosphorescence (Figure 1.22b).™ Further investigations on

th

e same molecule suggested that the observed optical properties came rather from impurities and not from the intrinsic

26



emission of the GQD."® The peak previously attributed to fluorescence emission would rather come from existing impurities in
the sample, and the emission peak assigned to phosphorescence resulted rather from fluorescent emission of the GQD (Figure
1.22b).
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Figure 1.22 | (a) Structure of the Ciz functionalized with trialkyl phenyl group.22 (b) Absorption (black) and emission spectra (blue) of
the C13 GQD. On top the first attributions of the origin of the emission. In red the second attribution after further studies.®

A notorious comprehensive photophysical examination by Zhao et al., explored single molecule experiments of a
triangular (T) alkyl-substituted 96 sp? carbon atom GQD, (T)Ces(C12H25)s (Figure 1.23a)." They reported single-emitter studies
to address the intrinsic emission of the GQD. PAH materials had previously been tested as single photons source for over thirty
years. Initially, these experiments were conducted by physicists on small and easy accessible molecules such as pentacene,

terrylene, dibenzoanthracene, dibenzoterrylene. '

In this study, the large PAH emitter was embedded in a polystyrene matrix for which a photoluminescence map was
recorded. At optimized emitter concentrations, the observed bright spots had sizes corresponding to the diffraction limit. A typical
photoluminescence (PL) spectrum of a spot is given in Figure 1.23b. This spectrum is composed of three peaks attributed to the
zero-phonon line and its vibronic replicas. The time-resolved photoluminescence (TRPL) experiments on the whole emission
spectrum, showed a monoexponential decay indicating that a single transition was in play in the emission of the GQD (Figure
1.23c). At the main emission peak, the time trace of the PL intensity of a spot under continuous irradiation of light showed a good
stability without any blinking. The bleaching of the spot takes place with a single jump from a constant intensity to zero (Figure
1.23d). This discrete single jump was an indication of the observation of a single object.
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Figure 1.23 | (a) Structure of the (T)Cog(C12Ha2s)s (b) PL map of GQD in a polystyrene matrix (scale bar, 3 pm) and (b) amplification of

the bright spot in the white box (scale bar, 200 nm). (c) PL spectrum of a (T)Co6(C12Hzs)s Spot. (d) TRPL of (T)Cos(C12H25)s 0n the whole
spectrum. (e) Time trace of the PL of (T)Cog(C12Hz25)s around the time of bleaching."

Having a single emitter allowed the authors to explore single photon emission. This was achieved by using a Hanbury
Brown-Twiss setup to record the second-order correlation function g?(t) of different bright spots. This setup is shown in Figure
1.24a. The emitted light from the sample passes through a beam splitter that leads to two detectors. When a photon passes
through a beam splitter, it can be either transmitted or reflected. For a single photon the probability that both detectors detect a
signal at the same time drops to zero. This is reflected by the second-order correlation function, which drops to zero at very short
times for a single photon-emitter. This phenomenon is called photon antibunching and it can have important applications for
quantum cryptography.®"'*2 This was observed for (T)Cos(C12Has)s (Figure 1.24b). In this study, the authors also showed that
(T)Co6(C12H25)s has good photostability, shows no blinking, has a brightness comparable to the brightest quantum emitters, and
behaves as a single photon emitter at room temperature.
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Figure 1.24 | (a) Setup of the used micro-luminescence setup. To the right the beam splitter and the two detectors for a Hanbury
Brown-Twiss experiment. (b) Second-order correlation function recorder for a Coe-Ci2 spot with the superimposed fit. A weak value of

g@(0) indicates a strong antibunching and single-photon emission.’®’

Because of the m-stacking interactions, unfunctionalized PAHs are difficult to individualize. As we discussed in this

section, optical studies of poorly solubilized graphene nanoparticle give broaden absorption spectra. Furthermore, low solubility
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can impact the processability of the GQD and its purity, however, the presence of impurities can hide the intrinsic optical
properties of the target nanoparticle. This is where the collaboration between chemists and physicists has a particular
importance, to develop new chromophores that are pure and easy to manipulate (i.e. soluble and easy to individualize in solution)

and exhibiting stable emission and tuneable wavelength.

1.4 SCOPE OF THIS WORK

To facilitate applications of graphene for optical and optoelectronic applications, it is necessary to open a bandgap,
which can be achieved through nanostructuration. Throughout this PhD thesis, we focus on two nanostructured graphenic
materials: graphene quantum dots and graphene nanomeshes. We will describe their synthesis and the study of their intrinsic
optical properties. Understanding the relationship between the structure (size, symmetry, and substituents) of a GQD and its
optical properties will facilitate its application by helping with the reverse engineer a requested property.

The first part is dedicated to the synthesis of a rod-shaped family of GQDs functionalized with tert-butyl groups to help
with their solubility. This family is composed of four members containing 78 to 132 sp? carbon atoms in their structure. We will
discuss how the positioning of this bulky groups is important not only for their reactivity but also for their enhanced solubility.
This easily processable GQDs family allowed to conduct thorough optical studies in collaboration with the Lumiére, Matiére et
Interfaces (LUMIN) laboratory at ENS Paris-Saclay. A special focus will be made for the CostBug GQDs (Figure 1.25), before
comparing it to the other members of the GQD family. The interpretation of the optical behavior of the GQDs was backed-up by
quantum-chemical calculations performed by collaborators at Mons University in Belgium and Warsaw University in Poland.

Finally, we will present the preliminary studies of a first application of these nanoparticles as an emissive material.

C,stBu,

Figure 1.25 | Structure of the CostBus GQD.

The second partis oriented towards our efforts to further increase the solubility of GQDs. First, by expanding the strategy
used in the first part of the PhD thesis. In this mindset, a new family of rod-shaped graphene nanoparticles with additional tert-
butyl functional groups was synthesized, and their preliminary optical studies are presented in this part. The second strategy to
improve the solubility of GQDs consisted in synthesizing twisted nanographenes, specifically of two types: m-extended helicenes
and nanographene propellers. The synthesis of helicenes adds a new optical property to the GQDs: chirality. The exploration of
the chiroptical property in an helicene-like GQD will be presented in this chapter.

In the last part, the synthesis of new organic precursors that could lead to graphene nanomeshes will be presented.
These precursors were designed to assemble into a GNM with a neck containing two or more C-C bonds keeping the hexagonal
structure of graphene GNM with a graphenic necks (Figure 1.26). The on-surface deposition and assembly into GNMs was done
by collaborators at the Institut Matériaux Microélectronique Nanoscience de Provence (IM2NP) in Aix-Marseille University.
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Figure 1.26 | Structure of the target GNM-1 with a graphene-like neck.
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CHAPTER 2  SOLUBLE ROD-SHAPED GRAPHENE QUANTUM DOTS

The main objective of this thesis is to synthesize well-defined graphene quantum dots to better understand their
intrinsic optical properties. To carefully control and tune the structure of the quantum dots, we synthesize them through a bottom-
up organic chemistry approach. In this chapter, we will present the synthesis of a family of highly soluble graphene quantum dots
with an elongated rod shape. This enhanced solubility originates from the presence of closely positioned bulky tert-butyl groups
along the long axis of the nanoparticles. The family of rod-shaped GQDs comprises four members that only differ in size but keep
the same C symmetry: CrstBus, CostBus, C114tBu-o, and C132tBus, (Figure 2.1). For simplicity, these nanoparticles are referred
to by the number of sp? carbon atoms present in their structure, followed by the nature of their substituents. The sizes of the

nanoparticles range between 1.99 nm and 3.11 nm.

CystBu, Gz fBu,

Figure 2.1 | Structures of the four members of the rod-shaped family.

We will begin this chapter with some generalities on an essential chemical reaction employed when synthesizing large
PAHs: the Scholl oxidation. We will then discuss the steps that led us to the synthesis of this family of GQDs. We will make a special
focus on the synthesis, characterizations, optical experiments, and theoretical calculations of CotBus. Next, we will shed some
light on the synthesis and characterizations of the other members of this rod-shaped family. We will conclude by presenting a

first concrete application for two members of the family.
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2.1 INTRODUCTION

2.1.1 SCHOLL REACTION

The general strategy employed for the synthesis of the GQDs, consists in the synthesis of a polyphenylene dendrimer
through a [4+2] cycloaddition of a cyclopentadienone with a phenyl alkyne core. This polyphenylene dendrimer is then
cyclodehydrogenated through the Scholl reaction. This is a crucial step since it ensures the formation of long delocalized sp’

domains. We will discuss further the reaction mechanism of this critical reaction in our approach to synthesizing GQDs.

The Scholl oxidation, also known as cyclodehydrogenation, is an intramolecular reaction that results in the formation
of carbon-carbon (C-C) bonds between two aryl units in the presence of an oxidant under acidic conditions. Essentially, the new
C-C bond generally forms a new cycle while eliminating two hydrogen atoms. This process was initially described by R. Scholl in
1910 when he reported the formation of a C-C bond in a dianthraquinone using aluminum(lll) chloride at 140°C for a period of
45 minutes. ™ Over time, various reaction conditions involving different combinations of oxidants/acid have been developed,
including AICls/CuCl,, AICl;/Cu(OTf),, FeCls, MoCls, PIFA/BFs, and DDQ/CF;S05H, among others, &194-1%8

Even though the Scholl reaction has been extensively developed over recent decades for the synthesis of large polycyclic
aromatic hydrocarbons due to its efficiency in forming multiple C-C bonds in a single step, the reaction mechanism remains
elusive. Two of the most widely accepted proposed mechanisms include the formation of an arenium cation intermediate or the

formation of a radical-cation intermediate. Both mechanisms are illustrated in Figure 2.2.

The first mechanism initiates with the protonation, or the formation of a sigma-complex with a Lewis acid, to generate
the arenium cation. This is followed by the formation of the C-Cbond through the attack of the adjacent phenyl on the electrophilic
site. Subsequently, after a deprotonation step, the dihydro intermediate undergoes aromatization via an oxidation and the
release of two hydrogen atoms.® The second mechanism, involving the radical-cation intermediate, begins with the
monoelectronic oxidation of an aromatic ring. Through the reaction with a neighbouring phenyl, a radical-cation intermediate is
formed along with a C-C bond. A subsequent single electron oxidation leads to the formation of an arenium cation. Ultimately,

after a deprotonation step, the aromaticity is restored.'**®

Figure 2.2 | Proposed Scholl reaction mechanisms. On top, the arenium-cation mechanism. Below the radical-cation mechanism.

The poor understanding of the reactional mechanism makes it difficult to predict the outcome of a Scholl oxidation.
Additionally, the regioselectivity of the reaction cannot always be predicted.*?" For every new precursor subjected to this

reaction, the nature of the oxidant, the acid, the number of oxidant equivalents, and the reaction time needed to successfully
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achieve complete cyclodehydrogenation can vary drastically. It is important to carefully test and determine these parameters for
a successful Scholl reaction. For instance, if the reaction times or oxidant equivalents are not sufficient, not all C-C bonds are

going to be formed. Inversely, if too much oxidant or reaction times are used the molecule can undergo degradations.

The Scholl reactions conducted in this thesis work were performed using iron(lll) chloride or 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) as oxidants. Let's first be interested in the general conditions and considerations employed when
working with iron(lll) chloride. The reaction takes place in a dichloromethane/nitromethane solvent system. Dichloromethane
effectively solubilizes the polyphenylene dendrimer precursors, while nitromethane ensures the solubility of the iron salt. The
use of a metallic chloride salt generates hydrogen chloride as a byproduct, which can react with the nanoparticles and precursors
to form chloro-substituted species. To enable the continuous removal of hydrogen chloride during the reaction, an argon flow
setup is used. This helps to evacuate hydrogen chloride as it forms in the gaseous state. Besides, anhydrous solvents are employed
to prevent the capture of hydrogen chloride.

The setup employed in the Scholl oxidations with iron(lll) chloride is illustrated in Figure 2.3. First, high quality argon
passes through a drying tube, then arrives to a first chamber containing dry non-stabilized dichloromethane. This step allows for
the saturation of the gas with the solvent and prevents rapid evaporation in the main reaction chamber. Subsequently, the argon
continues to a reaction chamber that contains the dendrimer solubilized in dichloromethane. A dropping funnel containing a
reservoir of the solvent is added to the setup in case there is significant evaporation during the reaction. Finally, the setup is open
to allow the evacuation of the gases. Through this opening iron(lll) chloride is slowly added to start the reaction.

Fedl, DCM
+MeNO, reservoir

Figure 2.3 | Setup for the oxidation with iron(lll) chloride.

The oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is more straightforward. It is performed in dry
dichloromethane at 0°C under argon. These precautions are taken to prevent the decomposition of DDQ. To achieve the C-C hond
formation it is necessary to add an acid to the mixture. We mostly employ methanesulfonic acid and trifluoromethanesulfonic
acid. The use of strong acids increases the reactivity of DDQ towards the Scholl reaction but can also be responsible for some

degradations.® The reaction works better if the acid is slowly added to a mixture of dendrimer and DDQ.
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2.1.2 PRECEDING WORK

Before the work carried out during this thesis, our research laboratory, in collaboration with Prof. Jean-Sebastien
Lauret's research team at ENS Paris-Saclay, were interested in the optical study of a triangular-shaped (T) GQD containing 96 sp?
carbon atoms and six dodecyl alkyl chains as substituents, (T)Cos(C12H25)s and the fully chlorinated derivative (T)CoCla7."™
Although these chemical structures were already described in the literature, they remained interesting because, so far, no
advanced optical studies of large bottom-up synthetized GQDs existed. The synthesis of these quantum dots were first described

by Tomovic et al. and Tan et al,, respectively.?®

As introduced in the general introduction, in these first single-molecule optical studies of (T)Cos(C12H25)s, it was shown
that the nanoparticle has good photostability, shows no blinking, has a brightness comparable to the brightest quantum emitters,
and behaves as a single photon emitter at room temperature.' These first interesting results were an encouragement to continue
to explore the optical behavior of the triangular Ces nanoparticle with alkyl chains. During the beginning of my PhD work, | carried
out the resynthesis of (T)Ces(C12H2s)s for additional optical studies. The results gave the emergence of two publications, which

are described in the following paragraphs.

The first publication focused on the effect of vibration and aggregation on the optical properties of (T)Cos(C12Hzs)s.”
This study combined experimental observations and advanced theoretical calculations combining electron-vibronic coupling. The
DFT/DFT calculations indicated that transitions to S and S, were forbidden due to the G symmetry of the GQD. However, the S

transition is partially allowed when the symmetry is broken by out-of-plane distortions.

To further investigate the effects of aggregation, calculations of a dimer were conducted who showed a blue shift in the
optical transition and a decrease in radiative decay. In the PL spectrum in solution, the two emission bands at higher wavelengths
are associated with the monomer and were confirmed by single molecule studies that exclude all contributions of external
objects. A band at shorter wavelengths is present, which may be attributed to the emission of byproducts of the Scholl reaction.
However, photoluminescence experiments over time showed that the ratio of intensities in the PL changes with an iso-emissive
point, suggesting a population conversion (Figure 2.4). The aggregates are less emissive, and calculations showed a blue shiftin
their optical transitions. It is possible that at these wavelengths, the contribution of small aggregates is being observed.
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Figure 2.4 | Evolution over time of the photoluminescence of (T)Cog(C12Has)s in 1,2,4-trichlorobenzene 22

In a second publication, for a deeper understanding of the photophysics, (T)Ces(C12H25)s Was examined at cryogenic

temperatures.?® Low temperatures lead to a significant narrowing of the emission, resulting in high-resolution details. The
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vibronic coupling to the 0-0 zero phonon line can be clearly distinguished (Figure 2.5). For instance, the lines at 1362 cm™ and
1676 cm™ are characteristic of the C=C stretching in polycyclic aromatic hydrocarbons (PAHs). The vibrations at lower energies
are vibrations delocalized in the entire structure of the molecule and are dependent on its size and symmetry. These constitute

the vibronic fingerprint of the GQD.
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Figure 2.5 | Photoluminescence spectrum of (T)Cas(C12Hz5)s at 7K. On top, a typical spectrum of a single GQD. Below, histograms of the
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vibronic replicas for different single GQDs.2®

In these further optical studies, combining experimental and theoretical descriptions, it was possible to appreciate the
effect of symmetry. For instance, the G symmetry of (T)Cos(C12H25)s is responsible for two states as dark. However, molecular
vibrations can break the symmetry and brighten a dark state. At low temperatures, the nanoparticle exhibits a vibronic fingerprint.
To further explore the effect of symmetry and size on the optical properties, we decided to synthesize (» rod-shaped

nanoparticles.

2.2 A CHANGE IN FUNCTIONAL GROUPS

Before discussing the synthesis, properties, and applications of the rod-shaped family, it would be beneficial to discuss
the steps that led us to the design of the CostBus structure. We were initially interested in altering the functional groups in the
previously presented triangular (T)Cos(C12H25)s GQD. As a result, we synthesized the analogue fert-butylated precursor,
(T)CostBusg. We then aimed to explore how a change in symmetry would impact the properties of a nanoparticle containing 96
sp’ carbon atoms, while maintaining the tert-butyl group. Consequently, we aimed for the synthesis of a rod-shaped nanoparticle,

CostBus. In this section, we will discuss the successes and challenges encountered in the synthesis of these two structures.

2.2.1 SYNTHESIS AND STUDIES OF THE TRIANGULAR Cos GQD

SYNTHESIS

The synthetic strategy of (T)CostBug was first described by lyer et al.% The first step consists of the Diels-Alder reaction
between the commercially available 1,3,5-triethynylbenzene and 3,4-bis(4-(tert-butyl)phenyl)-2,5-diphenylcyclopenta-2,4-dien-
1-one CP-1 to obtain the polyphenylene dendrimer 1. The dendrimer is then oxidized with anhydrous iron(lll) chloride to yield
the cyclodehydrogenated nanoparticle (T)CostBug (Scheme 2.1).
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Scheme 2.1 | Synthetic route to (T)CostBus.

The disubstituted tert-butyl cyclopentadienone CP-1 was synthesized according to literature protocols as depicted in
Scheme 2.2.%2426 The 1,2-bis(4-(tert-butyl)phenyl)ethane-1,2-dione 2 is obtained by the lithiation of the commercially
available 1-bromo-4-tert-butylbenzene in the presence of n-butyllithium, followed by the addition to 1,4-diternethylpiperazine-
2,3-dione. The disubstituted dione 2 is then reacted with the commercially available 1,3-diphenylacetone in a Knoevenagel
condensation to yield CP-1.

0, 0

Nt X 0
— — |

Br N\_/N (/)VV@ O 0 O
nBui e KOH ®
THF SR EtOH B,
-50°C reflux
2h 2 30 min
89% 50% CP-1

Scheme 2.2 | Synthetic route to the cyclopentadienone CP-1.

As depicted in Scheme 2.1, the oxidation of the polyphenylene dendrimer into (T)CestBus Was achieved using iron(lll)
chloride as oxidant. Complete fusion of the GQD was observed in thirty minutes in the presence of five equivalents of oxidant per
(C-Cbond. We noticed that our reaction was completed more quickly than the three hours reported in the literature. Moreover,
complete oxidation of (T)CestBusg proceeds significantly faster than its alkyl chain analogue (T)Cos(C12H25)s, hich requires over

seven hours. We attribute this enhanced reactivity to the electron-donating character of the tert-butyl substituents.”®

Due to the low solubility of GQDs, the reaction completion is primarily characterized by MALDI-ToF mass spectrometry.
The mass spectrum of the crude product is presented in Figure 2.6a. It is possible to notice peaks corresponding to the presence
of incompletely oxidized and chlorinated side-products, along with the desired GQD. The strong nature of the oxidant employed
in the Scholl reaction makes the presence of side products inevitable. Hence, it is imperative to perform a purification step to
isolate the target GQD from the rest of the impurities.

(T)CostBus is insoluble in common organic solvents, and our attempts to perform column chromatography or size
exclusion chromatography did not result in any nanoparticle migration. Therefore, we proceeded with a washing step of the
powder in an attempt to reduce the presence of the soluble impurities. For this, the powder obtained after the Scholl reaction
was dispersed in a small amount of dichloromethane. The dispersion was sonicated for thirty minutes to give a dark orange
solution which was allowed to rest for 48 hours. The solution was then ultracentrifuged for thirty minutes at 100 000 g. The pellet
was recovered and analysed by MALDI-ToF (Figure 2.6b-d). We notice that this purification step efficiently removes a good
number of impurities. Additionally, in the spectrum, two main peaks at m/z=1518 and m/z = 3038 can be distinguished. The first
peak can be attributed to the monomer and the latter to a dimeric species. We hypothesize that the dimeric species forms through
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a slight offset rotation of two GQDs, to minimize the steric hindrance between the tert-butyl groups, around the axis perpendicular

to the stacking plane (Figure 2.6e) A similar behaviour was described by Zhao et al. in an analogous mesityl-substituted Cog

triangular nanoparticle.”
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Figure 2.6 | Characterization of the oxidation step of (T)CostBus. (@) MALDI-ToF spectrum of the reaction crude of the Scholl oxidation
in the presence of 5 equivalents of FeCls for 30 minutes. (b) MALDI-ToF spectrum after a purification step. (c) Full spectrum after

purification showing two main peaks. (d) Zoom in on the dimer region. (e) Proposed interactions between two (T)CogtBug nanoparticles.

The optical studies of (T)CostBus were performed in 1,2,4-trichlorobenzene (TCB) and are presented in Figure 2.7a.
This solvent was also used for the optical studies performed on (T)Ces (C12H2s)s. In the absorption spectrum, it is possible to
distinguish a main peak at 473 nm and a small shoulder at 530 nm. The emission spectrum shows five distinguishable emission
bands at 510, 564, 595, 645, and 700 nm. Taking the theoretical and optical studies performed on (T)Css (C12H25)s as point of
reference, the peaks at 645 and 700 nm can be attributed to the emission of the monomer. The emission bands at higher energies
likely originate from emissive impurities or result from further aggregation of the nanoparticles. Compared to the alkyl chain
substituted analogue, (T)CostBus exhibits narrower absorption bands, while the emission spectrum in solution remains very

similar for both nanoparticles. This can be appreciated in Figure 2.7b.
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Figure 2.7 | (@) Absorption and emission spectra of (T)CostBus in 1,2,4-trichlorobenzene. (b) Comparison of the absorption and the
emission of (T)Cos(C12H25)s.

The synthesis and optical analysis of (T)CostBus provided important insights to be consider for future GQD syntheses.
Firstly, the introduction of fert-butyl groups increased the reactivity towards the Scholl reaction. Additionally, these bulky
functional groups appear to partially decrease Tt-stacking interactions. As a result, we were able to obtain sharper and more
resolved absorption lines than in the case of unsubstituted or alkyl chain substituted triangular GQDs. Finally, although the
solubility of (T)CestBug was not optimal for traditional organic chemistry purification techniques, we developed a purification

protocol relaying in the difference in solubility between the chlorinated and partially fused derivatives and the target GQD.

2.2.2  SYNTHESIS OF A FIRST ROD-SHAPED Cos GQD

To pursue our main goal, a better understanding of the structure and optical properties relationship, we next decided
to synthesize a rod-shaped CogtBus GQD. This nanoparticle would also contain 96 sp? carbon atoms as the triangular GQD, but
arranged in an elongated shape along a main axis. We would incorporate four fert-butyl functional groups at the extremities of
the GQDs. Its synthesis consisted in taking a diterphenyl alkyne substituted core 3 and react it with the tert-butyl substituted
tetraphenylcyclopentadienone CP-1 to obtain the corresponding polyphenylene dendrimer 4. Finally, the target GQD would be
obtained after the Scholl oxidation and carbon-carbon bond formation on 4 (Scheme 2.3). The alkyne core will be responsible
for giving the shape to the final quantum dot, while the cyclopentadienone incorporates the desired functional groups to the
structure to increase the solubility.

©
O O Z O O Diels-Alder o:icdha(;:l)n
O + EE— EE—
8

CP-1

Scheme 2.3 | General view of the synthetic strategy to CogtBua.

CORE AND DENDRIMER SYNTHESIS

An important step to acquire the desired nanoparticle is the synthesis of the corresponding polyphenylene dendrimer.
As mentioned before, it is obtained after the Diels-Alder reaction between an alkyne core and a cyclopentadienone. The
corresponding alkyne core 3 is not commercially available, as was the case for the triangular-shaped nanoparticles previously
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presented, so we need to synthesize the molecule. The synthesis of 4 is based on previously defined syntheses designed in the
PhD work of Dr. Julien Lavie for unsubstituted GQDs.*% The general procedure is summarized in Scheme 2.4. The terphenyl
synthesis begins with the silylation of the commercially available 1,4-diiodobenzene to yield 1,4-diiodo-2,5-
bis(trimethylsilyl)benzene 5. Through a Suzuki-Miyaura coupling between compound 5 and phenylboronic acid, we obtain the
bistrimethylsilyl-terphenyl 6. To achieve an iododesilylation, compound 6 is reacted with iodine monochloride in the presence of
asilver salt. This silver salt helps to precipitate residual halogen atoms and prevent further iodination, along with low equivalents
of iodine monochloride, to ensure the formation of monoiodinated terphenyl derivative 7.2 Subsequent lithiation and borylation
with 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (/-PrOBpin) of 7, afforded the monosilyl terphenyl boronic ester 8.
The Suzuki-Miyaura coupling between compounds 7 and 8 afforded the bistrimethylsilyl-diterphenyl 9. lododesilylation of 9 was
achieved with iodine monochloride to give the diiodo-diterphenyl derivate 10. To form the diterphenyl-diethynyl-trimethylsilane
11, compound 10 was reacted with trimethylsilylacetylene (TMSA) in Sonogashira conditions. Finally, the diterphenyl-alkyne core
3 was achieved upon removal of the trimethylsilyl group in compound 11 under the presence of tetrabutylammonium fluoride.
With the diterphenyl-alkyne core and the tetraphenylcyclopentadienone we proceeded to the Diels-Alder reaction to obtain the
polyphenylene dendrimer 4. The structure of the dendrimer was confirmed by MALDI-ToF spectrometry and 'H and *C NMR

spectroscopy.
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Scheme 2.4 | Synthetic route to dendrimer 4.

SCHOLL OXIDATION

Once we have the polyphenylene dendrimer, we can then proceed to form CostBus under the conditions shown in
Scheme 2.5. We used iron(ll) chloride as oxidant, dissolved in nitromethane. For our first oxidation attempt, we used similar
conditions as for (T)CostBus, 6.6 equivalent of oxidant per carbon-carbon bond created in this step for one hour at room
temperature. After precipitation in an excess of methanol and filtration through a PTFE filter, a dark orange powder was
recovered. This powder did not exhibit high solubility in common organic solvents, MALDI-ToF mass spectrometry analysis was
performed using a TCNQ matrix. The mass spectrum exhibits a main peak at m/z = 1414.81. We can vaguely distinguish a peak
around m/z = 1406.49, the expected exact mass for the target GQD CostBus (Figure 2.8). Because of the low solubility of the

nanoparticle, we cannot confirm the structure of the species at the origin of the main peak. Nevertheless, the mass difference
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with the target structure is of eight units likely to come from eight protons or four C-C bonds not formed. Following the principle
of parsimony, we hypothesize that the unformed bonds are located at the molecule’s centre, to preserve a symmetric entity,
yielding a butterfly-like configuration. Besides, we can easily imagine a r-interaction between two phenyl rings from each “wing”
of the butterfly structure due to the rotation of the middle C-C bond. This interaction may stabilize the structure and prevent
further oxidation. To force the oxidation, we decided to increase the reaction time to 3 hours and a half, nonetheless these
conditions did not yield the desired structure, again the main peaked remained m/z = 1414.54. This result seems to be aligned
with the hypothesis that the species at the origin of this mass peak is stabilized and is less reactive, as in the proposed butterfly
structure. To validate this hypothesis, further work involving this intermediate’s purification and characterization via NMR or
single crystal X-ray diffraction (XRD) is needed. However, the low solubility of the intermediate represents a significant challenge.

Fedl,
CH,Cl,/MeNO, ; s

rt.
1H or 3H30

96 4
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Scheme 2.5 | Scholl oxidation of dendrimer 4 into CogtBus.
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Figure 2.8 | MALDI-ToF mass spectra of reaction crude of the synthesis of CostBua. Left, with 6.6 eq of FeCls during 1 h. Right, with 6.6
equivalents of FeCls during 3h30. Below, proposed butterfly-like incomplete structure.

2.3 SYNTHESIS AND OPTICAL STUDIES OF CostBUg

The initial synthesis of a tert-butyl substituted, elongated GQD was unsuccessful, possibly due to the formation of a
stabilized butterfly-like intermediate. To prevent this, the approach was modified to add four tert-butyl groups along the GQD’s
long axis. This additional steric hindrance along the axis of the nanoparticle may diminish the t-r interaction between opposite
central phenyls during the carbon-carbon bond formation and prevent the stabilization of the butterfly-like intermediate.
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However, this adjustment also introduces an additional risk as the increased steric congestion at the middle of the GQD could
obstruct the carbon-carbon bond formation between the adjacent phenyls. This issue was highlighted by Arslan et al., who
reported the synthesis a similarly hindered hexa-peri-benzocoronene derivate where complete fusion could not be observed.?®
Nevertheless, the increased reactivity we had observed so far for tert-butyl substituted derivates, encouraged us pursue the
synthesis of the rod-shape CostBus through an analogous synthetic pathway to CostBua, presented in Scheme 2.6.
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Scheme 2.6 | General synthetic strategy to CotBus.

2.3.1 SYNTHESIS

DENDRIMER SYNTHESIS

The synthesis of octa-tert-butyl substituted dendrimer 13 follows an analogous approach as the dendrimer 4. The
complete reaction scheme is given in Scheme 2.7. The substituents along the molecule’s axis are introduced through the
diterphenyl alkyne core 12. The process starts with compound 5 and 4-tert-butylphenylboronic acid reacting through a Suzuki-
Miyaura coupling to produce the di-tert-butyl terphenyl bistrimethylsilane 14. Compound 14 undergoes idodesilylation using 0.9
equivalents of iodine monochloride and a silver salt to afford the monoiodinated derivate 15. The borylation of 15 is achieved
through palladium catalysed Miyaura conditions, resulting in the monoborylated compound 16. The lithiation and addition
conditions employed for the synthesis of the un-tert-butylated terphenyl analogue, resulted in low yields and a significant amount
of the hydrogenated derivate. Better yields were achieved through Miyaura borylation conditions. However, these yields remain
heavily dependent on the conditions employed. For instance, low reaction times do not allow for total conversion of the
monoiodinated precursor. Inversely, high reaction times promote the ester hydrolysis and the protodeboronation reaction. To
avoid these parasitic reactions, we remove as many water traces as possible. To maintain a dry environment, reactant powders
are stored and weighed in a glove box, dried under gentle heating overnight, and the reaction is carried out in a sealed Schlenk

reactor.

The Suzuki-Miyaura coupling of the iodinated precursor 15 and the borylated terphenyl 16 in the presence of
palladium(ll) acetate affords the diterphenyl bistrimethylsilane 17. lododesilylation of 17 using iodine monochloride gives the
diiodo-diterphenyl derivate 18. The trimethylsilane protected alkyne functions are added to compound 18 through a Sonogashira
coupling with trimethylsilylacetylene, resulting in derivate 19. The tert-butyl substituted diterphenyl alkyne core 12 was achieved
upon removal of the trimethylsilane group under the presence of tetrabutylammonium fluoride. Finally, the polyphenylene
dendrimer 13 is obtained through the Diels-Alder reaction of core 12 and the tert-butyl substituted
tetraphenylcyclopentadienone CP-1.
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Scheme 2.7 | Synthetic route to dendrimer 13.

MALDI-ToF spectrometry, 'H, and C NMR spectroscopy confirm the dendrimer structure. In the 'H NMR spectra we can
distinguish characteristic signals of the target structure (Figure 2.9). First, we can discern four signals in the aliphatic region,
integrating each for eighteen protons, each attributed to two symmetrically equivalent ert-butyl groups. We can also distinguish
three singlets corresponding to central protons in the dendrimer at high chemical shifts. The remaining aromatic signals are

superimposed in the 6.45-7.50 ppm region.
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Figure 2.9 | "HNMR spectrum of dendrimer 13 (400Mz, CDCl, 298K).

SCHOLL OXIDATION
The octa-tert-butyl substituted elongated dendrimer 13 was subjected to the carbon-carbon bond formation process to

produce the desired rod-shaped GQD CostBus. The reaction summary is given in Scheme 2.8. The Scholl oxidation was first
conducted using iron(ll1) chloride as oxidant. The advancement of the reaction was monitored by MALDI-ToF mass spectrometry.
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Complete fusion of the nanoparticle was observed after two hours using 9 equivalents of oxidant per C-C bond formed at room
temperature. The GQDs formation was confirmed by MALDI-ToF mass spectrometry, which is given in Figure 2.10a. The mass
spectrum shows the presence of the fully cyclodehydrogenated product M* along with some impurities. Although we could not
identify all the additional peaks, we could distinguish a monochlorinated (M*-Cl) and a hydroxylated (M*-OH) byproducts. Despite
the presence of side products, obtaining the desired nanoparticle was a major success considering the steric hindrance caused
by the adjacent central fert-butyl groups. We attribute this to an increased reactivity of the dendrimer towards the Scholl
oxidation, likely caused by the electron-donating character of the substituents. These functional groups also have a beneficial
effect on the solubility of the GQD. As we will elaborate, these adjacent tert-butyl groups play an important role by adding steric
hindrance around the structure and slightly twisting the nanoparticle. This greatly reduces the m-t interaction between GQDs,
subsequently improving its solubility. Note that dendrimer 13 can also be converted into GQD CestBus using 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone (DDQ) in the presence of triflic acid (see next page).

DDQ
CFSOH

CH,

Fedl,

Scheme 2.8 | Scholl oxidation of dendrimer 13 into GQD CogtBus.

The enhanced solubility of the synthesized GQD permits greater processability and allows the use of traditional organic
chemistry purification methods such as column chromatography or size exclusion chromatography, which were not possible with
previous GQDs (Figure 2.10b). For optimal purification, we conduct an initial washing step. The crude oxidation reaction mixture
is precipitated in an excess of methanol, yielding a dark green dispersion which is then filtered through teflon to produce a dark
green powder. This precipitate is dissolved in a small amount of freshly distilled THF, sonicated for 2 minutes and left to settle
overnight before performing an ultra-centrifugation step at 130 000 g for 30 minutes. The pellet is recovered and a size exclusion
chromatography using Bio-beads S-X3 is performed to separate impurities from the desired product. These impurities have a
shorter elution path and emerge in early fractions of the column. The desired product is recovered as a bright red solution and
dried as a dark green powder with a reddish metallic appearance upon light exposure. Despite the extensive purification, the
mass spectra still showed minor peaks of the hydroxylated side products. However, this impurity may more easily ionize due to
heteroatoms and be only present in trace quantities. Comparison of mass spectra before and after purification demonstrates the
effectiveness of the purification steps.
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Figure 2.10 | MALDI-ToF mass spectra of the oxidation of CostBug with FeCls. (a) Before purification. We can distinguish multiple peaks
corresponding to impurities. (b) After purification. A much cleaner mass spectrum is obtained but some peaks corresponding to
impurities can still be distinguished. The insert compares the isotopic pattern of the M* peak with a theoretical distribution.

Alternatively, the purification efficiency can be followed by fluorescence spectroscopy. We will later be interested to the
detailed description of the optical properties of the GQD, for now, let’s just focus on the differences on photoluminescence
spectra before and after purification given in Figure 2.11. The difference is mainly noticeable at shorter wavelengths. The
emission at these wavelengths has previously been associated to the emission of impurities and aggregates.” The disappearance

of these emission bands can be used to control efficiency of the purification process.
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Figure 2.11 | Photoluminescence spectrum of CostBus before and after purification. Excitation wavelength @470 nm in TCB.

The overall reaction yield of the oxidation reaction was a low 8%, which was obtained after a thorough purification.
Some product is lost during the washing step. Additionally, some nanoparticle is lost during the size exclusion chromatography,
where some fractions had to be discarded due to overlapping elution of the product and certain impurities (note that the products
discarded during the purification steps can be recycled). To increase the reaction yield and facilitate the purification step, milder
oxidation conditions were explored. We opted for 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), a mild double-electron
oxidant, in the presence of a small amount of trifluoromethanesulfonic acid (triflic acid).”"® To prevent oxidant degradation, the
oxidation is carried out in dry dichloromethane at 0°C. In addition, only small amounts of triflic acid are used, which also limits
the nanoparticle’s decay. For optimal results, the acid is slowly added to a cooled-down solution of the polyphenylene dendrimer
and DDQ. For CostBusg, complete carbon-carbon bond formation was observed after one hour in a diluted dendrimer solution

containing 2% v/v of triflic acid and 1.8 equivalents of DDQ per carbon-carbon bond.
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A comparison of the mass spectra from the crude reaction mixture using FeCl; and DDQ reveals that the latter provides
a cleaner reaction with fewer undesired side products, as shown in Figure 2.12a. This indicates that DDQ is a more suitable
oxidant for this reaction. Furthermore, the purification process is facilitated when using the DDQ protocol. In fact, repeating the
precipitation process twice is sufficient to yield a highly pure product, as evidenced by the MALDI-ToF mass spectrum in Figure
2.12b, and the fluorescence spectrum and NMR spectra, which we will discuss in the next sections. The cleaner protocol using
DDQ, and more straightforward purification process, allowed us to increase the reaction yield of highly pure GQD up to 27%. It is
important to highlight that a significant number of nanoparticles remained solubilized during the precipitation step, reducing the
overall yield. These nanoparticles can be recovered from the supernatant through precipitation in methanol and a repurification

as described above.
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Figure 2.12 | MALDI-ToF mass spectra of the oxidation of CestBug with DDQ. (a) Before purification. We can distinguish a few peaks
corresponding to impurities. (b) After purification.

2.3.2  CHARACTERIZATION

The enhanced solubility of CostBus allowed us to implement an efficient purification protocol and opened the door to
in-depth chemical characterizations. In this section we will first present NMR studies performed on the GQD to verify its structure,
followed by electrochemical characterization. Finally, we will shine some light on theoretical studies of the aggregation process
of the nanoparticle, to better understand the origin of the nanoparticle’s high solubility.

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Traditionally, due to the poor solubility of large polycyclic aromatic hydrocarbons, mass spectrometry is the primary
technique employed to confirm the formation of the desired nanoparticle and to assess its purity. However, this technique is
merely qualitative and cannot definitively verify a chemical structure. There are very few NMR characterizations of bottom-up
synthetized graphene nanoparticles bigger than 78 sp? carbon atoms. In some cases, the structure could be confirmed by single-
crystal XRD structure. Thanks to the high solubility of our CogtBus, we could perform 'H, 'H-"H, and 'H-"*C NMR experiments,

thereby unambiguously attributing the proton signals to the desired structure.
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Figure 2.13 | NMR spectra of CastBus (600 Mz, THF-s+CS, 298K). (a) 'H NMR spectrum and attribution of peaks to the CastBus
structure. (b) "H-H NOESY spectrum in the aromatic region with dotted lines showing the correlation interactions between protons. (c)
'H-TH NOESY spectrum in the aliphatic-aromatic region with dotted lines showing the correlation interactions between protons. (d) 'H-'H
COSY spectra with dotted lines showing the correlation interactions between protons.



The NMR experiments were performed in a 600 MHz Briicker spectrometer at concentrations of 5-10%, using a 2:3 ratio
mixture of deuterated tetrahydrofuran (THF-dg) and carbon disulfide as solvent. Carbon disulfide has very good solvating
properties for large aromatic molecules. However, given its high toxicity and flammability, extreme caution was exercised. All
experiments involving CS, were carried out in gas-tight NMR tubes. First, to prevent any release of vapours into the NMR room
and prevent health hazards. Additionally, using air-tight tubes also prevents the evaporation of carbon disulfide due to its low
boiling point and high volatility. Evaporation of the solvents could lead to the aggregation or precipitation of the nanoparticles

between experiments.

In the 'H NMR spectrum of CostBus, we observe well-resolved aromatic signals between 8.4 and 11 ppm. We can
distinguish five singlets, four doublets and one triplet within this region. The integral sum of these aromatic signals corresponds
to the expected twenty-two protons. The triplet at 8.47 ppm can be easily attributed to the only proton, labelled as 2, having two
other immediate proton neighbours. The cross-peaks of triplet 2 with doublets at 9.48 and 9.56 ppm in the 'H-'H correlation
spectroscopy (COSY) NMR spectrum, allowed us to identify the three-proton system with a coupling constant of 7.2 Hz. The two
remaining doublets at 10.72 and 10.50 ppm correspond to protons 9 and 8, constituting the two-proton system with coupling
constant of 8.3 Hz. The rest of the aromatic protons do not interact closely with other protons, resulting in singlet multiplicities.
In the aliphatic region, we observe several peaks corresponding to the solvent trace, the tert-butyl protons, water, and some
impurities. We could attribute all the aromatic and aliphatic signals through 'H-'H Nuclear Overhauser Effect Spectroscopy
(NOESY) NMR. The system’s simplicity facilitated this process, where each proton only has two neighbours in space, either an

aromatic proton or a tert-butyl proton. Complete attribution is given in Figure 2.13a.

Despite recording more than 133 120 scans, an exploitable *C NMR spectrum could not be obtained due to the low
concentration of the sample and a high number of carbon atoms in the structure. Nonetheless, we performed two-dimensional
heteronuclear 'H-*C NMR spectroscopy techniques, specifically Heteronuclear Single Quantum Coherence (HSQC) and
Heteronuclear Multiple Bond Correlation (HMBC) NMR spectroscopies. These methods allowed us to observe the carbon atoms
that could benefit from nuclear spin polarization transfer from the much more sensitive hydrogen atoms. In the HSQC NMR
spectroscopy (Figure 2.14a), we observe the correlation between a proton and the directly linked carbon atom. In the
corresponding spectrum, we detect the expected twelve cross-peaks from the aromatic protons and carbons in their respective
aromatic regions. Furthermore, we observe the expected four cross-peaks from the fert-butyl protons and carbons in their
respective aliphatic regions.

HMBC NMR spectroscopy lets us observe the correlation between a proton and a carbon separated by two or three
bonds. In the corresponding spectrum (Figure 2.14b), the aliphatic protons give us essential information that confirms the
structure of the target quantum dot. Each tert-butyl proton is correlated with an aliphatic quaternary carbon of the functional
group. We observe these cross-peaks at the carbon’s aliphatic region. Moreover, we observe a cross-peak of the tert-butyl proton
with a carbon in the aromatic region, corresponding to the quaternary carbon bearing the functional group. The last proof of the
GQD structure are the cross-peaks showing the correlation between the aromatic protons positioned in the same aromatic ring
as a tert-butyl group and the corresponding quaternary aliphatic carbons of the functional group.
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Figure 2.14 | NMR spectra of CogtBug (600 Mz, THF-dg+CS2, 298K). (@) 'H-*C HSQC spectra. (b) 'H-"3C HMBC spectra. Below, the main
correlations observed in the HSQC NMR spectrum (pink) and in the HMBC NMR spectrum (cyan).

As a closing remark in the analysis of the NMR spectra of CestBus, it is important to address the traces of impurities
observed in the 'H NMR spectrum. Indeed, it is possible to distinguish some signals in the region between 6.5 and 7.5 ppm and
some aliphatic peaks around 1.29 ppm that were not attributed to the GQD, water, or THF. No correlation between these signals
and the ones attributed to CestBus was observed in the two-dimensional experiments. But correlations were detected between
these impurities’ peaks. HMBC spectroscopy showed that the peak at 1.29 ppm exhibits a similar behaviour as the tert-butyl
groups in the GQD, suggesting that the impurities possess a tert-butyl group attached to an aromatic ring. In the '"H NMR spectrum,
we could distinguish some unexpected doublets and doublets of doublets multiplicities, significantly up-field in comparison to
the aromatic signals of the target GQD. These observations suggest that, if there is more than one, these impurities come from
largely unfused or broken dendrimer-like structures, where doublets of doublets multiplicities could be generated. An alternative
explanation to the origin of these impurities might be that they were introduced from external sources during sample handling.
The difference observed in the intensities for the impurity's signals between two NMR spectra from a same nanoparticle solution
in two different tubes is a first indication that this could be the case. An additional indication is that no impurity signals could be
observed for other GQDs structures where the same purification protocol was followed. Even though extreme precautions were
taken to prevent any external contamination during sample handling and preparation, given the low concentration at which we
perform the NMR experiments, any slight quantity of external impurity will be easily distinguishable. In any case, these signals
do not interfere with our signal attribution to the CostBusg Structure. Such deep characterization of large, planar, and

individualized GQDs had not yet been reported.

ELECTROCHEMICAL CHARACTERIZATION

The enhanced solubility also allowed us to perform cyclic voltammogram experiments (CV) to investigate the redox
behaviour of CestBus (Figure 2.15a). The voltammogram was recorded under argon atmosphere at room temperature, using a

supporting electrolyte of a 0.1 M solution of tetra-n-butylammonium hexafluorophosphate in anhydrous 1,2-dichlorobenzene (o-
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DCB). The three-electrode setup consisted of a platinum working electrode, a platinum counter electrode, and Ag/Ag’ reference
electrode (10 mM AgNOs). Experiments were conducted at a scan rate of 100 mV/s in 0-DCB, as the nanoparticles exhibit good
solubility in this solvent. The voltammogram curves were recalibrated using the half-wave potential (Erc,/r.) for the

ferrocenium/ferrocene couple as an external reference, measured under the same conditions before the GQD measurement.
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Figure 2.15 | (a) Cyclic voltammogram of CegtBus. (b) Graphical determination of the oxidation onset of the first oxidation wave.

For the cyclic voltammetry curve of CotBug, we can distinguish at positive potentials two reversible oxidation waves
with a half-potential of 0.132 and 0.421 V vs. Fc*/Fc for the first and second peak, respectively. In contrast, at negative potentials,

an irreversible reduction wave is present.

The half wave potentials (E; ,,) were calculated from the experimental peak anodic potential (E, ,) and peak

cathodic potential (E,, ) using Equation 2.1.

Equation 2.1

The CV can also be used to calculate the positioning of the HOMO and LUMO energy levels. To determine the
experimental position of the electrochemical highest occupied molecular orbital (HOMO) energy level (E£S,,0) of CogtBus, we
use the onset potential of the first oxidation wave. The numerical value was calculated using the empirical relation given in

Equation 2.2.2"%"
Eg(C)MO = _(on,onset + 4-8) eV
Equation 2.2

The positioning of the energy level of the Fc'/Fc couple is assumed to be -4.8 eV below vacuum level.”® The oxidation
onset potential (E,x onset) Was estimated graphically by the intersection point between the tangent of the oxidation wave and
the tangent to the baseline current in the voltammogram (Figure 2.15b). An approximate estimation of the lowest occupied
molecular orbital (LUMO) level (EES o) was made by using the relationship in Equation 2.2 with the reduction onset

(Ered,onset) Value instead of Eyy onsee- Finally, the electrochemical bandgap (EZ,,) was determined using Equation 2.3. All
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these values are summarized in Table 1. It is important to note that the reduction wave is not clearly distinguishable and

therefore the onset and LUMO values may not be accurate.

Ec _ pEc Ec
Egap = Ertmo — Enomo
Equation 2.3

Table 1 | Summary of the electrochemical values measured for CostBus. Potential values are reported vs. Fc'/Fc.
GQD E1/2, ox1 (V) E1/2, 0x2 (V) on, onset (V) Ered, onset (V) Eec, HOMO (ev) Eec, LUMO (eV) Eec, gap (ev)
CostBug  0.132 0.421 0.045 -1.812 -4.85 -2.99 1.86

AGGREGATION OF THE Cog GQD: A THEORETICAL DESCRIPTION

To better understand the aggregation process of CosfBus, a theoretical study of the interaction between two
nanoparticles was performed by Dr. Nicolas Rolland and Prof. David Beljonne from Mons University in Belgium and by Dr. Silvio

Osella from Warsaw University in Poland.

Because of the presence of tert-butyl groups along the main axis of the nanoparticle, different conformers of CstBus
can exist. These bulky groups can be positioned, with respect to the molecular plane, either up (U) or down (D). The combination
of these configurations results in six possible conformers with varying degrees of distortion in the molecule's aromatic plane,
induced by the positions of the functional groups, as can be seen in Figure 2.16. Among all these conformers, two are the most
stable: UD-UD and UD-DU (see Table 2).
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Figure 2.16 | Structures of the six possible conformers of CostBus, depending on the position of the central tert-butyl groups. U stand
for an “up” position with respect to the molecular plane. D stands for a “down” position. The hyphen separates the side along which the ¢-
Bu group is positioned with respect to the long axis of the molecule.

Table 2 | Theoretical values of relative energy and relative abundance of the six possible conformers of CostBus. The relative energies
are reported considering the UD-DU as point of reference. Relative abundance was calculated at room temperature.

Conformer ub-bU UD-UD UU-UD  UU-DU Uu-uu Uu-DD
AE contormers (€V) 0.00 0.02 0.34 0.39 0.66 0.78
Abundance @298 K 0.6851 0.3149 1.28-10° 1.99-107 4.03-10"* 3.82-10™
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To understand the aggregation, the potential of mean force curve was calculated considering the most stable
conformers (Figure 2.17). These curves illustrate how the system energy changes as a function of the distance between two
GQDs. The curves are obtained by initially pushing two nanoparticles towards each other from 20 A to 2 A. From the push curve
(blue), three minima can be observed. The push curved had to be corrected to account for conformational dissipations during
calculations due to finite sampling. The corrected push curve (black) was constructed by matching the push minima to the pull
minima. Minimum 1 (min1) depicts two nanoparticles facing each other but separated by a solvent layer. Minimum 2 (min2),
around 4 A, corresponds to a dimer where the two nanoparticles have half of their tert-butyls up and half down. And minimum 3
(min3) is a dimer where both molecules are in the UU-UU configuration, and the tert-butyl groups point "outwards" of the

aggregate.
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Figure 2.17 | Potential of mean force curve. Variation of the free energy as a function of distance between the center of mass of two
GQDs. Five different illustrations of the dimer conformation at the different points along the curves. For clarity, only the central fert-butyl

groups are represented as Van der Waals spheres.

To understand the dimer dissociation, and therefore also the association process, the GQDs are pulled apart from min2
or min3. When pulling from min2, there is an energy barrier that needs to be overcome. Looking at the conformation of a point
after the barrier (p. 2), it is noticeable that one side of the GQD is still closely interacting and the other is farther apart. To go from
min2 to p2, a tert-butyl group from the top molecule must “pass over” the group of the down molecule. In other words, they need
to overcome the steric hindrance of the bulky tert-butyl groups before being in close interaction. We can draw an analogy to a
container and its lid. To fully close the lid, one needs to apply some pressure to pass the edge of the lid over the edge of the

container.
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When pulling from min3, no energy barrier was observed, and molecules at point 3 (p3) are forming a dimer where one
side of the molecule has their tert-butyl groups pointing outwards and on the other side, one group points inwards and the other
outwards. This means that nanoparticles are in a UU-XX configuration, and that these conformers can spontaneously aggregate
together. However, calculations showed that these conformers are less favoured and are almost non-existent in solution (refer
to Table 2).

The calculations confirmed that the presence of more than one tert-butyl groups along the main axis of the nanoparticle
contribute to its good solubility. Another important parameter is the non-existence of certain conformers in solution. Indeed, if
the nanoparticle is in a conformation where each side of the molecule has a tert-butyl group is up and the other down, they need
to overcome a steric barrier before being in close interaction. For the conformers where only one fert-butyl group points up,
aggregation is possible, but significantly less likely to happen since they are less favoured.

2.3.3  OPTICAL PROPERTIES

We previously discussed the synthesis of CostBusg, especially the interesting high solubility of the quantum dot conferred
by the presence of adjacent tert-butyl groups along its main axis. This high solubility enabled us to obtain highly pure samples of
CostBusg and fully confirm its structure and purity by NMR spectroscopy. Now, we will turn our attention to its intriguing optical
properties. The classical optical characterization by absorption, photoluminescence (PL) and photoluminescence excitation (PLE)
spectroscopy were performed in our laboratory. The advanced optical experiments such as time-resolved photoluminescence
(TR-PL), polarized-resolved photoluminescence, photoluminescence quantum yield determination and the insight for the
physical interpretation of the data were performed at LUMIN laboratory in ENS Paris-Saclay by Dr. Thomas Liu, Hugo Levy-Falk,
Dr. Loic Rondin, and Prof. Jean-Sebastian Lauret.

In-depth optical studies of the GQD were performed in spectrophotometric grade 1,2,4-trichlorobenzene (TCB). This
solvent has been largely used by our research team and collaborators to study the optical properties of substituted graphene

nanoparticles.

ABSORPTION, EMISSION, AND EXCITATION SPECTRA

The absorption spectrum of CogtBusg in TCB is presented in Figure 2.18. At first glance, we can clearly distinguish a well-
resolved spectrum with sharp absorption bands. This level of resolution is indicative of a high degree of solubility of the GQD and
a good suggestion of the presence of individualized nanoparticles in the solution. On the absorption spectrum, we can appreciate
two sets of peak progressions around the two peaks at 470 nm and 610 nm. In total, we can discern ten absorption peaks located
at 610 (peak a), 597 (peak b), 564 (peak b), 554 (peak d), 522 (peak e), 470 (peak f), 457 (peak g), 442 (peak h), 429
(peak i), and 405 (peak j) nm. CostBusg has a high molar absorption coefficient (&). At the main absorption peak, &4, reaches
avalue of 458 181 M.cm™.
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Figure 2.18 | Absorption (green) and emission (cyan) spectra of CostBusg in 1,2,4-trichlorobenzene. Photoluminescence spectrum is

given for an excitation wavelength of 468 nm.

The emission spectrum of the nanoparticle exhibits three distinct emission bands (Figure 2.18). The Stokes shift
between the absorption and emission is 13 nm. We can distinguish an emission with a mirror symmetry to the lowest energy
absorption bands around 500 and 600 nm. The first emission peak is located at 623 nm. A second peak of smaller intensity is
located at 674 nm, and a third broad small peak can be distinguished around 743 nm. The calculated fluorescence quantum yield
using an integration sphere, is 94%. This value is among the highest values observed for GQDs.2* Such a high value is accounted
by the rigidity of the structure and the high individualization of the nanoparticles in solution. Such high luminescent properties
can be distinguished to the naked eye. Three photos of a solution of CestBus are given in Figure 2.19. When looked directly
through natural light, the solution containing the GQD is translucid. When looked under natural light, it is no longer possible to
see through the solution due to the emission of CostBus.

Figure 2.19 | (a) Asolution of CogtBus in 0-DCB looked directly through natural light. (b) Same solution in (a) looked under natural
light. (c) A solution of CogtBusg in TCB under a 366 nm UV light.

The photoluminescence excitation (PLE) spectrum of CogtBug was recorded for the two primary emission peaks at 623
nm and 678 nm, as shown in Figure 2.20. It is observable that the absorption and PLE spectra for both wavelengths overlay
perfectly. We can discern all the absorption features, with the bands located at the same wavelength and a similar bandwidth.
This correspondence is an indication that the absorbance and emission features are originated by the same emissive object. This
observation is again consistent with the hypothesis that we are observing individualized nanoparticles in solution without any
significant presence of aggregates. This is in strong contrast with the observations made for less soluble nanoparticles, such as

(T)Cos(C12H25)s, Where a neat difference between its absorption and PLE spectra is present.®

55



Time-resolved photoluminescence (TRPL) experiments on both emission peaks revealed similar dynamics. The
observed decay could be accurately fitted to a monoexponential with a lifetime of 2.9 ns. This monoexponential behavior is an
indication that a single electronic transition is taking place at the emission wavelength. Additionally, the correspondence of the
decay dynamics between both emission peaks agrees that we have a single emitting entity in solution.
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Figure 2.20 | Photoluminescence excitation and time resolved spectra for CogtBus. (a) PLE spectra of CogtBusg in TCB at two emission
wavelengths. (b) Time resolved fluorescence spectra in TCB at the same two wavelengths.

We wanted to test the solubility of CestBus in common organic solvents. For that, we dispersed the nanoparticle in three
different common organic solvents: dichloromethane, tetrahydrofuran, and toluene (Figure 2.21). All three solvent yielded
absorption and emission spectra similar to those obtained in 1,2,4-trichlorobenzene. In all cases, we observe a similar pattern of
well-resolved absorption and emission bands. We can notice an hypsochromic shift as we increase the polarity of the solvent in
comparison to TCB. Furthermore, PLE measurements on the emission bands reveal spectra that overlay perfectly with their
respective absorption spectrum, just like in TCB. This suggest that CostBus is highly soluble even in non-aromatic solvents.
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Figure 2.21 | (a) Absorption and (b) emission spectra of CogtBusin different organic solvents.

The sharp absorption and emission peaks provide rich information regarding the photo-physical properties of the GQD.
Both the excitation and time-resolved experiments confirm that we are observing individualized objects in solution at
concentrations needed to perform optical measurements in common organic solvents. As a result, the absorption and emission
spectra are highly resolved. In the following paragraphs, we will provide theoretical insight of the nanoparticle to better
understand the origin of these optical properties.
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THEORETICAL INSIGHT

Having individualized nanoparticles in solution allows to bring forth a more detailed interpretation of the optical
behaviour of the GQD. This understanding is possible thanks to the association of experimental observations and a theoretical
description of the nanoparticle’s optical properties. These theoretical calculations were performed by Dr. Silvio Osella form

University of Warsaw in Poland, and Dr. Nicolas Rolland and Prof. David Beljonne from Mons University in Belgium.

Our colleagues provided us with the theoretical electronic transitions involved in the absorption spectrum of the
nanoparticle. They performed their calculations with density function theory (DFT) using a HSE function and 6-31G(d,p) basis set
in the gas phase. Initially they conducted a geometry optimization of the nanoparticle at its ground state. Then, using TD-DFT
single point calculations, they identified four bright excited states for CostBus, reported in Table 3. We find a good agreement
when comparing these values to the experimental observations. This is particularly evident for the first electronic transition to
the Sy state (see pink lines in Figure 2.22a). For this first transition at peak a, which involves the HOMO and LUMO orbitals, the
theoretical calculations outputted a value of 615 nm and experimentally the first absorption band is located at 610nm, giving a
difference of only 5 nanometres. We attributed peak f to the Sy—S, transition and peak g to the Sy—Ss transition. The energy

difference between the theoretical and experimental values were found to be 12 nm for state Ss and 3 nm for Se.

Table 3 | Values of the theoretical bright electronic transitions for CostBus. Transition to $; has a very low oscillator strength, therefore it
is considered as a dark transition. However, its value is reported in this table as a point of reference. H and L stand for HOMO and LUMO,

respectively.

State AE(nm) Oscillator strength (f)  Transition involved

Si 615 1.01 H-L
S 572 0.0 H-1-1L
S4 482 0.62 H— L+
So 455 1.19 H-1- L+1
Su 404 0.2 H-2 - L+2

In the absorption spectrum we distinguish more absorption bands than those attributed solely to electronic transition
between ground and excited states. Given that the absorption spectrum originates from a single species in solution, as previously
discussed, we attribute all these bands to the vibronic progressions of the transitions. To gain a deeper understanding of the
vibrational effects in photophysics of CestBus, we reverted to theoretical calculations. The vibronic coupling was computed for
the first transition. To do this, to an optimized geometry of the S, state, calculated using TD-DFT, was applied an undistorted
displaced harmonic oscillator model in the Franck-Condon approximation. Figure 2.22b shows the comparison between the
experimental and computed absorption and emission vibronic spectra for the So—S; transition. As we can notice there is an
excellent agreement between hoth spectra. However, the accordance is more flagrant for the PL spectrum, where the thermal
population of the vibrational modes account for the observed linewidth. In contrast, the experimental absorbance spectrum has

sharper features.
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Figure 2.22 | Attribution of the absorption peaks of CostBusg in TCB. (a) Energy differences for the different peaks in the absorption
spectrum of CostBus. Pink bars correspond to the theoretical transitions, with their relative intensities corresponding to their relative
oscillator strength. Purple bars correspond to the theoretical values of the vibronic replicas associated to the So—S1 electronic transition.
(b) On top, the experimental spectra for the normalized absorption and emission of the Sy—S: transition. Below, the calculated
absorption and emission spectra for the So—S1 transition and their vibronic replicas at room temperature.

To complete the description of the absorption spectrum, the energy differences between the different peaks were
calculated (Figure 2.22a). For the S¢-S1 electronic transition (peak a) we distinguish two important values of ~165 meV (peak
a-¢; peak c-e) and 212 meV (peak a-d). These values agree with the theoretical energies calculated for to two vibrational modes
of the stretching of the C=C bond in an aromatic core (Figure 2.23): 166 meV (1338.88 cm™) and 205 meV (1653.44 cm™). We
reported similar values observed in the vibronic replicas in the emission of (T)Cas(C12H25)s.2> Peak ¢ corresponds to the 0-1
replica of the 1338.88cm™ vibrational mode, and peak e to the 0-2 replica. Peak d is attributed to the 0-1 coupling of the 1653.44
cm vibrational mode. In the higher energy part of the spectrum, for peak f and g, their associated (0-1) vibronic replica to the
1338.88cm” vibrational mode is assigned to peak h and i, respectively. It is possible that Peak j contains the 0-2 replica of the

1338.88cm” vibrational mode or that it is originated by the transition to Si;, whose theoretical value also aligns with this peak.

Mode 1338.88 cm™ Mode 1653.44 cm"!
Figure 2.23 | Representation of the calculated vibrations modes coupled to the S—S; transition of CogtBus. (a) Vibration with a
frequency of 1338.88 cm! (166 meV). (b) Vibration with a frequency of 1653.44 cm' (205 meV).

As one can notice, peak b was not discussed previously since its attribution remains unclear. The energy difference
between this peak and peak a is 47 meV. The theoretical calculations did not yield any vibrational mode with similar energy,
leaving us to think that it originates from an external reason. The most intuitive hypothesis for the origin of this peak would be
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the presence of aggregates in solution. However, as discussed earlier, the experimental observations indicate that the GQD is
highly individualized in solution. This was further confirmed by concentration experiments (Figure 2.24), for which no significant
effects were observed. There is no change in the peaks position, the linewidth, or the peaks intensity ratio to suggest that
concentration has any effect. Additionally, there is no evidence of the presence of aggregates in the NMR or MALDI-ToF spectra.
Notably, the NOESY spectrum does not show any spatial correlation that would suggest the presence of a dimer. All the

correlations are well accounted for the monomer.
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Figure 2.24 | Concentration dependent absorption spectra of CastBug in TCB.

An alternative explanation to the origin of peak b could be the presence of stable conformers. The theoretical electronic
transitions were computed for the six conformers and are given in Table 4. At most, the shift of the electronic transition’s energies
between the different conformers is 14 meV for the first transition. This value is still lower than the 47 meV observed
experimentally but within the same order of magnitude. It is important to note that these conformers also exhibit an energy shift
for the So—Ss transition but no peak with an energy difference within the same order of magnitude was observed. However, it is
possible that they remain hidden under adjacent peaks. As a final remark, theoretical calculations on the energy of these
conformers showed that only UD-DU and UD-UD would exist in solution. The additional conformers have a high energy difference
to UD-DU, and their relative abundance at 298 K would be very low (see Table 2). These two “stable” conformers have very close
theoretical values for their electronic transitions. If peak b originates from these conformers, the difference between the
theoretical and experimental observations may be explained by the environmental effects not considered in the calculations. This

is a question that warrants further investigation.

Table 4 | Theoretical energy values of the first bright electronic transitions and their bandgap values for the six possible conformers of
CostBus. All energy values are given in eV. For the electronic transitions, the oscillator strength (0.s.) is given in parenthesis.

Conformer uD-DU uD-uD Uu-ub Uu-DU uu-uu Uu-DD

Si(eV)(o.s.) 2.015(1.02) 2.017(1.01) 2.016(1.02) 2.022(1.02) 2.013(1.02) 2.031(1.02)
S2(eV) (0.s.) 2.169(0.01) 2.168(0.01) 2.175(0.01) 2.175(0.01) 2.181(0.01) 2.181(0.01)
S+(eV)(0.s.) 2.571(0.61) 2.571(0.62) 2.570(0.53) 2.571(0.52) 2.572(0.55) 2.574(0.57)
Se(eV)(o.s) 2.731(1.12) 2.728(1.19) 2.744(1.01) 2.736(1.08) 2.758(1.04) 2.738(1.04)
Egap (V) 1.92 1.92 1.93 1.92 1.91 1.92
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Finally, this theoretical insight allowed us to know the orientation of the absorption transition moments within the
molecule. To confirm the attribution of the electronic transitions in the absorption spectrum, it is possible to perform anisotropy

experiments. The results are presented in the following paragraphs.

FLUORESCENCE ANISOTROPY EXPERIMENTS

In this sub-section we will discuss the fluorescence anisotropy experiments performed for CostBus. A quick introduction

to the technique is going to be given, followed by the presentation of the results.

INTRODUCTION TO THE TECHNIQUE

Fluorescence anisotropy is a spectroscopic technique that takes advantage of linearly polarized light to gain detailed
information about the properties of an emissive molecule. In this section we will only make a quick introduction to the principles
behind fluorescence anisotropy. For a more comprehensive and detailed description of this process, the reader is encouraged to
read dedicated works."?" It has been known that small polycyclic aromatic molecules have their electronic transitions polarized
along different axis within the molecule.”® The GQDs of the rod-shape family, who are also polycyclic aromatic hydrocarbons,
exhibit similar properties. To investigate the orientation of the electronic transitions, it is possible to perform fluorescence

anisotropy experiments.

When a molecule is exposed to polarized light, the probability it absorbs the light depends on the orientation of the
absorption transition moment (M, ) relative to the direction of the polarized light. The absorption and emission (M) transition
moments are oriented in specific directions within the molecule. In a solution containing randomly oriented fluorophores that
are immobile, the polarized light will predominantly excite those fluorophores whose absorption transition moment aligns
parallel with the electric vector of the light. This results in a partial orientation of the excited molecules, a phenomenon referred
to as photoselection (Figure 2.25). Consequently, the fluorophores will also emit light that is polarized, reflecting the orientation
of their emission transition moments. To prevent the reorientation of the chromophores between the absorption and the
emission, that would lead to a depolarization through rotational diffusion or energy transfers, the experiments need to be

performed in a solid or viscous media.

Figure 2.25 | Distribution of excited states for an incident light polarized perpendicular to the z-axis.?®

The anisotropy (r) is defined as the ratio of the excess of the emission intensity parallel to the incident polarized light

divided by the total emission intensity, as given in the following relationship:
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L=

r - —_———

I+ 21,
Equation 2.4

Where [y is the intensity of the emission polarized parallel to the incident light, and I, the intensity of the emission
polarized perpendicularly. For a homogeneous solution of randomly oriented molecules, this value is comprised between -0.2
and 0.4 because of the photoselection probability. Not all excited fluorophores will have their absorption transition moment
parallel to the polarization of incident light (Figure 2.25). If we assume the absorption and emission transition moments are
collinear, not all emitted light will have a polarization parallel to M,. This implies that the maximum anisotropy value will be 0.4.
However, in reality, MA and ME are not necessarily colinear, so we also need to account for the angle («) between these two
vectors. If M, and My are perpendicular to each other, the value of anisotropy reaches its minimum -0.2. With these
considerations, the fundamental anisotropy (r;) of a molecule, where no other depolarizing processes are considered, is defined

as follows:

T =
75 2
Equation 2.5

3 E(B cos?(a) — 1)

To measure fluorescence anisotropy, the experimental setup in Figure 2.26 is commonly used. Initially, the incident
light passes through a monochromator (M) that selects a specific wavelength of light, which then passes through a first polarizer
(P1) to yield vertically polarized light that illuminates the sample. The light emitted from the sample consists of two components,
one polarized parallel and the other perpendicularly to the plane of the incident light. To separate these two components, the
emitted light then passes through a second polarizer (P,) that can be positioned either vertically (V) or horizontally (H). After

passing through another monochromator, the intensity of the polarized light is then detected and recorded.

Vertical

’

Figure 2.26 | Schematic drawing of a setup for measuring the steady-state anisotropy. M=monochromator, P=polarizer, S=sample."”

The intensities are typically denoted with subscripts indicating the orientation of the polarizers P; (excitation) and P,
(emission) respectively. For example, Iy refers to the intensity measured when both P; and P, are vertically oriented, and Iy
refers to the intensity when P is vertically oriented and P, is horizontally oriented. These intensities are used to calculate the

fluorescence anisotropy with the following relation:

r= Iyy — Glyy
Iyy + 2Glyy
Equation 2.6
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Gisa correction factor that considers the difference of the instrument’s sensitivity to vertically and horizontally polarized
light. Factor G is measured by setting P; to a horizontal position and acquiring Iy, and Iy . If the incident light is horizontally
polarized, the measured intensity of the vertical and horizontal components both originate from perpendicular emission to the
incident light and should be equal. Therefore, the ratio of their intensities reflects the instrument’s sensitivity. Finally, to recover

the anisotropy value, four intensity measurements are required at each excitation wavelength (Aexc): Iyy, Ivu, Igy, and Iyy.

EXPERIMENTAL RESULTS

The theoretical calculations showed that the transition moments for CostBus are oriented along the longitudinal and
transverse axis of the nanoparticle. For instance, the So—S; and So—Ss transitions are aligned to the longitudinal axis of the
nanoparticle. Inversely, the So—S4 transition is positioned along the transverse axis. This can be appreciated in Figure 2.27. The
So—Satransition is not shown in the figure since the calculated oscillator strength is very small (See Table 3), but calculations
indicated that the transition is aligned along the transverse axis. These different alignments of the electronic transitions make

possible to perform the anisotropy experiments on the GQDs.

Longitudinal

Transverse

C,;tBu,

Figure 2.27 | Longitudinal and transverse electronic transitions of CogtBus. Representations on the right show the calculated electron-
hole distributions associated to the electronic transition.

The measurements were performed in a solution of castor oil and 1,2,4-trichlorobenzene (90/10). The viscosity of castor
oil will allow to immobilize the nanoparticles in solution during the experimental time window. Measurements were performed
at 629 nm, in the main peak of photoluminescence of CogtBug who do not overlap with the emission the castor oil, who also
exhibits fluorescence (Figure 2.28a). Figure 2.28h shows the anisotropy curve and the PLE measured for CostBus in the mixture
of solvents. The PLE spectrum of CostBusg recorded in a solution of castor oil and TCB is the same as in only TCB, which indicates

that at this wavelength we are primarily observing the nanoparticle.

Concerning the anisotropy curve, we notice that it is relatively flat above 500 nm and varies with the excitation
wavelength below 500 nm. The oscillations observed in the anisotropy curve present maxima and minima that align nicely with
the peaks in the PLE spectrum. This variation is to be understood as the change in the angle between the absorption (M) and

emission (M) transition moments.

At values over 500 nm, where the observed transitions correspond to Si—So, the maximum anisotropy is 0.37. This
value, close to the theoretical maximum of 0.4, indicates that M, (So—S1) and M (S1—So) are closely aligned (see Equation
2.5). The emission observed for the nanoparticle originates exclusively from the S;—Sy transition. Therefore, the variations below

500 nm correspond to the angle difference between the M, (So—S4) and M (S1—5s), and between M, (So—Ss) and M (51-50).
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Theoretical calculations indicate that M, (So—S4) is perpendicular to M,(So—S+), which explains the variation towards negative

values around the peaks assigned to this transition. Analogously, for the peaks assigned to the Sy—Ss transition, where M), lies

parallel to M, (So—S1), the curve returns to positive anisotropy values.

Figure 2.28 | Photoluminescence and anisotropy curve for measurements of CastBus in castor oil/TCB. (a) Comparison of the PL curve
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of the solvent system, and the fluorophore with and without the solvent system. We can observe that around 629 nm the castor oil
exhibits very little luminescence. (b) Curves of the PLE and anisotropy measures of CostBus in castor oil/TCB.

The dependence of the anisotropy curve to the absorption transition moment can be better visualized in Figure 2.29a,

where the parallels and orthogonal components in the PLE spectrum are separated.?">?" We see that the parallel component

contains the peaks attributed to the So—Si and So—Ss transitions and their respective vibronic peaks. The perpendicular

component has only the peaks attributed to So—S4 and its vibronic replica. The experimental data is in excellent agreement with

the theoretical spectrum of the separated parallel and perpendicular components (Figure 2.29b). In this way, we can confirm

the attribution of peaks for CostBus. We observe in the experimental perpendicular component spectrum that there is no PLE

peak around 570 nm, the region where the theoretical Sy—S; transition occurs. This supports our assertion that peak b does not

originate from this electronic transition. As previously discussed, this peak is associated with the So—S; electronic transition, and

thus, it appears in the parallel PLE spectrum.
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Figure 2.29 | Experimental and theoretical curves for the separated parallel and perpendicular components of CostBug PLE. (a)
Experimental curve derived from the anisotropy and PLE measurements at 629 nm. (b) Theoretical curve showing the parallel and
perpendicular electronic transitions along the main axis of the nanoparticle.
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SINGLE-MOLECULE EXPERIMENTS

Single molecule spectroscopy (SMS) is a relatively young technique that allows to get more detailed information about
a molecule than in solution, where the observed properties are the average of the ensemble.””® Besides the single molecule
experiments can give us interesting information about dynamic processes or quantum properties of the GQD. In the introduction,
we already discussed how SMS allowed to determine that (T)Cos(C12H25)s behaves as a single photon emitter at room
temperature, has a high photostability, does not exhibit any blinking, and enabled the distinction of the intrinsic emission of the
GQD and impurities in the sample.""22 Using this technique, it is possible to observe and measure only the intrinsic optical
properties of a single GQD without the influence of impurities or aggregates that would be otherwise averaged in solution
experiments. CostBus already shows very interesting properties in solution, such as high individualization, high purity, and high

quantum yields. All this makes the investigation at a single molecule level more exciting.

To perform single molecules experiments, CostBug was dispersed in TCB and mixed with a solution of polystyrene (PS)
in TCB. The mixed solution is then deposited by spin coating on a glass substrate previously treated with plasma. The sample is
then dried on a hotplate for 1 h at 90°C. A photoluminescence map of the sample is mesured with a home-built micro-PL setup
at ambient conditions. A schematic representation of the setup is presented in Figure 2.30. A light source passes through an
objective to excite the sample. The emitted light then passes through dichroic mirror to separate the excitation and emission light,
then trough a confocal pinhole to reduce any contribution of neighboring out-of-focus emitters.

aaea GQDs in PS matrix

Objective
N.A. = 1.42
XYZ piezo stage

Dichroic Mirror T ]

lPL
| ey

Pinhole Filter

Figure 2.30 | Schematic representation of the setup used for single molecule experiments.
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Figure 2.31 | Single molecule measurements for CastBus. (a) PL map of a sample of CostBusg in a PS matrix. (b) Superimposition of the
photoluminescence spectrum of a single CogtBug and of a solution of CogtBusg in TCB.
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A PL map of a sample is presented in Figure 2.31a. It is possible to notice luminescent spots in the PS matrix the size
of a few hundred nanometer corresponding to the diffraction limit. The PL spectrum of one spot is recorded, and as can be
distinguished in Figure 2.31b, the emission spectra of one spot fits very well to the one obtained in solution measurements. The

deviation observed at shorter wavelengths can be explained using a cut-off filter in the micro-PL setup.

This accordance is an indication that we are observing the same objects in solution and in the polymer matrix. To confirm
that we are indeed observing a single emitter, further characterizations were performed. First, the observation of the PL intensity
over the continuous illumination of the chromophore can give an indication of the number of emitters in an observed spot. For
instance, the PLintensity of a spot will experience a series of discrete jumps over time if more than one object is present. On the
contrary, in the case of a single emitter, the intensity should experience a single jump to 0. The trace of the PL intensity for a
typical spot CogtBusg in a PS matrix is given in Figure 2.32. It can be observed that a single drop in PL intensity takes place,
confirming that a single emitter is present. Additionally, the PL intensity of CostBug remains constant without any blinking,
showing a high photostability.

0 500 1000 1500 2000
Time [s]

Figure 2.32 | Time trace of the photoluminescence of CostBus. Red line corresponds to the moving average. Blue stars indicate manual
adjustments made to the setup.

The second order correlation function g2(t) of CostBug was measured adding a Hanbury Brown-Twiss setup to the initial
micro-luminescence setup (Figure 2.33a). The emitted light passes through a 50:50 beam splitter before its detection. A first
detector is used to gives a start signal, and a second a stop signal. The second order correlation function for CogtBus is given in
Figure 2.33h. The fit gave a g®(0) = 0.17. Values of g®(0) lower than 0.5 are associated to single photon emitters, since the
probability of a single photon to be detected by the two detectors should be zero. The measured value confirms that the CogtBus

is a single photon emitter, and that the observed properties from the luminescent spots are originated from a single molecule.

“ Hanbury Brown-Twiss setup B

- g o
. GQD in PS matrix m - sk i E o
Hh:’ﬁ_"‘“——@—{)gj&_l SRl Y o ,

= - O Stop

Laser

1 _|I'|:-:]

Figure 2.33 | (@) Hanbury Brown-Twiss setup. (b) Measured g®(0) for CogtBus. The read lines correspond to the fit.

CostBus behaves as a single photon emitter with high photostability. The excellent agreement between the
photoluminescence from single molecule spectroscopy and from solution supports that the GQD is well individualized in solution.
To gain more resolution, single molecule experiments at low temperature experiments are being performed. Additionally, to
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minimize the impact of the environment on the observed properties, single molecule depositions in a single crystal matrix are

being tested.

2.4 VARYING THE ROD-SIZE

The high solubility of CostBusg enabled us to perform unprecedented optical experiments. With the intention of exploring
how a change in size of the aromatic core of the GQD, while keeping the same Gz symmetry, is going to affect their optical
properties, we now turn our attention the synthesis, chemical and optical characterization of the other members of the rod-
shaped family of GQDs: CzstBus, C114tBu1o, and Ciz2tBusa. Within this family, the size of the aromatic core of the nanoparticle

ranges from 1.99 nm for the smaller member to 3.11 nm for the largest compound.

2.4.1 SYNTHESIS

The synthesis of CstBus, C11atBuso, and Ci32tBus, follows the same strategy as that for CogtBus. Firstly, a terphenyl
alkyne core is synthesized, which is then subjected to a Diels-Alder reaction with CP-1 to yield the corresponding polyphenylene
dendrimer. Then, this dendrimer is oxidized through a Scholl reaction to form the new C-C bonds. As illustrated in Scheme 2.9,
it is possible to tune the size of the GQD by changing the number of terphenyl rows in the alkyne core. Furthermore, since the
alkyne core is responsible for introducing the tert-butyl groups along the main axis of the nanoparticle, increasing the size of the
core will also increase the number of solubilizing groups in the final structure. We have previously discussed that these groups
play a definitive role in the high solubility of CestBus and as will be discussed later, they also play a crucial role in the solubility

properties of the other members of the rod-shaped family.

Scholl
oxidation

Scholl
Diels-Alder oxidation
_—
CP-1
Scholl
Diels-Alder oxidation
—_— _—

Scheme 2.9 | General synthetic strategy to the synthesis of C7gtBus, C11atBusg, and Cr3atBura.
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CORE SYNTHESIS

The general strategy for the synthesis of the different alkyne cores 20, 22, and 24 relies on the one employed for the
alkyne core for CogtBus. As one may observe, the size of the cores increases along with the size of the GQD. Consequently, the
number of reaction steps needed to synthesize the alkyne core will also increase. The synthetic route to these cores is summarized
in Scheme 2.10. It is important to highlight that although the number of steps increases with the size, some precursors used in
the synthesis of one core are also employed in the synthesis of another core of the rod-shaped family. This shared methodology
helps streamline the overall synthetic process.

The general strategy for the synthesis of the alkyne cores is as follows. First, a trimethylsilyl-disubstituted terphenyl is
synthesized, their respective synthesis will be discussed shortly. Depending on the target size of the nanoparticle, this
intermediate varies in number of terphenyl rows. Therefore, for CzstBus it is @ mono-terphenyl derivate 14, for C11atBuso it is a
tri-terphenyl derivate 28, and for C132tBus2 it is a tetra-terphenyl 31. This trimethylsilyl-disubstituted terphenyl then undergoes
idodesilylation in the presence of iodine monochloride to give the corresponding diiodo derivatives 26, 29, and 32. Subsequently,
a Sonogashira coupling with trimethylsilylacetylene produces the protected alkyne terphenyls derivates 27, 30, and 33. Finally,
upon deprotection of the alkyne functions in the presence of tetrabutylammonium fluoride, the desired 20, 22, and 24 alkyne
cores are obtained. The deprotection is performed prior to use and the alkyne cores are used without any further purification.

Let's now discuss the synthesis of the corresponding trimethylsilyl-disubstituted terphenyl derivates 14, 29, and 31.
The synthesis of terphenyl 14 was already described in last section as an intermediate for the synthesis of CostBus. Now, it is also
serves as an intermediate product in the synthesis of CzstBus. The synthesis of the tri-terphenyl derivate 28 relies in the Suzuki-
Miyaura coupling between the diiodo terphenyl 26 and the mono-borylated terphenyl 16, in the presence of a palladium
catalyser. This coupling works better with tetrakis(triphenylphosphine)palladium(0) than in the presence palladium(ll) diacetate
with 2-dicyclohexylphosphino-2',6’-dimethoxybiphenyl (SPhos) as ligand, as was the case for the di-terphenyl derivative 17. This
can be explained by the fact that using smaller ligands in the palladium complex intermediates reduces the steric hindrance,
allowing the reaction to proceed more easily. Since we are now synthesizing rather large precursors, steric considerations become
significant.

The tetra-terphenyl derivate 31 is achieved through the Suzuki-Miyaura coupling between the diiodo di-terphenyl
derivate 18 and the mono-borylated terphenyl 16. Again, the reaction only proceeded when
tetrakis(triphenylphosphine)palladium(0) was used. Despite the considerable size of the product, the reaction proceeded with a
good yield. It's noteworthy that for the synthesis of 31, we use the diiodo-di-terphenyl that was employed in the synthesis of
CostBus. We also observed that the pinacol boronic ester 16 plays a central role in the synthesis of the alkynes cores for CostBus,
C11atBusg, and Cq32tBuqz. We have previously discussed the limitations encountered in the synthesis of 16; however, it's
important to emphasize that the relatively low yields, coupled with the extreme sensitivity of the reaction to the presence of

water, constitute a challenge for producing large quantities of the alkyne cores.
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Scheme 2.10 | Synthetic route to alkyne cores 20, 22, and 24.

DENDRIMER SYNTHESIS AND SCHOLL OXIDATION

To synthesize the polyphenylene dendrimers, the corresponding terphenyl alkyne core is reacted with fert-butyl

substituted tetraphenylcyclopentadienone CP-1 in Diels-Alder conditions (see Scheme 2.11 for the details of the conditions

employed). As for the synthesis of CostBus, the oxidation of the dendrimer into the corresponding nanoparticles CzstBus and

C11atBuso, was achieved using iron(lll) chloride as oxidant as well as DDQ in the presence of trifluoromethane sulfonic acid.
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Oxidation with DDQ yielded cleaner reactions, so here we only focus on these conditions. C132¢Bus, was only oxidized in the

presence of DDQ.
® DD
® Z CF,SOH
Z 0-xylene CHCl,
S 5
919602 27%
20

CP-1

o-xylene
175°C
16h
59%

c132tBu12
m/2=2295.05

Scheme 2.11 | Dendrimer synthesis and Scholl oxidation route to obtain CzstBug, C114tBuo, and C132tBusa.

The three GQDs exhibited high solubilities as CogtBus, therefore purification was possible through a precipitation step
followed by column chromatography or a size exclusion chromatography. If the oxidation is performed with DDQ, the purification
step can be achieved by two steps of precipitation and ultracentrifugation, as was the case for CostBus. To assess the completion

during the reaction and the quality of the purification MALDI-ToF spectrometry was used (see next section).

2.4.2 CHARACTERIZATIONS

CHEMICAL CHARACTERIZATION

MASS SPECTROMETRY

The MALDI-ToF spectra or CrstBus, C11atBuso, and Ci32tBus, after purification are presented in Figure 2.34. For all
three nanoparticles the zoom in the monomer region shows the lack of additional peaks corresponding to byproducts. Besides,
the theoretical isotopic pattern fully agrees with the experimental pattern. As can be observed, a peak corresponding to the dimer

of CzstBus is present in the mass spectrum. This dimer peak was not observed for C114tBuso, and Ci32tBusa.
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Figure 2.34 | MALDI-ToF spectra of CztBug, Cr1atBu, and CsotBusz after purification. (a) Zoom in on the monomer peak region of
CzstBug. The insert compares the isotopic pattern of the M* peak with a theoretical distribution. (b) Full mass spectrum of CzstBug. The
insert compares the isotopic pattern of the dimer peak with a theoretical distribution. (c) Zoom in the main peak region of Cy1atBuso. The
insert compares the isotopic pattern of the M* peak with a theoretical distribution. (d) Zoom in the main peak region of C13,tBus,. The

NMR SPECTROETRY
The structure of the GQDs was confirmed by NMR spectroscopy. Attribution was achieved through COSY and NOESY

experiments. As for CostBus, HSQC and HMBC experiment confirmed the attribution and structure of the GQDs. Here only the -H
NMR are presented, the spectra from the 2D experiments are given in Appendix 1. The NMR spectra of C114tBu1o, and C132tBusz
arevery clean (Figure 2.35). Even though some solvent signals like benzene (7.28 ppm), dichloromethane (5.39 ppm), and water
(2.21 ppm) are present, the downfield aromatic region shows only well resolved signals that were attributed to the nanoparticles.
Along with CegtBus, a trend in the distribution of the proton signals can be observed. For instance, the triplet corresponding to
proton 2 is the most up-field signal of the nanoparticle. The singlet attributed to proton 10, in the same position within the three
structures, gives the most down-field signal. Finally, the two tert-butyl groups at the exterior of the GQD give the most up-field

signals for these groups.
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In contrast, the attribution of peaks made to CstBug does not follow the same logic as for the other members of the
rod-shaped family (Figure 2.36). For example, the proton in position 2 does not give the most up-field signal as was the case for
the other GQDs. The size of the nanoparticle, as the distribution of tert-butyl groups, seem to have an impact on the electronic
distribution within the core. As additional comment on the NMR spectra of CzstBus, let's address the presence of additional broad
peaks on the aromatic region. Indeed, it is possible to distinguish well resolved signals, that in help with the complementary
experiments were attributed to the monomer of the GQD. However, the aromatic region is marked by multiple broad peaks. In
the NOESY spectrum, these broader peaks appear to interact with each other. Given that these broad peaks also overlap with the
monomer peaks, the NOESY spectrum presents complex correlations. The assignment of the monomer peaks was based on COSY
NMR experiments, where strong coupling between the hydrogens was observed.
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The origin of these broad peaks could be attributed to impurities, partially fused derivatives, or the presence of
aggregates. Among these possibilities, the presence of aggregates seems to be the most plausible explanation, as there were no
traces of impurities or partially fused derivatives found in the mass spectrum. However, a peak corresponding to the GQD dimer,
with higher intensity than the one of monomer, is present. It has also been described that ni-stacking interactions can lead to a
broadening of NMR signals.?" To corroborate this hypothesis, it would be interesting to perform NMR experiments in the
presence of different ratios of anti-solvents to observe if there is a change in the signals intensities that would suggest the passage
from monomer to dimer or multimeric aggregates.
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Figure 2.36 | NMR spectra of CzstBug (600Mz, THF-ds+CS,, 298K). (a) 'H spectrum and attribution of peaks to the CzstBus structure. (b)
'H-TH NOESY spectra with dotted lines showing the correlation interactions between protons. Gray lines represent interactions attributed
to the small broad peaks. (c) H-"H COSY spectra with dotted lines showing the correlation interactions between protons.
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ELECTROCHEMISTRY

The electrochemical properties of CrstBus, C11atBuso, and Ci32tBus, were examined under the same conditions as

detailed in Section 2.3.2. The cyclic voltammograms are presented in Figure 2.37. For the three nanoparticles, two reversible

oxidation waves are visible. In the case of CzstBusg, no reduction wave is apparent, though a small bump at low potentials suggests

an irreversible reduction. For Cy1atBuqo, an irreversible reduction wave is observed. The intensity of the reduction seems to be

larger than that of the oxidation, suggesting a multi-electronic process. For C132tBusz, a reversible reduction wave is present.
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Figure 2.37 | Cyclic voltammograms of CzgtBus, C11atBusg, and C13ptBuz.

Table 5 | Summary of the electrochemical values measured for C7stBus, CostBus, C11atBug, and Cq32tBus,. Potential values are

reported vs. Fc'/Fc.

GQD E1/2, ox1 (V) E1/2, 0x2 (V) on, onset (V) Ered, onset (V) Eec, HOMO (ev) Eec, LUMO (eV) Eec,gap (ev)

CrstBus 0.055 0.2845 -0.064 -1.514 -4.74 -3.29 1.45
CostBusg 0.132 0.421 0.045 -1.812 -4.85 -2.99 1.86
CiatBuso  0.078 0.335 -0.016 -1.619 -4.78 -3.13 1.65
CintBur,  0.062 0.287 -0.031 -1.646 -4.77 -3.15 1.62

Following the same treatment as described in Section 2.3.2, we obtain the values reported in Table 5. We can discern

a trend in the position of the first oxidation wave. CostBus has the highest half-wave potential and then in order of increasing size

this potential diminishes. One would expect for CzstBus to exhibit a higher value since it is the smaller member of the family and

therefore should possess a larger band gap. Nonetheless, CzstBus exhibits the lowest half wave potential for the first oxidation.
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A similar trend is observed for the electrochemical band gap. We can attribute this strange behavior of the nanoparticle to the

presence of aggregates on the sample that modify the electrochemical properties.

THEORETICAL STUDIES: THE SOLUBILITY OF THE C75 GQD

CzstBus exhibits a different behavior as the other members of the rod-shaped family. In the mass spectra we observe a
dimer peak, the 'H NMR spectrum possess unattributed broad signals, the electrochemical behavior is different, and, as we will
see later, the optical properties of this nanoparticle also differ from the rest of the family. All these observations suggest that
CzstBus aggregates in solution. To better understand the aggregation process of the small member of the rod-shaped family, we
turned again to theoretical descriptions. In CzstBus, the central tert-butyl groups can be either up or down with respect to the

molecule’s aromatic plane. Two conformers U-U and U-D are possible (Table 6).

Table 6 | Theoretical values of relative energy and relative abundance of the two possible conformers of C7tBug. The relative energies
are reported considering the U-U as point of reference. Relative abundance was calculated at room temperature.

Conformer u-u u-D
AEconformers (ev) 0000 0008
Abundance @298 K 0.5785 0.4215

25 Ff- ° f © * ° ¢~ F © % = © & =
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Figure 2.38 | Potential of mean force curve of CratBus. Variation of the free energy as a function of distance between the center of mass
of two GQDs. Five different illustrations of the dimer conformations at the different points along the curves. For clarity, only the central
tert-butyl groups are represented as Van der Waals spheres.
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Push-pull experiments were carried out by Dr. Nicolas Rolland and Prof. David Beljonne. The potential of mean force
for the distance between the centre of mass of two GQDs is presented in Figure 2.38. In the push curve, three minimums were
identified. The first one (min1) corresponds to a scenario where two nanoparticles are separated by a solvent layer. A second
minimum (min2) represents a dimer where two nanoparticles face each other at 4 A. For this dimer, one molecule has its tert-
butyl group facing inwards, while the other is facing outwards. A third minimum (min3) is observed for a dimer where both
nanoparticles have their tert-butyl groups facing outwards. When performing the pull experiments from min2 or min3, no
significant potential barrier is observed, suggesting that aggregation is favourable process.

With regards to CzstBus, both conformers can exist in solution (see Table 6). Consequently, during the association
process, two nanoparticles can interact such that at least on one side of the forming dimer their tert-butyl groups point outward.
This constitutes an entry point to the formation of min3, for which no significant energy barrier was observed. The absence of

more than one adjacent tert-butyl groups along the main axis allows the aggregation of nanoparticles.

2.4.3 OPTICAL STUDIES

Let's now turn our attention the optical behavior of these new members of the rod-shaped family of graphene quantum
dots. So far, CzstBus has demonstrated distinct behavior compared to the rest of the GQDs. The differences observed appear to
originate from a lower solubility of the nanoparticle. For instance, the mass spectra displayed a peak that could be attributed to
a dimer structure, and the NMR spectrum revealed broad peaks that could originate from aggregation. None of these
observations were made for the larger members of the rod-shaped family, who despite their large size remain highly soluble.
Additionally, theoretical studies indicated that CzstBug has a propensity to aggregate due to the lack of adjacent tert-butyl groups.
Consequently, the optical behavior of CstBus is impacted by its intrinsic lower solubility. Therefore, we will discuss its optical

properties separately.
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Figure 2.39 | Absorption and emission spectra of CzstBugin TCB. Excitation at 443 nm. Pink lines show the theoretical electronic

transitions for the C7stBus monomer.
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The absorption and emission spectra of CzstBug in 1,2,4-trichlorobenzene are presented in Figure 2.39. The absorption
spectrum exhibits a maximum at 443 nm. We can identify two sets of band progressions: the first spanning from 474 nm to 555

nm, and the second from 375 nm to 443 nm. However, it appears to be a loss of resolution from the one observed for CostBus.

The photoluminescence spectrum exhibits a main emission peak at 570 nm. Adjacent to this maximum, a shoulder of a
secondary peak can be distinguished at lower wavelengths. A separate set of two peaks is apparent at 614 nm. Above 625 nm,
there is a broad tail. This emission contrasts with the one observed for CostBus, where three distinct band were present. We can
clearly observe an effect of aggregation on the optical properties: an absorption spectrum with broader peaks and an emission
spectrum with multiple peaks. The quantum yield diminishes to lower values of 78%, nevertheless, the nanoparticle remains
highly fluorescent.

To determine whether all the emission peaks originate from the same source, excitation experiments were conducted
at the five wavelengths corresponding to the peaks in the emission spectrum (561 nm, 570 nm, 603 nm, 614 mn, and 662 nm).
The photoluminescence excitation (PLE) spectra are displayed in Figure 2.40a. It is possible to distinguish three different types
of PLE spectra. The first one is observed for the two peaks at shorter wavelengths, 561 nm and 570 nm. The PLE spectrum mirrors
the absorption pattern of CsstBus. At the longest wavelength, 662 nm, the PLE spectrum is extremely broad, obscuring all
definition of the peaks around 400 nm, and the peaks at longer wavelengths appear to undergo a slight bathochromic shift. The
pair of emission peaks at 603 nm and 614 nm exhibits an intermediate behavior. Regardless, the PLE spectra do not perfectly

overlap with the absorption spectrum, implying that the absorption spectrum may be the result of multiple emissive sources.

To gain a better insight to the nature of the origin of the emission peaks, we performed time-resolved experiments. The
spectra of the TR-PL experiments were measured at the same wavelengths that the PLE experiments is presented in Figure 2.40b.
We can observe a matching behavior to the PLE. The first pair of peaks exhibit a similar decay, different from the one of the second
pair of peaks. For the five peaks, the decay can be described by a double exponential. The fitting yielded two lifetime values, a
short lifetime of ~4.5 ns and a longer lifetime of ~12-18 ns.
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Figure 2.40 | Photoluminescence excitation and time resolved spectra for C7gtBus. (a) PLE spectra of C7tBusin TCB at five emission

wavelengths. (b) Time-resolved fluorescence spectra in TCB at the same five wavelengths.

To confirm the presence of aggregates, experiments were conducted at varying concentrations. As can be seen in Figure
2.41a, when the concentration diminishes, the absorption spectrum gains in resolution. Furthermore, the solubility of this small
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GQD seems to be significantly influenced by the choice of solvent (Figure 2.41b-c). The absorption and emission spectra in
common organic solvents such as toluene, tetrahydrofuran, and dichloromethane vary greatly from those recorded in TCB. In
these solvents, the resolution in the 375 nm - 450 nm region is significantly reduced, with only two distinguishable shoulders.
The emission spectra also exhibit a notable contrast between these alternative solvents and TCB. The peaks at longer wavelengths
become more prominent, and the resolution is lost in the PL spectrum.

The PLE spectra in these alternative solvents can give us some information on the absorption and emission of the
aggregates. We will now exclusively focus on toluene since tetrahydrofuran and dichloromethane give similar results (Figure
2.41d). The PLE spectrum recorded for a wavelength at the beginning of the emission peak (555nm) gives a well-resolved
spectrum, similar to the one observed in TCB at shorter wavelengths. The PLE at higher wavelengths gives a broad spectrum, alike
to the absorption spectrum. Additionally, this broad spectrum resembles to the PLE spectrum obtained at the longer wavelength
(662 nm) in TCB. The aggregates for this nanoparticle seem to have a red shift in the emission compared to the monomer.
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Figure 2.41 | (a) Absorption spectra of CzstBus in TCB at different concentrations. (b) Absorption spectra of CzstBus in TCB, toluene,
THF and CHxCl. (c) Emission spectra of CzstBug in TCB, toluene, THF and CHaCl,. (d) PLE spectra of CzstBug in toluene at four different
emission wavelengths.

All these observations seem to agree that CzstBug aggregates in solution. In TCB, the monomers coexist with other
species, such as dimers or higher aggregates. In other solvents, the aggregates seem to predominate in solution. These aggregates
seem to experience a bathochromic shift in the absorption in the 500 nm - 600 nm region, and a red shifted emission in
comparison to the monomer. As an additional remark, the NMR data indicates that the monomer is predominant in CS; even at
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high concentrations (~10* M). However, overtime, a precipitate began to depose on the bottom of the NMR tube. Optical
experiments in CS,, where much lower concentrations are needed, could help determine the optical properties of the monomer.

These experiments are yet to be done since sealed cuvettes are needed to work with CS,.

THE LARGE MEMBERS OF THE FAMILY: C114tBU1o AND C132tBU12

In contrast to C7stBug, for C11atBu1o, and Ci32tBui2 e recover a well-defined spectrum very similar to the one described
for CogtBus. Their corresponding absorption and emission spectra are given in Figure 2.42 for C414tBuo, and Figure 2.43 for
C132tBusz. In the absorption spectrum we recover a similar progression to the one described for CostBus, where we distinguish
the electronic transitions and their vibrational progressions. Their emission spectra exhibit two distinguishable peaks, and in the
case of C1atBuqo we can discern a third peak. For both nanoparticles we still find a good agreement between the theoretical
prediction and the experimental (see bars below the absorption spectrum). In both cases, the emission can be attributed to the
0-0 transition and their vibronic replicas for the C=C stretching. The fluorescence quantum yields were calculated using an
integration sphere: it is 91% for C11atBu1o and 88% for C132tBu-2. These are excellent values, considering the nanoparticles emit

in the red region of the electromagnetic spectrum.

Despite the large size of these GQDs, the nanoparticles remain highly individualized in solution at the dilute
concentrations needed for optics experiments. We recover similar features to the ones observed for CostBus: perfect matching
between the absorption and excitation spectra for all emission peaks, no dependence of the absorption spectrum to
concentration, high quantum yields, and monoexponential lifetimes. Their solubility remains very high in other organic solvents
with similar line shapes and a slight solvatochromic effect with a blue shift with respect to TCB.
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Figure 2.42 | Optical properties of C114tBuso. (@) Absorption and emission spectra in TCB. Pink bars represent the theoretical electronic

transitions, their height is proportional to their oscillator strengths. (b) PLE spectra at the two main wavelengths of emission. (c) Time

resolved fluoresce spectra at the same two wavelengths of excitation. (d) Concentration dependant absorption spectra. (e) Absorption

spectra in TCB, toluene, tetrahydrofuran, dichloromethane.
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Figure 2.43 | Optical properties of C132tBus. (@) Absorption and emission spectra in TCB. Pink bars represent the theoretical electronic
transitions, their heigh is proportional to their oscillator strengths. (b) PLE spectra at the two main wavelengths of emission. (c) Time
resolved fluoresce spectra at the main emission peak. (d) Concentration dependant absorption spectra. (e) Absorption spectra in TCB,
toluene, tetrahydrofuran, dichloromethane.

COMPARISON OF ALL THE ROD-SHAPED FAMILY

If we compare the optical properties of the four members, it is possible to gain additional insight in their behaviour as
a family. The absorption and emission spectra of the four GQDs is given in Figure 2.44. As can be expected, the first observation
is the red shift of the emission as the size of the GQD increases. The wavelength of the lowest transition is 558 nm for C;stBus and

668 nm for C132¢Bu12. We can tune the absorption and emission of the GQDs over a range of 110 nm by changing their size.
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Figure 2.44 | Comparison of the (a) absorption and (b) emission of C7stBug, CostBus, C11atBusg, and Cq32tBusz in TCB. The asterisks (*)
indicate the first, second, and third bright electronic transitions for C432tBus,.

If we examine the absorption spectrum in greater detail, we can observe that the intensity of the first electronic
transition (marked with a “ * " in the C132tBus2 absorption spectrum) increases relative to the intensity of the second bright
electronic transition (marked with “ ** ). A similar trend can be observed between the third bright electronic transition (marked
with “ *** ") "and the second electronic transition. This is because, as with CestBus, the charge density of the first electronic
transition is distributed along the longitudinal axis, the second transition along the transverse axis, and the third transition is
again along the longitudinal axis of the nanoparticle. As the nanoparticle increases in size, also does the longitudinal axis, whereas
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the transverse axis remains constant. Therefore, the intensity of the transitions along the longitudinal axis increases with size,

while the intensity of the transverse transition remains constant.

2.5 TOWARDS THE FIRST APPLICATIONS

Light-emitting diodes (LEDs) are a device that emits light when a current flows through it. The basic architecture is an
emissive material sandwiched between two electrodes. When the emissive material is an organic molecule, the device is more
precisely named an organic light-emitting diode (OLED). This molecule requires a high luminescence quantum yield in the solid
state, good carrier mobility, chemical stability, and color purity.”® GQDs synthesized in an organic chemistry fashion are promising

candidates as emissive materials.

First advances in the integration of hydroxylated GQDs, synthesized via a solvothermal approach, into a
photoluminescent device were recently reported by Yuan et a/.?*' To date, there have been no reports of OLED devices fabricated
with bottom-up synthesized graphene quantum dots with well-defined structures. The interesting results for the rod-shaped
family of GQD described throughout this chapter encouraged us to test them as emissive materials. The most interesting
properties to be exploited for this application are their high quantum yields and the possibility to tune the emission wavelength.
Indeed, by altering the number of sp? carbon atoms in the GQD structure, we were able to adjust the emission wavelengths across
a range of 200 nm. Moreover, all four members of the family showed high quantum yields, notably CostBusg, which demonstrated
a quantum yield in solution of 94%. On top of this, the GQDs also have high chemical stability, good photostability, and narrow

emissions.

The efficiency of an OLED is characterized by its external quantum efficiency (EQE), that is, the number of emitted
photons per injected charges. This quantum efficiency is related to the probability of charge recombination in the organic
material, the fluorescence quantum yield, and the number of emitted photons that can escape the device. A combination of these

parameters restricts the EQE of conventional fluorescent OLEDs to 5%.%°

The OLED devices were fabricated and characterized by Dr. Fabien Lucas at Laboratoire de Physique des Interfaces et
des Couches Minces (LPICM) in Ecole Polytechnique using a conventional device architecture. In Figure 2.45 a schematic
representation of the device architecture is given. The structure is composed of an anode, a hole injection layer, an emissive layer,
a hole blocking layer, an electron transport layer, and a cathode. Indium tin oxide (ITO) is used as the transparent anode. The
hole injection layer contains poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS). The emissive layer is
composed of polyvinylcarbazole (PVK) as a hole transporter, 1,3-bis[2-(4-tert-butylphenyl)-1,3,4-oxadiazo-5-yl]benzene (OXD-7)
as an electron transporter, and the emissive GQD. The hole blocking layer is composed of bathocuproine (BCP). The electron
transport layer is composed of 1,3,5-Tris(3-pyridyl-3-phenyl)benzene (TmPyPB). Finally, a Li/Al cathode is used. The anode, the
hole injection layer, and the emissive layer were deposited by spin coating. The other layers were deposited under vacuum.
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Anode: ITO

Hole injection layer: PEDOT:PSS
Emissive layer: PVK + OXID-7 + GQD
Hole blocking layer: BCP

Electron transport layer: TmPyPB
Cathode: Li/Al

Figure 2.45 | Schematic representation of the OLED device architecture.

We chose to test only CzstBug and CostBus as the emissive material, mainly due to synthetic considerations. Indeed,
multiple milligrams of products were required for the tests, and these two GQDs could be more easily synthesized in larger

quantities due to fewer reactional steps involved. The characterizations of the OLEDs are given in Figure 2.46.

The device built with CzstBus revealed a discrepancy between the electroluminescence (EL) spectrum and the
photoluminescence spectrum in a TCB solution. The EC was broadened, the peak resolution was lost, and the maximum emission
was red shifted by 50 nm. This pattern mirrored our comparison of optical studies between TCB and toluene, dichloromethane,
and THF, where we attributed the observed difference to the aggregation of the GQD. The OLED containing CsstBus had a
maximum quantum efficiency of 1.36%, which although low, is close to the 5% theoretical maximum for a fluorescent OLED. The
required voltage (Von) to produce brightness was 7.3 V. The maximum luminance was 9.16 cd.m?, and the current efficiency was
0.28 cd.A"". The OLED emitted red light.

Turning our attention to the OLED using CostBusg as an emissive material, the EL and PL spectra showed better alignment.
Ared shift of 15 nm in the EL spectrum was noted. We were able to discern the vibronic coupling in the emission peaks. However,
the EL spectrum was considerably broader than the PL spectrum in solution. This broadening might be a result of the new
environment, although no evidence of this was observed during single-molecule studies of PLin a polymer matrix. The EQE of the
OLED was 0.85%. The maximum luminance was 209.16 cd.m?, and the current efficiency was 0.11 cd.A". The Ve, voltage was
notably higher, at 15 V. This OLED emitted deeper red light.

Although the performances are far from state-of-the-art, we achieved a proof-of-concept. Well-defined graphene
quantum dot structures can be used to fabricate organic light-emitting diodes. The high V,, voltages indicate that the interfaces
need to be saturated before injecting charges into the GQD. This could be improved by using other fabrication techniques such
as evaporation of the emissive molecule instead of spin coating. However, the evaporation of large molecules can be challenging
due to the high temperatures required, which may not be tolerated by an organic molecule. Further studies into the thermal
stability of GQDs are necessary before proceeding with this approach. Alternatively, synthesizing smaller GQDs, which would
more readily sublimate, can be considered. To improve the external quantum efficiency, new architectures such as
hyperfluorescent OLEDs could be envisioned.”? A thermally activated delayed fluorescence (TADF) can be employed to recover

the triplet excitons, which constitute 75% of the excitons lost in fluorescent OLEDs and transfer them to the emissive material.
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characteristics.

2.6 CONCLUSION

Throughout this chapter, we showed the synthesis, chemical and optical characterizations of a family of rod-shaped
GQDs. The four members of this family contain tert-butyl groups to help with solubilization which is a challenge in these graphenic
materials. The presence of tert-butyl groups enhances the oxidation reaction and allows for complete cyclization of the
nanoparticle despite the steric hindrance caused by the adjacent groups. The presence of adjacent tert-butyl groups along the
main axis of the nanoparticle confers an unprecedented solubility. Consequently, we were able to perform purification to get rid
of the byproducts of the Scholl reaction and obtained highly pure samples. Additionally, this enhanced solubility allowed us to
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perform further characterizations not common for GQDs with such a large size. In this way, we were able to confirm the structure

of the GQDs by NMR spectroscopy, which is highly soluble even at high concentrations.

The high solubility and purity of the nanoparticles allowed us to perform advanced optical studies which also suggested
that the molecules are well individualized in solution. In collaboration with theoreticians, it was possible to determine the
electronic transitions in the absorption spectrum. Additionally, the high resolution of the absorption and emission spectrum
enable the identification of vibronic replicas associated to the transitions. These attributions were further confirmed by
anisotropy experiments. Studies at the single level confirmed that the observed emission in solution originates from
individualized GQDs. Because of the symmetry, the allowed S-S, transition, the rigidity of the nanoparticle, and the high
individualisation in solution, extraordinarily high quantum yields up to 94% were obtained. This work was accepted for

publication in Nature Communications.?

These interesting optical properties observed for the rod-shape family make the GQDs excellent candidates for
applications as emitters. First applications in OLED were tested, a first time for such synthesized objects. The performances of the

fabricated devices are not as efficient as other examples in the literature, but this constitutes a proof-of-concept.

Finally, calculations showed that the presence of adjacent tert-butyl groups are responsible of the good solubility of the
GQDs. The smallest member of the family only has a single group along the nanoparticle’s main axis. Thus, its solubility is
compromised and exhibits differences in the optical properties compared to the rest of the family. However, when adjacent
groups are present along the main axis of the nanoparticles, even large nanoparticles containing as much as 132 sp’ carbon
remain well solubilized. To increase their solubility even more, we can try to add additional tert-butyl groups all around the GQD.

This new family nanoparticles will be the object of the next chapter.
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CHAPTER 3  TOWARDS MORE SOLUBLE GRAPHENE QUANTUM DOTS

The processability of graphene quantum dots is highly dependent on their solubility. As demonstrated in the previous
chapter, the addition bulky functional groups at the edges of the sp? domain significantly increases the solubility of GQDs. For the
family of nanoparticles previously discussed, the effect is more pronounced when more than one functional group is positioned
adjacently along the main axis of the rod-shaped GQD. In an attempt to further increase the solubility of GQDs, we decided to
add tert-butyl groups around the entire edges of the rod-shaped family. Additionally, to synthesize even more soluble GQDs, their
two-dimensional character can be disrupted to diminish the mi-stacking interactions.

In this chapter, we will discuss these two distinct approaches to improving the solubility of GQDs. First, we will examine
the synthesis of rod-shaped GQDs with additional tert-butyl groups along the main axis of the nanoparticle. Then, we will discuss
the synthesis of twisted nanographene structures

3.1 FULLY TERT-BUTYLATED ROD-SHAPE GQDS

Figure 3.1 | Structure of the five members of the fully tert-butylated rod-shaped GQDs family.

Inthe previous chapter, we presented a family of rod-shaped graphene quantum dots that exhibited high solubility and
remained individualized in solution. While the larger members of the GQD family remained highly soluble in common organic
solvents, the smallest member, containing 78 sp? carbon atoms, showed an aggregation tendency. This was somewhat
counterintuitive at first glance since smaller GQDs tend to be more soluble than their larger counterparts. Upon further
experimental observations and theoretical descriptions, this lower solubility was attributed to the lack of adjacent bulky fert-butyl
groups along the main axis of the nanoparticle. To address this problem, we decided to add additional tert-butyl groups along
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the long axis of the GQDs, given in Figure 3.1. In this section, we will discuss the synthesis of five new rod-shaped GQDs, their
characterization, and a brief discussion about their optical properties. These five nanoparticles range from 60 sp” to 132 sp? carbon

atoms.

3.1.1 SYNTHESIS

DENDRIMERS SYNTHESIS

The synthesis of the fully fert-butylated dendrimers proceeds in a similar fashion as their partially tert-butylated
homologues (Chapter 2): an alkyne core is reacted with a cyclopentadienone. For CstBuso, CogtBu1z, C114tBu1a, and Ci2tBus,
the alkyne cores are the same as for their homologues, and the extra tert-butyl groups are added to the structure through a new
cyclopentadienone. The new, smaller member of the family, CeotBus, has a different synthetic route but also relies on the fully

tert-butylated cyclopentadienone CP-2 and a butadiyne derivative.

As highlighted before, the mostimportant new element is the tetra-tert-butyl substituted tetraphenylcyclopentadienone
CP-2, which introduces the new functional groups to the structure. Compared to CP-1, the new cyclopentadienone contains two
additional tert-butyl groups, one on each of the unsubstituted phenyl groups. The synthetic strategy to CP-2 is summarized in
Scheme 3.1. 1,3-his(4-(tert-butyl)phenyl)propan-2-one 34 was synthesized according to literature protocols.”**** The
commercially available 4-tert-butylphenylacetic acid is self-condensed in the presence of to 4-(dimethylamino)pyridine (DMAP)
and N,N"-Dicyclohexylcarbodiimide (DCC) to give the 1,3-bis(4-(tert-butyl)phenyl)propan-2-one 34. Although the same reaction
reported in the literature proceeds with high yields, we observed much more modest yields for this step. Ketone 34 s then reacted
through a Knoevenagel condensation to the previously synthesized disubstituted dione 2 to yield the target cyclopentadienone
CP-2.

o
AS
0
DCC 2
§\©\/& _oww m . KOH R O O
O CHC = EtOH SR,
rt. 34 90°C
16h 30 min
30% 1% P2

Scheme 3.1 | Synthetic route to the tetra- tert-butyl substituted tetraphenylcyclopentadienone CP-2.

With this cyclopentadienone, it is now possible to synthesize the new dendrimers. First, let's discuss the synthesis of the
dendrimer necessary for CeatBus, whose synthetic strategy differs slightly from the previously described method involving
terphenyl precursors. This synthesis is inspired by the reported synthesis of a similar unsubstituted and alkyl substituted GQD

with 60 sp? carbon atoms by lyer et al.” The synthetic procedure is summarized in Scheme 3.2.

In the first step, the cyclopentadienone CP-2 is reacted with the commercially available 1,4-bis(trimethylsilyl)butadiyne
through a Diels-Alder reaction to obtain the protected alkyne-substituted tetraphenylbenzene 35. This intermediate is too
crowded and does not undergo further reaction with the cyclopentadienone. The trimethylsilyl (TMS) groups in product 35 are
removed in the presence of tetrabutylammonium fluoride 1M in THF, to give the deprotected intermediate 36. Despite the long
reaction times at this step, the TMS group attached to the phenyl ring is not easily removed. The target product 36 is formed along
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with the mono-deprotected product. Although this mono-deprotected product can undergo the following Diels-Alder reaction,
an additional step of deprotection at higher temperatures would be necessary. To avoid this additional step, only the fully
deprotected product 36 was used for the following step after purification. Dendrimer 37 was obtained upon exposing
intermediate 36 with the cyclopentadienone CP-2.

;i Sy Cl )
O O + == > O O //SI\ Bu,NF O O =z CP-2 O O O O
07 S o-xylene . O Si< THF O o-xylene ) ®
170°C O rt O 180°C O 0
P 18h 24 18h Q)
47% 64% 96%
35 36 3

Scheme 3.2 | Synthetic route to dendrimer 37.

The synthesis of dendrimers 38, 39, 40, and 41, which correspond to the precursors necessary for the synthesis of
CrstBuo, CosfBu1z, Cr1atBuss, and CizatBuss respectively, is conducted using the terphenyl cores described in Chapter 2. The
Diels-Alder reaction between the terphenyl cores 20, 12, 22, and 24, and cyclopentadienone CP-2 produces dendrimers 38, 39,

40, and 41, respectively. The specific conditions for the synthesis of each dendrimer are summarized in Scheme 3.3.

® @
Z Cp-2 -2
o — 7,
Z O 0'1X7YS|929 = O O 0-xylene
° 170°C
16h
oL m
20 2

CP-2
—_—
0-xylene
105°C
18h
7%

CP-2

0-xylene
180°C
18h
31%

Scheme 3.3 | Synthesis schemes for the fully fert-butylated dendrimers 38, 39, 40, and 41.
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SCHOLL OXIDATION AND PURIFICATION

The Scholl oxidation on dendrimers 37, 38, 49, and 40 into their respective GQD, CeotBus, C7stBuo, CostBus2, and
C11atBu4a was performed exclusively with DDQ as the oxidant. The oxidation of dendrimer 41 to produce Cis2tBuss is still pending.

The specific reaction conditions for each nanoparticle’s oxidation are presented in Scheme 3.4.

DDQ
CF,SOH (1% v/v)
_
CH,C,
0°C
45 min
67%

O~
9

OO
OO
S

DDQ
CF,S0,H (0.5% v/v)

C,tBu,,
m/z=1522.83

DDQ
CF.S0H (2% v/v)

C,tBu,,
m/z=1854.99

DDQ
CF.SO,H (2% v/v)

c114tBu‘I4
m/2=2187.14

Scheme 3.4 | Synthesis schemes for the Scholl oxidation of CeotBus, CrstBuso, CostBuiz, and C114tBuia.

Itisimportant to underline that the oxidation conditions were not optimized. Although each reaction was monitored by
MALDI-ToF mass spectrometry with samples taken every thirty minutes, there were intervals between sampling and analysis
during which the reaction continued. The times reported in Scheme 3.4 reflect the actual reaction durations, but subsequent
analysis indicated that the full cyclodehydrogenation of the dendrimers was achieved in less time. For all four nanoparticles, a
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clean, complete oxidation was observed after just thirty minutes of reaction. After longer reaction periods, degradation of the
nanoparticles began to appear. This degradation was particularly noticeable in the case of CostBus2, where side-products were
already observed even at the thirty-minute mark. The oxidation reaction for all four nanoparticles proceeded swiftly under the
conditions (DDQ equivalent, temperature, and acid concentration) specified in Scheme 3.4. The observations regarding the

reaction time should be taken into account when these cyclodehydrogenation reactions are repeated in the future.

CeotBug and CzstBu4o exhibit a high solubility which allowed them to be easily purified by column chromatography.
CostBu42 and Ci14tBuss are more effectively purified by dispersing them in THF, followed by an ultracentrifugation step at 130 000
g for one hour. C11atBus4 exhibits a lower solubility compared to its partially tert-butylated counterpart (C11atBu1o from Chapter
2). During the purification attempts through size exclusion chromatography, a significant portion of the nanoparticle seemed to

remain in the column. This phenomenon had not yet been observed for the other rod-shaped nanoparticles.

The MALDI-ToF spectra of the purified nanoparticles are presented in Figure 3.2. As it can be seen, the main peak
corresponds to the expected mass for each GQD. Furthermore, comparisons between the experimental and simulated isotopic
distributions are in excellent agreement for all four nanoparticles. For CosfBu2, two additional peaks with a mass difference of -
41 and +102 from the product peak can be observed. It was challenging to eliminate these impurities, and no possible structures
for these peaks were identified. To minimize the presence of these peaks, a shorter reaction time, as mentioned earlier, should

be considered.
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3.1.2  CHARACTERIZATIONS
As for the partially tert-butylated family of GQDs (Chapter 2), this fully tert-butylated family allows for additional
characterization techniques beyond mass spectrometry. In this section, we will discuss the NMR spectroscopy performed on this

fully tert-butylated family of GQDs, as well as their cyclic voltammetry.

NMR SPECTROSCOPY

NMR spectroscopy was performed in a mixture of tetrahydrofuran-ds and carbon disulfide. 'H, 'H-'H TOCSY, 'H-'H
NOESY, "H-BC HSQC, "H-"*C HMBC, and, when possible, C{'H} NMR techniques were performed on the nanoparticles to perform
the attributions. We will focus on the smallest CeofBus member on the family for the discussion. Though not approached in detail

in this section, the signals in the NMR spectroscopy agree with the expected structures of the CzgtBug, CogtBu12, and C114tBusa.

The "H NMR spectrum of CotBus is presented in Figure 3.3a. In the aromatic region, between 9.07 ppm and 10.03
ppm, it is possible to distinguish seven singlets, corresponding to the seven expected signals at this region. Since every aromatic
proton in the structure does not have an adjacent hydrogen, they yield only singlet signals. In the aliphatic region, we can
distinguish four peaks corresponding to the four inequivalent tert-butyl substituents in the structure. One of these tert-butyl
signals partially overlays with the water peak at 2.03 ppm. When calculating the integrals, the fourteen aromatic protons and the
seventy-two aliphatic protons are well accounted for.

In this new series of rod-shaped GQDs, there is no vicinal proton-proton coupling, which results in all the detected
signals appearing as singlets. Consequently, we can no longer rely on 'H-"H COSY NMR spectroscopy for attributions. Instead, we
have to depend on Total Correlation Spectroscopy (TOCSY) NMR spectroscopy. This method reveals the correlation between
protons within a spin system, and so the coupling between non-neighboring protons can be observed. For our molecules, each
aromatic ring constitutes a spin system.The attributions were performed using 'H-"H NOESY and 'H-"H TOCSY NMR spectroscopy.

The "H-"H NOESY NMR spectrum is presented in Figure 3.3b-c. The most important information we can extract from
this spectrum is the peak associated with proton 7. This proton, isolated from other aromatic protons, should not create any
spatial correlation, as is the case with the peak at 9.07 ppm. Proton 7 is proximate to two tert-butyl groups: C and D. We observe
these two couplings with the aliphatic peaks at 2.03 ppm and 1.87 ppm (Figure 3.3c). However, using only NOESY NMR
spectroscopy, it remains unclear which peak corresponds to D or C. In other words, the peak at 1.87 ppm can correspond either
to D or to C. This is where TOCSY NMR spectroscopy becomes useful. Proton 7 shares the same spin system as proton 1. Since we
see a cross-peak between the peaks at 9.07 ppm and 9.27 ppm in the TOCSY spectrum (Figure 3.3d), we can attribute the 9.27
ppm peak to proton 1. Returning to the NOESY spectrum, we observe that the aliphatic peak at 1.87 ppm correlates with the
aromatic peaks at 9.07 ppm and 9.27 ppm. We can therefore conclude that this peak corresponds to the tert-butyl group C. From
this point, the other attributions follow the correlations observed in the NOESY spectrum: proton 1 correlates with proton 2 who
in turn correlates with the tert-butyl group B. B correlates with proton 3 who then couples with proton 4. Proton 4 correlates with
tert-butyl group A. Group A couples with proton 5, who in turn correlates with proton 6. Finally, proton 6 correlates with tert-butyl
group D.
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The solubility of this small GQD allowed us to measure the C{"H} NMR spectrum, presented in Figure 3.4a. All the
observed signals are in the expected aromatic and aliphatic regions. For attributions, we must rely on the 'H-CHSQC and 'H-"C
HMBC NMR spectra, provided in Figure 3.4b-c. We observe the same pattern for CostBus (See Section 2.3.2). In the HSQC NMR
spectrum, we detect eleven correlations corresponding to the eleven carbons chemically bonded with a proton: seven aromatic
and four aliphatic. In the HMBC NMR spectra, we see the long-range correlations between the protons and carbons. The most
distinctive feature are the correlations of the aromatic carbons to which the tert-butyl groups are attached, which appear at high
chemical shifts (145 ppm - 155 ppm).
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Figure 3.4 | (a) C{"H} NMR spectrum (101 MHz, THF-ds+CSz, 298 K) of CgotBus. (b) 'H-"3C HSQC spectrum. (c) 'H-"*C HMBC
spectrum.

Thanks to NMR spectroscopy we were able to validate the expected structure of CeotBus. Though not presented here,
the 'H NMR spectrum of CzstBuso, CostBui2, and C11atBua4 contain the expected signals for the aromatic protons and tert-butyl
groups. Though their attribution remained more challenging than for CeotBus, the observed signals in their 'H NMR are coherent
with their expected structure (Appendix 2).

CYCLIC VOLTAMMETRY

The electrochemical properties of CeotBus, CzstBuo, CostBui2, and Ci1atBuss were recorded under argon atmosphere
at room temperature, using a supporting electrolyte of a 0.1 M solution of tetra-n-butylammonium hexafluorophosphate in
anhydrous 1,2-dichlorobenzene (0-DCB). The three-electrode setup consisted of a platinum working electrode, a platinum
counter electrode, and Ag/Ag' reference electrode (10 mM AgNO). Experiments were conducted at a scan rate of 100 mV.s™. The

cyclic voltammograms for the fully tert-butylated GQDS are presented in Figure 3.5. For the four nanoparticles, two reversible
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oxidation waves are visible. In the case of CsotBus, no reduction wave is present, and only the solvent wall can be distinguished

at negative potentials. For CzstBuo, and CostBus2 a reversible reduction wave is observed. In the case of Cy1atBuas it is possible

to distinguish two reversible reduction waves with an intensity similar to that of the oxidation waves.
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Figure 3.5 | Cyclic voltammograms of (a) CeotBus, (b) C7stBuag, (¢) CogtBusz, and (d) C114tBusa in 1,2-dichlorobenzene.

Following the same treatment as described in Section 2.3.2, the values reported in Table 7 can be obtained. A
discernable trend can be observed in the position of the first oxidation and, when present, the first reduction wave. As the size of
the nanoparticle increases, the positioning of the oxidation half-wave potentials (E1,,0:) decreases, while those of the reduction

waves (E12,eq) increase. This trend also translates in the positioning of the HOMO energy level (Ee.xomo) and in the electrochemical
bandgap (Eecgsp)- As the nanoparticles increase in size, the bandgap diminishes. This contrasts with the observations made for the

partially tert-butylated GQD family, where aggregation induced a change in the energies observed for CzstBus (Chapter 2).

Table 7 | Summary of the electrochemical values measured for CeotBus, C7stBus1o, CogtBui, and Cq14tBusa. Potential values are

reported vs. Fc'/Fc.

GQD  Eizoa (V) Ewzoe(V) Evzredt (V) Eoxonset (V)  Ered,onset (V)  Eecmomo (€V)  Eeciumo (€V)  Eec,gap (€V)
CeotBug 0.401 0.846 - 0.332 - -5.132 - -
CrstBuye  0.206 0.561 -2.045 0.123 -1.951 -4.923 -2.849 2.07
CostBui ~ 0.110 0.420 -1.988 0.014 -1.789 -4.841 -3.011 1.83
CiatBuss  0.055 0.314 -1.686 -0.051 -1.563 -4.749 -3.237 1.51
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3.1.3  OPTICAL PROPERTIES

Let's now discuss the optical properties of this new family of GQDs and compare them to the family presented in the
previous chapter. We will first discuss each nanoparticle individually, and compare it, when possible, to its partially tert-butylated
homologue. We will conclude the discussion of the optical properties with a brief comparison of all the members of this new fully
tert-butylated GQDs family.

CeotBUs

The absorption and emission spectra of CeotBus s presented in Figure 3.6a. In the absorption spectrum, we can discern
narrow absorption lines, with a maximum absorption at 415 nm. Similarly, the emission spectrum is well-resolved with six narrow
emission peaks. The maximum of the emission is located at 538 nm. The Stokes shift of this nanoparticle is 52 nm, considerably
larger than that observed for other rod-shaped GQDs described in the previous chapter, whose values are around 10 nm. A large
Stokes shift is indicative of a reorganisation of the excited state relative to the ground state. Upon examining the
photoluminescence excitation spectra at all emission wavelengths, we can recover the absorption spectrum. This can be
appreciated in Figure 3.6b. All emission wavelengths originate from the same entity in solution. Finally, we observe a fine detail
in the emission, most likely stemming from vibronic coupling. Interestingly, if we compare the emission spectrum to that of
CostBus, for example, we note a similar progression of three peaks. Because of the smaller size and further steric constraints
introduced by the tert-butyl groups, the resolution is enhanced, allowing us to better appreciate the vibronic coupling. This

warrants further experimental and theoretical investigations.
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Figure 3.6 | (a) Absorption and emission spectrum of CeotBugin 1,2,4-trichlorobenzene. (b) PLE spectra at all the emission peaks of
CeotBus.
C7stBU1o

The absorption and emission of CzstBu4o are presented in Figure 3.7a. The absorption spectrum reveals a series of
well-defined peaks, with the primary absorption peak at 453 nm. The emission spectrum comprises four easily distinguishable
peaks between 550 nm and 650 nm, as well as a small bump at 690 nm. The main emission peak is situated at 584 nm. For the
four emission peaks between 550 nm and 650 nm, we can note that two of them (584 nm and 683 nm) are quite sharp, while the
other two appear broader (567 nm and 616 nm).

An intriguing feature of the absorption spectrum is the presence of a small, sharp peak at 584 nm. Such feature had not
been yet observed for the absorption of the different rod-shaped GQDs presented so far. The photoluminescence excitation
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spectra (Figure 3.7b) across all emission peaks show similar excitation and absorption spectra, including the presence of the
peak at 584 nm. This observation confirms that it is an intrinsic feature of the GQD and excludes the possibility that it originates

from an impurity.

We observe a distinct behavior in this GQD compared to the rod-shaped GQDs discussed in the previous chapter. The
absorption spectra exhibit a sharp peak at longer wavelengths, while the emission spectrum shows the presence of two sets of
peaks, one broad and one sharp. To better understand the origin of these differences, further experiments such as time-resolved
photoluminescence and more detailed theoretical calculations are required. These differences could be intrinsic to the
nanoparticle itself or potentially due to the presence of conformers induced by the positioning of the tert-butyl groups along the
main axis of the GQD. Concentration-dependent experiments on CzstBu1o Showed no variation in the linewidth and ratios of the

peak intensities in the absorption spectrum (Figure 3.7c¢), ruling out the possibility that these interesting features originate from

aggregation.
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Figure 3.7 | (a) Absorption and emission spectrum of CzgtBusgin 1,2,4-trichlorobenzene. (b) PLE spectra at all the emission peaks of
C7stBuso. (c) Concentration dependent absorption spectra of CzgtBuso. (d) Comparison of the absorption and emission spectrum of
CstBuqgand C75tBug.

The comparison of the absorption and emission spectra of the two Gz rod-shaped GQDs: CzstBu1o and CrstBus is
presented in Figure 3.7d. Focusing on the absorption spectra, it's clear that the fully tert-butylated nanoparticle, CzstBuso, has
more well-defined absorption peaks, particularly below 450 nm. The absorption exhibits a red-shift of 10 nm. The emission of
CzstBu+p also experience a red-shift of 14 nm. When observing the emission spectra, the same pattern of peak distribution,
characterized by paired broad and narrow peaks, is evident in both GQDs, but can be much clearly appreciated for the fully tert-

butylated CzstBu1o. The main difference in the emission spectra is the change of the intensity ratio between the third and fourth
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peaks to the main emission, which is smaller for CzstBu1o. As discussed in the previous chapter, emissions that could be attributed
to aggregates, especially in solvents other than 1,2,4-trichlorobenzene, occurred at higher wavelengths than the emission of the
monomer. The absence of aggregates in the fully tert-butylated CzstBuso could help explain this ratio difference. Based on the
observations presented here, it can be concluded that the introduction of additional adjacent tert-butyl groups along the main

axis of the nanoparticle effectively improves the solubility of the C;s GQD.

CoctBU12

The fully tert-butylated CostBus2 exhibits a well-defined absorption and emission spectra, which are given in Figure
3.8a. The absorption of CestBuz presents features which resemble to CostBus (presented in Chapter 2). A first progression of
peaks between 650 nm and 500, and a second progression between 500 nm and 400 nm. The emission peak is composed of
three main emission bands at 627 nm, 682 nm, and 754 nm. Additionally, a slight bump can be distinguished at 605 nm. The PLE
spectra at all the wavelengths yield the same excitation spectra which recovers all the features of the absorption spectra (Figure
3.8b), confirming that the observed emission originates from the same object, which is also responsible for the absorption.
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Figure 3.8 | (a) Absorption and emission spectrum of CostBus2in 1,2,4-trichlorobenzene. (b) PLE spectra at all the emission peaks of
CostBuq2. (€) Comparison of the absorption and emission spectrum of CestBu12and CostBus. (d) Energy splitting between the absorption

peaks of CogtBus,.

In figure Figure 3.8c, a comparison between the two rod-shaped Cos GQDs is given. The first notable difference is a red
shift of the absorption and emission of CestBus2 compared to its partially fert-butylated homologue. A second difference is the
difference in the intensity ratio between the main absorption peak and the first absorption peak. This ratio is smaller for the fully
tert-butylated CostBusz, suggesting a different electronic distribution of the transitions that would impact the oscillator strength
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of the transition. Finally, the energy splitting between the observed peaks of CestBus2 is given in Figure 3.8d. Though the values
are similar to those presented for CogtBus, slight differences can be noticed. For instance, the energy splitting between the first
and second absorption peaks (a and b) is 53 meV in the case of the fully tert-butylated GQD CogtBu12, compared to 47 meV in the
partially tert-butylated CosfBus (see Figure 2.22). Further theoretical investigations are still needed to explain the changes in
behaviour when more tert-butyl groups are added to the structure, which would help to elucidate if the differences are originated

form vibronic coupling or the presence of conformers.

C114tBU14

The absorption and emission spectra of C114tBu4 are presented in Figure 3.9a. The main absorption band is located
at 497 nm. The emission spectrum has a main emission peak at 672 nm and two others at 731 nm and 811 nm. In the emission
spectrum a small bump is present at 624 nm. In Figure 3.9b is given the comparison of the absorption and emission between
C11atBua and Cq1atBuyo (the Cis GQD from Chapter 2). One can notice that the absorption for the fully tert-butylated GQD,
C11atBug, is red shifted compared to its partially tert-butylated analogue. As in the Cog Series, the ratio between the intensity of
the first absorption band and the main absorption peak is different. Finally, the absorption spectra of Cy1atBu4 Shows a similar
positioning of peaks than C11atBu1o, however, the spectrum of the first appears to be broader. The same can be observed for the
emission spectra; they both exhibit a similar spectrum, but it is broader for C114tBuso. It is unclear to what this is due, one
possibility is that there are more conformers present due to the increasing of the number of tert-butyl groups along the axis of

the GQD. Further theoretical description may help elucidate this question.

Similar to the Co series, we observe the same features between the fully and partially substituted Ci1» GQDs. The
absorption spectrum of C114fBua4 is red shifted in comparison to C114tBuqe. The red shift is less noticeable for the emission

spectrum. The emission spectra for both nanoparticles are quite similar; however, C11atBu4 appears to exhibit a slightly broader

emission.
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Figure 3.9 | (a) Absorption and emission spectrum of C11atBusa in 1,2,4-trichlorobenzene. (b) Comparison of the absorption and

emission spectrum of C11atBu1a and Cy1atBuso.

We will pay additional interest to the small shoulder at 625 nm in the emission of Ci1atBuss. Emissions at shorter
wavelengths than the main emission peaks of the GQDs are usually associated with impurities (see Figure 2.11). Concerning the

emission shoulder at 625 nm observed for Ci1atBuaa, its excitation spectrum, as well as that of the other emission peaks, are
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given in Figure 3.10a. The excitation spectrum at 625 nm differs from the absorption spectrum of C11atBusa, suggesting that

indeed this peak originates from an additional object other than the individualized GQD.

So far, for the rod-shaped family of nanoparticles, excepted for CzstBus (Chapter 2), there has been no observed
concentration dependence of the emission of peaks at shorter wavelengths, if present. However, for C11atBusa, a dependence of
the intensity of this peak to the concentration was observed. In Figure 3.10b, the photoluminescence intensity as a function of
concentration is given. We can notice that as concentration increases, the intensity of the peak at 625 nm increases. This contrasts
with the emission of the main peaks attributed to the individualized C114tBu1a, Whose intensity increases initially and then
diminishes. This can be better visualized in the three-dimensional graphic given in Figure 3.10c. These observations differ from
what is expected for an impurity, whose emission intensity, in comparison to that of the individualized nanoparticle, should be
independent of the concentration. Here, the ratio increases. This can be better evidenced in the normalized photoluminescence
spectrum in Figure 3.10e.

Assuming the peak at 625 nm originates from impurities, one possible explanation to this behavior is that as the
concentration increases, there is a stronger phenomenon of reabsorption of the emitted light, which would explain the decrease
in the intensity of recorded photoluminescence for the individualized GQD’s emission peak. However, the reabsorption primarily
affects high energy photons where the absorption and emission spectra overlap, so the emission at 625 nm should also be
impacted by the phenomenon.

Another possibility is that as the concentration increases, the nanoparticle aggregates and this process quenches its
photoluminescence. This would explain the decrease in the photoluminescence from the individualized nanoparticle. An
alternative hypothesis is that the peaks at 625 nm correspond to small aggregates, which are blue shifted in comparison to the
individualized nanoparticle. We reported experimental and theoretical observations that suggested this type of behavior for the
triangular (T)Cos(C12H25)s GQD.2 This could explain the increase of the PL at 625 nm and the decrease of the PL of individualized
C11atBusa. Additionally, when zooming-in at the emission at different concentrations (Figure 3.10d), it is possible to distinguish
an isoshestic point for three different concentrations. The observation of an isoshestic point could also support this hypothesis.
However, this point does not exist for all the concentration curves and may be just a coincidence. A possible explanation to the
disappearance of this point is that the emission of the small aggregates is also impacted by concentration as larger aggregates
are formed. Finally, the main limitation to the hypothesis of small aggregates is that they should also impact the absorption
spectrum, and this does not occur, as evidenced in Figure 3.10f. To better clarify this process, it would be interesting to perform
further optical studies with smaller light path cuvettes to be able to work at higher concentrations and prevent any possible
reabsorption phenomenon. Another possibility is to do optical experiments in different organic solvents that would give more
data to compare.

100



T T 6
10 i asopon [ 18 a0 e
——— (yy,Bu,, PLE@625nm - 1.6 250 PLadTom [4‘07 C105M]
S 08+ CunafBy, PLEGET20M 1. 9.4 ] —PL@447nm[z:85x10’6M]
-'-; CuuBu PLECT0M T 4 5 5 = 200 ———— PLEMTM [1.43 X 10° M]
2 064 CrafBuy, PLEGST7NM 10 = = PLO44TAM [7.1 X107 M]
3 [ 0s g g 150+
'S 041 = £
g -06 & & 1004
=
- 0.4
0.2 4 0 504
0.0 . T T T 0.0 0 ; T r T T 7 T
400 500 600 700 800 500 550 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm)
0w n 10 ———PL@447nM [8.31X 10 M]
' PL@447nm [5.82 X 10 M]
- PL@447nm [4.07 X 10 M]
Z 084 ———— PL@44TnM [2.85 X 10° M]
. 2 ———PL@447AM [1.43X 10 M]
5 = 061 ———PL@447nm [7.1x 107 M]
z =
P =
B = 04
S
=
0.2
0.0 i T ; T ; T T
500 550 600 650 700 750 800 850
Wavelength (nm)
B 100 PL@447NM [8.31X 106 M] B [3'3”10:"']
PL@44TAM [5.82 X 10° M] 1.04 BA1x10 M
PL@447nm [4.07 x 10 M] [4.07 x 10_6 M]
—~ 75] ——PL@M47Nm[285x10° M] 2081 ﬁizx:gﬁm
3 PL@44TNM [1.43X 106 M] 3 2 -
= = [7.1%107 M]
= PL@447NM [7.1X 107 M] = 064
wv o0 0
I 50 =
= =
= g 044
=
25 0.2
T T T T T r T 0.0 . T r , : T T T T
630 635 640 645 650 655 660 350 400 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 3.10 | (a) PLE spectra at the emission peaks of C11atBusa in 1,2,4-trichlorobenzene. (b) Concentration dependent PL spectra of
C114tBuqg excited at 447 nm. (c) Three-dimensional representation of (b). (d) Normalized PL spectra of C11atBuasat different
concentrations. (e) Zoom-in on (b). Arrow shows the isosbestic point formed by three curves. (f) Concentration dependent absorption

spectra of C114tBua.

So far, the observed trend in the rod-shaped GQD suggests that increasing the number of adjacent tert-butyl groups
along the main axis of nanoparticle effectively enhances its solubility. The hypothesis of the presence of small aggregates of
C11atBusa is not coherent with this observation. Theoretical studies of the aggregation process of CostBus (see Section 2.3.2)
demonstrated that its good solubility mainly derives from the absence in solution of certain conformer configurations, which are
highly energetic due to the presence of adjacent tert-butyl groups. However, in theory, these non-existent conformers could
aggregate. A possible explanation for the behavior of C11atBu1a may lie in this condition. As the number of adjacent tert-butyl
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groups increases, so does the number of conformers. Some of these conformers may no longer be energetically disadvantaged
and may serve as a starting point for the aggregation process. Theoretical calculations of the energy levels of these conformers,
as well as push-pull calculations, might help clarify this hypothesis. In addition, the synthesis of the larger C132tBu16 could provide
comparative data to better understand the process. It is important to comment that, even if the aggregation hypothesis is verified,

C114tBus4 remains highly soluble in comparison to other reported planar GQDs of similar size.

COMPARISON OF ALL THE FAMILY

The comparison of the absorption and emission spectra for all the members of the fully tert-butylated rod-shaped GQD
is given in Figure 3.11. As the size of the nanoparticle increases, the absorption and emission spectra are red shifted. For this

family we can tune the absorption by 170 nm and the emission by 134 nm.
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Figure 3.11 | (a) Absorption spectra of CeotBus, CzatBuo, CostBuz, and C114tBuaain 1,2,4-trichlorobenzene. (b) Emission spectra of
CeotBus, CrstBusg, CogtBusy, and Cq14tBusa excited at their main absorption peaks.

Though very similar in structure to the family of partially tert-butylated rod-shaped nanoparticles presented in the
previous chapter, some interesting differences were observed for the optical properties of the GQDs presented in this section.
For example, the more complex emission spectrum of the smallest members of the family; or a different intensity of the first
electronic transition. These differences warrant further experimental and theoretical investigations and show the importance of
understanding the structure and optical properties relationship.

3.2 TwISTED NANOGRAPHENES

In this section of the chapter, we will discuss an alternative approach to make more soluble graphene quantum dots.
This is achieved by making sterically congested nanoparticles that will force the structure to twist breaking its purely two-
dimensional structure. When more than four phenyl rings are fused together in ortho-positions, the steric hindrance becomes
considerable. To reduce this strain, the molecules twist into a helical structure, forming helicenes. These molecules are named
according to the number n of ortho-fused rings composing the structure, which is denoted as [n]helicene. The helical structure
gives rise to chiral and chiroptic properties. The chirality of the helicene originates from the helix itself, and it will be present
regardless of the functional groups attached to the structure.

A helicene will possess an enantiomer, which is a non-superimposable mirror image. These two enantiomers have

helices that twist in different directions. When observing the molecule from the top of the helix axis, the turning direction can be
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either clockwise or anti-clockwise. The clockwise helicity, for a right-handed helix, is denoted by a P (plus), while the anticlockwise
helicity, for a left-handed helix, is denoted by a M (minus). To better illustrate this, Figure 3.12 shows the two enantiomers of a
[6]helicene.

(P)-(+)-[6]helicene (M)-(-)-[6]helicene
Clockwise helicity Anti-clockwise helicity

Figure 3.12 | Enantiomer representations of a [6]helicene. The arrows show the direction of the helicity.

Though the first reports of helicenes date back to the beginning of the XX century, helicenes have been attracting
attention in recent years due to their unusual structures, enhanced chiroptical properties, aromaticity, stability, and the advances
in the bottom-up synthesis of large PAHs."®%2¢ Numerous examples of single-stranded helicenes with different sizes and
functional groups can be found in the literature.”>"' Although conjugation throughout these structures is present, it is confined

to a single row of phenyl rings. Therefore, expanding the 1-conjugation laterally has also sparked significant interest.

Itami's research group was pioneering in the synthesis of these m-extended helicene."” Since, multiple examples of
nanographene containing helicenes in their structure has been reported over the years.""*-% One advantage of this expansion
is that, for the same [n]helicene, it allows tuning of the bandgap and optical responses. Additionally, they allow to create multiple
helices inside the same nanographene structure. The additional dimension, compared to their planar counterparts, helps to
reduce m-stacking and increase solubility. Therefore, in our goal to synthesize more soluble graphene nanoparticles, we have

decided to also pursue this strategy.

3.2.1 Cog BASED TRIPLE [6]HELICENES

oxidation hindered

by tBu groups oxidation hindered
by phenyl groups

oxidation hindered
by phenyl and {Bu groups

(C,0),-TI6IH
(C,,tBu,),-TI6]H
(C,,tBu,),-TI6H

Figure 3.13 | Structures of the three targeted helicenes.

At the beginning of the previous chapter (See Section 2.2.1), we presented the synthesis of a triangular GQD containing
96 sp’ carbon atoms. Inspired by its synthesis, we designed sterically congested dendrimers whose oxidation would induce
twisted structures and create three m-expanded helicenes. The steric hindrance was introduced either by the addition of tert-
butyl groups, phenyl groups, or both. In this manner, we attempted the synthesis of three helicenes: a small tert-butyl substituted
helicene (CzotBuas)s-T[6]H, a bigger “naked” helicene (C36)3-T[6]H, and its tert-butyl substituted analogue (CsstBus)s-T[6]H. The
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common point for these structures is that they contain three [6]helicenes (T[6]H) with a central phenyl unit. The three structures
are presented in Figure 3.13. In this section, we will discuss their synthesis and associated challenges and some chiroptical

studies.

SYNTHESIS

The synthesis of the helicene follows the same strategy adopted so far. A polyphenylene dendrimer is oxidized to create
the new C-C bonds and obtain a delocalized structure. As previously mentioned, the dendrimer is designed to exhibit additional
steric hindrance that will force the molecule to twist. This steric hindrance is created by adding additional tert-butyl groups,
additional phenyl groups, or both, which would hinder the oxidation into a planar structure. These congested dendrimers are
presented in Figure 3.14.

Figure 3.14 | Structures of the dendrimers necessary for the synthesis of the targeted helicenes.

DENDRIMERS SYNTHESIS

The synthesis of dendrimer 42 is straightforward, with precursors whose synthesis has already been described. 1,3,5-
ethynylbenzene is reacted through a Diels-Alder reaction with the tetra-tert-butyl substituted cyclopentadienone CP-2. The

reaction conditions are shown in Scheme 3.5.
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180°C
18h
P2 61%

Scheme 3.5 | Synthetic route to 42.

For the larger dendrimers 43 and 44, an additional phenyl group must be added to the alkyne functions in 1,3,5-
ethynylbenzene before the Diels-Alder reaction can be performed. The strategy to synthesize dendrimer 43 is presented in
Scheme 3.6, and that for dendrimer 44 in Scheme 3.7. The first step for both dendrimers involves a Sonogashira coupling
between 1,3,5-tribromobenzene and the corresponding primary alkyne: phenylacetylene for 43 and 4-tert-butylphenylacetylene
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for 44. In this way, the "naked" core 45 and the tert-butyl substituted core 46 are produced. Subsequently, alkyne core 45 is
reacted with the commercially available cyclopentadienone to yield dendrimer 43 through a Diels-Alder reaction. Similarly, 46 is
reacted with the tetra-tert-butyl substituted cyclopentadienone CP-2 to create dendrimer 44. In both cases, the alkyne functions
in the cores are internal and no longer terminal. The reaction sites are more hindered and less accessible, so the reaction must
be heated to 230°Cin diphenyl ether for three weeks to produce 43. The presence of tert-butyl groups in 44 further reduces the
accessibility to the reaction sites. Additionally, electronic considerations may also play a role in the diminished kinetics of the
reaction. The Diels-Alder reaction involves an electron-rich diene and an electron-poor dienophile or vice versa. The presence of
electron donating tert-butyl groups in the diene and dienophile makes the two entities electron-rich. Therefore, the reaction
needs to be heated to 250°C for a month to produce 44. Even under these conditions, the yield remains low and a significant
quantity of the disubstituted product with an unreacted alkyne function is also obtained.
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Scheme 3.7 | Synthetic route to dendrimer 44.
SCHOLL OXIDATIONS

OXIDATION OF (C30fBU4)s-T[6]H

Let's first discuss the oxidation of the smallest dendrimer 42, where only fert-butyl groups were added to the structure
to induce the twisting. The oxidation was carried out with DDQ as oxidant and the reaction conditions are summarized in Scheme
3.8.

Unfortunately, the product was not identified by MALDI-ToF mass spectrometry at different reaction times, despite the
use of small quantities of acid. A mass spectrum recorded at one hour thirty minutes into the reaction is presented in Figure
3.15. Notably, there are no peaks corresponding to dendrimer 42, to the target product (CotBua)s-T[6]H, or at intermediates

m/z values that would suggest the presence of incomplete oxidations are present. The main peak is located at m/z = 3373.43.
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Interestingly, it is possible to conceive a structure that would account for this peak: the dimer of the corresponding planarized
triangular GQD. This planarized nanoparticle (T)CostBus, illustrated in Figure 3.15, could be obtained if the tert-butyl groups
added to impede the planarization are removed during the Scholl oxidation. Such reactivity is not unprecedented, particularly
when employing strong oxidants." We observed examples of this while performing the oxidations of the rod-shaped GQDs with
FeCls, where tert-butyl groups were substituted by a chlorine atom. In this case, even though a milder oxidant is employed, the
strain introduced by the additional tert-butyl groups must significantly increase the reactivity at these sites. Purification and

further characterizations of the dimer are still needed to confirm the proposed GQD structure.

(C,,tBu,),-TI6H
m/2=1867.08

Scheme 3.8 | Scholl oxidation of dendrimer 42.
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Figure 3.15 | MALDI-ToF mass spectrum of the oxidation of dendrimer 42 after 1h30 of reaction. To the right, the proposed structures
to the monomer of the planar GQD (T)CostBus and its dimer, the proposed structure for the m/z = 3373.47 peak. The insert in mass
spectrum correspond to the comparison of the experimental (black) isotopic distribution and the theoretical (blue) isotopic distribution
for the (T)CostBug dimer.

Soluble dimeric structures of triangular Cos GQD had already been reported by Y.-Z. Than's research group.*##* In
these reported structures the bilayer GQDs contained mesityl groups instead of tert-butyl groups. The (T)CostBus Structure
contains more solubilizing groups than the reported mesityl-substituted dimeric GQDs. Although we had previously
conceptualized this (T)CostBus architecture, it presented a significant synthetic challenge. This approach to synthesize such type

of highly substituted planar structures may be useful in future nanoparticle designs.

106



OXIDATION OF (C36)3-T[6]H

Let's now discuss the oxidation of the unfunctionalized dendrimer 43. It is worth noting that this molecule had
previously been synthetized for NMR studies, however, no attempts of oxidation have been reported thus far.?>#¢ Oxidation of
10 was tested with iron(I1l) chloride using the setup depicted in Section 2.1.1, in the presence of seven equivalents per C-C bond
to be formed. This reaction is summarized in Scheme 3.9. The reaction was monitored using MALDI-ToF mass spectrometry.
After seven hours of reaction, the main peak observed in the mass spectrum, presented in Figure 3.16, corresponded to a
difference of eight mass units from dendrimer 43. This peak can be attributed to the structure where only four C-C bonds are
created. Despite the long reaction times and the choice of oxidant, the oxidation of dendrimer 43 seems to not proceed to
completion. In response we synthesized dendrimer 44, considering previous observations where tert-butyl groups enhance the
reactivity towards the cyclodehydrogenation reaction.

Fel,

CH,C1,/MeNO, X

(C,),-TI6IH
m/z= 141638

Scheme 3.9 | Scholl oxidation of dendrimer 43.
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Figure 3.16 | To the left the MALDI-ToF spectrum of the Scholl oxidation of dendrimer 42. To the right a proposed structure for the
main peak.

OXIDATION OF (C34tBUs)s-T[6]H

The oxidation of dendrimer 44 was tested using 1.5 equivalent of DDQ per C-C bond to be formed. The reaction
conditions are summarized in Scheme 3.10. The mass spectrum analysis revealed a peak at the desired M* mass along with
other unidentified impurities at higher m/z values. The nanoparticle demonstrated a high solubility, enabling the performance
of column chromatography (cyclohexane:toluene 9:1) to obtain a pure product. The MALDI-ToF mass spectrum after purification
is given in Figure 3.17a. Single crystals were grown by slowly evaporating a solution of the purified product in toluene which
allowed the recording of a single crystal X-Ray structure. The X-Ray measurements and structure calculations were done by Dr.
Pierre Thuéry at CEA Saclay. The crystal structure showed that the targeted helicene was not formed; instead, a bis-spiro GQD 47
was obtained. In this product the central phenyl ring lost its aromaticity. One lobe of the nanoparticle displays a five-member
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ring and a missing C-C bond. The other two lobes have all their C-C bonds formed, as well as an additional C-C bond with the

central phenyl. The Single crystal X-Ray structure is presented in Figure 3.17b, without the fert-butyl groups for clarity purposes.
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31%

A
v

(€, Bu,),-T[6]H
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Scheme 3.10 | Scholl oxidation of dendrimer 44 into 47.
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Figure 3.17 | (a) MALDI-ToF mass spectrum of bis-spiro GQD 47. (b) Single crystal structure of product 47. Tert-butyl groups are
omitted for clarity.

The enhanced solubility allowed to perform NMR spectroscopy without the use of CS,. The 'H NMR, recorded in
dichloromethane-d,, is presented in Figure 3.18. Within the aliphatic region, multiple peaks can be discerned. In total, fifteen
aliphatic signals can be identified, corresponding to the fifteen tert-butyl groups. Numerous aromatic peaks, ranging between 5.5
ppm and 10 ppm, can also be distinguished. Some shifts are lower than those typically expected for aromatic peaks, which can
be explained by the placement of certain protons within the precession cone of other aromatic cycles, thereby increasing the
magnetic field they experience.® The sum of all the integrals is consistent to the number of expected protons in the structure,

168 protons. Further experiments, such as 'H-"H NOESY and "H-"3C HSQC NMR spectroscopies are still necessaries to make a full
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attribution of the signals. However, it is possible to account for all the observed peaks in the 'H NMR spectrum to the single crystal

structure.
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Figure 3.18 | 'H NMR spectrum of bis-spiro GQD 47 (400 MHz, CD,Cl,, 298 K).
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A final observation regarding the synthesis and characterization of bis-spiro GQD 47, is that based solely on mass
spectrometry, it appears that the desired product was obtained. The purified sample was analyzed by NMR spectroscopy, where
multiple peaks could be observed. Initially, it was uncertain whether the surplus of peaks in the NMR spectrum could be
attributed to the presence of impurities or from conformers, for which the structure should be greatly altered giving rise to
different NMR signals. It was the single crystal structure that allowed us to identify the real structure and account for the recorded
'H NMR spectrum. It is known that rearrangements can occur during the Scholl reaction for planar and twisted structures, with
migrations of phenyl groups and ring closures with five- or seven-members.®'%#’ The formation of spiro nanographene has
been rarely reported, and in most cases the precursor of the Scholl oxidation is designed to give such compounds.?*-* To better
comprehend the reactivity at play, we evaluated the oxidation at different reaction times. The preliminary results are presented

in the following subsection.

UNDERSTANDING THE OXIDATION OF DENDRIMER 44

To determine whether the synthesis of the targeted helicene is feasible, we need to understand more thoroughly how
the oxidation process unfolds. A critical moment is when the fusions with the central phenyl occur, as the major deviations from
the target molecule happen here. In the synthesis of a large hexapole [7]helicene, Zhu et al. reported that complete oxidation of
the lobes occurs in an initial step, and the oxidation to the central unit proceeds in a subsequent oxidative stage."™ In our case,
the reaction seems not to follow the same order: the lobes are not completely oxidized before the fusion to the central phenyl.
This can be inferred since we know that a C-C bond in a lobe is missing in the final structure. This missing C-C bond is likely the

consequence of the previous formation of the adjacent five-member ring that adds additional strain to that part of the molecule.

Since the reaction seems to be complete after 1 hour, we decided to take samples at five-minute intervals to evaluate

the reaction progression. The reaction was monitored by thin-layer chromatography (TLC) and MALDI-ToF mass spectrometry.
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The reaction monitoring was done using 1.6 equivalents of DDQ per C-C bond to be formed and 1% v/v of triflic acid. The TLC
plate is presented in Figure 3.19. At five and ten minutes, it is possible to distinguish an orange spot closest to the base on the
TLC, labeled as spot “A”. After ten minutes spot “A” disappears. The second spot, spot “B”, is bright blue and corresponds to
product 47; it is present since the first five-minute aliquot and remains throughout the reaction. An additional bright blue spot,
spot “C”, which elutes higher than the other two spots, also gradually disappears over time but more slowly than the orange spot.

F-d-=l-=4--l--+4--

5 10 15 20 ref

Figure 3.19 | Schematic representation (left) and photography (right) of the TLC plate (cyclohexane:toluene 9:1) of the reaction
progression of the oxidation of dendrimer 44. Lanes from left to right correspond to the sample taken at 5, 10, 15 and 20 minutes. Last
lane corresponds to product 47 as reference.

In total, there are 15 C-C bonds that need to be formed. After the purification of a reaction carried out for only five
minutes, the mass spectrum of the unknown compound from spots “A” and “C” were recorded. Their mass spectra are presented
in Figure 3.20. The mass spectrum of compound “A” shows a peak at m/z = 2267.83. This is a difference of ten mass units from
dendrimer bis-spiro GQD 47, which would correspond to five missing C-C bonds. Blue intermediate “C" exhibits a mass peak at
m/z=2259.91, a difference of two mass units, or only one C-C bond is missing for completion of 47.
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Figure 3.20 | MALDI-ToF mass spectra of the compounds from spot “A” (a) and spot “C" (b).

Interestingly for spot “A”, an intermediate for which more C-C bonds are missing, the emission color is at higher
wavelengths than the final product 47. Usually, the opposite is observed in the fusion of nanoparticles, as the formation of C-C
bonds increases, so does the conjugation and the shrinking of the bandgap. In this case, when the sp carbons are created at the
central phenyl, they break the conjugation, increase the bandgap, and thus shift the emission towards the blue. Therefore, in the
intermediate giving spot “A”, we can assume that the sp’ carbon atoms have not yet been formed and can envisage a structure
where C-C bonds were formed only in the lobes and not to the central phenyl. However, in intermediate “C”, where only one (-
Cbond is missing to reach the obtained twisted GQD 47, we return to a blue emission. The conjugation has been broken by the
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formation of the sp’ carbons. The two intermediates described here still need to be isolated in larger quantities to perform further
characterizations and better understand which C-C bonds are formed and in which order. This work is ongoing, as well as
theoretical calculations on the possible intermediate states to better understand the reactivity of dendrimer 44 towards the Scholl

reaction and the formation pathway to 47.

The reaction seems to proceed quickly, with product 47 formed within the first five minutes of the reaction. An
alternative approach to synthesize the initial target (CsstBus)s-T[6]H helicene, might be to test weaker acids, a common
alternative being methanesulfonic acid (MSA). A first test in the presence of MSA suggest that the oxidation reaction does not
take place in the presence of this acid. Alternatively, other acid/oxidant couples may be tested, for example, using a Lewis acid
such as BFs, or changing the oxidant to PIFA. Iron(I1l) chloride may also be considered, but since it is a stronger oxidant than DDQ,

similar results may be expected. In an initial approach, milder oxidants will be tested.

CHIROPTICAL PROPERTIES

The obtained bis-spiro GQD 47 is also chiral. The chiral purification and chiroptical properties were done at the Service

de Chimie Bioorganique et de Marquage (SCBM) at CEA Saclay with the help of Lilian Estaque and Dr. Gérgory Pieters.

The absorption and PL spectra of the racemic mixture of 47 is given in Figure 3.21. Because of the breaking of the
conjugation by sp’ carbon atoms, the absorption and emission of 47 are observed in ultraviolet and beginning of the visible
regions of the electromagnetic spectrum. The absorption spectrum is broad between 300 nm and 450 nm with some discernible
peaks. The maximum of absorption is situated at 345 nm and exhibits a molar absorption coefficient of 137 000 M'.cm™ at this
wavelength. The emission spectrum is composed of three sharp lines at 475 nm, 506 nm, and 544 nm. The colour of the emission
lies in the cyan hue. 47 appears to be highly luminescent, however, the measurement of the fluorescence quantum yield is still

pending due to a problem with the spectrometer.
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Figure 3.21 | Absorption and emission spectra of the GQD 47 in tetrahydrofuran.
The enantiomers of 47 were separated by chiral HPLC. A first optical characterization to perform with chiral molecules

is their absorption response to circularly polarized light. This light can either be polarized to the left or to the right. Circular

dichroism (CD) measures the capacity of a molecule to absorb either left- or right circularly polarized light. At each wavelength
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the sample is shined with left-handed and right-handed circularly polarized light, and the difference of the absorbance of both,

the delta absorbance (AA), is measured following the following relationship:

AA = AL - AR
Equation 3.1

As for linearly polarized light the Beer-Lambert law can be applied to calculate the molar circular dichroism (Ae(4)) as

follows:

AAL) = Ae(D)IC = (g, (1) — eg(D))IC
Equation 3.2

Where [ is the light path length, C the concentration of the sample, and ; and e the molar extinction coefficients for
left-handed and right-handed CP light respectively. The molar absorption is independent of the concentration and measurement
cell length, so it is useful to compare different samples at the same wavelengths. However, to compare the circular dichroism

between wavelengths, it is more useful to use the absorptive dissymmetry factor gessdefined in the following relation:

_Le@) e - a@
Yabs = o) T 1/2(e, D) + x(D))
Equation 3.3

Where £(2) is the molar absorption coefficient for linearly polarized light, which can also be expressed as the half of
the sum of the left-handed and right-handed circularly polarized light molar absorption coefficients. Theoretically, the

dissymmetry factor is comprised between 2 and -2. For organic molecules the values typically range between 10 to 10"

The (D spectra of the two enantiomers of product 47 are shown in Figure 3.22. The CD spectra are a perfect mirror
image of each other, confirming that we are observing enantiomers. It can be observed that the Cotton effect is more important
at the longest wavelengths of the absorption, around 450 nm. It is also at this wavelength that the molecule exhibits the maximum

8ass 0f 0.012. This value is in the higher range of g-values usually observed for similar chiral nanographene molecules.™"
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Figure 3.22 | (D spectra of both enantiomers of 47. (a) Reported as a function of As (M".cm™") and (b) of the absorption dissymmetry
factor gass.
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Chiral chromophores can spontaneously emit left or right circularly polarized light. This is measured by circularly
polarized luminescence (CPL) spectroscopy.** In an analogous fashion to circular dichroism, the intensity difference (A1(2))
between the emitted left (I, (1)) and right (15 (1)) CPLis defined as follows:

AI(D) = 1,(D) = Ir(A)
Similarly, the luminescence dissymmetry factor g» is defined as follows:

_ 2AI(A)
Jium = W

Where (1(1)) is the total intensity of the emitted light. As for CD, the limit values for gu»are 2 and -2, where the system
would emit pure left or right circularly polarized light, respectively. The typical values for organic chromophores are situated

between 10 and 10

Molecule 47, being a chiral chromophore also emits circularly polarized light. Its CPL spectrum is given in Figure 3.23.
As for the CD, the CPL spectra for both enantiomers are mirror images. The maximum of the dissymmetry factor for luminescence

(gum) is 7x10. This again is a good value for a chiral organic chromophore.
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Figure 3.23 | CPL spectra of both enantiomers of 47 reported as function of photoluminescence dissymmetry facto gun.

Despite the synthesis of a different structure that the one expected, GQD 47 was found extremely interesting, and
investigations are still ongoing on its properties and on its mechanism of formation. Upon purification of the enantiomers, we
were able to explore its chiroptical properties by CD and CPL. The chiroptical properties of molecule 47 are good and lie in the
higher range for similar organic molecules. It would be very interesting to be able to compare these properties to that of the
originally planned helicene (CsstBus)s-T[6]H. As previously mentioned, efforts are currently underway to obtain this helicene

structure.

3.2.2 GQD PROPELLER
To increase the solubility of the nanoparticles, another possible approach is to interlock two distinct nanoparticles
through covalent bonding. These types of structures are known as GQDs propellers.” We designed a GQD in which two graphene

nanoparticles, each containing 72 sp? carbon atoms, are held together by a central C-C bond. To further improve the solubility
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and the reactivity towards the Scholl oxidation, tert-butyl groups were added to the edge of the nanoparticle. This structure is
depicted in Figure 3.24, along with a relaxed three-dimensional structure. The relaxed structure, attained through an MM2

energy minimization method, suggest that the propeller is likely adopt a twisted conformation.

(cntBus)z

Figure 3.24 | (Left) Schematic structure of (Cz2tBus), propeller. (Rigth) Relaxed three-dimensional structure though MM2 energy

minimization.

To synthesize (C72tBus),, the same strategy employed so far for the synthesis of GQDs was used. The main steps are
illustrated in Scheme 3.11. First, the tetraphenyl alkyne core 48 is synthesized and then reacted with cyclopentadienone CP-2
to produce the corresponding dendrimer 49. This dendrimer is subsequently oxidized through the Scholl reaction to yield the
desired GQD propeller. Similar to helicenes, steric hindrance is introduced into the structures through tert-butyl and phenyl
groups at the center of the nanoparticle to prevent the fusion into a larger sp? structure.

W N Scholl
oxidation
-0 — o —
A\ 4
48

(C,,tBuy),

Scheme 3.11 | General synthetic strategy to propeller (C7,tBus),.

Throughout this section we will discuss the synthesis of the propeller (Cz.tBus). GQD, followed by its characterization

and preliminary optical studies.

SYNTHESIS

Let's first discuss the synthesis of alkyne core 48. Its synthetic approach is summarized in Scheme 3.12.The synthesis
begins with the protection of the amine functions of the commercially available 2,6-bromoaniline, using sodium nitrite and
pyrrolidine, to produce the triazene 50.% In this step, a diazonium is formed, which is then trapped by the pyrrolidine to produce
the triazene. Triazene 50 is stable and can undergo a Sonogashira coupling with trimethylsilylacetylene (TMSA) to yield compound
51. The triazene group in 51 is converted into iodine through a reaction with iodomethane, resulting in the iodinated compound
52. Intermediate 52 is then reacted with biphenyl-diboronic ester 53 through a Suzuki-Miyaura coupling to produce the
tetramethylsilane protected tetraphenyl alkyne core 54. Biphenyl-diboronic ester 53 is synthesized through a Miyaura borylation
from the commercially available 4,4'-dibromobiphenyl. Finally, the target alkyne core 48 is obtained after deprotection of 54 in
the presence of tetrabutylammonium fluoride. These reactional steps are summarized in Scheme 3.12.
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Scheme 3.12 | Synthetic route to tetraphenyl alkyne core 48.

With the desired alkyne core, we proceeded to the dendrimer synthesis and subsequent oxidation into propeller
(C72tBus)2. The reactional steps are presented in Scheme 3.13. Dendrimer 49 is synthesized through the Diels-Alder reaction
between the alkyne core 48 and the tetra-tert-butyl substituted cyclopentadienone CP-2. Next, The Scholl reaction was performed
with iron(lll) chloride and DDQ as oxidant to obtain the (C7.tBus). propeller.

Fedl,

45 min (C,,tBu),
m/z=2675.69

Scheme 3.13 | Synthetic route to the synthesis of propeller (C7tBug)a.

First, eight equivalents of FeCl; per C-C to be created were used. The reaction was monitored using MALDI-ToF mass
spectrometry. After 45 minutes of reaction time, the targeted mass for the product began to be detectable (Figure 3.25a).
However, peaks at higher m/z values remained predominant. A possible origin to these peaks could be incomplete fusion or
chlorinated byproducts where a tert-butyl group has been substituted. To achieve a cleaner reaction, we decided to focus on a

milder oxidant.

Initially, the reaction with DDQ as oxidant was attempted in the presence of methanesulfonic acid. However, even after
5 hours of reaction, only 10 C-C bonds were formed. Upon using triflic acid in small quantities, the desired product mass peak
began to predominate at 4 hours and seemed to reach completion after 7 hours of reaction. Upon examining the isotopic
distribution, a discrepancy at higher mass units was noted between the experimental and simulated mass spectrum for the target

product (Figure 3.25b). This could be attributed to nanoparticles with one or more missing C-C bond were still present.

The propeller (C72tBus), structure displayed a high solubility, enabling purification via column chromatography. In the
mass spectrum, after the purification step, the isotopic distribution appeared more consistent with the simulated one (Figure
3.25¢). Nonetheless, it is worth mentioning that, despite the good solubility for a GQD, the product tends to drag in the column,
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and some fractions of the product remained mixed with other byproducts, thus impacting the calculated reaction yields. Only the

best fractions were used for subsequent studies.
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Figure 3.25 | MALDI-ToF spectrum of (a) the oxidation of dendrimer 49 with FeCls after 45 minutes. (b) Mass spectrum of the
oxidation of 49 with DDQ after 7 hours. (¢) Mass spectrum of (b) after purification through column chromatography. The inserts
correspond to the comparison of the experimental (black) and theoretical (blue) isotopic distribution for the target structure of
(Cr2tBus),.

NMR CHARACTERIZATION

NMR spectroscopy is in line with the target structure. The 'H NMR spectrum, recorded in dichloromethane-d,, is
presented in Figure 3.26a. In the aromatic region, we can distinguish nine singlets between 8.3 ppm and 11.8 ppm. All the
singlets account for four protons, except for the most low-field signal, which accounts for two protons. This way, we were able to
assign proton 1 to the singlet at 11.73 ppm.

Observing the aliphatic region, we can identify four peaks that can be attributed to the tert-butyl groups at 2.41 ppm,
1.96 ppm, 1.61 ppm, and -0.24 ppm. The most downfield peak can be assigned to tert-butyl A. This tert-butyl group experiences
a similar effect to that observed for protons in dendrimer 43. This functional group positions inside the precession cone of the
aromatic rings from the sp? domain from the adjacent lobe of the molecule, thus decreasing the experienced magnetic field. The
remaining protons were assigned using 'H-"H NOESY and 'H-"H TOCSY NMR spectroscopies.

We will focus on the discussion concerning the 'H-'H NOESY NMR spectroscopy, and specifically on the cross-peaks
observed between the aromatic rand aliphatic regions, which are given in Figure 3.26b. It is possible to observe that the tert-
butyl groups couple through space not only to their adjacent hydrogen but also with the hydrogen atoms located at adjacent
rings. For example, protons from the tert-butyl group labelled Cinteracts with protons 3, 4, 5, and 6 with similar intensities instead
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of only protons 4 and 5. In the case of the planar rod-shaped structures, where the same environment is present, each tert-butyl
groups only couples through space to its immediate neighbor. The fact that this propeller shows correlations through space with
more distant protons may be a first indication that indeed propeller (Cz.tBus), adopts a twisted configuration and that the two
lobes are not only two planar GQDs lying perpendicular to each other. However, for finer details of the structure, a single crystal

X-Ray analysis would be advantageous, but despite several attempts, no usable crystals were obtained.
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Figure 3.26 | (a) 1H NMR spectrum of propeller (C72tBus)z (400 MHz, CDCl,, 298 K) with peak attributions to the structure. (b) H-'H
NOESY NMR spectrum showing the couplings between the aromatic and aliphatic protons. Dotted lines show the correlation between tert-
butyl protons C and protons 3, 4, 5, and 6.

As a final remark for the NMR analysis, it is possible to detect some impurities in the aliphatic regions as well as in the
aromatic region between 7.00 ppm and 7.50 ppmand adjacent to the peaks of the propeller (C72tBus).. These impurities seem
to be minimal and will be subject to further discussion in the HPLC analysis section. Nonetheless, NMR spectroscopy confirms the
structure of the nanoparticle, which is crucial, since, as we observed in the previous section with helicene (C3stBus)s-T[6]H, mass
spectrometry alone can have serious limitations to verify the formation of a GQD. This is especially true for twisted structures

where the increased strain can give rise to unexpected isomeric structures.
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OPTICAL PROPERTIES

Once the propeller (C72tBus)2 was purified, its optical properties were examined. The optical spectra were recorded in
1,2,4-trichlorobenzene. The absorption and emission spectra are depicted in Figure 3.27. The absorption spectrum displays
three main peaks at 416 nm, 441 nm, and 473 nm. Meanwhile, the photoluminescence spectrum exhibits multiple peaks ranging
from 500 nm to 650 nm. We can compare the optical properties of a similar C;; GQD substituted by 2,6-methylphenyl groups
described H. ). Cho et al.* The absorption and emission spectra of this phenyl-substituted GQD is given in Figure 3.27c. The
maximum of absorption for both nanoparticles are located at similar wavelengths. It is also possible to distinguish a similar
pattern of absorption peaks. The emission also takes place at similar wavelengths, but the intensities of the emission pattern
differ. The propeller (C72tBus) behaves similarly as an analogous monomer Gy, It could be interesting to better understand if the
observed difference, notably for the photoluminescence, originate by the difference of the functional groups or by the proximity
of two graphenic domains which has an impact on the electronic distribution. This propeller GQDs merits more extended
experimental optical studies and theoretical descriptions.
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Figure 3.27 | (a) Absorption and emission spectrum of propeller (CrotBug)zin 1,2,4-trichlorobenzene. (b) Excitation spectra at
different emission wavelengths. (¢) Absorption (black) and emission (red) spectra of a similar G2 GQD substituted with phenyl groups.
The spectra are reported in solution (dotted line) and in a film (plain line).2*

Comparing the excitation spectra at all the emission wavelengths, two distinct types of spectra can be discerned. The
emission peaks below 530 nm display a blue-shifted excitation spectrum at the maximum wavelength, while the emission peaks
above 530 nm share an excitation spectrum similar to the absorption spectrum. This suggests the presence of two emitting entities
in the solution. A possible hypothesis for the origin of these two entities lies in the presence of different conformers. These
conformers could be the helically twisted structure and a meso-structure for which one sp? system of the propeller is twisted
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towards the same side of the nanoparticle while the other system faces the opposite side. The existence of such meso-compounds

has been previously described by Fujikawa et al. in the context of a double m-expanded helicene."’

HPLC ANALYSIS

To isolate the objects in solution we performed HPLC on a fraction of the (C7.tBus), propeller from a different batch to
the one used for NMR characterization. The chromatogram at 394 nm is presented in Figure 3.28. This wavelength, different
from the maximum, was chosen to better distinguish the different peaks. It is possible to distinguish three peaks, labeled as peak
“A", peak “B", and peak “C".
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Figure 3.28 | HPLC chromatogram at 394 from a sample of (C7tBusg),. Eluent: cyclohexanes/dichloromethane 98/2.
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Figure 3.29 | MALDI-ToF mass spectrum of compounds “A” (a), “B” (b), and “C" (c). (d) The absorption spectrum recorded for the
three compounds.

The mass spectrometry spectrum of the compound recovered for each peak is presented in Figure 3.29a-c. For peak
“A”, the primary product exhibits a m/z = 2677.31, that is a two-mass unit difference from the target mass. The compound from
peak “B" has a main peak at m/z = 2679.45, a difference of four mass units from the target mass. For the compounds from peak
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“A" and “B", the difference in mass could be due to missing C-C bonds or to an incorrect fusion as for compound 47. Finally, the
compound recovered from peak “C” exhibits main peak at m/z = 2675.29, which corresponds to the expected mass for the
(C72tBus), propeller. The comparison of the isotopic distribution at this peak shows an excellent agreement between the
experimental results and the simulation. The absorption spectra of the compounds from the three peaks are presented in Figure

3.29d. They agree to the two different the excitation spectra observed before.

The HPLC purification showed that the different objects in solution do not correspond to the two twisted and meso
isomers of the propeller, but rather to different compounds. These compounds can be separated to yield a pure propeller. The
different analysis presented here led us to conclude that we successfully synthesized the (C72tBus), propeller. Thanks to is
functional groups and three-dimensional character this GQD is highly soluble allowing its purification and NMR analysis. The
optical investigation of the GQD presented here was just preliminary and more advanced experiments are yet to be performed.
Attempts to crystalize (C72tBus): are still ongoing to see how the propeller evolves in space. This will be useful to confirm whether
the different sp’ domains twist or remain planar. If indeed the sp? domains twist, as the computationally relaxed structure

suggests, this would be very interesting for the synthesis of interlocked helical structures.

At the beginning of the section, we defined helicenes as ortho-fused rings. This type of lateral fusion of cycles generates
only one cavity diameter. To obtain larger diameters it is possible to alternate an ortho- and para-fusion of phenyl rings. These
types of structures are known as extended helicenes (Figure 3.30a).”* Theoretical calculations, and experimental observations,
seem to indicate that expanded helicenes have a higher dissymmetry factor g than helicenes. This is attributed to a larger cavity

diameter created by the helix with a more pronounced effect as the helix increases in size.**

The simulated propeller twisted structure (Figure 3.24) can be assimilated to two small interlocked extended helicene.
Because of the steric hindrance, cause by the proximity of the two small extended helicene fragments, they may adopt a helical
formation. This helical configuration would introduce conformational chirality to the structure. Thisis illustrated in Figure 3.30b-
¢, where only the center of the propeller (C72tBus)z is shown for clarity. However, additional calculations would be required to
assess the racemization barrier. This is because the direction of the helical configuration can be changed by the rotation of the
central C-C bond thus making the enantiomeric species indistinguishable (Figure 3.30c).™ The densely packed nature of the
propeller may reduce this effect, potentially giving rise to a chiral structure based on a double expanded helicene. Finally,
propeller (C72tBus) is a first proposition towards this end, we can now imagine new structures where the free C-C rotation is
effectively blocked by adding covalent bonding between the sp? subunits or coordination bonding through a new structure

capable of hosting a metallic atom between the two graphenic subunits.
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Figure 3.30 | (@) Structure of the extended [13]helicene. (b) Center of the (C72tBug)2 showing the alternation between ortho and para
fusion of the aromatic rings. (c) Proposed helically twisted structure of the center of (C72tBus),. The red arrow shows the free C-C bond
that can rotate and change the direction of the helicity.
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3.3 CONCLUSION

Throughout this chapter we discussed two different approaches to further enhance the solubility of graphene quantum
dots. The first one consisted in an extension of the strategy presented in the previous chapter, add adjacent tert-butyl groups
along the main axis of rod-shaped graphene nanoparticles. The second consisted of adding steric hindrance in the polyphenylene

dendrimer to force its oxidation into twisted helical structures.

The first approach was motivated by the limited solubility exhibited by CrstBus (from Chapter 2), who, despite
possessing bulky groups around its edges, experienced an aggregation process not observed for its larger homologues. This effect
was attributed to the lack of adjacent of tert-butyl groups along its main axis. In response, we decided to add additional functional
groups along the axis of the rod-shaped nanoparticles. This originated a new family of fully tert-butylated GQDs, whose synthesis
and characterizations were presented in the first half of this chapter. The optical studies of the new CzstBu1o Showed that the
addition of the tert-butyl groups was effective to significantly increase its solubility compared to its partially tert-butylated
counterpart. Thanks to the new architecture of the GQDs, it was possible to synthesize a smaller CsotBug nanoparticle who also
exhibited a high solubility.

The Cos and C11a members of this new family remained soluble in organic solvents at optical concentrations and behaved
in a similar fashion as their partially tert-butylated homologues. However, observations during the manipulation of Cy14tBusa in
its concentration dependant PL spectra begin to suggest that the increasing of the solubility by positioning multiple adjacent bulky
groups along the main axis of the nanoparticle has its limits. Further theoretical calculations of the possible aggregation pathways
and conformers energies may help to better elucidate this question. But a possible explanation would be the increasing number
of conformers, due to different combinations of the positioning of the tert-butyl groups. Some of these conformers may allow the
aggregation process to start. Nonetheless, C114tBu14 remains highly soluble compared to other examples of GQDs at optical
concentrations. Once the oxidation of the largest member of the family, C132tBue, is performed, it will be possible to gain more

insight in this matter.

On the second half of this chapter, we discussed the synthesis of two twisted nanographene structures: helicenes and
propellers. The synthesis of the presented helicenes remained a challenge because of the unpredictability of the Scholl oxidation
with twisted structures that appear to be more reactive. For instance, the least hindered dendrimer tested, dendrimer 42, gave
a planar structure instead of its corresponding helicene. Despite not obtaining the expected product, this result remains very
interesting for the design of new planar structures. The most hindered dendrimer, dendrimer 44, did not yield the expected
helicene. Instead, a bis-spiro product was obtained whose structure was determined by single crystal X-Ray diffraction.
Interestingly, the unexpected bis-spiro product 47 is a structural isomer of the expected helicene. This shows the important role
that solubility plays not only for the purification and study of the optical properties, but also for complete characterizations of the
structure. In the case of poorly soluble GQDs, the only method available for characterization is mass spectrometry, but this
technique does not allow to identify two different molecules with the same chemical formula as was the case of the helicene and
the spiro product. The synthesis of propeller (C72tBus). was successfully achieved, and its structure was validated by NMR

experiments. Further optical characterization is still pending. This structure was very soluble thanks to its propeller architecture.

Finally, to fully exploit the solubility of the rod-shaped family of graphene quantum dots in organic solvents, in our

research group we are currently developing a series of rod-shaped GQDs containing adjacent tert-butyl groups along their main
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axis as well as bromine atoms. The halogens groups are a versatile group that will enable the post-functionalization of large
nanoparticles with solubilizing groups that would otherwise not withstand the Scholl oxidation conditions. One possible post-

functionalization is to incorporate polyethylene glycol chains to make the nanoparticle soluble in water.
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CHAPTER4 GRAPHENE NANOMESHES

4.1 GENERALITIES

As mentioned in the general introduction, the formation of a regular pattern of holes in a graphene sheet allows opening
a bandgap. This graphene-related material is called graphene nanomeshes (GNMs). There are four critical parameters defining
the nanomesh structure: the size of the hole, the edges of the hole, the periodicity of the hole, and the neck width. Although all
parameters contribute to adjusting and controlling the bandgap in GNMs, the neck width bears the most significant impact,
comparable to graphene nanoribbons (GNRs).2” In the general introduction, we have already discussed the differences between
the top-down vs. bottom-up approaches to the synthesis of GNMs. In this PhD thesis, our objective was to synthesize nanomeshes
via a bottom-up technique leveraging on-surface synthesis. This approach facilitates the control of the parameters defining the
nanomesh by meticulously designing the precursor that will be deposited and assembled on the surface. In this chapter, we will
focus particularly on the synthesis of different GNMs precursors and their deposition on different surfaces.

4.1.1 REACTION MECHANISMS

Ullmann coupling is the most popular reaction employed in on-surface chemistry. This reaction consists of the coupling
between two aromatic halides to create an aryl-aryl bond. The reaction was first reported by Ullmann and Bielecki in 1901 using
copper as a catalyst." Since its discovery, the reaction has dramatically benefited molecular chemistry. The on-surface reaction
mechanism is not entirely understood since it varies between substrates and precursors."*2 Nevertheless, the reaction can
be divided into three steps: dehalogenation, diffusion, and coupling (Figure 4.1a). The dehalogenation step will depend on the
halogen's choice because of the difference in the carbon-halogen bond's dissociation energy. The corresponding haloarene's C-
Cl, C-Br, and C-I dissociation energy is 400, 336, and 272 k].mol", respectively.* On-surface, the necessary energy is usually given
to the system in the form of heat. A phenyl and halogen radicals are formed upon dissociation of the C-X bond, which will remain
chemisorbed to the surface. The chemisorption of the radical quenches the unpaired electron; therefore, it is usually referred to
as a surface-stabilized radical. This radical will diffuse along the surface until it encounters another radical to whom it can couple.
The two molecules will be chemisorbed to the same surface atom in this step. The reactants can sometimes be coordinated to a
free metallic atom outside the surface plane generated from thermal energy or added on purpose (Figure 4.1b).”" This metallic
atom s called an adatom, the portmanteau of "adsorbed atom". Adatoms can act as catalysts or be incorporated into the structure

to form metal-organic frameworks acting as a template for the coupling reaction. 2

As for the synthesis of GQDs, cyclodehydrogenation is an essential reaction in the on-surface synthesis of nanographene.
This reaction is a cyclization between two intramolecular carbons from adjacent phenyls, releasing onto the surface two hydrogen
atoms in the process. Depending on the position of the adjacent phenyl rings, different member cycles can be obtained, most
commonly five-, six-, and seven-member rings.* In previous chapters, we already discussed the plausible mechanisms in the
solution and the remaining ambiguity around what is happening for different precursors and oxidants. Similarly, the reaction
mechanism for on-surface dehydrogenation is not entirely elucidated. Some theoretical studies, combined with experimental
observations on the cyclodehydrogenation of anthracene-based graphene nanoribbons, have proposed the mechanisms
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depicted in Figure 4.1¢.2%%® The first step is forming a C-C bond between two adjacent phenyl rings. In this process, two
delocalized radicals are created in each ring, and the participating carbon atoms see a change in their hybridization from sp’ to
sp’. Next, the hydrogen on the substrate side can be eliminated to restore partial conjugation in the molecule. A[1,2]- or [1,3]-
sigmatropic shift can then occur, followed by elimination of an additional hydrogen atom to regain complete conjugation.
Alternatively, a [1,9]-sigmatropic shift can occur before any hydrogen elimination; hence the rearrangement requires a longer
conjugated path. Complete conjugation is regained after eliminating two successive hydrogen atoms on the substrate. This
process is repeated several times until the complete cyclodehydrogenation of the precursor is achieved. In contrast to the in-
solution mechanism, the proposed on-surface pathway involves the formation of a biradical species that is stabilized by the
substrate. Furthermore, on-surface synthesis increases the steric hindrance and confinement effects, so the hydrogen shift can
only occur on one side of the molecule.
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Figure 4.1 | On surface reactions mechanisms. (a) lllustration of the on-surface Ullmann coupling mechanism.2*¢ (b) Adatom bridged
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structure.?2 (c) Scheme of the possible on-surface cyclodehydrogenation mechanisms.

4.1.2 SCANNING PROBE MICROSCOPIES
The characterization of the surface is commonly done using scanning probe microscopy using two methods: scanning
tunneling microscopy (STM) and non-contact atomic force microscopy (nc-AFM). In the following paragraphs we will give a quick

introduction to the underlying principles of to these two methods.”

Scanning tunneling microscopy relies on tunneling effect. In quantum mechanics, electrons can pass through a potential
energy barrier. In an STM setup an atomically sized tip is positioned close to a metallic surface. The current that flows between
the surface and the tip is measured when a voltage bias is applied (Figure 4.2a). This current depends on the distance between
the tip and the surface. A raster scan of the surface is the made. Two types of STM modes can be employed: constant current and
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constant height. In the constant height mode, the variation is current is measured, and in the constant current mode the variation

of height is measured (Figure 4.2b).

In atomic force microscopy a cantilever with an atomically precise tip is placed on top of the sample (Figure 4.2c). In
non-contact AFM, the cantilever oscillates on top of the surface and probes Van der Waals forces. The variation of the cantilever
is measured using the piezoelectric effect with a quartz tuning fork. In nc-AFM, two modes can be employed: amplitude
modulation and frequency modulation (Figure 4.2d). Additionally, the tip of AFM can be functionalized to probe the short-range
forces, such as the Pauli repulsion, which allows to visualize the atomic orbitals or sigma bonds.”” The best resolution is obtained

using a carbon monoxide (CO) tip, but other atoms such as oxygen or halogens can be employed.®'
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Figure 4.2 | (a) Schematic representation of a STM tip and surface. (b) Profile representations of the constant current and constant
height mode. (c) Schematic representation of an AFM tip and surface. (c) Profile representations of the fixed frequency and fixed
amplitude modes.?®

The measurements presented in this section were done in ultra-high vacuum conditions (10 mbar) at low temperature
(4 K). Low temperature helps to immobilize the observed molecules and prevent vibrations of the setup that could increase the
noise. The experimental setup is composed of two chambers in communication: a preparation and an analysis chamber. In the
preparation chamber, the surface is cleaned in by Ar* bombardment. Afterwards, in a sublimation step, the molecules are
deposited on the surface, without the presence of any solvent. Then, subsequent heating of the sample allows the reaction on-
surface to take place. After the sample is cooled down, it is transferred to the analysis chamber, where the sample is cooled down

and the STM or nc-AFM measurements take place.

4.1.3 EXPERIMENTAL PARAMETERS

What happens on the surface will be closely related to the conditions of the surface: temperature, coverage, precursor
structure, and surface nature."® The most common metals used for on-surface reactions are the transition metal from group IB
of the periodic table; copper (Cu), silver (Ag), and gold (Au). These metals are commonly referred to as coinage metals for their
historical importance in the fabrication of coins. For these surfaces, the typical reactivity follows the Cu > Ag> Au order.>*® Besides
the type of metal employed, the surface reactivity is going to be strongly impacted by the exposed crystallographic plane. This
plane is given using the Miller notation (hk/). For a unit cell with lattice vectors &, a, and as, the indices h, k, and / denote a plane
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that intercepts the set of three points ai/h, a,/k, and as//. For example, in a cubic unit cell where a;=a,=a; and orthogonal to each

other, the plane (111) denotes the plane that cuts through the points 1/1&, 1/1 &, and 1/1a; (Figure 4.3d).

Top view

Figure 4.3 | Crystallographic faces in Cu, Ag, and Ag. (a) Face-centered cubic unit cell structure. (b) On top, the illustration of the (100)

plane cutting an FCC unit cell. Below, an illustration of the exposed atoms on the surface. (c) On top, the illustration of the (110) plane
cutting an FCC unit cell. Below, an illustration of the exposed atoms on the surface. (d) On top, the illustration of the (111) plane cutting
an FCC unit cell. Below, an illustration of the exposed atoms on the surface.22

The arrangement of the atoms inside the unit cell determines the arrangement of the surface exposed by each plane.
In the case of copper, silver, and gold, the unit cell is face-centered cubic (FCC), where atoms are positioned at each corner and
in the middle of each face of a cube (Figure 4.3a). The exposed surface is going to have a strong impact in the reactivity of the
surface. For a FCC cell, the (111) plane exposes a surface with tightly bounded atoms (Figure 4.3d), whereas in the (110), the
atoms are arranged along alternating lines of metal atoms and empty spaces (Figure 4.3c). As a result of these surfaces
arrangements, in the tightly bound exposed (111) face the metal atoms have a higher coordination degree than in a (110) face;
therefore, the (111) face is going to be less reactive than the (110) face. The (100) (Figure 4.3b) face is an intermediate of the
two previously depicted surfaces, the atoms are closely packed but not tightly bound, resulting also in an intermediate reactivity.

To better understand the formation of two-dimensional networks, Bieri et al. performed a theoretical study of the
reactivity of the hexa-iodo substituted cyclohexa-m-phenylene (CHP) on Cu(111) and Au(111) surfaces.?® They considered that
radicals on the surface could either diffuse or couple to another molecule. With that in mind, they defined the parameter P
corresponding to the ratio between the coupling rate (v,,,,1) and the sum of the coupling and diffusion (v ;) rates (Equation
4.1).

vcoupl

Veoupl T Vit
Equation 4.1

This parameter is comprised of between 0 and 1. High coupling rates give P values closer to 1, and the process is
described as diffusion limited. Inversely, high diffusion rates give P values closer to 0, and the process is said to be coupling
limited. Using a Monte Carlo simulation, they showed that to grow ordered two-dimensional structures, a limited coupling
process with small P values is required (Figure 4.4a-c). Further density functional theory (DFT) calculations indicated that the
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diffusion barrier is reliant on the carbon-metal bond strength, which is higher for Cu(111) than Ag(111), in line with the chemical
reactivity of these surfaces. Calculations on the coupling step showed that the C-C bond formation occurs spontaneously on
Cu(111) once two radicals encounter each other, whereas on Ag(111), an energetic barrier needs to be overcome. Their
theoretical results indicate that Ag(111) surface is coupling-limited and Cu(111) diffusion limited, and so silver is a better surface
to obtain two-dimensional polyphenylene networks from CHP. These calculations are in very good agreement with experimental
results. Only low-density clusters are obtained on a copper surface, whereas a silver surface allows the formation of large regular
two-dimensional domains (Figure 4.4d,f). Growth on an Au(111) surface gives intermediate-quality networks, although this
surface was not studied theoretically (Figure 4.4e).

Figure 4.4 | Formation of a two-dimensional network of CHP. (a) Monte Carlo growth simulation with P=1. (b) Monte Carlo growth
simulation with P=0.1. (c) Monte Carlo growth simulation with P=0.01. (d) STM image of polyphenylene networks formed on Cu(111).
(e) STM image of polyphenylene networks formed on Au(111). (f) STM image of polyphenylene networks formed on Ag(111).263

4.1.4 PRECEDING WORK AND CURRENT OBJECTIVE

Our research group was previously interested in synthesizing two triangular precursors to yield two-dimensional
covalent frameworks with a neck containing more than a single carbon-carbon bond and a continuous hexagonal network (Figure
4.5).” These precursors exhibit a G; symmetry, and upon growth on the surface, they were expected to give two nanomeshes
with different pore sizes and neck widths. The smaller 2,2',2"-triiodotriphenylene 55 would give a nanomesh with pore resulting
from a missing benzene ring and a neck width equivalent to a naphthalene unit. Theoretical calculations predicted a direct
bandgap of 1.28 eV. The larger 1,3,5-tris(4"-iodo-para-terphenyl)benzene 56 precursor was expected to yield a nanomesh
with a pore corresponding to a missing hexa-peri-benzocoronene and a neck width equivalent to a tetracene molecule. The
predicted theoretical bandgap was 1.06 eV. Prochirality of the precursors was one limitation expected to be encountered
upon surface growth. Depending on the side the molecule would be deposited on the surface, steric hindrance would limit
the coupling between sub-units, thus impeding the supramolecular arrangement and growth of the nanomesh and finally

this approach was abandoned.
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Figure 4.5 | Expected nanomeshes structures from precursors 55 and 56.

To address the previously depicted problem we designed a non-prochiral precursor derived from a
hexaphenylbenzene structure, compound 57. In the case of 57, it is expected that the side on which the molecule is
deposited will not create any defects during the growth of the nanomesh (Figure 4.6). Furthermore, because of steric
hindrance caused by the central phenyl group present next to the halogen group, the coupling with another molecule is
expected to be shifted, ensuring the nanopore's creation and the formation of the corresponding nanomesh GNM-1. In
this chapter, we will present the synthesis of this molecule and the growth tests performed so far on-surface.
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" GNM-1
Figure 4.6 | Expected nanomeshes structure GNM-1 from precursor 57, whose final structure is independent of the side on which the
precursor is deposited on the surface.

4.2 A GQD STRATEGY FOR A GNIM PRECURSOR

Our first approach to the synthesis of GNM was the synthesis of the halogenated precursor 57. Throughout its synthesis
different challenges were encountered, forcing us to change the approach taken towards its synthesis and perform slight
modifications on the targeted structure. Throughout this chapter we will present the different structures synthesized as well as

their surface deposition.

4.2.1 FIRST APPROACHES TO THE SYNTHESIS OF A TETRA-HALOGENATED PRECURSOR

The strategy for the synthesis of the graphene nanomesh precursor 57 is depicted in Scheme 4.1. It starts with the
carbon-carbon coupling between the 2-iodo-4,4'-dinitro-1,1"-biphenyl 58 and terphenyl diboronic pinacol ester 59. After the
Suzuki-Miyaura coupling, the nitro groups in the resulting compound 60 would be reduced into amine groups and then
transformed into the halogen of our choice: bromine or iodine through a Sandmeyer reaction, to give the GNM precursor 57.

OZNNOZ

58 O,N NO.
+ Suzuki-Miyaura aSatas NO, reduction
- O -—
N
B-0
0-8
A
59

Scheme 4.1 | First strategy for the synthesis of the GNM precursor 57.

The 2-iodo-4,4'-dinitro-1,1"-biphenyl 58 was obtained after treatment of the commercially available 4,4'-dinitro-[1,1'-
biphenyl]-2-amine with sodium nitrite and potassium iodide, in a 57% yield (Scheme 4.2). The synthesis of the terphenyl
diboronic pinacol ester 59 is described in Scheme 4.3. It was synthesized from the borylation of diiodo-p-terphenyl 62, a
precursor whose synthesis is already well established in our research group and analogous to the tert-butylated terphenyl
presented in Chapter 2. The trimethylsilyl di-substituted p-terphenyl derivative 6 was synthesized as described in Section 2.2.2.
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The trimethylsilyl groups in 6 were iodinated in the presence of iodine monochloride to obtain diiodoterphenyl 62. The reaction
of 62 with n-butyllithium, followed by the addition of iso-(propoxy)boronpinacol (/-prOBpin) gave the terphenyl diboronic pinacol
ester 59 in a modest yield of 35%. The borylation reaction is very sensitive; water traces or proton sources in the solvent or
precursors can activate the deprotection of boronic ester and its protonolysis, responsible for hydrogenated side products and
low reaction yields.

i. NaNo,

OZNNOZ i. K OZNNOZ
H,N THF/HCI [4M] I
0°C—r.t.
overnight 58

57%
Scheme 4.2 | Synthesis of 2-iodo-4,4'dinitro-1,1"-biphenyl 58.
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Scheme 4.3 | Reaction scheme for terphenyl diboronic pinacol ester 59.

The Suzuki-Miyaura coupling between the biphenyl 58 and the terphenyl boronic ester derivate 59 did not yield the
expected disubstituted tetranitro compound 60, instead only the monosubstituted pinacol ester 63 was obtained. Different
reaction conditions were tested to produce product 60: various palladium catalysts, increased reaction times, and temperatures.
Nevertheless, in each case, only the monosubstituted product was observed. A possible explanation of the stability of the
monosubstituted intermediate is the interaction of the lone electron pair in the pinacol oxygen with the positively charged
nitrogen of a nitro group. The relaxed structure of this intermediate, calculated using an MM2 energy minimization method in
Chem3D software, shows the interaction described before. The reaction conditions and the proposed stabilization of intermediate
63 are given in Scheme 4.4.

Scheme 4.4 | Scheme of the synthesis of compound 63. To the right the relaxed tridimensional structure of 63. (a) Pda(dba)s, SPhos,
KsPOs4, 80°C, toluene/water, 40h. (b) Pd,(dba)s, SPhos, KsPO4, 100°C, toluene/water, 20h. (c) Pd(PPhs)s, K203, 90°C, toluene/water, 48h

To prevent the formation of the stabilized boronic pinacol ester 63, a different method for synthesizing tetranitro

compound 60 was contemplated. The precursors bearing the functional groups needed for the Suzuki-Miyaura were exchanged.
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This alternative strategy is summarized in Scheme 4.5. The diiodoterphenyl 62 was already produced. The dinitro-biphenyl
boronic pinacol ester 64 was obtained through palladium-catalyzed Miyaura borylation conditions.® The Suzuki-Miyaura
coupling between 62 and 64 did not produce the expected product 60. However, MALDI-ToF mass spectrometry of the reaction
crude showed the presence of 60, along with the monosubstituted side product and additional non-identified impurities.
However, isolating the product through column chromatography or precipitation and subsequent identification through NMR
spectroscopy remained a challenge. It is possible that, because of the presence of four nitro groups and the aromatic nature of
the molecule, compound 60 is highly insoluble, which could explain the difficulty encountered in its isolation and

characterization.
B,Pin,
Pd(dppf)cl,
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NN,
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Scheme 4.5 | Alternative reaction scheme for the synthesis of the tetranitro compound 60.

To circumvent this solubility problem, which could be attributed to the presence of the nitro groups, we tested the direct
synthesis of the tetramine compound 61. This approach is given in Scheme 4.6. The nitro groups in the previously synthesized
compound 64 were reduced in the presence of palladium on carbon under a three-bar hydrogen atmosphere to yield the boronic
ester biphenyl-diamine 65. The synthesis of 65 proceeded without degradation of the boronic ester and had a good reaction
yield of 90%. 65 was then reacted with diiodoterphenyl 62 in the presence of tetrakis(triphenylphosphine)palladium(0) to obtain
61. Though all the precursor 62 had been consumed after 48 h of reaction, it was impossible to identify the desired compound
61 either by mass spectrometry or NMR spectrometry.

pd/C

OZNNOZ H,
MeOH/CH.Cl./EtOAC l

0-8 Pd(PPh.)
7:7{) rt. ' Kco,
5h %e,
o o0 HZNHO_B NH, 4+ m | W), o )~
77&0 62 48h

65

Scheme 4.6 | Reaction scheme for the synthesis of tetramine derivate 61.

So far, the strategy of coupling a terphenyl sub-unit with two diphenyl sub-units to obtain the precursor for the GNM
was unsuccessful. As we saw, we encountered problems in the reactivity and the solubility of the intermediates that prevented
the obtention of the different tetrasubstituted derivatives. Besides, it is expected that an additional difficulty would be
encountered in the Sandmeyer reaction to transform 61 into 57. This reaction is very sensitive to temperature, and in the
presence of heat, hydroxylated and hydrogenated side products can be formed, dramatically impacting the reaction yields. At

this point, it was clear that an alternative synthetic pathway was necessary.
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4.2.2 AN ALTERNATIVE APPROACH TO THE SYNTHESIS OF A POLYPHENYLENE PRECURSOR
Taking inspiration from the strategy employed for the synthesis of GQD, i.e., reacting a primary alkyne function with a
substituted cyclopentadienone, an alternative route was developed. To ensure a good GNM-1 precursor, a proper design of the
precursors is crucial. To prevent the formation of any isomer on the surface that would lead to defects during the GNM growth,
it is important to consider how the halogen atoms are positioned relative to the free rotations of the Cay-Can bonds. For instance,
a tetrabromo-hexaphenylbenzene who carries the bromine atoms in the meta position relative to the Cay-Caryy bond can undergo
a conformational change following a free rotation of the Cay-Cari bond. Upon surface deposition, these differing conformers
would lead to multiple defects in the two-dimensional growth (Figure 4.7a). Therefore, to ensure the desired templating
information is preserved after deposition, the bromine atoms should be in the para position relative to any potential Cay-Cary
bond rotation so that its position in the overall structure remains unchanged. Alternatively, the rotations can be hindered by
designing a more rigid precursor (Figure 4.7b). Keeping these factors in mind, compound 67 was designed. In this section we
will first present the synthesis and characterization of precursor 67. Afterwards, we will present the first surface deposition
attempts.
B
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Figure 4.7 | Possible reaction pathways to obtain a tetrabromo polyphenylene derivative through a Diels-Alder reaction, and the effect
of the bromo substituents positions on the surface growth.

SYNTHESIS

The proposed synthetic pathway to obtain 67 consists in a Diels-Alder reaction between a dibromo-ethynyl-diphenyl 66
and a cyclopentadienone CP-3 containing a dibromophenanthrene component. The synthesis of the cyclopentadienone CP-3 has
already been described in the literature (Scheme 4.7).2%%2% The commercially available phenantrenequinone is brominated in
the presence of N-bromosuccinimide (NBS) to afford 2,7-dibromophenanthrene-9,10-dione 68. Finally, the desired
dibromophenanthrene-substituted cyclopentadienone CP-3 is obtained through the Knoevenagel condensation reaction

between 68 and the commercially available 1,3-diphenylpropan-2-one.
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Scheme 4.7 | Synthesis of dibromophenanthrene cyclopentadienone CP-3.

The ethynyl function necessary for the Diels-Alder reaction is carried by 4,4'-dibromo-2-ethynyl-1,1"-biphenyl 66, whose
synthesis is presented in Scheme 4.8. The nitro groups present in the dinitro-iodobiphenyl 58 are reduced in the presence of
tin chloride to give 2-iodo-[1,1'-biphenyl]-4,4'-diamine 69. 4,4'-dibromo-2-iodo-1,1"-biphenyl 70 is obtained through a
Sandmeyer reaction of 69 in the presence of copper(l)bromide, hydrobromic acid, and sodium nitrite. Taking advantage of the
difference in bond energies between C-1 and C-Br bonds, a selective Sonogashira coupling was carried out in the presence of 70
and trimethylsilylacetylene (TMSA) at 25°C to afford ((4,4'-dibromo-[1,1'-biphenyl]-2-yl)ethynyl) trimethyl silane 71. Target
compound 66 was obtained upon deprotection of 71 in the presence of tetrabutylammonium fluoride.

NaNo, TMSA
CuBr d(PPh3
SnCl, 2H,0 HBr
OZNNOZ — HZNNHZ - Br—.—’— ) —» Br Br —» Br Br
EtOH CH,CN/CH,COOH
| 80°C l ’ H 503 : 25 C
58 overnight 69 0°C > 60°C 70 20h _S'
99% 30— 2h30 52% 70%

67%

Scheme 4.8 | Synthesis of dibromo-ethynyl-biphenyl 66.

The Diels-Alder reaction between 66 and CP-3 yielded the desired nanomesh precursor 67, in the conditions
summarized in Scheme 4.9. The structure of 67 was confirmed by mass spectrometry and NMR spectroscopy. On the 'H NMR
spectrum, various signals are observed, the integration of which totals to the 24 expected proton signals (Figure 4.8). The
characteristic singlet from the proton in the central phenyl group is present at 7.72 ppm. Although many signals are
superimposed, we can discern some of the doublets and doublet of doublets systems from the protons in the phenanthrene
section of the molecule and the biphenyl sub-unit. One can notice that the unsubstituted phenyls in the center of the molecule
produce broader signals compared to the rest of the molecule, from which a triplet and doublet are distinguishable at 6.83 and
5.91 ppm, respectively. The remaining signals are obscured by other peaks. These broad peaks suggest that the rotation of these
phenyl groups is more restricted compared to the rest of the molecule.

Br Br
' 0- xylene
Br—_H—_D-8r 170°c
cpP-3

77%

Scheme 4.9 | Synthesis of GNM precursor 67.
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Figure 4.8 | "H NMR of compound 67 (400 MHz, CDCly, 298 K).
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SURFACE DEPOSITION

With our nanomesh precursor synthesized, it is now possible to grow GNM on the surface. The growth on metallic
surfaces and STM characterizations presented here were performed by Dr. Sylvain Clair at the IM2NP institute at Aix-Marseille
University on ultrahigh vacuum (UHV) conditions.

In afirst attempt, the deposition of molecule 67 was done on a Cu(100) surface with a molecule flow for 10 minutes on
a room temperature surface, followed by a 100°C annealing. STM characterization at room temperature showed very little
coverage of the precursor, and the presence of a few small linear fragments (Figure 4.9a). To favor the formation two-
dimensional structures, high surface coverages are needed. To increase the number of molecules on the surface, the deposition
time was increased to 30 minutes, followed by a 100°C annealing. Again, only a little coverage was observed with the formation
of small linear fragments (Figure 4.9b). Annealing at higher temperatures, 150°C, 200°C, and 250°C, yielded only disordered
structures. Cyclodehydrogenation started to be observed in a disordered fashion after annealing of 150°C (Figure 4.9c).

Figure 4.9 | Room temperature STM images of precursor 67 on Cu(100). (a) Deposition flow for 10 minutes on a Cu(100) surface at

room temperature followed by annealing at 100°C. (b) Deposition flow for 30 minutes on a Cu(100) surface at room temperature
followed by annealing at 100°C. (c) Deposition flow for 20 minutes on a Cu(100) surface at room temperature followed by annealing at
150°C.
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Deposition on less reactive surfaces such as Ag(111) and Au(111) only produced disordered structures with no
exploitable results. However, across all three surfaces, precursor 67 was observed to have poor adsorption, resulting in low
coverage ratios. This low coverage is accountable for the generation of only small one-dimensional fragments on Cu(100). This
behavior can be attributed to the inherent three-dimensional asymmetric nature of precursor 67, which hinders its adsorption
to the surface, leads to asymmetric couplings, and creates multiple configurations on the surface that cannot further link together
as anticipated. To address this issue, a new precursor’s design needs to be developed. This precursor needs to be symmetric and
“less” three-dimensional: it should be planarized.

4.2.3 A GQD As A GNM PRECURSOR

To design a symmetric precursor exhibiting lower dimensionality, the most straightforward solution was the oxidation
of precursor 67 to obtain a rigid flat tetrabromo-hexabenzocoronene derivative 72. A dibromo-hexabenzocoronene derivative
had previously been reported to successfully yield necklace-like structures on an Au(111) surface.?” This report encouraged us
to test a similar approach: synthetize the tetrabromo-substituted hexabenzocoronene to evaluate surface deposition and growth
into GNMs. Precursor 72 can be assimilated to a graphene quantum dot, which here is also used as a GNM precursor. In this

section we will first describe the synthesis of HBC derivate 72, then we will present its surface deposition.

SYNTHESIS

The synthesis strategy for precursor 72 is illustrated in Scheme 4.10. It is noticeable that two different conditions were
used for its synthesis. Firstly, let's discuss the cyclodehydrogenation process carried out using iron(1ll) chloride as an oxidant. The
presence of electron-withdrawing bromine groups extended the reaction time compared to the oxidations detailed in Chapter 2
and 3, where more C-C bonds are created in a single step. After five hours of reaction, the targeted structure, along with partially
oxidized byproducts with one or two C-C bonds missing, were detected by MALDI-ToF spectrometry. In addition to the incomplete
cyclodehydrogenations, peaks corresponding to the replacement of a bromine atom with a chlorine atom, and their
corresponding incomplete oxidations, were observed. A peak indicating the addition of a chlorine atom, a common byproduct
under the utilized conditions, was also noted. The presence of molecules in which the bromo substituent is replaced by a chlorine
atom could pose a problem during GNM growth, due to the reactivity difference between C-Br and C-Cl bonds. While on-surface
Ullmann coupling can occur between two C-Cl bonds, its low reactivity necessitates the co-deposition of catalytic metallic atoms
and heating to high temperatures.?® This difference in reactivity could lead to asymmetric growth and result in one-dimensional
or uncontrolled structures. Both tetrabromo-HBC and the chlorine-substituted byproducts exhibit poor solubility, which hampers
their separation through different purification techniques.

Fedl,
CH,C1,/MeNoO,
rt.

-60°C —-10°C
2h — 5h30

m/z=833.78

Scheme 4.10 | Reaction pathway of tetrabromo-HBC 72.
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An alternative oxidation technique was explored, using (bis(trifluoroacetoxy)iodo)benzene (PIFA) as the oxidant in the
presence of boron trifluoride etherate as a Lewis acid. At short reaction time, only a partially fused nanoparticle missing the
formation of two or three C-C bonds is produced. Upon increasing reaction times, the fully cyclodehydrogenated nanoparticle is
observed, along with some partially fused nanoparticles and unidentified side products. These byproducts and the partially fused
intermediates exhibit greater solubility than the desired HB derivative 72, allowing us to conduct a purification step. The crude
powder was dispersed in tetrahydrofuran, sonicated for 1 minute, and the solution was then ultra-centrifugated at 130 000 g.
The MALDI-ToF analysis revealed that the recovered black pellet was mainly composed of the desired product 72 (Figure 4.10).
Due to the low solubility of the compound, no further characterization could be performed. Further analysis of the mass spectrum
indicated that the main peak corresponds to the expected product with an isotopic distribution matching the expected theoretical
pattern. Some peaks corresponding to impurities and a small fraction of the partially fused nanoparticle were still identifiable,
assuming they ionize in a similar manner.
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Figure 4.10 | (a) MALDI-ToF mass spectrum of tetrabromo-HBC derivate 72 recorded using a TCNQ matrix. (b) comparison of
theoretical (purple) and experimental (black) isotopic distribution pattern.

SURFACE DEPOSITION

Our collaborators at IM2NP institute in Marseille deposited this new precursor on a metallic surface. To sublimate
compound 72, it was necessary to heat the evaporation crucible up to 320°C. Four metallic surfaces were tested with this
precursor: Au(111), Ag(110), Ag(111) , and Cu(111). These varying metallic surfaces encompass different reactivities. As the most

interesting results were obtained on gold and silver surfaces, we will now focus exclusively on these two surfaces.

GOLD SURFACE: Au(111)

Upon depositing compound 72 on an Au(111) surface at room temperature (Figure 4.11a), we observed the formation
of hexagonal phase domains (Figure 4.11b), along with more disordered assemblies (Figure 4.11c). To obtain the hexagonal
domains, it is possible to imagine a precursor lying perfectly flat on the surface, possibly due to the loss of bromine atoms upon
adsorption of the precursor. Indeed, the presence of bromine atoms in close interaction with the hydrogen atoms from the
adjacent phenyl groups may cause precursor 72 to be slightly distorted, thus, it is not expected to give a hexagonal contrast. On
the other hand, the more disordered domains may originate from molecules whose bromine groups remain, at least partially,
intact. Another possibility for the origin of these domains is the presence of degraded molecules, a topic that will be further
explored later in this section.
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To determine whether coupling occurred between the adsorbed precursors, the surface was annealed at 150°C.
Following this annealing process, we were able to identify certain areas exhibiting zigzag structures, as depicted in Figure 4.11d.
These structures begin to resemble our targeted coupling pattern. However, these patterns were limited in size and uncontrolled
structures were also observed. To test if further coupling was possible, the annealing step was also performed at 250°C.
Unfortunately, after this step, as can be observed in Figure 4.11e, we primarily noticed disordered coupling patterns.

Hexagonal domain of flat precursor

Figure 4.11 | Low temperatures STM images on precursor 72 deposited on an Au(111) surface at room temperature. (a) Image

obtained after a deposition flow for 30 minutes. (b) Zoom-in on a hexagonal domain of (a). (¢) Zoom-in on a disordered domain of (a).
(d) Image after annealing the surface at 150°C and zoom in a zigzag domain. (e) Image after annealing the surface at 250°C.

In an attempt to stimulate the coupling of the precursors during deposition, 72 was sublimated onto a thermally
activated Au(111) surface. We experimented with different surface temperatures for deposition, including 100°C, 150°C, and
200°C, followed by subsequent annealing at 350°C and 400°C. However, in most cases, this process led to uncontrolled
reticulations, as depicted in Figure 4.12a. The most favorable deposition conditions were achieved at a metal temperature of
100°C, with the corresponding STM image presented in Figure 4.12b. Under these conditions, we observed hexagonal domains
of intact molecules that self-assembled. Upon closer inspection of the deposited molecules, we noted the presence of both intact
hexagonal molecules and degraded molecules that appeared to be missing a phenyl unit. Furthermore, an abundance of free
bromine atoms, which spontaneously arrange themselves around the polycyclic aromatic molecules and limit their interaction,
were also observed (Figure 4.12c).
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molecule

Hexagonal domain Degraded molecule

Figure 4.12 | Low temperatures STM images on precursor 72 deposited on a heated Au(111) surface. (a) Image obtained after a
deposition flow for 20 minutes on an Au(111) surface at 200°C followed by annealing at 400°C. (b) Image obtained after a deposition flow
for 25 minutes on an Au(111) surface at 100°C. (c) Zoom-in on (b).

To further investigate the degraded molecules, both STM and non-contact AFM (with a tip functionalized with CO)
measurements were performed on two adjacent molecules: one demonstrating hexagonal symmetry and the other with less
symmetry, as shown in Figure 4.13. The nc AFM image suggest that the least symmetric structure aligns with the loss of a phenyl
unit, which is in line with previous observations from other images. There are several hypotheses to account for the origin of this
degraded precursor. One hypothesis suggests that the degradation might have occurred during the deposition step. It is worth
noting that the sublimation process entails harsh conditions, as mentioned at the beginning of this section. A second possibility
is that the degradation takes place once the molecule is adsorbed to surface. Finally, this molecule could form as a byproduct of
the Scholl reaction. Intriguingly, a mass peak matching the molecule missing a phenyl unit was identified at m/z=761 in the mass
spectrum of precursor 72. Though this type of degradations can take place during the oxidation step, they remain very limited.®
Besides, the proportion of this impurity peak remains very small in the mass spectrum. However, this impurity may sublimate
more easily than the un-fragmented molecule 72 and then be overexpressed on the surface; it is also possible that this impurity
is less ionized during MALDI-ToF leading to a underestimation of its presence.

Figure 4.13 | (a) Low temperature STM image of a degraded molecule missing a phenyl unit obtained after deposition of 72 on Au(111)
at room temperature followed by an annealing step at 250°C. (b) Low temperature nc AFM with CO tip image of the same degraded

molecule as in (a). (c) Proposed structure for the degraded molecule observed.

SILVER SURFACE: AG(110)

To test a more reactive surface, precursor 72 was deposited on Ag(110). As can be observed on Figure 4.14a, high
coverage deposition was achieved on this surface. A closer look at the adsorbed molecules indicates that precursor 72
spontaneously organizes in a supramolecular order (Figure 4.14b). Upon careful observation, it is possible to notice that the
auto-assembly is achieved through the interaction of a flat hexagonal molecule and two free bromine atoms. The hexagonal
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molecule aligns linearly face to face in a row. Two molecules are separated by two free bromine atoms. Occasionally, there is a
shift in rows by half a molecule length, creating a zigzag pattern. The defective molecules tend to position themselves at the
borders of the ordered domains.

To promote the coupling of the nanoparticles, the surface was subsequently annealed at 400°C. Following this annealing
step, the long-range supramolecular arrangement was disrupted, with mostly monomers surrounded by bromine atoms being
observed. This can be observed in Figure 4.14c. Additionally, a few dimers or trimers were also formed. Closer observation of
these assemblies (Figure 4.14d) suggest that the coupling of the dimers and trimers does not happen at the expected positions
where the bromine atoms were previously positioned. The position of the radical is lost, which is not surprising at high
temperatures.

Flat hexagonal  Defective Dimer Monomer  Trimer
molecule molecule

Bromine

Figure 4.14 | Low temperatures STM images of precursor 72 deposited on an Ag(110) surface. (a) Image obtained after a deposition
flow for 20 minutes on an Ag(110) surface at room temperature. (b) Zoom-in in a region of (a). (c) Image obtained after annealing the
surface at 400°C. (d) Zoom-in in a region of (c).

SILVER SURFACE: AG(111)

An alternative silver surface, Ag(111), was tested. Upon deposition of precursor 72 at room temperature, a
supramolecular arrangement was also observed, as shown in Figure 4.15a. This time, we observed a spontaneous segregation
of domains containing different types of molecules: pristine monomers arranged in a tightly bound hexagonal lattice (Figure
4.15b), dimers (Figure 4.15¢-d), and degraded molecules (Figure 4.15e). The dimers, and in some cases trimers, result from
the close interaction of two hexagonal molecules without any bromine atoms between them. At this stage, the molecules had not
yet covalently bonded. This can be appreciated in the constant current image presented in Figure 4.15d. Finally, it was possible
to note the presence of bromine superstructures all over the surface (Figure 4.15f) and within the ordered domains, encircling
the molecules.

The high bromine-to-molecule ratio of six to one indicates that C-Br bond dissociation occurs. This bond breaking could
happen in the crucible, as high temperatures are used to sublimate the precursor. Another possibility is that the dissociation
occurs readily on the surface if the precursor is highly activated. The presence of bromine on the surface makes this latter
hypothesis more plausible. Once the precursor has undergone debromination, it might more readily dewet the surface, which
could explain the significant excess of bromine atoms. The remaining molecules on the surface are stabilized by H--Br

interactions.
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Defective molecules Bromine superstrucutre
Figure 4.15 | Low temperatures STM images on precursor 72 deposited on an Ag(111) surface. (a) Image obtained after a deposition
flow for 20 minutes on an Ag(111) surface at room temperature. (b) Zoom-in on a monomer assembly. (c) Zoom-in on a dimer assembly.
(d) Constant current image of a trimer assembly and superimposed molecular model of HBC. (e) Zoom-in on an assembly of defective
molecules. (f) Zoom-in on the bromine superstructure present on the surface.

Figure 4.16 | Low temperatures STM images of precursor 72 deposited on an Ag(111) surface. (a) Image obtained after a deposition

flow for 20 minutes on an Ag(111) surface at room temperature followed by annealing at 400°C. (b) Zoom-in on (a). On the right the two
proposed structures for the dimers and trimers. (¢) Image obtained after a deposition flow for 30 minutes on an Ag(111) surface at room
temperature followed by annealing at 500°C.

Upon annealing the surface at 400°C, we note that the large supramolecular order is maintained (Figure 4.16a). We
also observe the formation of fused dimers and triangularly shaped trimers. As with the Ag(110) surface, the position of the
radical is lost, leading to unwanted couplings and unexpected structures such as triangular trimers. It is possible to notice that
the dimers arrange into continuous lines of side-by-side molecules. Occasionally, a trimer is encountered, which causes a
divergence in the dimer lines. It is possible identify the monomers in the center of these arrangements (Figure 4.16b).
Furthermore, the polymerization seems to be restricted to dimers and trimers only. One possibility to explain this limitation is
that the surrounding bromine atoms stabilize the molecules, limiting their diffusion and interaction with neighboring molecules.
To investigate the formation of higher-order fused polymers, the temperature was increased to 420°C and 500°C. However, only
uncontrolled polymerization was observed at these temperatures, and the long-range order was completely lost (Figure 4.16c).
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Precursor 72 did not yield the expected graphene nanomesh. Unlike what was observed with precursor 67, the HBC
derivative displayed a better affinity to the surface, notably on silver where extensive coverage was observed when deposited at
room temperature. However, the bromine atoms might not have been optimally positioned. The steric hindrance between the
bromine and hydrogen atoms leads to a deformation of the molecule. Furthermore, the steric hindrance from neighboring
hydrogens renders the predefined reaction sites poorly accessible. The loss of bromine results in planar structures, which adhere
poorly to the surface, causing an excess of bromine atoms on the surface. These bromine atoms engage in strong interactions
with the remaining molecules, limiting their mobility and thus inhibiting long-range coupling. As the structure is stabilized, the
coupling reaction necessitates high temperatures to occur, during which the position of the radicals is lost, leading to uncontrolled
polymerizations. The presence of defective molecules, such as those missing a phenyl group, also contributes to the limitation of
on-surface synthesis of graphene nanomeshes as it induces defects during growth. It remains unclear if these impurities are a
byproduct of the Scholl reaction used to transform 67 into 72, if they occur on the surface, or if they are generated during the
sublimation step, which requires high temperatures.

4.3 A GNR STRATEGY TO OBTAIN GNM

Inspired by the synthesis of graphene nanomeshes by lateral fusion of graphene nanoribbons (GNRs), we decided to
pursue this alternative pathway to produce GNMs. Examples of nanoporous graphene synthetized through this approach were
presented in the general introduction and are recalled in Figure 4.17."""7 The strategy for their synthesis is first the on-surface
formation of a GNR, followed by a dehydrogenative cross coupling between the formed ribbons. The type of precursor used

dictates the structure of the GNR and, therefore, the subsequent cross-coupling.

So far, the obtained networks were linked either by single carbon-carbon bonds or rubicene necks. However, as
previously mentioned, theoretical calculations suggest that the neck of porous graphene significantly impacts its bandgap. Our
main goal is to synthesize GNMs with necks that maintain the hexagonal lattice of graphene and wider than a single C-C bond. To
that end, we designed a GNR precursor whose on-surface assembly would yield nanomeshes with necks that align with our
primary objective. This section will provide a description of the precursor and the general growth strategy. Subsequently, we will
discuss the synthesis of these precursors before describing their surface deposition.
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Figure 4.17 | Examples of covalent (-C two dimensional networks synthetized through a formation of GNR. (a) Reaction scheme for the

synthesis on a gold surface of a GNM with a rubicene neck highlighted in red. (b) Topographic STM image of the rubicene necked GNM.

(a-b)™. (c) Reaction pathway of DP-DBBA to give nanoporous graphene. (d) AFM CO-functionalized tip image of a GNM obtained from

annealing DP-DBBA at different temperatures on a gold surface. (e) STM laplacian-filtered image topographic close-up image of fused
domains of GNM. (c-e)'®’

4.3.1 GENERAL STRATEGY

Our planned strategy involves the on-surface synthesis of a chevron-type graphene nanoribbon (GNR), followed by a
dehydrogenative cross-coupling between the synthesized GNRs. The precursor we have selected for the synthesis of the GNR has
a trapezoid shape, comprising a terphenyl row topped by a biphenyl row to which two halogen atoms are attached. The on-
surface Ullmann coupling will occur between two halogens from different precursor molecules. Besides, the steric hindrance
generated by the terphenyl part of the molecule necessitates an alternating orientation of the precursors for successful coupling,
yielding a chevron-type GNR after the cyclodehydrogenation step. This process is outlined in Scheme 4.11.

X~ )~ Ullmann O~ O~ Cyclode-
5!% OO OO~~~ Mydrogenation
O~ O~ O~

Halogenated
precursor

Scheme 4.11 | Strategy for synthesizing of GNR from the proposed halogenated precursor.

Once the GNR is formed, it may proceed to the lateral fusion to form a GNM. The structure of the GNR suggests that this
step could yield a variety of hole sizes and arrangements. Indeed, the expected cross-coupling between two nanoribbons will
involve the terphenyl sub-units, which could align either face to face or be offset by a phenyl unit. Moreover, the shift during the
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lateral fusion can happen either to the right or to the left, a variation that will account for the resulting differences in pore shapes,

sizes, and orientations.

A face-to-face cross-coupling will give an elongated pore, corresponding to two continuous benzene units missing. A
shifted cross-coupling will generate two neighboring pores of the size of a single benzene unit, separated by a single carbon-
carbon bond. The side to which the nanoribbons shift during the lateral fusion, to the left or right, will affect the nanopores'
overall orientation. For instance, if the first coupling occurs face-to-face to the right and the second face-to-face to the left, an
alternating pattern of elongated pore orientations is formed (Figure 4.18a). In the scenario where both couplings occur on the
same side, all pores will share the same orientation (Figure 4.18b). The same principle applies to shifted coupling scenarios; if
both couplings take place on the same side, so will the pore orientation (Figure 4.18c). It is also possible that the first coupling
occurs face to face and the second one shifts, or vice-versa. In these cases, an alternating pattern of the large single and small
double pores is created (Figure 4.18d). Again, the orientations will be dictated by the direction to which these cross-couplings
take place, which may lead to non-periodic nanostructure in subsequent couplings of GNRs.
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Figure 4.18 | Examples of possible pore configurations obtained after two lateral fusion steps. The direction into which the
dehydrogenative cross-couplings take place affects the size, shape, and position of the pores.

As can be seen, with the proposed halogenated precursor, various pore configurations are possible, potentially leading
to disordered GNMs. However, in all possibilities, a neck containing more than a single carbon-carbon bond is preserved, thereby
fulfilling our primary objective. In the scenarios where an offset coupling takes place, adjacent to the double pore separated by
a single C-C bond lies a neck containing multiple C-C bonds and so the goal would be also accomplished in these cases. Moreno
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et al. reported a two-dimensional network linked by single carbon-carbon bonds and faced a similar issue regarding pore
orientation (see Figure 4.17e)." The directionality in their obtained network is not completely random, suggesting that the first
cross-coupling has an influence over the subsequent ones, allowing for preservation of directionality. We hope to observe a

similar effect in our synthesis of nanomeshes.

Two nanomesh precursors were synthesized, mainly differing by the choice of halogen atom used: iodine or bromine
(Figure 4.19). These two precursors were synthesized to test the reactivities involving the C-X bond.”* We will first discuss the

results obtained with the iodinated precursor, followed by the discussion on the results from the brominated precursor.

- -~
D) ey
73 74

Figure 4.19 | Structure of the two halogenated precursors.

4.3.2 AN IODINATED GNR PRECURSOR

The synthesis of this iodinated precursor was designed to take advantage of the intermediates obtained during the
synthesis of GNM precursor 57, discussed at the beginning of this chapter. The general strategy for the synthesis of the trapezoid
shaped iodinated GNR ribbon precursor 73, consisted in the coupling of the iodoterphenyl 77 and the nitro substituted biphenyl

58. We will first discuss its synthesis before presenting the firsts results obtained on surface deposition.

SYNTHESIS

The synthesis of iodoterphenyl 77 is depicted in Scheme 4.12. First, the commercially available 1,4-dibromo-2-
nitrobenzene was transformed into the nitro-terphenyl 75 through Suzuki-Miyaura coupling with phenyl boronic acid. The nitro
group was reduced into an amine to give compound 76 in the presence of tin chloride. 76 was then transformed into 77 using

Sandmeyer conditions.

Pd(dba), NaNO
OZN SPhOS HZN
r
ToI/H | 0/EtOH EtOA /EtOH TH F/H,0
80°C 75°C 76 0°C 1.
17h 12h 1h30 — 72h
91% 58% 38%

Scheme 4.12 | Synthetic route for the synthesis of iodoterphenyl 77.

The reaction scheme to the iodinated GNR precursor 73 is described in Scheme 4.13. Its synthesis started trough the
Suzuki-Miyaura coupling of dinitro-biphenyl boronic pinacol ester 58 and iodoterphenyl 77 to give the nitro substituted
intermediate 78. The nitro groups in compound 78 were reduced in the presence of tin chloride to give the diamine 79. The

desired compound 73 was obtained after the Sandmeyer reaction on 79 in the presence of Kl as iodine source.

NaNO
Pd(PPh,), Pd/C
OzNNOz ! o =)o, Hy mz v m
N . . . %IBIIFC ) EtOH/EtOAc/CH CI THF/HO
58 overnight 78 overnlght 1h30 — 72h
70% 40% 39%

Scheme 4.13 | Synthetic route for synthesizing an iodinated GNR precursor 73.
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SURFACE DEPOSITION

Our collaborators at IM2NP in Marseille deposited compound 73 on a Cu(100) surface to explore its behavior on this
reactive surface. The deposition took place on a surface at room temperature, where full coverage was achieved without any
supramolecular arrangement of molecules. For a deposition at lower coverage, the C-C coupling reaction was observed even at
room temperature. However, it was limited to only a few monomers giving nanoribbons smaller than ten nanometers with a
periodicity of 1.1 nm (Figure 4.20a). In an attempt to achieve the cyclodehydrogenation, the surface was annealed to 300°C but
only disordered planarization was observed.

To further promote the C-C coupling, precursor 24 was deposited on a Cu(100) surface at 200°C. Under these conditions,
only small nanoribbons with a length of five to six nanometers and a periodicity of 1.1 nm were observed (Figure 4.20b).
Additionally, full coverage was impossible, and a lattice of iodine atoms could be observed on the surface (Figure 4.20c). The
large excess of iodine atoms indicates that molecules largely desorb from the surface, which is not beneficial for the growth of
large GNRs. Upon further annealing of the surface at 300°C, planarization is only achieved in a disordered fashion (Figure 4.20d).

Chevron ribbons

lodine lattice

Figure 4.20 | Room temperature STM images of compound 73 on Cu(100). (a) Image obtained after deposition on a surface at room
temperature. (b) Image obtained after deposition on a hot surface at 200°C. (c) Zoom in on a section of (b) with increased contrast. (d)
Image after annealing the surface at 300°C.

Deposition on this copper surface demonstrated that the formation of structures resembling to the expected chevron
nanoribbons is indeed possible. However, the coupling remains limited to a few numbers of monomers. Deposition at higher
temperatures promotes the desorption of the precursor, leaving behind its iodine atoms. No additional surfaces were tested for
this precursor, as even less reactive surfaces may allow for an additional control of the reaction, the friability of the C-I bond
makes similar results possible. At this moment it was decided to pass to the synthesis the brominated precursor, with stronger C-
Xbonds.

4.3.3 A BROMINATED GNR PRECURSOR

Even though the synthesis of the brominated precursor could be achieved by changing the Sandmeyer conditions from
the amino compound 79, we decided to test a more straightforward route. To synthesize the bromine-substituted precursor 74,
we followed an approach analogous to the synthesis of the hexagonal shaped GNM precursor discussed earlier. Despite the slight
difference in the structure of the iodinated and brominated precursor induced by the presence of an additional carbon-carbon
bond, the strategy for obtaining GNMs remains the same as previously described. Let's now discuss the synthesis of the
brominated precursor and the first results for the deposition on a metallic surface.
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SYNTHESIS

The synthesis to the brominated GNR precursor 74 is described in Scheme 4.14. First, the dibromophenanthrene
cyclopentadienone CP-3 was heated in the presence of trimethylsilylacetylene (TMSA) to undergo a Diels-Alder reaction and yield
the trimethylsilyl-protected compound 80. Then, the removal of the trimethylsilyl group in the presence of

tetramethylammonium fluoride gave the desired dibromo diphenyltriphenylene 74.
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Scheme 4.14 | Synthesis of dibromo-diphenyltriphenylene 74.

SURFACE DEPOSITION

This time, the deposition was performed on an Au(111) surface to test analogue conditions to previous reports of
covalent C-C networks synthesized through a similar approach from the coupling of monomers containing bromine atoms (refer
to Figure 4.17). First, deposition was performed on a substrate at room temperature, where only low coverage was achieved,
and precursors seem to arrange in supramolecular dimers or trimers (Figure 4.21a). To promote the C-C coupling, precursor 74
was then deposited on a surface at 200°C. This time higher coverage was achieved and small linear arrangements with a width
limited to the size of one stacking phase of the herringbone reconstruction of the gold surface were observed (Figure 4.21b).
Upon further annealing the surface at 400°C, only disordered planarization occurs (Figure 4.21c). Deposition on a slightly hotter
surface at 250°C generated domains that underwent uncontrolled polymerizations along with small domains where the expected
controlled C-C coupling appeared to have occurred (Figure 4.21d). These domains exhibit a chevron-like configuration but are
again limited to the size of one stacking phase of the herringbone reconstruction. Further annealing at 400°C does not result in
the expected cyclodehydrogenation or lateral fusion, and only disordered planarization occurs (Figure 4.21e).

Deposition of 74 on an Au(111) surface showed that the reaction is complicated. Only small domains of GNRs are
obtained, co-existing with disordered domains. It is possible that larger nanoribbons could be achieved using a more reactive
surface, such as silver. However, our results seem to diverge significantly from previous reports of on-surface GNR synthesis, in
which long nanoribbons with high coverage and a small number of defects are obtained."*'**2%%2® Consequently, to validate if

our deposition conditions are appropriate, we decided to replicate the on-surface synthesis of previously described GNRs.
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Figure 4.21 | Low-temperature STM images of compound 74 on Au(111). (a) Image obtained after a deposition flow for 1 minute on an
Au(111) surface at room temperature. (b) Image obtained after a deposition flow for 1 minute on an Au(111) surface at 200°C. (c) Image
obtained after a deposition flow for 1 minute on an Au(111) surface at 200°C and subsequent annealing at 400°C (d) Image obtained
after a deposition flow for 30 minutes on an Au(1171) surface at 250°C. (e) Image obtained after a deposition flow for 100 minutes on an
Au(111) surface at 150°C and subsequent annealing at 400°C.

4.3.4 REVISING THE SYNTHESIS OF A GNR

So far, the different precursors tested did not yield the expected nanoribbons or nanomeshes. In the mindset to
reproduce previously published graphene nanoribbons and better understand if the encountered synthesis limitations come
from our deposition protocol or the precursor's design, we decided to synthesize the 6,11-dibromo-1,2,34-
tetraphenyltriphenylene precursor 81. This precursor was first deposited on an Au(111) surface by Cai et a. to obtain chevron-
type graphene nanoribbons varying lengths from a couple of nanometers up to sixty nanometers.™ To obtain the GNR, Ullmann
coupling of monomers was achieved at a first annealing at 250°C, a second annealing step at 440°C induced intramolecular
cyclodehydrogenation. The synthesis of precursor 81 was obtained following the described protocol and it is summarized in
Scheme 4.15. Cyclopentadienone CP-3 and the commercially available diphenylacetylene were reacted through Diels-Alder
conditions to yield the expected precursor 81.
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Scheme 4.15 | Synthesis of 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene 81.

Our collaborators at IM2NP in Marseille deposited precursor 81 on Cu(111), Au(111), and Ag(111) surfaces and
succeeded in forming the expected GNR in all three surfaces (Figure 4.22). After monomer 81 is deposited on the surface, a first
annealing step allows the Ullmann coupling, and further annealing enables cyclodehydrogenation. These different steps occur at
different temperatures on the three surfaces. On copper, an organometallic polymer is observed at room temperature and further
annealing at 200°C forms the covalent C-C polymer. On silver, the organometallic polymer was observed after annealing the
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surface at 200°C. On gold, the organometallic polymer was not observed; instead, after annealing at 300°C, a partially fused
polymer was observed. Complete cyclodehydrogenation was observed at 300°C on copper, 400°C on silver, and 450°C on gold.

Au(111) Ag(111) Cu(111)

Figure 4.22 | Low-temperature STM images of chevron type GNR obtained from compound 81. (a) Image obtained after a deposition
on an Au(111) room temperature surface followed by annealing at 450°C. (b) Image obtained after a deposition on an Ag(111) room
temperature surface followed by annealing at 450°C. (c) Image obtained after a deposition on a Cu(111) room temperature surface

followed by annealing at 300°C.

With the obtained GNR, further annealing was tested to see if lateral fusion of the GNR was possible. Though in some
cases lateral fusion was observed, it remained very limited. First, no more than two fused nanoribbons were observed. Secondly,
the lateral fusion would not occur on the entire length of the nanoribbon but rather on localized zones (Figure 4.23a). Heating
at large temperatures for long times promoted uncontrolled graphitization rather than further intermolecular cross-coupling
(Figure 4.23b-c).

Figure 4.23 | Low-temperature STM images of chevron type GNR lateral fusion obtained from compound 81. (a) Image obtained after
a deposition on an Au(111) room temperature surface followed by annealing at 550°C. (b) Image obtained after a deposition on an
Au(111) room temperature surface followed by a long annealing at 500°C. (c) Image obtained after a deposition on a Cu(111) room

temperature surface followed by annealing at 400°C.

4.4 CONCLUSION

In this chapter we summarized the synthesis of organic precursors and our attempts to assemble on the surface to
obtain graphene nanomeshes. Our main strategy consisted in the synthesis of derivatives from the hexagonal-shaped precursor
57 containing four bromine atoms in specific positions to guide the coupling reaction on the surface. During the synthesis of
precursor 57, we encountered several difficulties regarding the reactivity and solubility of the intermediates. To tackle this
problem, we prepared an alternative structure using a strategy analogous to synthesizing GQDs. Unfortunately, the asymmetric
and tridimensional nature of the partially fused precursor 67 diminished its adsorption to the metallic substrate, therefore, only
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low coupling reaction yields were obtained. To overcome this problem and increase the coverage ratio, we proceeded to the
complete fusion of precursor 67. The hexa-peri-benzocoronene derivative 72 was then deposited on metallic surfaces. Deposited
at room temperature, the hexagonal precursor yielded delightful supramolecular assemblies where free bromine atoms play an
important role. Unfortunately, upon annealing the surface, these assemblies did not give the expected two-dimensional network,
rather uncontrolled polymerizations were obtained where the pre-defined radical position was lost. This limitation can be
explained by the inaccessibility of the pre-defined coupling sites because of the steric hindrance caused by the neighboring
hydrogen atoms. Additionally, the excess of bromine atoms stabilizes the monomers and diminishes their reactivity. Desorption
of bromine happens in the form of HBr, where the hydrogen source is the cyclodehydrogenation reaction. In the case of precursor
71, cyclodehydrogenation is performed before surface deposition which may also disfavor bromine desorption.

Inthat perspective, a less rigid derivative can be synthesized (Scheme 4.16). The symmetric nature may allow for better
adsorption and controlled coupling than the ones observed for precursor 67 who differs to the proposed precursor 82 only by a
C-Chond. Besides, the absence of bonds locking the central phenyl units may diminish the steric hindrance described before and
allow for a better coupling at the predefined sites. The challenge now relies upon synthesizing this alternative precursor, which
comes off as complicated. Indeed, we cannot selectively create the missing C-C from molecule 67 using a Scholl reaction. A
possible pathway would be synthesizing a cycloalkyne (benzyne) derivative to be used in a further Diels-Alder reaction.
Nevertheless, this approach constitutes a synthetic challenge because of the geometric constraint, which also makes mostly of

these compounds exist as transient reaction intermediates.?”
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Scheme 4.16 | Proposed synthesis for an alternative GNM precursor with more freedom in the central phenyl groups.

During this chapter, we also presented an alternative strategy to obtain graphene nanomeshes, where first a graphene
nanoribbon is formed, and in a further step, the nanomeshes are obtained by lateral fusion of the nanoribbons. Even though the
most impressive examples of covalent C-C two-dimensional networks found in the literature were obtained using this approach,
our attempts to form nanomeshes through this method were unfruitful. We were first confronted to the synthesize large GNRs
from precursors 73 and 74. Both precursors tend to desorb from the surface, yielding only low coverages. Ullmann coupling in
both cases remains limited and upon annealing the surface to induce cyclodehydrogenation only uncontrolled reactions take
place. Thus, no nanoribbons were observed from these precursors. To validate the results, we reproduced a chevron-type
graphene nanoribbon from the literature. Using monomer 81 we were able to form graphene nanoribbons of great quality on
Cu(111), Ag(111), and Au(111). These results seem to suggest that our deposition approach and techniques are good, and rather
the difficulties encountered are a result from the monomers we designed. To address this issue, in our research group we are
currently developing new GNM precursors with different symmetries as the ones presented in this thesis work. An additional
target is the incorporation of heteroatoms into the nanomesh precursor which may increase surface adsorption and have an
impact on they reactivity.
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CHAPTER5 CONCLUSION

Throughout this PhD work, we explored the bottom-up synthesis, through organic chemistry methods, of two graphenic
materials: graphene quantum dots and graphene nanomeshes. This synthetic approach allowed us to tailor the structures of the
GQDs and the GNMs precursors. A well-defined structure allowed us to explore the structure-properties relationship, specifically
the optical properties. As discussed in the introduction, studies focusing on the intrinsic optical properties of GQDs are scarce.
This is because graphene nanoparticles were first synthesized in a top-down approach. These GQDs contained multiple defects
and inhomogeneities which were seen to govern their optical properties. Later, with the increasing development of the synthesis
of large polycyclic aromatic hydrocarbons new challenges arose because of the poor solubility of these molecules. First, advanced
optical studies were limited to the observation of small PAHs, like hexabenzocoronene. Because of more important ni-stacking
interaction, larger GQDs were only studied by absorption spectroscopy, giving rise to broad spectra that were challenging to
analyse. In response to this problem, the approach was to add substituents along the edges of the GQDs (i.e., alkyl chains, tert-
butyl groups, chlorine atoms, and alkoxy groups). While these substituents did help to slightly improve the solubility of the PAH,
for the most part, they remained poorly soluble, thus limiting their processability and, more specifically, their purification.
However, having pure samples of the graphene nanoparticles for optical studies is highly important since the presence of
impurities may lead to a wrong interpretation of the optical behaviour of the GQDs.

In the first half of this PhD thesis, we focused on further improving the solubility of graphene nanoparticles. We showed
that the positioning of the functional groups plays a vital role in their solubilizing efficiency. For that, we synthesized a rod-shaped
family of GQDs containing tert-butyl groups along their main axis and exhibiting a G Symmetry. This family comprises four
members ranging in size from 1.99 nm to 3.11 nm: CzstBug, CostBus, C11atBuo, and Ciz2tBusz. Surprisingly, the preliminary
optical studies suggested that the largest GQDs remained highly soluble and individualized in solution despite their large size. At
the same time, the smallest member, the CzstBus, showed a behaviour that could be explained by aggregation in solution. The
inverse is usually true: as size increases, the m-stacking interaction becomes more important, thus the aggregation process.
Theoretical calculations allowed us to gain a better insight into the aggregation process. They showed two reasons for the
supressing of the aggregation in CostBus, both linked to the presence of adjacent fert-butyl groups along the main axis of the
nanoparticle: the steric hindrance that the solubilizing groups add to the GQD and the existence of stable and unstable
conformers. The positioning of the tert-butyl groups creates possible conformers for the GQDs, six in the case of CogtBus.
Calculations showed that the energetic barrier generated by the steric hindrance of the tert-butyl groups during the aggregation
could be overcome if the functional groups are previously disposed in specific configurations. However, for CostBusg the
conformers exhibiting these configurations are highly energetic and are virtually inexistent in solution, thus conferring a high

solubility to the GQD. In the case of CzstBus, all conformers exist in solution, and there is an entry point to the aggregation process.

The high solubility of the partially tert-butylated rod-shaped family allowed for efficient purification of the nanoparticles
through standard techniques in organic chemistry: precipitations, column chromatography, and size exclusion chromatography.

Highly pure samples of GQDs were obtained and their structure was confirmed through mass spectrometry and NMR
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experiments. The pure and soluble samples allowed for more extensive optical experiments. A particular focus was given to
CostBus. In combination with theoretical descriptions, it was possible to thoroughly attribute the peaks observed in the
absorption and emission spectra to the electronic transitions and their associated vibrations, thanks to the spectra exhibiting
vibronic resolution. These attributions were confirmed by fluorescence anisotropy, where it was possible to observe the variation
of the orientation of the polarization of the different absorption transition moments to the emission transition moment. Finally,
single-molecule experiments were performed for CostBus. An excellent agreement was found between the optical properties in

solution and for a single GQD, confirming that CogtBus is highly individualized in solution.

With the partially tert-butylated family of rod-shaped GQDs, it was possible to tune the absorption and emission by
more than 150 nm by changing the size. Emissions up to the-near infrared were obtained for the family's largest member.
Additionally, the increasing of size also impacted the size distribution of charges in the electronic transitions, generating
differences in their absorption spectra. Finally, this rod-shaped family of GQDs exhibited very high quantum yields, up to 94%.
This is one of the highest reported for GQDs. All these exciting behaviours of the GQDs family encouraged us to integrate the
CzstBug and CostBus in organic light emitting diodes as emissive materials. Though performances of the devices are not optimal,

this served as a proof-of-concept for potential applications of these bottom-up synthesized GQD.

To further enhance the solubility of the rod-shaped GQDs, we added additional tert-butyl groups along the axis of the
nanoparticles. This generated the fully tert-butylated family of nanoparticles composed of four members: CsotBus, CrstBus,
CostBu1z, and Ci1atBusa. Besides, a fifth member, the Cis2tBuss, is on the process of being synthesized. The supplementary
functional groups efficiently suppressed the aggregation of the smaller members of the family: CeotBug and CzstBuqo. The
preliminary optical measurements unveiled new behaviours for these smaller members, compared to the preceding family. The
additional tert-butyl groups generated a red shift in the absorption and emission and a less pronounced effect in the charge
distribution with size as observed for the partially tert-butylated family. Further computational studies will help to better
understand these changes.

An alternative strategy to increase the solubility of graphene quantum dots is to break their two-dimensional character
to perturb the m-stacking. This approach was tested during this PhD thesis by synthesizing helicenes and a nanographene
propeller ((Cz2tBusg)). Three triple-[6]helicenes were targeted by introducing steric hindrance to prevent the planarization:
(C30tBua)s-T[6]H, (C36)3-T[6]H, and (C3stBus)s-T[6]H. It was observed that when only tert-butyl groups are employed to add
steric hindrance, as in (CsotBua)s-T[6]H, these groups were removed during the Scholl oxidation to achieve planarization of the
nanoparticle. The oxidation of the highly congested dendrimer, 44, demonstrated the importance of the characterisation with
other than mass spectrometry, the method of analysis of choice for large polycyclic aromatic hydrocarbons, to elucidate and verify
the structure of the GQDs. This is especially important since the Scholl oxidation mechanism is not always understood, which can
lead to unpredicted rearrangements during this oxidative step. The mass spectroscopy of the oxidation of this highly congested
dendrimer 44 yielded the expected m/z value and isotopic distributions for (CsstBus)s-T[6]H, but with an unexpected NMR
pattern. However, upon the obtention of single crystals it was possible to identify that the target helicene was not formed. Instead,
a bis-spiro GQD 47 was obtained, where some sp? domains were broken. This spiro GQD was chiral and exhibited good chiroptic
properties for an organic molecule. Further experiments and computational modelling are being done to understand the

reactivity of this congested dendrimer better and attempt to obtain the target helicene.
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The work presented in this thesis concerning graphene quantum dots paved the way for numerous perspectives to fully
exploit the high solubility of the rod-shaped families of GQDs. We will now discuss some of these perspectives, and, when
possible, illustrate them with some structures. Since multiple projects (and potential patents) are currently being prepared with
these perspectives, only some structures will be described. During this PhD work, we presented an iterative approach for
synthesizing large rod-shaped GQDs, where the intermediates of some alkyne cores can be used to synthesize other cores. In this
mindset, an alkyne core containing up to four rows of terphenyl groups, i.e., core 24, was synthesized and used in the synthesis
of the Ciz, GQDs: C132tBu12 and CizatBuss (Whose oxidation is still pending). Nonetheless, the intermediates necessary for the
synthesis cores containing five or six terphenyl rows are already described, as illustrated in Scheme 5.1. These cores would allow
to synthesize bigger soluble GQDs.

C. tBu

150 14
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Scheme 5.1 | Proposed synthesis of larger GQDs Ciso and Ciss employing precursors described in this thesis work.

As we elongate the size of the quantum dots, it is possible to start to describe them as graphene nanoribbons.
Theoretically, the bandgap in GNR is limited by the width of the ribbon.?”>?3 The structure of the rod-shaped GQDs presented in
this thesis would correspond to N = 9 armchair GNRs (Figure 5.1) who have a measured bandgap value of 1.35 eV (920 nm).??
It will be interesting to observe at which number of terphenyl rows the GQDs bandgap converge with the bandgap value of the
GNR. To obtain smaller bandgaps, it is necessary to increase the width of the nanoribbon. For instance, the N = 15 GNR has a
reported bandgap of 1.03 eV (1200 nm).2” This can also be translated to the rod-shaped GQDs: for the same length, an increase
of the width would exhibit a red shifted emission and may allow us to have a complete emission in the near infrared. In our
research group, wider GQDs containing pentaphenyl instead of terphenyl rows with adjacent tert-butyl groups to help with
solubility are being synthesized using the strategy developped during this PhD work. Additionally, different functional groups can
be tested to ensure the good solubility of these GQDs.

NP

=
=
veateSvivivea

n

ANWR GO ® O

Figure 5.1 | Seeing the rod-shaped GQD as a N = 9 armchair GNR.
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To fully exploit the high solubility of the rod-shaped families of GQDs. Bromine atoms are being added to the structures
alongside the tert-butyl groups. The solubility conferred by the adjacent tert-butyl groups opens the door to do chemistry in
solution to perform the post-functionalization with chemical groups that would otherwise not support the oxidative step. This will
enable to add functional groups to render the nanoparticles water soluble, opening a new field of applications in biology. This
will be extremely interesting considering the good optical properties of the rod-shaped GQDs presented in this manuscript,
notably their excellent quantum yields.

Concerning the helicenes, having a better understanding of the Scholl oxidation of the congested dendrimers will be
beneficial to obtain the target helicene (CsstBus)s-T[6]H. To achieve this, theoretical DFT mechanistic calculations are being
carried out on the reactants, transition states, and intermediates. Additionally, different reaction conditions are also being tested

in our research group (oxidant/acid couple and temperature) to achieve the correct oxidation of (CzstBus)s-T[6]H.

During this thesis we detailed the use of C7stBug and CogtBug as emitting material in OLED devices. The smaller member
of the rod-shaped family, CeotBus is also under investigation as emitting material and preliminary results are encouraging. Its
higher solubility and smaller structure may facilitate its integration into the device. Instead of spin-coating this material, it may
also be possible to deposit it through sublimation, which generally gives a better-quality deposition and ameliorates the obtained
properties. To increase the OLED's external quantum efficiency, it is possible to integrate a thermally activated delayed fluorescent
material to recover the triplet excitons, which represent 75 % of the excitons and would otherwise be lost in fluorescent
OLEDs.2*?" The spiro GQD 47 can also be incorporated into an OLED as a chiral emissive material.>?">#¢ Furthermore, new
helicenes and chiral GQDs can be designed towards this end. It can also be possible to design chiral GQDs capable of hosting

metallic atoms to further accentuate their chiral properties.””’

Finally, more detailed single molecule spectroscopy of the rod-shaped GQDs is also being performed in collaboration
with LUMIN laboratory at ENS Paris-Saclay and with the groups of Michel Orrit in Leiden University in Netherlands and Constanza
Tonelli at LENS in Florence, Italy. These additional studies consist of low temperature experiments and the incorporation of the
emitters in a host crystal instead of a polymer matrix. This will help to investigate the impact of the environment on the optical
properties. Understanding quantum emitters, that are tuneable by chemistry and easily processable, will open the way for using
these GQDs for applications in quantum technologies such as in photonic networks or quantum key distributions, were single
photons on demand are needed.””®

The last part of this PhD thesis work was dedicated to the synthesis of different graphene nanomesh precursors and
depositing them on a metallic surface for their assembly. Our first attempts with a hexagonal shaped precursor 67 were
unsuccessful, mainly because of its poor absorption to the surface due to its three-dimensional nature. To improve its adsorption
the precursor was cyclodehydrogenated to obtain a hexabenzocoronene derivate 72. This compound has a better adsorption to
the surface and gave very nice supramolecular assemblies. However, it did not couple together to give the expected two-
dimensional network, which was attributed to a poor accessibility to the coupling sites due to the steric hindrance from adjacent
hydrogen atoms. An alternative strategy to the formation of graphene nanomeshes was also introduced: the synthesis on-surface
of a chevron-type graphene nanoribbons followed by their lateral fusion to yield the GNMs. However, obtaining large graphene
nanoribbons with our precursors was complicated, and subsequent annealing yielded only disordered structures. Finally, we
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validated our deposition techniques by repeating the synthesis of chevron-type graphene nanoribbons previously described in
the literature.

New GNM precursors with different symmetries are being developed in our research group. For instance, a less rigid
and symmetric precursor 82 can be designed to facilitate the on-surface coupling of the hexagonal precursor. This precursor,
being symmetric and less three dimensional than 67 may allow for a better adsorption to the surface. Besides the free rotation
of the central phenyl groups may diminish the steric hindrance and allow a better access to the predefined coupling sites carrying
the bromine atoms. We are currently investigating synthetic approaches towards this molecule. Alternatively, adding heteroatoms
into the GNM precursors may help with their surface adsorption and impact their reactivity. For example, we can imagine the
nitrogen-substituted structure 83 (Figure 5.2).

Figure 5.2 | Proposed GNMs precursors.
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EXPERIMENTAL SECTION

6.1 TECHNIQUES

NMR spectra were recorded with a Briiker Avance 400 (400 MHz) instrument or a Briiker Avance 11 600 (600 MHz)
instrument with solvent used as internal reference. MS MALDI-ToF spectra were recorded on a Briiker Autoflex speed or a Briiker
UltrafleXtreme; the samples were analyzed in a trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB)
matrix unless otherwise specified. To prepare the samples, 10 pL of a solution (102 M) of the analyte were mixed with 90 pL of
matrix solution (10 mg in 1 mL of tetrahydrofuran). Insoluble samples were deposited in a tetracyanoquinodimethane (TCNQ).
To prepare the samples, 15 mg of TCNQ and 1 mg of the analyte were finely crushed together. The resulting powder was dispersed
in cyclohexene (200 pL) before deposition on the MALDI-ToF plate. Thin layer chromatography (TLC) was performed on silica gel
60 F254 (Merck) precoated aluminum sheets. Column chromatography was performed on Merck silica gel 60 (0.063-0.200 mm)
or on puriFlash® Si-HP 60 & 15 or 30 pm columns with an Interchim puriFlash 430. Size exclusion chromatography (SEC) was
performed on Bio-Beads S-X1 or Bio-Beads S-X3 with THF as eluent. HPLC experiments were done using a Thermo Scientific HPLC
spectra system P400 with an SN400 Controller. The HPLC column was a Hypersyl GPLD Silica (100 x 4.6 mm) with 5 pm particle
size. The microbalance of TA instrument TGA Q50 was used to weight GQDs masses to determine the concentration for dilution

experiments.

Absorption spectra were recorded in Perking Elmer Lambda 900 UV/Vis/NIR spectrometer with 1 cm Hellma Analytics
high performance quartz glass cells. Photoluminescence spectrum Photoluminescence experiments were recorded in a Cary
Eclipse fluorescence spectrophotometer or a Horiba FluoroMax+ spectrometer with 10x4 mm light path Hellma Analytics high
performance quartz glass cuvettes. Time-resolved PL measurements use a solid-state pulsed diode (NanoLED), with excitation at
483 nm (pulse width below below 100 ps, 100 MHz repetition rate) in a Horiba FluoroMax+ spectrometer. Quantum yield
measurement are carried on a FS5 spectrofluorometer from Edinburgh Instruments, using the SC-30 integrating sphere. Quartz

cuvettes dedicated to the integrating sphere are provided by the manufacturer.

Single-object experiments use a home-built micro-PL setup under ambient conditions. The sample is excited using a
594nm CW diode laser (Cobolt Mambo 100) and focused on the sample using an oil-immersive microscope objective (0.95 NA
MPLAPON100X M Plan Apochromat Objective from Evident Scientific), mounted on XYZ piezoelectric translational stages (Mad City
Labs Inc.) for sample scanning. Luminescence signal is collected using the same objective and focused on a 50 ym pinhole for
confocal selection. Spectral selection to remove the excitation beam is performed using a dichroic mirror (zt 594 RDC, Chroma)
and a long-pass filter (FELH0600, Thorlabs). After confocal selection, the signal is either directed to silicon-based avalanche
photodiodes (SPCM-AQR-13, PerkinElmer) for raster scan measurements, or to a monochromator (SP-2350, Princeton
Instruments) coupled to a LN-cooled CCD camera (PyLoN:100BR eXcelon, Princeton Instruments) for spectral measurements.

For STM and AFM experiments the single-crystal surfaces were cleaned by several cycles of Ar'bombardment followed
by annealing. Room-temperature STM was performed with an Omicron VT-STM. Low-temperature STM/AFM images were
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acquired at T=4.8 K in ultrahigh vacuum (= 10 mbar) using an Omicron microscope. nc-AFM measurements were acquired

with a tip mounted to the qPlus sensor. A functionalized tip was created by picking up a single CO molecule from the surface.

Electrochemical experiments were carried out in a three electrodes single-compartment cell using platinum as working
and counter electrodes and a silver wire in 10 mM AgNOs in acetonitrile as reference electrode under N, and at a scan rate of 100
mV/s. The ferrocinium/ferrocene couple (Fc'/Fc) was used as reference potential (+0.42 Vvs SCE at 298K). The CV were recorded
with a VSP bipotentiostat (Bio-Logic SAS).

The GQDs studied at the DFT level of theory was done with a HSE functional and 6-31G(d,p) basis set, in gas phase,
within the Gaussian16 software. For GQD aggregation, Molecular Dynamics Simulation were performed using LAMMPS software
and the classical force-fieldGAFF. The atomic partial charges were assigned with the RESP method, using the Multiwfn package,
based on DFT calculations at the B3LYP/6-31g(d,p) using the Gaussian software. All possible conformers were considered during

this parameterization.

6.2 SOLVENTS AND REAGENTS

Chemicals were purchased form Aldrich, Fisher Scientific TCI Europe or Interchim and were used as received.
dimethylpiperazine-2,3-dione was synthesized according to literature procedures.”” Solvents were purchased from SDS Carlo
Erba, Aldrich or Fisher Scientific and were used as received. For optical experiment, spectrometric grade solvents were used. For
synthesis, non-stabilized CH,Cl, (CaH,, N,), toluene (K/benzophenone, N,), THF (K/benzophenone, N,), Et:N (CaH,, N,), Et,0

(CaH,, N,) were distilled prior to use.

6.3 PRroTOCOLS

1,2-bis(4-(tert-butyl)phenyl)ethane-1,2-dione 22%
In a round bottom flask, 4-bromo-tert-butylbenzene (9 mL, 51.89 mmol) and tetrahydrofuran (90 mL) were
SR added under argon. The mixture was cooled down to -50°C and n-butyllithium (2 M in hexanes, 25 mL, 50
mmol) was slowly added. The solution was stirred at -50°C for 1 h under argon. A solution of
dimethylpiperazine-2,3-dione (0.3 M in tetrahydrofuran, 2.95 g, 20.75 mmol) was added and the mixture was stirred at ambient
temperature for an additional 2 h under argon. Water was added to the mixture to quench the reaction. The organic phase was
washed with aqueous hydrochloric acid (0.5 M, 100 mL) and brine. The organic phase was dried with Na,SO,, filtered, and
evaporated. The product was purified by column chromatography (SiO,, cyclohexane:CH,Cl, 4:1, Rf=0.25) as a yellowish powder
(5.95g, 89% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.91(d, =8.6 Hz, 4H), 7.52(d, ]=8.6 Hz, 4H), 1.34(s, 18H). *C NMR
(101 MHz, CDCl3, 298 K): 6(ppm) 194.59, 158.94, 130.69, 129.97, 126.08, 35.45, 31.07.

3,4-bis(4-(tert-butyl)phenyl)-2,5-diphenylcyclopenta-2,4-dienone CP-120%"
@ ) 2(3g 9.30 mmol) and 1,3-diphenylacetone (1.96 g, 9.25 mmol) were dissolved in ethanol (30 mL). The mixture
SR was heated to reflux and a solution of potassium hydroxide (4 M in ethanol, 541 mg, 9.60 mmol) was added.
The mixture was stirred for 25 min. The mixture was then cooled down in an ice bath. The precipitate was
filtered and washed with cold ethanol. CP-1was recovered as a dark purple powder (2.4 g, 50% yield). '"H NMR (400 MHz, CDCs,
298 K): 6(ppm) 7.26-7.21(m, 10H), 7.15(d, J=8.5 Hz, 4H), 6.82 (d, ]=8.5 Hz, 4H), 1.27(s, 18H).
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Dendrimer 1

1,3,5-triethynylbenzene (23 mg, 0.15 mmol) and CP-1 (345 mg, 0.70 mmol) were dissolved in o-
xylene (3 mL). In a closed schlenk, the mixture was heated to 180°C for 18 h under argon. The
solvent was evaporated, and the product was purified by flash chromatography (SiO,,
cyclohexane:CH,Cl, 3:1, Rf=0.54) as a white powder (147 mg, 52% yield). 'H NMR (400 MHz,
(DCl5, 298 K) : 6(ppm) 7.15 = 7.10 (m, 14H), 6.86 — 6.76 (m, 27H), 6.73 (s, 3H), 6.65 — 6.62 (m,
10H), 6.55 - 6.51 (m, 6H), 1.12 (s, 27H), 1.08 (s, 27H). MALDI-ToF m/z: calc. for CinoH14: 1555.90;
found: 1555.16.

Dendrimer 1 (60 mg, 0.032 mmol) was dissolved in non-stabilized dichloromethane (50 mL). A
solution of iron(lll) chloride (1 M in nitromethane, 446 mg, 2.75 mmol) was added dropwise to
the mixture. The reaction was left at room temperature under a strong flow of extra pure argon
for 30 min. The mixture was then added to methanol (150 mL). Hydrazine (5 mL) was added to the
mixture to quench the reaction. The precipitate was filtered through a PTFE filter. The powder was

washed with aqueous hydrochloric acid (0.5 M) and dried under vacuum. The obtained black
powder was dissolved in dichloromethane (5 mL), sonicated for 5 min, and left to precipitate. The
precipitate was recovered by centrifugation (100 000 g for 30 min) to give the desired nanoparticle as a black orange solid (19
mg, 40% yield). MALDI-ToF m/z: calc. for CizHzs: 1519.61; found: 1518.56.

1,4-diiodo-3,6-trimethylsilylbenzene 5%

\_d&- 13-diiodobenzene (10 g, 30.31 mmol) and trimethylsilyl chloride (8.5 mL, 66.00 mmol) were dissolved in
fS.'Klj tetrahydrofuran (70 mL). The mixture was cooled down to -50°C and lithium diisopropylamide (33 mL, 66.00 mmol)
was slowly added. The reaction was stirred at -20°C for 1 h under argon. A solution of aqueous sulfuric acid (1.5-102 M, 100 mL)
was added. The aqueous phase was extracted with diethyl ether. The organic phases were reunited and washed with brine, dried
with Na,SO0y, filtered, and evaporated. The product was recrystallized in a mixture of methanol and water and recovered as a
white powder (9.3 g, 19.6 mmol, 67% yield). "H NIMIR (400 MHz, CDCl;, 298 K): §(ppm) 7.76(s,2H), 0.41(s, 18H). *C NMR (101

MHz, CDCls, 298 K): 6(ppm) 149.37, 147.30, 104.54, -0.64. MALDI-ToF m/z: calc. for CiHal,Siz: 473.93; found: 473.92.

2',5"-bis(trimethylsilyl)-1,1":4',1"'-terphenyl 6
9 5 (4 g 8.50 mmol), phenylboronic acid (3 g 25.50 mmol), palladium(ll) acetate (96 mg,0.43 mmol), 2-
L i dicyclohexylphosphino-2',6"-dimethoxybiphenyl (355 mg, 0.85 mmol) and potassium triphosphate (3.57 g, 18.86
& ® mmol) were inserted in a three necked round-bottom flask. A mixture of toluene (120 mL) and water (12 mL),
previously degassed by three freeze-pump-thaw, was added to the mixture. The reaction mixture was stirred at 80°C
under argon overnight. The dark solution obtained was extracted with dichloromethane, washed twice with water, brine then
dried with Na;SO4. The solid was purified by chromatography (Si0, cyclohexane:CH,Cl, 90:10). The product was recovered as
white powder (3 g, 95%). "H NMR (400 MHz, CDCls, 298 K): &(ppm) 7.47 (s, 2H), 7.44-7.35 (m, 10H), 0.01 (s, 18H). *C NMR
(101 MHz, CDCls, 298 K): 6(ppm) 146.89, 144.59, 138.85, 135.58, 129.52, 127.75, 127.03, 0.50. MALDI-ToF MS m/z: calc for

CuH30Siz: 374.19; found: 374.20.
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2"-iodo-5"-(trimethylsilyl)-1,1":4',1"-terphenyl 7%°
@ In a round bottom flask, 6 (2 g, 5.30 mmol) was dissolved in tetrahydrofuran (20 mL). A solution of silver
| 2 i< tetrafluoroborate (0.5 M in methanol, 936 mg, 4.81 mmol) was transferred flask. The mixture was cooled to 0°C and
® iodine monochloride (0.5 M in dichloromethane, 9.7 mL, 4.81 mmol) was added dropwise. The mixture was stirred at
ambient temperature for 1 h under argon. The mixture was quenched with an aqueous solution of sodium thiosulfate
(1M, 20 mL). The aqueous phase was extracted with dichloromethane. The organic phases were reunited, washed with brine,
dried with Na,S0,, filtered, and evaporated. The product was recovered as a withe solid in a mixture with 6 (950 mg by NMR,
42% yield). '"H NMR (400 MHz, CDCl;, 298 K): 8(ppm) 7.85(s, 1H), 7.49(s,1H), 7.47-7.37(m, 8H), 7.33-7.31(m, 2H), -0.01(s, 9H).
3C NMR (101 MHz, CDCl;, 298 K): &(ppm) 149.51, 144.35, 144.08, 142.47, 140.14, 138.80, 135.86, 129.41, 129.28, 127.98,
127.85, 127.60, 127.53, 99.40, 0.38. MALDI-ToF m/z : calc. for G;1HxSi: 428.39; found 428.05.

1,3,2-dioxaborolane, 4,4,5,5-tetramethyl-2-5-(trimethylsilyl)-1,1:4',1"-terphenyl 8%
@ 7 (1 g, 2.32 mmol) was dissolved in tetrahydrofuran (60 mL). The solution was cooled down to -45°C and n-
0 ) i butyllithium (2 M in hexanes, 1.56 mL, 7.65 mmol) was slowly added. The mixture was stirred for 1 h under argon.
>§F° ® 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.4 mmol, 2.95 mmol) was slowly added to the mixture.
The mixture was heated up to ambient temperature and stirred for an additional 2 h. Water (50 mL) was added
to quench the mixture. The aqueous phase was extracted with dichloromethane. The organic phases were reunited, washed with
brine, dried with Na,SO,, filtered, and evaporated. The product was purified by flash chromatography (Si0,, cyclohexane:CH,Cl,
3:1) as a white powder (450 mg, 45 % yield). "H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.61(s, TH), 7.56(s, TH), 7.44(m, 2H),
7.42-7.32(m, 8H), 1.18(s, 12H), 0.01(s,9H). C NMR (101 MHz, CDCl;, 298 K): §(ppm) 147.03, 145.02, 144.25, 143.29, 140.72,

135.16, 129.58, 129.22, 127.80, 127.61, 126.99, 126.78, 83.75, 24.58, 0.46.

3,3"-di(trimethylsilyl)-2,5,2',5'-tetraphenyl biphenyl 9%°

) 7 (403 mg, 0.94 mmol), 8 (287 mg, 0.67 mmol), palladium(ll) acetate (75 mg, 0.33 mmol), 2-
> @ 5 dicyclohexylphosphino-2',6'-dimethoxybiphenyl (275 mg, 0.66 mmol) and potassium triphosphate (284 mg,
Y Q) 1.34 mmol) were dissolved in toluene (18 mL) and water (3 mL). The solution was degassed and heated up to
80°Cfor 18 h under argon. The mixture was filtered through a pad of celite. The organic phase was washed with
water, dried with Na,S0y, filtered, and evaporated. The product was purified with flash chromatography (Si0,, cyclohexane:CH,Cl,
95:5, Rf=0.35) as a white powder (291 mg, 71 % yield). "H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.41(s, 2H), 7.34-7.33(m, 4H),
7.23-7.21(m, 6H), 7.16-7.10(m, 8H), 6.80(dd, ]=8.2, 1.3 Hz, 4H), 0.01(s, 18H). *C NMR (101 MHz, CDCl3, 298 K): §(ppm) 147.93,

143.98, 141.19, 139.39, 138.65, 137.38, 136.50, 132.84, 129.40, 129.33, 127.61, 127.60, 126.97, 125.89, 0.61.

Synthesis of 3,3"-diiodo-2,5,2',5'-tetraphenyl biphenyl 10%
() 9(286mg, 0.47 mmol) was dissolved in non-stabilized dichloromethane (10 mL). The solution was cooled to 0°C
2 ' and iodine monochloride (0.5 M in dichloromethane, 3.8 mL, 1.88 mmol) was added dropwise. The mixture was
X O stirred for 18 h at ambient temperature under argon. The mixture was quenched with an aqueous solution of
© sodium thiosulfate (1 M, 30 mL). The aqueous phase was extracted with dichloromethane. The organic phases
were washed with brine, dried with Na SOy, filtered, and evaporated. The product was recovered as a white solid without further
purification (281 mg, 93% yield). "H NMR (400 MHz, CDCl;, 298 K): 8(ppm) 7.81(s, 2H), 7.40-7.38(m, 6H), 7.27-7.25(m, 2H),
7.22(s, 2H), 7.24-7.19(m, 4H), 7.15(t, |=7.4 Hz, 4H), 6.81-6.76(m, 4H). *C NMR (101 MHz, CDCl5, 298 K): §(ppm) 145.81, 143.87,
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142.14,141.45,139.56, 139.21, 133.67, 129.89, 129.73, 128.53, 128.47, 128.27, 127.40, 97.78. MALDI-ToF m/z; calc. for CzsHala:
710.00; found: 710.01.

3,3"-di(ethynyltrimethylsilane)-2,5,2',5'-tetraphenylnyphenyl 11%

® ) 4 10 (319 mg, 0.45 mmol), copper iodide (42 mg, 0.28 mmol) and bis(triphenylphosphine)palladium(l)

) i dichloride (99.7 mg, 0.14 mmol) were dissolved in toluene (15 mL) and triethylamine (23 mL). The solution

Z ® 2 was degassed and ethynyltrimethylsilane (150 pL, 1.60 mmol) was slowly introduced to the mixture. The
e solution was heated up to 80°C for 18 h under argon. The mixture was filtered through a pad of silica and

solvents were evaporated. The product was purified by column chromatography (Si0,, cyclohexane:CH,Cl,9:1) as a white solid
(60 mg, 8% yield). "H NIMR (400 MHz, CDCls, 298 K): §(ppm) 7.53(dd, J=8.0, 1.5 Hz, 4H), 7.46(s, 2H), 7.40-7.33(m, 8H), 7.19-
7.07(m, 6H), 6.80-6.76(m, 4H), 0.14(s, 18H). *C NMR (101 MHz, CDCls, 298 K): 8(ppm) 142.60, 139.77, 139.69, 139.52, 139.46,
135.16, 132.76,129.33, 129.16, 127.86, 127.74,127.50, 126.47, 120.52, 104.55, 97.94, -0.33. MALDI-ToF m/z : calc. for CgH3oSiy:
650.28; found 650.30.

3,3'-diethynyl-2,5,2',5"-tetraphenylnyphenyl 12%

) 11 (55 mg, 0.085 mmol) was dissolved in tetrahydrofuran (4 mL). Tetrabutylammonium fluoride (200 pL, 0.20

2 Z mmol) was slowly added to the solution. The mixture was stirred at ambient temperature for 3 h. H,0 (20 mL)

z & 2 was added to the mixture. The aqueous phase was extracted with dichloromethane. The organic phases were
© reunited, washed with brine, dried with Na,SOy, filtered, and evaporated. The product was obtained as a pale-

yellow powder without further purification. (43 mg, 98% yield). "H NMR (400 MHz, CDCls, 298 K): 8(ppm) 7.52-7.50(m, 6H),

7.43-7.37(m, 10H), 7.24-7.12(m, 4H), 6.81-6.76(m, 4H), 3.07(s, 2H).

Dendrimer 4

12 (43 mg, 0.084 mmol) and CP-1 (142 mg, 0.255 mmol) were dissolved in o-xylene (4 mL).
In a closed schlenk, the mixture was heated to 180°C for 18 h under argon. The solvent was
evaporated, and the product was purified by flash chromatography (SiO,, cyclohexane:CH,Cl
3:1, Rf=0.59) as a white powder (70 mg, 0.049 mmol, 57% yield). '"H NMR (400 MHz, CDCls,
298 K): 6(ppm) 7.55 (s, 2H), 7.36 (5, 2H), 7.33 (5, 2H), 7.22 - 6.38 (m, 56H), 1.13 (s, 18H), 1.08
(s, 18H). C NMR (101 MHz, CDCls, 298 K): 8(ppm) 148.15, 147.78, 141.95, 140.34, 139.73, 139.48, 137.52, 137.24, 134.06,
132.56,131.23,130.14,129.66, 129.20, 127.65, 127.53,126.13,125.93, 125.14, 123.55, 123.18, 34.27,34.17,31.36, 31.32, 29.85,
27.07,19.89. MALDI-ToF m/z: calc. for Ci12Hsg: 1442.77; found: 1442.66.

CostBuy

Dendrimer 4 (22 mg, 0.015 mmol) was dissolved in non-stabilized dichloromethane (50 mL).
Asolution of iron(lll) chloride (1 M in nitromethane, 236 mg, 1.45 mmol) was added dropwise
to the mixture. The reaction was left at room temperature under a strong flow of extra pure
argon for 1 h. The mixture was then added to methanol (150 mL). The precipitate was filtered
through a PTFE filter. MALDI-ToF m/z: calc. for Ci1oHe,: 1406.49; found: 1413. The main peak

found would correspond to three C-C bonds missing.
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(4,4"-di-tert-butyl-[1,1":4',1"-terphenyl]-2',5'-diyl) bis(trimethylsilane) 14
In a round-bottom-flask, 5 (4 g, 8.50 mmol), 4-tert-butylphenylboronic acid (4.54 g, 25.50 mmol), palladium(Il)
< acetate (96 mg, 0.43 mmol), 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (355 mg, 0.85 mmol) and potassium
> ) triphosphate (3.6 g, 16.86 mmol) were introduced. Toluene (120 mL) and water (12 mL), previously degassed by
@ freeze-pump-thaw, were then added to the reaction mixture. The reaction was stirred at 90°C under argon for 12h.
The mixture was then filtered through celite and washed with dichloromethane. The organic phase was washed with
water and brine, dried with Na,SO,, filtered, and evaporated. The product was purified by column chromatography (Si0;,
cyclohexane) and recovered as a white powder (3.70 g, 89% Yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.48 (s, 2H), 7.42
(d,/=8.3 Hz, 4H), 7.29 (d, /= 8.3 Hz, 4H), 1.38 (s, 18H), -0.01 (5, 18H). C NMR (101 MHz, CDCls, 298K): §(ppm) 150.19, 148.88,
141.80, 139.11, 135.78, 129.29, 124.71, 34.71, 31.62, 0.66. MALDI-ToF MS: calc. for C3,HasSi: 486.31; found: 486.31.

(4,4"-di-tert-butyl-5'-iodo-[1,1":4',1"'-terphenyl]-2"-yl)trimethylsilane 15
14 (1.70 g, 3.50 mmol) was dissolved in dry tetrahydrofuran (21 mL). Silver tetrafluoroborate (650 mg, 3.30 mmol)
g s Was dissolved in anhydrous methanol (7 mL) and then added to the mixture. The reaction mixture was cooled down
| ) in an ice bath and iodine monochloride (1 M in dichloromethane, 3.30 mL, 3.30 mmol) was added dropwise. The
® mixture was allowed to heat to room temperature and stirred for 1 h 45 min. A saturated aqueous solution of sodium
thiosulfate was added to quench the iodine monochloride. The aqueous phase was extracted with dichloromethane.
The organic phase was then washed with brine, dried with Na,SO,, filtered, and evaporated. The product was purified by flash
chromatography (Si0,, cyclohexane) and recovered as a white powder (1.17 g, 62 % yield). "H NMR (400 MHz, CDCls, 298 K):
&(ppm) 7.85 (s, TH), 7.48 (s, TH), 7.46 (d, J]=8.4 Hz, 2H), 7.41 (d, J=8.3 Hz, 2H), 7.35 (d, J=8.4 Hz, 2H), 7.24 (d, J=8.4 Hz, 2H), 1.39
(s, 9H), 1.39 (s, 9H), -0.02 (s, 9H). ™C NMR (101 MHz, CDCl;, 298K): 8(ppm) 150.78, 150.55, 149.51, 144.20, 141.21, 140.44,
139.73,138.99, 136.21,129.19, 129.07, 128.97, 125.14,125.00, 124.81, 99.65, 34.79, 34.75, 31.58, 31.52, 0.56. MALDI-ToF MS:
calc. for Cs,HalSi: 540.17; found: 540.17.

(4,4"-di-tert-butyl-5'-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1":4",1"-terphenyl]-2'-yl)tri-methylsilane 16
15 (1.08 g 200 mmol), bis(pinacolato)diboron  (1.02 g 4.00 mmol), [1,1-
J I bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (146 mg, 0.20 mmol), and potassium acetate (588 mg,
>§?’§ S ) 6.00 mmol) were dissolved in 1,4-dioxane (30 mL) previously degassed by freeze-pump-thaw. The mixture was
® heated to 95°Cunder argon for 48 h. The organic phase was then washed with water and brine, dried with Na,SOs,
filtered, and evaporated. The product was purified by chromatography (Si0,, cyclohexane:CH,Cl; 3:2) and
recovered as a white powder (631 mg, 58% yield). "H NIIR (400 MHz, CD,Cl;, 298 K): §(ppm) 7.59 (s, 1H), 7.48 (s, TH), 7.44 -
7.38(m, 4H),7.34(d,/=8.4 Hz, 2H), 7.23 (d,/ = 8.4 Hz, 2H), 1.35 (s, 18H), 1.18 (5, 12H), -0.01 (5, 9H). *C NMR (101 MHz, (DCl;,
298K): 6(ppm) 150.67, 150.40, 147.36, 144.90, 141.69, 141.26, 140.63, 135.71, 135.41, 129.51, 129.14, 125.28, 124.93, 84.16,
34.84,34.80, 31.59, 31.56, 24.80, 0.57. MALDI-ToF MS: calc. for CssHs9BO,Si: 540.36; found: 540.29.
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Ditrimethylsilyl diterphenyl derivative 17
15 (190 mg, 0.36 mmol), 16 (275 mg, 0.51 mmol), palladium(ll) acetate (41 mg, 0.18 mmol), 2-
S: dicyclohexylphosphino-2',6'-dimethoxybiphenyl (148 mg, 0.36 mmol), and potassium triphosphate (152 g, 0.72
e g mmol) were introduced in a round bottom flask. Previously degassed toluene (19 mL) and water (3 mL) were
g O Q) introduced to the reaction mixture. The reaction was stirred at 80°C under argon for 36 h. Dichloromethanewas
added to the mixture, the organic phase was washed with water then dried with Na,S0,, filtered, and
evaporated. The product was purified by column chromatography (SiO,, cyclohexane:CH,Cl, 97:3) and recovered as a white
powder (247 mg, 83 % Yield). '"H NIMIR (400 MHz, CDCls, 298 K): 8(ppm) 7.42 (s, 2H), 7.32 (d, |=8.2 Hz, 4H), 7.18 (s, 2H), 7.14 -
7.07 (m, 8H), 6.70 (d, ]=8.3 Hz, 4H), 1.37 - 1.32 (m, 36H), 0.00 - -0.02 (m, 18H). *C NMR (101 MHz, CDCl;, 298K): §(ppm)150.02,

148.54, 147.89, 141.28, 139.59, 138.50, 138.35, 137.40, 136.52, 133.23, 129.14, 128.91, 127.44, 126.80, 125.90, 124.68, 124.49,
34.64,34.52,31.59, 0.81. MALDI-ToF MS: calc. for CsgH7.Siz: 826.53; found: 826.53.

Diiodo diterphenyl derivative 18
17 (195 mg, 0.24 mmol) was dissolved in non-stabilised dichloromethane (5 mL). The reaction mixture was cooled
down in an ice bath and iodine monochloride (1M in dichloromethane, 1 mL, 1.00 mmol) was added dropwise.

The mixture was allowed to heat to room temperature and stirred for 15 h under argon. An aqueous solution of

aSade

saturated sodium thiosulfate was added. The aqueous phase was extracted with dichloromethane. The organic

-0

phase was then washed with water and brine, dried with Na,S0,, filtered, and evaporated. The product was
purified by flash chromatography (Si0,, cyclohexane:CH,Cl,97:3) and recovered as a white powder (198 mg, 88 % yield). '"H NMR
(400 MHz, CDCl3, 298 K): 8(ppm) 7.81 (s, 2H), 7.38 (d, /= 8.4 Hz, 4H), 7.21 - 7.10 (m, 10H), 6.69 (d, /= 8.3 Hz, 4H), 1.36 (s, 36H).
BC NMR (101 MHz, (DCls, 298K): §(ppm) 150.64, 149.62, 145.04, 141.19, 141.07, 140.39, 138.66, 136.33, 133.63, 129.09,
128.68, 125.09, 124.87, 97.53, 34.75, 34.64, 31.54, 31.52. MALDI-ToF MS: calc. for Cs;Hsgl,: 934.25; found: 934.25.

Di-(trimethylsilyl)-ethynyl diterphenyl derivative 19
In a round bottom flask, 18 (82mg, 0.09 mmol), bis(triphenylphosphine)palladium(ll) dichloride (45 mg,
O @ _ siz 0.06 mmol) and copper(l) iodide (18 mg, 0.12 mmol) were dissolved in triethylamine (6 mL) and toluene
® ) (4 mL) previously degassed by freeze-pump thaw. Ethynyltrimethylsilane (46 pL, 0.32 mmol) was added
>si # ® g to the mixture, then stirred under argon at 80°C overnight. Dichloromethane was added to the mixture
and filtered through a pad of silica. The filtrate was washed with water and brine, dried with Na,S0,,
filtered, and evaporated. The product was purified by column chromatography (Si0,, cyclohexane:CHCl; 9:1) to give the desired
product as a yellow powder (68 mg, 87% yield). "H NMR (400 MHz, CDCl;, 298 K): 8(ppm) 7.46 (s, 2H), 7.43 (d, / = 8.4 Hz, 4H),
7.37(d,/=8.5Hz, 4H),7.33 (s, 2H), 7.10 (d, /= 8.3 Hz, 4H), 6.71 (d, / = 8.3 Hz, 4H), 1.35 (5, 18H), 1.34 (s, 18H), 0.13 (s, 18H). *C
NMR (101 MHz, CDCl5, 298K): 6(ppm) 150.45, 149.28, 142.57, 139.67, 139.48, 137.09, 136.79, 135.17, 133.10, 132.11, 129.11,
128.75, 128.62, 128.34, 124.95, 124.73, 120.45, 105.19, 97.79, 34.69, 34.58, 31.53, 31.50, -0.15. MALDI-ToF MS: calc. for
Ce2H7Si,: 874.53; found: 874.53.
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Diethynyl diterphenyl derivative 12
19 (63 mg, 0.07 mmol) was dissolved in dry tetrahydrofuran (5 mL). Tetrabutylammonium fluoride (1M in
® ® 2 tetrahydrofuran, 230 pL, 0.23 mmol) was added dropwise and the brown solution was stirred for 4 h under
® < argon. Dichloromethane and water were then added to the mixture. The organic phase was washed with water
K ® Q) and brine, dried with Na,S0,, filtered and the solvent evaporated. A yellowish powder was recovered and used

in further reactions without further purification.

12 (20 mg, 0.08 mmol), CP-1 (114 mg, 0.23 mmol) were dissolved in dry o-xylene (3mL) ina
schlenk. The solution was degassed sparging argon and then heated to 175°C for 16h. The
solvent was evaporated and the product purified by flash column chromatography (SiO,,
cyclohexane:CHCl; 87:13—4:1) as a yellow powder (55 mg, 43% yield). "H NMR (400 MHz,
(DCl5, 298 K): 8(ppm) 7.57 (s, 2H), 7.40 (s, 2H) 7.34 (s, 2H), 7.18 - 6.41 (m, 52H), 1.36 (s,
18H), 1.29 (s, 18H), 1.13 (s, 18H), 1.09 (s, 18H). C NMR (101 MHz, CDCls, 298K): §(ppm) 149.25, 148.43, 148.11,147.82, 142.07,
141.96, 140.39, 139.97, 139.66, 139.43, 138.95, 138.52, 137.61, 137.31, 133.71, 133.27,132.79, 131.53, 130.12, 129.30, 128.55,
127.49,126.08, 125.02, 124.51, 124.37,123.56, 123.16, 34.51, 34.45, 34.27, 34.18, 31.61, 31.51, 31.36, 31.33. MALDI-ToF MS:
calc. for CragHi3: 1667.02; found: 1667.03.

CostBuUs

13 (11.5 mg, 6.90 pmol) was dissolved in non-stabilized dichloromethane (50 mL). A solution
of iron(ll) chloride (1 M in nitromethane, 185 mg, 1.14 mmol) was added dropwise to the
mixture. The reaction was left at room temperature under a strong flow of extra pure argon
for 2 h. The mixture was then added to an excess of methanol (150 mL) to precipitate the

nanoparticle. The precipitate was filtered through a PTFE filter to recover a greenish powder.
The powder was solubilized in a small amount of tetrahydrofuran, sonicated for 1 min followed by ultracentrifugation (130 000
g, 30 min). The precipitate was purified by steric exclusion chromatography (tetrahydrofuran) and obtained as a dark green
powder (1 mg, 8% yield).

Alternatively, CogtBus can also be obtained using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone as oxidant. 13 (30 mg,
0.018 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (132 mg, 0.58 mmol) were dissolved in freshly distilled un-
stabilized dichloromethane (15 mL). The solution was allowed to cool down to 0°Ciin an ice bath. Trifluoromethanesulfonic acid
(0.9 mL) was slowly added to the mixture. The solution is stirred for 40 min under argon at 0°C. Distilled triethylamine (5 mL) was
added to quench the reaction and the mixture was then added to an excess of methanol (100 mL). The precipitate was filtered
through a PTFE filter. The obtained powder was disperesed in a small amount of tetrahydrofuran, sonicated for 1 min followed
by ultracentrifugation (130 000g, 30 min). The precipitate yielded the product as a dark green powder (11 mg, 26%).

'H NMR (600 MHz, CSy+THF-ds, 298 K): 8(ppm) 11.02 (s, 2H), 10.72 (d, / = 8.3 Hz, 2H), 10.50 (d, / = 8.3 Hz, 2H), 10.23
(s, 2H), 10.05 (s, 2H), 9.71 (s, 2H), 9.62 (s, 4H), 9.56 (d,/=7.5 Hz, 2H), 9.49 (d, /= 7.2 Hz, 2H), 8.47 (t,/ = 7.3 Hz, 2H), 2.42 (s, 18H),
2.08 (s, 18H), 2.03 (s, 18H), 1.9 (s, 18H). C NMR (151 MHz, CS;+THF-ds, 298 K, only carbons visible by 'H-"C HSQC and HMBC
are reported): 6(ppm) 150.23, 150.03, 146.91, 139.87, 135.97, 133.23, 133.04, 131.86, 131.67, 131.28, 131.08, 130.11, 129.91,
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129.52,129.52, 129.13, 129.13, 126.59, 126.59, 126.00, 125.42, 124.83, 124.64, 124.44, 124.64, 123.07, 122.88, 122.88, 122.68,
120.54, 120.34, 120.15, 120.14, 119.95, 119.75, 40.25, 39.47, 36.54, 36.15, 36.15, 35.18, 32.44, 32.44. MALDI-ToF HRMS: calc.
for CiasHses: 1630.7350; found: 1630.7397.

4,4"-di-tert-butyl-2',5'-diiodo-1,1":4',1"-terphenyl 26
14 (650 mg, 1.33 mmol) was introduced into a round bottom flask along with freshly distilled non-stabilized
g | dichloromethane (25 mL). The mixture was cooled down in an ice bath to 0°C then iodine monochloride (1M in
| g dichloromethane, 5.3 mL, 5.30 mmol) added dropwise. The mixture was allowed to come back to room temperature
D and stirred for 36 h under argon. A saturated aqueous solution of sodium thiosulfate was added to quench the mixture.
The product was extracted with dichloromethane then washed with water and brine. The organic phase was dried with
Na,S0y, filtered, and evaporated to give the product as an off-white powder (786 mg, 99% yield). 'H NMR (400 MHz, CDCls, 298
K): 8(ppm) 7.87 (5, 2H), 7.46 (d, / = 8.4 Hz, 4H), 7.32 (d, / = 8.4 Hz, 4H), 1.38 (s, 18H). *C NMR (101 MHz, CDCl;, 298K): 8(ppm)
151.17,146.91, 140.53, 139.47, 128.97, 125.14, 98.30, 34.84, 31.52. MALDI-ToF MS: calc. for CsHaslo: 594.03; found: 594.04.

((4,4"-di-tert-butyl-[1,1":4',1"-terphenyl]-2",5'-diyl)bis(ethyne-2,1-diyl))bis(trimethylsilane) 27
26 (1.18 g, 2.00 mmol), bis(triphenylphosphine)palladium(ll) dichloride (175 mg, 0.25 mmol) and copper(l)
J 52 iodide (150 mg, 1.00 mmol) were dissolved in triethylamine (12 mL) and toluene (8 mL) previously degassed
F J by freeze-pump thaw. Ethynyltrimethylsilane (970 L, 7.00 mmol) was added to the mixture which was stirred
T at 80°C for 24 h under argon. The mixture was filtered through a celite pad with dichloromethane. The filtrate
was washed with water and brine, dried with Na,SO,, filtered, and evaporated and purified by column
chromatography (Si0,, cyclohexane:CH,Cl, 9:1) to give the desired product as a white powder (720 mg, 68% yield). '"H NMR (400
MHz, CDCl;, 298 K): 8(ppm) 7.61 = 7.55 (m, / = 9.4 Hz, 6H), 7.43 (d, / = 8.5 Hz, 4H), 1.37 (s, 18H), 0.13 (s, 18H). *C NMR (101
MHz, CDCls, 298K): 6(ppm) 150.71, 142.53, 136.34, 134.08, 129.05, 124.86, 121.80, 104.75, 99.38, 34.74, 31.51, 0.22. MALDI-
TOF MS: calc. for CzsHasSiz: 534.31; found: 534.31.

4,4"-di-tert-butyl-2',5'-diethynyl-1,1":4',1"-terphenyl 20
27 (65 mg, 0.12 mmol) was introduced along with freshly distilled tetrahydrofuran (10 mL) in a round bottom flask.
® _ Tetrabutylammonium fluoride (1M in tetrahydrofuran, 310 pL, 0.31 mmol) was added dropwise and the mixture
> & - left stirring at room temperature under argon for 2 h. The product was extracted with dichloromethane then washed
@ with water and brine. The organic phase was dried with Na,SO,, filtered, and evaporated to give a yellowish powder

which was used without further purification for the next step.

Dendrimer 21

20 (46 mg, 0.12 mmol), and CP-1 (205 mg, 0.41 mmol) were introduced in a schlenk, followed by
the addition of dry o-xylene (4 mL). The solution was degassed sparging argon and then heated to
180°C for 16 h. After the mixture cooled down it was added to an excess methanol to precipitate
the product as a white powder which was then filtered through a PTFE filter. This process was

repeated twice. The product was recovered as a white powder (153 mg, 99% yield). "H NMR (400
MHz, CDCl;, 298 K): 8(ppm) 7.53 (5, TH), 7.33 (s, TH), 7.21 - 6.28 (m, 45H), 5.69 (s, TH), 1.29 (s, 18H), 1.13 (s, 18H), 1.08 (s, 18H).
C NMR (101 MHz, CDCl;, 298K): §(ppm) 149.12, 148.07, 147.74, 142.04, 140.21, 139.86, 139.59, 139.36, 138.97, 137.81,
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137.65, 137.35, 133.49, 132.86, 131.47, 130.15, 129.36, 127.47, 126.04, 124.87, 124.46, 123.53, 123.08, 77.48, 71.36, 71.16,
76.84,34.51,34.26,34.17, 31.52, 31.36, 31.33. MALDI-ToF MS: calc. for CipH1e2: 1326.80; found: 1326.79.

CrstBus.

Dendrimer 21 (20 mg, 0.015 mmol) was dissolved in non-stabilized dichloromethane (50 mL). A
solution of iron(lll) chloride (1 M in nitromethane, 282 mg, 1.74 mmol) was added dropwise to
the mixture. The reaction was left at room temperature under a strong flow of extra pure argon

for 2 h 30 min. The mixture was then added in one time to methanol (150 mL) and hydrazine (5

mL) to quench the reaction. The precipitate was filtered through a PTFE filter. The powder was
washed with aqueous hydrochloric acid (0.5 M) and dried under vacuum. The powder was solubilized in a small amount of
tetrahydrofuran, sonicated for 1 min followed by ultracentrifugation. The precipitate was purified in steric exclusion
chromatography (tetrahydrofuran) and obtained as a dark orange powder (5 mg, 25% yield).

Alternatively, CzstBus can also be obtained using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone as oxidant. Dendrimer 21
(10 mg, 0.023 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (109 mg, 0.48 mmol) were dissolved in freshly distilled
non-stabilized dichloromethane (40 mL). The solution was allowed to cool down to 0°Cin an ice bath. Trifluoromethanesulfonic
acid (0.4 mL) was slowly added to the mixture. The solution was stirred for 45 min under argon at 0°C. Distilled triethylamine (2
mL) was added to quench the reaction and the mixture then added in one time to methanol (150 mL). The precipitate was filtered
through a PTFE filter. The obtained powder was dispersed in a small amount of tetrahydrofuran, sonicated for 1 min followed by
ultracentrifugation (130 000 g, 30 min). The precipitate yielded the product as a dark orange powder (8 mg, 27%).

"H NIMR (600 MHz, CS,+THF-dg, 298 K): §(ppm) 10.00 (d, /= 7.2 Hz, 2H), 9.92 (s, 2H), 9.65 (d, /= 7.0 Hz, 2H), 9.54 (s,
2H), 9.18 (s, 2H), 8.96 (t, / = 6.9 Hz, 2H), 8.92 (s, 2H), 8.41 (s, 2H), 7.96 (d, / = 8.4 Hz, 2H), 7.86 (d, / = 8.1 Hz, 2H), 2.22 (s, 18H),
1.83 (s, 18H), 1.79 (s, 18H). ®C NMR (151 MHz, CS+THF-ds, 298 K, only carbons visible by 'H-C HSQC and HMBC are reported):
d(ppm) 149.64, 147.88, 143.98, 133.82, 131.47, 131.08, 130.50, 127.37, 127.18, 126.79, 126.59, 125.42, 125.03, 123.07, 123.07,
122.49, 122.29, 120.93, 119.95, 119.36, 119.17, 118.58, 39.47, 36.54, 35.96, 35.76, 32.64, 32.64. MALDI-ToF HRMS: calc. for
CioaH74: 1298.5785; found: 1298.5795.

Ditrimethylsilyl triterphenyl derivative 28
16 (640 mg, 1.18 mmol), 26 (292 mg, 0.49 mmol), tetrakis(triphenylphosphine)palladium(0) (25 mg, 0.02

® S » mmol), and potassium carbonate (691 mg, 5.00 mmol) were introduced along with toluene (20 mL),

® < g ethanol (4 mL) and water (4 mL), previously degassed by freeze-pump-thaw. The mixture was stirred under

> O < g argon at 80°C for 16 h. The mixture was filtered through a celite pad with dichloromethane, then washed
® with water and brine. The organic phase was dried with Na,SO4, filtered, and evaporated. The product was

purified by flash column chromatography (SiO,, cyclohexanes:CH,Cl, 93:7) and recovered as a white
powder (372 mg, 65% yield). "H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.43 (s, 2H), 7.39 - 7.28 (m, 12H), 7.10 (d, /= 8.2 Hz, 4H),
6.96 (d,/= 8.3 Hz, 4H), 6.56 (d, / = 8.3 Hz, 4H), 6.49 (d,/ = 8.3 Hz, 4H), 1.36 — 1.32 (m, 54H), 0.03 (s, 18H). *C NMR (101 MHz,
(CDCls, 298K): 6(ppm) 150.18, 148.60, 148.50, 141.17, 140.15, 139.76, 139.02, 138.17, 137.63, 137.48, 136.20, 133.37, 132.73,
129.14, 128.78, 128.51, 124.64, 124.51, 124.23, 34.65, 34.46, 34.43, 31.58, 31.55, 29.86, 0.89, 0.81. MALDI-ToF MS: calc. for
CssH102Si2; 1166.75; found: 1166.72.

172



Diiodo triterphenyl derivative 29

28 (360 mg, 0.31 mmol) was dissolved in freshly distilled non-stabilized dichloromethane (15 mL). The mixture
& was cooled to 0°Cin an ice bath and iodine monochloride (0.5 M in dichloromethane, 2.48 mL, 1.24 mmol)
O was added dropwise. The mixture was then stirred overnight at room temperature under argon, then
Q) quenched with a saturated aqueous solution of sodium thiosulfate, extracted with dichloromethane, washed

-
O~

with water and brine, dried with Na,SOy, filtered, and evaporated. The crude product was purified by flash
chromatography (SiO, petroleum ether 60/80:CHCl; 7:1) and recovered as a white powder (320 mg, 85%
yield). "H NIMIR (400 MHz, CDCls, 298 K): §(ppm) 7.75 (s, 2H), 7.46 (s, 2H), 7.42 - 7.38 (m, 7H), 7.31 (s, 2H), 7.12 - 7.06 (m, 6H),
7.03-6.97 (m, 4H), 6.53 - 6.44 (m, 7H), 1.34 (s, 54H). *C NMR (101 MHz, CDCl;, 298K): 8(ppm) 150.71, 140.99, 139.85, 137.08,
135.64, 133.24,129.16, 128.51, 128.39, 124.95, 124.82, 124.38, 97.29, 34.75, 34.54, 31.54, 31.50, 27.07. MALDI-ToF MS: calc.
for CgHealy: 1274.47: found: 1274.47.

Di-(trimethylsilyl)-ethynyl triterphenyl derivative 30

29 (310 mg, 0.24 mmol), bis(triphenylphosphine)palladium(ll) dichloride (84 mg, 0.12 mmol) and
copper(l) iodide (42 mg, 0.25 mmol) were dissolved in triethylamine (15 mL) and toluene (10 mL),
previously degassed by freeze-pump-thaw. Ethynyltrimethylsilane (120 pL, 0.84 mmol) was added to
the mixture, which was stirred under argon at 85°C for 21 h. Dichloromethane was added to the
mixture and the organic phase was washed with water and brine, dried with Na;SO,, filtered,

evaporated, and purified by column chromatography (SiO, cyclohexane:CH,Cl, 19:1) to give the
desired product as a white powder (101 mg, 35% yield). '"H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.65 (d, / = 8.3 Hz, 4H), 7.60
(s,2H), 7.42 - 7.32 (m, 8H), 7.08 (d, / = 8.3 Hz, 4H), 6.96 (d, /= 8.3 Hz, 4H), 6.53 (d, /= 8.3 Hz, 4H), 6.48 (d, / = 8.2 Hz, 4H), 1.35 -
1.31(m, 54H), 0.15 (s, 18H). C NMR (101 MHz, CDCls, 298K): 8(ppm) 150.55, 148.94, 143.10, 140.74, 139.90, 139.20, 137.16,
136.93, 136.73, 134.70, 133.38, 132.48, 129.11, 128.58, 128.44, 124.81, 124.75, 124.27, 120.44, 105.34, 97.65, 34.70, 34.50,
31.52,31.50, -0.13. MALDI-ToF MS: calc. for CesHuoaSiz: 1214.75; found: 1214.60.

Diethynyl triterphenyl derivative 22

30 (93 mg, 0.08 mmol) and freshly distilled tetrahydrofuran (8 mL) were introduced in a round bottom
flask. Tetrabutylammonium fluoride (1M in tetrahydrofuran, 228 pL, 0.23 mmol) was added dropwise and
the brown solution was stirred for 2 h under argon. Dichloromethane and water were then added to the
mixture. The organic phase was washed with water and brine, dried with Na,SO,, filtered, and the solvent

evaporated. A yellowish powder was recovered and was used in subsequent reactions without further

purification.

Dendrimer 23

22 (85 mg, 0.08 mmol) and CP-1 (114 mg, 0.23 mmol) were dissolved in dry o-xylene (4
mL) in a schlenk. The solution was degassed sparging argon and then heated to 180°C for
16 h. The solvent was evaporated and the product purified by flash column
chromatography (SiO,, cyclohexane:CH,Cl, 17:3) as a yellow powder (110 mg, 72%
yield)."H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.57 (s, 2H), 7.46 (s, 2H), 7.41 (s, 2H),
7.36(s, 2H), 7.15-6.44 (m, 60H), 1.35 (s, 18H), 1.30 (s, 18H), 1.28 (5, 18H), 1.14 (s, 18H),
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1.09 (s, 18H). C NMR (101 MHz, CDCl;, 298K): 8(ppm) 149.30, 148.75, 148.61, 148.13, 147.84, 142.12, 141.93, 140.42, 139.94,
139.88, 139.77,139.73, 139.68, 139.46, 139.27, 138.95, 137.61, 137.55, 137.30, 133.50, 133.34, 132.89, 131.53, 130.82, 130.08,
129.22,128.63, 128.52,127.48, 126.07, 125.03, 124.55, 124.36, 124.17,123.56, 123.17, 34.50, 34.45, 34.39, 34.27, 34.19, 31.60,
31.50, 31.36, 31.33, 29.85. MALDI-ToF MS: calc. for CissHisg: 2007.24; found: 2007.13.

C11atBuyo.

Dendrimer 23 (50 mg, 0.025 mmol) was dissolved in non-stabilized dichloromethane (50
mL). Asolution of iron(lll) chloride (1 M in nitromethane, 733 mg, 4.50 mmol) was added
dropwise to the mixture. The reaction was left at room temperature under a strong flow
of extra pure argon for 2 h 15 min. The mixture was then added to an excess of methanol
(150 mL) to precipitate the nanoparticle. The precipitate was filtered through a PTFE filter

to recover a greenish powder. The powder was solubilized in a small amount of
tetrahydrofuran, sonicated for 1 min followed by ultracentrifugation. The precipitate was purified by steric exclusion
chromatography (tetrahydrofuran) and obtained as a dark green powder (3 mg, 6% yield).

Alternatively, the Ci14tBuso can also be obtained using 2,3-dichloro-5,6-dicyano-1,4-benzoquinone as oxidant.
Dendrimer 23 (30 mg, 0.015 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (134 mg, 0.59 mmol) were dissolved in
freshly distilled non-stabilized dichloromethane (15 mL). The solution was allowed to cool down to 0°C in an ice bath.
Trifluoromethanesulfonic acid (0.9 mL) was slowly added to the mixture. The solution is stirred for 40 min under argon at 0°C.
Distilled triethylamine (5 mL) was added to quench the reaction and the mixture was then added in one time to methanol (100
mL). The precipitate was filtered through a PTFE filter. The obtained powder was dispersed in a small amount of tetrahydrofuran,
sonicated for 1 min followed by ultracentrifugation (130 000 g, 30 min). The precipitate yielded the product as a dark green
powder (12 mg, 41%).

"H NMR (600 MHz, CS,+THF-ds, 298 K): §(ppm) 11.13 (s, 2H), 10.80 (d, / = 8.2 Hz, 2H), 10.62 (s, 2H), 10.55 (d, /= 8.9
Hz, 2H), 10.43 (s, 2H), 10.08 (s, 2H), 9.73 (s, 2H), 9.65 - 9.60 (m, 4H), 9.55 (d, /= 7.3 Hz, 2H), 9.48 (d,/ = 7.3 Hz, 2H), 8.47 (t,/ =
7.2 Hz, 2H), 2.56 (s, 18H), 2.31 (s, 18H), 2.13 (s, 18H), 2.10 (s, 18H), 2.00 (5, 18H).™*C NMR (151 MHz, CS,+THF-ds, 298 K, only
carbons visible by 'H-CHSQC and HMBC are reported): 6(ppm) 150.42, 150.03, 146.90, 140.65, 140.45, 136.16, 135.77, 133.42,
133.04, 131.86, 131.86, 131.86, 131.47, 130.88, 130.88, 129.91, 129.91, 129.91, 129.71, 129.71, 129.52, 129.52, 128.93, 128.93,
128.34,126.59, 126.59, 126.40, 126.00, 125.61, 125.02, 124.63, 124.63, 124.44,123.46, 123.27, 123.07, 122.87, 122.87, 122.68,
122.49, 120.73, 120.53, 120.34, 120.14, 119.94, 119.75, 119.56, 40.44, 39.86, 39.47, 36.34, 36.34, 36.34, 35.56, 35.37, 32.63,
32.44. MALDI-ToF HRMS: calc. for CisaHira: 1962.8915; found: 1962.8854.

Ditrimethylsilyl tetraterphenyl derivative 31

16 (222 mg, 0.41 mmol), 18 (163 mg, 0.17 mmol), tetrakis(triphenylphosphine)palladium(0) (39 mg,
& 0.03 mmol), and potassium carbonate (117 mg, 0.85 mmol) were dissolved in toluene (10 mL), ethanol
g (2 mL) and water (2 mL), previously degassed by freeze-pump-thaw. The mixture was stirred under
) argon at 85°C for 20 h. The mixture was filtered through a celite pad with dichloromethane then
washed with water and brine. The organic phase was dried with Na,S0,, filtered, and evaporated. The
product was purified by flash column chromatography (SiO,, cyclohexane:CH,Cl, 9:1) and recovered as
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a white powder (186 mg, 72% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.49 (s, 2H), 7.46 (s, 2H), 7.43 - 7.36 (m, 8H),
7.32(d,/=8.3 Hz, 4H), 7.13-7.07 (m, 8H), 6.92 (d, / = 8.3 Hz, 4H), 6.63 (d, /= 8.3 Hz, 4H), 6.56 (d, / = 8.3 Hz, 4H), 6.46 (d, /= 8.4
Hz, 4H), 1.37 (s, 18H), 1.36 — 1.32 (m, 36H), 1.30 (s, 18H), 0.05 (s, 18H). ®C NMR (101 MHz, CDCl3, 298K): §(ppm) 150.19, 148.99,
148.60, 148.53, 141.19, 140.13, 140.08, 139.59, 139.20, 139.07, 138.18, 138.14, 137.70, 137.43, 137.20, 136.26, 133.28, 133.01,
132.69, 129.12, 128.77,128.31, 124.67, 124.54, 124.47,124.25, 34.67, 34.42, 31.68, 31.59, 31.52, 27.06, 0.90. MALDI-ToF MS:
calc. for CyioHs30Si2: 1506.97; found: 1506.94.

Diiodo tetraterphenyl derivative 32

31 (166 mg, 0.11 mmol) was dissolved in freshly distilled non-stabilized dichloromethane (8 mL). The
©2)  mixture was cooled to 0°Cin an ice bath and iodine monochloride (1 Mindichloromethane, 0.44 mL, 0.44
g | mmol) was added dropwise. The mixture was allowed to come back to room temperature and was stirred
) overnight under argon. The mixture was quenched with a saturated aqueous solution of sodium

O
O~

thiosulfate, extracted with dichloromethane, washed with water and brine, dried with Na,S0,, filtered,

-0

and evaporated. The crude product was purified by flash chromatography (Si0,, cyclohexane:CH,Cl, 9:1)
and recovered as an off-white powder (164 mg, 93% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm)
7.75(s, 2H), 7.50 (s, 2H), 7.43 - 7.36 (m, 12H), 7.11 - 7.06 (m, 8H), 6.93 (d,/ = 8.4 Hz, 4H), 6.59 (d, /= 8.1 Hz, 4H), 6.50 (d, /= 8.2 Hz, 4H), 6.43
(d,/=8.2 Hz, 4H), 1.36 (s, 18H), 1.33 (5, 18H), 1.32 (s, 18H), 1.29 (5, 18H). *C NIMR (101 MHz, CDCls, 298K): &(ppm) 150.70, 149.37,
149.22, 148.94, 145.46, 141.06, 140.60, 140.39, 140.31, 140.06, 139.70, 137.24, 136.94, 136.26, 133.18, 131.86, 129.15, 128.70, 128.52,
128.23,124.95,124.70,124.37,124.32,97.21, 34.77, 34.47, 31.52, 31.47. MALDI-ToF MS: calc. for CigsH11l2: 1614.69; found: 1614.72.

Di-(trimethylsilyl)-ethynyl tetraterphenyl derivative 33

32 (164 mg, 0.1 mmol), bis(triphenylphosphine)palladium(ll) dichloride (35 mg, 0.05 mmol) and
copper(l) iodide (15 mg, 0.1 mmol) were dissolved in triethylamine (6 mL) and toluene (4 mL),
previously degassed by freeze-pump-thaw along with ethynyltrimethylsilane (55 pL, 0.4 mmol).
The mixture was stirred under argon at 80°C for 24 h. Dichloromethane was added to the mixture
and then washed with water and brine, dried with Na,SOy, filtered, and evaporated and purified

by column chromatography (SiO,, cyclohexane:CH,Cl, 19:1) to give the desired product as a white
powder (70 mg, 45% yield). '"H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.70 - 7.64 (m, 5H), 7.45 - 7.38 (m, 10H), 7.15 - 7.06 (m,
9H), 6.90 (d, /= 8.3 Hz, 4H), 6.63 (d, /= 8.3 Hz, 4H), 6.53 (d, /= 8.3 Hz, 4H), 6.44 (d, / = 8.3 Hz, 4H), 1.37 (s, 18H), 1.36 - 1.33 (m,
36H), 1.28 (s, 18H), 0.16 (s, 18H). *C NMR (101 MHz, CDCls, 298K): 8(ppm) 150.55, 149.17, 149.11, 148.86, 143.07, 140.86,
140.19, 139.66, 139.41, 139.28, 138.69, 137.29, 136.98, 136.94, 136.75, 134.75, 133.17, 133.14, 132.37, 129.11, 128.71, 128.61,
128.29, 124.84,124.77,124.63, 124.33, 124.26, 120.42, 105.36, 97.65, 34.71, 34.46, 34.43, 31.53, 31.50, 27.06, -0.13. MALDI-
ToF MS: calc. for Cy14H130Siz: 1554.97; found: 1555.01.
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Diethynyl tetraterphenyl derivative 24

33 (35mg, 0.02 mmol) and freshly distilled tetrahydrofuran (3 mL) were introduced in a round bottom
flask. Tetrabutylammonium fluoride (1M in tetrahydrofuran, 80 pL, 0.08 mmol) was added to the
mixture dropwise and the brown solution was stirred for 2 h under argon. Dichloromethane and water
were then added to the mixture. The organic phase was washed with water and brine, dried with
Na,SO0y, filtered, and evaporated. A yellowish powder was recovered and was used in further reaction

without further purification.

24 (35 mg, 0.02 mmol), CP-1 (45 mg, 0.08 mmol) were dissolved in dry o-xylene (4
mL) in a schlenk. The solution was degassed sparging argon and then heated to
180°Cfor 18 h. The solvent was evaporated, and the product purified by flash column
chromatography (Si0,, cyclohexane:CH,Cl, 87:13) as a yellow powder (29 mg, 59%
yield). "H NMR (400 MHz, CDCls, 298 K): &(ppm) 7.57 (s, 2H), 7.48 (s, 2H), 7.45 (s,
2H),7.42 (s, 2H), 7.37 (5, 2H), 7.14 - 7.00 (m, 24H), 6.99 - 6.72 (m, 24H), 6.61 - 6.43
(m, 20H), 1.34 (s, 18H), 1.32 = 1.29 (m, 36H), 1.28 (s, 18H), 1.13 (5, 18H), 1.09 (5, 18H). ®C NMR (101 MHz, CDCl;, 298K): 8(ppm)
149.31, 148.99, 148.76, 148.63, 148.13, 147.84, 142.12, 141.93, 140.44, 139.95, 139.74, 139.45, 139.26, 138.98, 137.61, 137.54,
137.29, 133.52, 133.15, 132.99, 132.88, 131.53, 130.82, 130.08, 129.19, 128.66, 128.43, 127.48, 126.08, 125.02, 124.56, 124.35,
124.21,123.56, 123.18, 34.51, 34.44, 34.40, 34.27, 34.19, 31.58, 31.50, 31.36, 31.33, 27.07. MALDI-ToF MS: calc. for CigoHss:
2347 .46 found: 2347.50.

CizfBus,

25 (10 mg, 0.004 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (43 mg,
0.190 mmol) were dissolved in freshly distilled non-stabilized dichloromethane (15
mL). The solution was allowed to cool down to 0°C in an ice bath.
Trifluoromethanesulfonic acid (0.9 mL) was slowly added to the mixture. The
solution is stirred for 40 min under argon at 0°C. Distilled triethylamine (5 mL) was
added to quench the reaction and the mixture was added in one time to methanol

(100 mL). The precipitate was filtered through a PTFE filter. The obtained powder was dispersed in a small amount of
tetrahydrofuran followed by ultracentrifugation (130 000 g, 30 min). The precipitate yielded the product as a dark green powder
(3 mg, 33%). "H NIMIR (600 MHz, CS,+THF-ds, 298 K): §(ppm) 11.17 (5, 2H), 10.89 — 10.81 (m, 4H), 10.77 (s, 2H), 10.58 (d, /= 8.5
Hz, 2H), 10.42 (s, 2H), 10.10 (s, 2H), 9.74 (s, 2H), 9.67 - 9.61 (m, 4H), 9.58 (d, /= 7.2 Hz, 2H), 9.51 (d, /= 7.0 Hz, 2H), 8.49 (t,/ =
7.0 Hz, 2H), 2.61 (s, 18H), 2.46 (s, 18H), 2.42 (s, 18H), 2.13 (5, 18H), 2.1 (s, 18H), 2.01 (5, 18H). C NMR (151 MHz, CS,+THF-ds,
298 K, only carbons visible by "H-"C HSQC and HMBC are reported): &(ppm) 150.42, 150.23, 147.10, 141.24, 140.65, 140.46,
136.16, 135.97, 135.77, 133.62, 133.23, 131.86, 131.86, 131.86, 131.67, 130.89, 130.89, 130.11, 130.11, 129.91, 129.91, 129.72,
129.72,129.13,129.13, 126.59, 126.59, 126.40, 126.00, 125.81, 125.03, 124.83, 124.83, 123.86, 123.66, 123.47,123.27, 123.07,
123.07, 122.88, 122.68, 120.93, 120.54, 120.34, 120.14, 119.75, 119.75, 40.64, 40.06, 40.06, 39.67, 36.54, 36.54, 36.35, 35.96,
35.76, 35.37, 32.64, 32.44. MALDI-ToF MS HRMS: calc. for CigoH134: 2295.0480; found: 2295.0502.
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1,3-bis(4-(tert-butyl)phenyl)propan-2-one 342
4-dimethylaminopyridine (5.9 g, 28.6 mmol) and N,V'-dicyclohexylcarbodiimide (794 mg, 6.5 mmol) were
dissolved in non-stabilized dichloromethane (50 mL). 4-tert-butylphenylacetic acid (5.0 g, 26.0 mmol) was
dissolved in non-stabilized dichloromethane (50 mL) and then added dropwise to the mixture. The reaction was stirred for 16 h
under argon at room temperature. The solution was then filtered and evaporated. The product was purified by flash column
chromatography (Si0,, cyclohexane:CH,Cl, 3:2) as a white solid (2.5 g, 30% yield). "H NMR (400 MHz, CDCl;, 298 K): § (ppm)
7.32(d,)=8.4Hz,4H), 7.08 (d, ] = 8.4 Hz, 4H), 3.68 (s, 4H), 1.30 (5. 18H). *C NMR (101 MHz, CDCl;, 298 K): & (ppm) 206.2, 149.8,
131.0,129.1, 125.6, 48.6, 34.4,31.3.

2,3,4,5-tetrakis(4-(tert-butyl)phenyl)cyclopenta-2,4-dien-1-one CP-2%

@ o) 2(38,9.30 mmol) and 34 (2.98 g, 9.25 mmol) were dissolved in ethanol (30 mL). The mixture was heated

o 8a to 80°C and potassium hydroxide (540 mg, 9.60 mmol), previously dissolved in ethanol (3 mL), was added

to the mixture dropwise. The reaction was heated for 30 min then cooled down in an ice bath. The formed

precipitate was filtered and recrystallized in methanol. CP-2 was recovered as a dark purple powder (2.36 g, 41% yield). '"H NMR

(400 MHz, CDCls, 298 K): & (ppm) 7.23 (m, 8H), 7.14 (d, ) = 8.5 Hz, 4H), 6.83 (d, | = 8.5 Hz, 4H), 1.29 (s, 18H), 1.27 (s, 18H). ©*C

NMR (101 MHz, CDCls, 298 K): & (ppm) 201.4, 154.3, 151.3, 150.0, 130.5, 129.6, 129.1, 128.1, 124.9, 124.6, 124.3, 34.6, 34.5,
31.3,31.2.

Trimethylsilylethynyl -trimethylsilyl- tetraphenylbenzene derivate 35
CP-2 (474 mg, 0.78 mmol) and 1,4-bis(trimethylsilyl)butadiyne (186 mg, 0.94 mmol) were dissolved in o-
& siz xylene (6 mL). The solution was degassed sparging argon and then heated to 170°C for 18 h under argon.

g
Sn'

AN

The solvent was evaporated, and the product purified by flash column chromatography (SiO,,

) cyclohexane:CH,Cl, 23:2) as a yellowish powder (290 mg, 47% yield). '"H NMR (400 MHz, CDCl;, 298 K):

&(ppm) 7.10 (d, ) = 8.5 Hz, 2H), 7.05 - 7.00 (m, 4H), 6.87 (d, ] = 8.3 Hz, 2H), 6.78 (d, ] = 8.4 Hz, 2H), 6.75 (d, ]

=8.4 Hz, 2H), 6.60 (d, ) = 8.4 Hz, 2H), 6.50 (d, ] = 8.3 Hz, 2H), 1.21 (s, 18H), 1.06 (s, 18H), 0.07 (s, 9H), -0.04 (5, 9H). *C NMR (101

MHz, CDCls, 298K): &(ppm) 149.26, 148.55, 147.79, 147.56, 147.52, 145.10, 141.59, 141.53, 140.44, 140.08, 138.00, 137.40,

137.24,130.92, 130.82, 130.79, 130.54, 128.12,123.67, 123.61, 123.22,123.03, 107.21, 103.60, 34.42, 34.40, 34.18, 34.14, 31.49,
31.46, 31.29, 31.26, 27.07, 1.76, -0.52. MALDI-ToF MS: calc. for CssHzSi: 774.50; found: .774.54.

7\

Ethynyl-tetraphenylbenzene derivate 36

35 (73 mg, 0.10 mmol) was dissolved in freshly distilled tetrahydrofuran. Tetrabutylammonium fluoride (1 M
O ® 2 in tetrahydrofuran, 4 mL, 4 mmol) was slowly added to the mixture. The reaction was stirred for 24 h under
® ) argon. Dichloromethane and water were then added to the mixture. The organic phase was washed with water
) and brine, dried with Na,S0, filtered, and evaporated. The product was purified by column chromatography
(Si0, petroleum ether 60/80:CH,Cl, 4:1) as a white powder (41 mg, 64% yield). '"H NMR (400 MHz, CDCls, 298
K): 8(ppm) 7.71 (s, H), 7.18 = 7.09 (m, 4H), 7.03 (d, ] = 8.3 Hz, 4H), 6.88 (d, ] = 8.4 Hz, 2H), 6.81 (d, ] = 8.4 Hz, 2H), 6.66 (d, ] =
8.3 Hz, 2H), 6.57 (d, ] = 8.4 Hz, 2H), 2.95 (s, TH), 1.25 (s, 9H), 1.23 (s, 9H), 1.13 (s, 9H), 1.10 (s, 9H). *C NMR (101 MHz, CDCI3,
298K): 8(ppm) 149.19, 149.05, 148.49, 148.08, 143.46, 142.28, 141.37, 140.72, 138.33, 136.91, 136.84, 136.78, 133.74, 131.05,

131.02, 130.26, 129.59, 124.48, 123.93, 123.65, 123.33, 120.89, 83.57, 80.01, 34.48, 34.30, 34.21, 31.42, 31.32.

177



Dendrimer 37

36 (40 mg, 0.06 mmol) and CP-2 (61 mg, 0.10 mmol) were dissolved in o-xylene (4 mL) in a schlenk.

® ® < The solution was degassed sparging argon and then heated to 170°C for 18 h under argon. After the
Q) ® < ® mixture cooled down, the solvent was evaporated, and the product purified by flash column
® < g chromatography (Si0, petroleum ether 60/80:CH,Cl, 4:1) as an off-white powder (71 mg, 96% yield).

'H NMR (400 MHz, CDCl;, 298 K): 8(ppm) 7.40 (s, 2H), 7.08 - 7.01 (m, 4H), 6.95 - 6.20 (m, 28H), 1.22
(s, 18H), 1.17 (s, 18H), 1.12 (s, 18H), 1.08 (s, 18H). C NIMR (101 MHz, CDCls, 298K): &(ppm) 148.43, 147.83, 147.69, 147.48,
141.64, 140.06, 139.72, 139.27, 139.24, 138.92, 138.05, 137.65, 137.09, 132.89, 131.62, 131.30, 129.67, 124.08, 123.36, 123.11,
123.00, 34.38, 34.28, 34.23, 34.15, 31.44, 31.36, 31.33. MALDI-ToF MS: calc. for Co,H1g6: 1210.83; found: 1210.88.

CoofBus

37 (11 mg, 0.008 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (30 mg, 0.130 mmol) were
dissolved in freshly distilled non-stabilized dichloromethane (10 mL). The solution was allowed to cool
down to 0°Ciin an ice bath. Trifluoromethanesulfonic acid (0.1 mL) was slowly added to the mixture.

The solution is stirred for 2 h 30 min under argon at 0°C. A saturated aqueous solution of sodium

bicarbonate (10 mL) was slowly added to the mixture. The organic phase was recovered and washed
with aqueous sodium bicarbonate, water, and brine. The organic phase was then dried with dried with Na,S0,, filtered, and
evaporated. The product was purified by column chromatography (SiO,, solid load, cyclohexane:CH,Cl, 6:1) as a white powder
(19 mg, 67% yield). "H NMR (400 MHz, THF-dg+CS,, 298 K): §(ppm) 10.03 (s, 2H), 9.60 (s, 2H), 9.48 (s, 2H), 9.43 (s, 2H), 9.39 (s,
2H), 9.27 (s, 2H), 9.07 (s, 2H), 2.03 (s, 18H), 1.98 (s, 18H), 1.93 (s, 18H), 1.87 (s, 18H). *C NMR (101 MHz, THF-dg+CS,, 298K):
&(ppm) 149.51, 146.10, 145.72, 131.59, 131.48, 131.38, 131.22, 130.91, 130.59, 129.90, 129.40, 127.96, 126.88, 125.62, 124.71,
124.65,122.85, 121.15, 121.02, 120.90, 120.80, 120.63, 120.06, 119.95, 119.66, 119.50, 39.65, 36.20, 36.11, 35.58, 32.61, 32.51.
MALDI-ToF MS: calc. for Co;Hss: 1190.67; found: 1190.74.

Dendrimer 38

20 (70 mg, 0.18 mmol) and CP-2 (331 mg, 0.54 mmol) were introduced in a schlenk, followed by
the addition of dry o-xylene (5 mL). The solution was degassed sparging argon and then heated to
180°C for 16 h under argon. After the mixture cooled down, the solvent evaporated and the
powdered purified by column chromatography (Si0,, cyclohexane:CH,Cl; 5:1). The product was
recovered as a white powder (245 mg, 87% yield). '"H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.65
(s, 2H), 7.38 (s, 2H), 7.15 - 6.41 (m, 40H), 1.27 (s, 18H), 1.22 - 1.21 (m, 36H), 1.14 (s, 18H), 1.08
(s, 18H). C NIMR (101 MHz, CDCls, 298K): §(ppm) 148.84, 148.72, 148.00, 147.62, 146.92, 141.80, 140.46, 140.25, 139.77,
139.49,139.12, 138.97, 137.92, 137.75, 137.61, 136.13, 133.59, 132.93, 131.69, 131.38, 130.95, 129.74, 129.67, 129.57, 128.87,
125.94,124.45,124.34,123.48,123.25, 122.94, 34.46, 34.42, 34.28, 34.21,34.17, 31.54, 31.44, 31.39, 31.36, 27.08. MALDI-ToF
MS: calc. for Ci1gH134; 1551.05 ; found: 1551.02.
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CrstBu1o

Dendrimer 38 (20 mg, 0.013 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (51 mg, 0.21
mmol) were dissolved in freshly distilled non-stabilized dichloromethane (25 mL). The solution
was allowed to cool down to 0°C in an ice bath. Trifluoromethanesulfonic acid (0.13 mL) was
slowly added to the mixture. The solution is stirred for 4 h 30 min under argon at 0°C. A saturated
aqueous solution of sodium bicarbonate was added to the mixture. The product was extracted

with dichloromethane then washed with water and brine. The organic phase was dried with
Na,SO0,, filtered, and evaporated to give a dark orange powder. The product was purified by column chromatography (SiO,,
(Sz:cyclohexene 7:3) and recovered as a dark orange powder (8 mg, 43% yield). '"H NMR (400 MHz, THF-d8+CS2, 298 K): §(ppm)
10.41 (s, 2H), 10.05 (s, 2H), 9.83 (s, 2H), 9.62 (s, 2H), 9.55 (s, 2H), 9.53 (s, 2H), 9.49 (s, 2H), 9.40 (s, 2H), 2.29 (s, 18H), 2.06 (s,
18H), 2.01 - 1.97 (m, 54H). *C NMR (101 MHz, THF-d8+(CS2, 298K, only carbons visible by 'H-"C HSQC and HMBC are reported):
d(ppm) 149.72, 146.71, 146.28, 139.83, 135.51, 131.67, 131.45, 131.02, 130.41, 130.38, 129.95, 129.52, 128.45, 125.4, 125.01,
124.79, 123.5, 123.29, 120.5, 120.07, 119.95, 119.86, 119.64, 119.42, 39.92, 39.49, 36.48, 36.27, 35.92, 34.69, 32.31, 32.23.
MALDI-ToF HRMS: calc. for Cy1gHigs: 1522.82890; found: 1522.82669.

Dendrimer 39

12 (65 mg, 0.09 mmol) and CP-2 (164 mg, 0.27 mmol) were dissolved in dry o-xylene (5 mL)
in a schlenk. The solution was degassed sparging argon and then heated to 170°C for 18 h.
The solvent was evaporated and the product purified by flash column chromatography (SiO,,
cyclohexane:CH,Cl, 9:1) as a white powder (127 mg, 74% yield) 'H NMR (400 MHz, CDCI3,
298 K): &(ppm) 7.69 (s, 2H), 7.46 (s, 2H), 7.38 (s, 2H), 7.11 - 6.43 (m, 48H), 1.37 (s, 18H), 1.26
(s, 18H), 1.22 (s, 18H), 1.16 (s, 18H), 1.14 (s, 18H), 1.08 (s, 18H). *C NMR (101 MHz, (DCI3,
298K): &(ppm) 149.02, 148.75, 148.60, 148.04, 147.68, 147.18, 141.84, 140.47, 140.24,
139.81, 139.53, 139.04, 138.91, 138.79, 137.80, 137.56, 137.52, 137.39, 136.11, 133.54, 132.92, 132.68, 131.61, 130.86, 129.65,
128.91, 128.59, 124.36, 123.51, 123.28, 122.95, 34.46, 34.44, 34.41, 34.27, 34.16, 34.12, 31.63, 31.49, 31.41, 31.37, 31.33.
MALDI-ToF MS: calc. for CasH1e2: 1891.27; found: 1891.28.

CostBU12

Dendrimer 39 (10 mg, 0.005 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (41 mg,
0.18 mmol) were dissolved in freshly distilled non-stabilized dichloromethane (15 mL). The
solution was allowed to cool down to 0°C in an ice bath. Trifluoromethanesulfonic acid (0.3
mL) was slowly added to the mixture. The solution is stirred for 1 h under argon at 0°C.
Distilled triethylamine (3 mL) was added to quench the reaction and the mixture is then added

in one time to methanol (100 mL). The precipitate was filtered through a PTFE filter. The
obtained powder was dispersed in a small amount of tetrahydrofuran, sonicated for 1 min followed by ultracentrifugation
(130 000g, 30 min). The precipitate yielded the product as a dark brown powder (6 mg, 65% yield). 'H NMR (400 MHz, THF-
ds+CS,, 298 K): 8(ppm) 10.50 (s, 2H), 10.42 (s, 2H), 10.35 (s, 2H), 9.89 (s, 2H), 9.64 (s, 2H), 9.57 (s, 2H), 9.55 (s, 2H), 9.50 (s, 2H),
2.40 (s, 18H), 2.27 (s, 18H), 2.13 (s, 18H), 2.09 (s, 18H), 2.01 - 1.99 (m, 36H). C NMR (101 MHz, THF-dz+CS;, 298K only peaks
recorded through HSQC and HMBC NMR are reported): 6(ppm) 149.93, 149.72, 146.71, 146.28, 140.48, 140.26, 135.68, 135.07,
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130.58, 125.49, 119.95, 119.86, 119.42, 119.25, 40.14, 39.71, 36.48, 36.27, 35.92, 35.39, 34.86, 32.31,32.23. MALDI-ToF HRMS:
calc. for CragH126: 1854.98540: found: 1855.98164.

Dendrimer 40

40 (75 mg, 0.07 mmol) and CP-2 (128 mg, 0.21 mmol) were dissolved in dry o-xylene (5
mL) in a schlenk. The solution was degassed sparging argon and then heated to 170°C for
16 h. The solvent was evaporated, and the product purified by flash column
chromatography (Si0,, cyclohexane: CH,Cl, 9:1) as a yellowish powder (113 mg, 71%
yield). "H NIMIR (400 MHz, CDCls, 298 K): 8(ppm) 7.70 (s, 2H), 7.47 (s, 2H), 7.44 (s, 2H),
7.40 (s, 2H), 7.12 - 6.43 (m, 56H), 1.35 (5, 18H), 1.30 (s, 18H), 1.26 (5, 18H), 1.23 (s, 18H),
1.18 = 1.12 (m, 36H), 1.08 (s, 18H). C NIMR (101 MHz, CDCls, 298K): §(ppm) 149.03,
148.78, 148.05, 147.68, 147.15, 141.86, 140.50, 140.24, 139.85, 139.57, 139.13, 139.02, 138.91, 138.79, 137.80, 137.55, 137.23,
136.09, 133.54, 133.05, 132.70, 131.61, 130.88, 129.65, 128.85, 128.64, 128.56, 125.93, 124.41, 124.36, 124.21, 123.51, 123.28,
34.44,34.39,34.27,34.16, 34.12, 31.60, 31.50, 31.42, 31.37, 31.33. MALDI-ToF MS: calc. for CizoHis0: 2231.49; found: 2231.56.

Ci14tBU1s.

Dendrimer 39 (20 mg, 0.008 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (88
mg, 0.39 mmol) were dissolved in freshly distilled non-stabilized dichloromethane (20
mL). The solution was allowed to cool down to 0°C in an ice bath.
Trifluoromethanesulfonic acid (0.4 mL) was slowly added to the mixture. The solution is
stirred for 1 h under argon at 0°C. Distilled triethylamine (3 mL) was added to quench the
reaction and the mixture is then added in one time to methanol (100 mL). The precipitate

was filtered through a PTFE filter. The obtained powder was solubilized in a small amount
of tetrahydrofuran, sonicated for 1 min followed by ultracentrifugation (130 000g, 30 min). The precipitate yielded the product
as a dark green powder (8 mg, 41% yield). '"H NMR (400 MHz, THF-dg+CS5, 298 K): 8(ppm) 10.74 (s, 2H), 10.57 (d,/ = 2.6 Hz, 4H),
10.40 (s, 2H), 9.95 (s, 2H), 9.69 (s, 2H), 9.61 (s, 2H), 9.59 (s, 2H), 9.55 (s, 2H), 9.49 (s, 2H), 2.47 (s, 18H), 2.41 (s, 36H), 2.16 (s,
18H), 2.11 (s, 18H), 2.05 (s, 18H), 2.03 (s, 18H). *C NMR (101 MHz, THF-dz+CS,, 298K, only peaks recorded through HSQC and
HMBC NMR are reported): &(ppm) 149.93, 149.93, 146.71, 146.28, 140.69, 140.05, 40.14, 39.92, 39.71, 36.48, 36.27,
36.27,36.01, 35.48, 34.86, 32.31, 32.31, 32.23. MALDI-ToF HRMS: calc. for Ci7oH146: 2187.14190; found: 2187.14574.

Dendrimer 41

24 (30 mg, 0.02 mmol) and CP-2 (37 mg, 0.06 mmol) were dissolved in dry o-xylene
(4 mL) in a schlenk. The solution was degassed sparging argon and then heated to
180°Cfor 18 h. The solvent was evaporated, and the product purified by flash column
chromatography (Si0, cyclohexane: CH,Cl, 9:1) as a yellowish powder (16 mg, 31%
yield). "H NMR (400 MHz, CDCls, 298 K): 8(ppm) 7.71 (s, 2H), 7.54 — 7.36 (m, 8H),
7.14 - 6.43 (m, 64H), 1.36 (s, 18H), 1.33 - 1.25 (m, 54H), 1.23 (s, 18H), 1.19 - 1.13
(m, 36H), 1.09 (s, 18H). C NIMR (101 MHz, CDCls, 298K): §(ppm) 149.08, 148.99,
148.80, 148.07, 147.72, 147.19, 141.88, 140.53, 140.30, 140.23, 139.90, 139.61,
139.16, 139.05, 138.93, 138.80, 137.82, 137.57, 137.23, 136.13, 133.55, 132.71, 131.41, 129.67, 128.89, 128.65, 124.37, 124.22,
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123.52,77.48,77.36, 77.16, 76.84, 34.46, 34.42, 34.40, 34.28, 34.17, 34.14, 31.61, 31.50, 31.43, 31.39, 31.34. MALDI-ToF MS:
calc. for CiogHae: 2571.71; found: 2571.85.

Dendrimer 42

1,3,5-triethynylbenzene (35 mg, 0.23 mmol) and CP-2 (530 mg, 0.87 mmol) were dissolved in
dry o-xylene (4 mL) in a schlenk. The solution was degassed sparging argon and then heated to
180°C for 18 h. The solvent was evaporated, and the product purified by flash column
chromatography (Si0,, cyclohexane: CH,Cl, 23:2—4:1) as an off-white powder (264 mg, 61%
yield). '"H NMR (400 MHz, CDCl,, 298 K): 8(ppm) 7.17 (s, 3H), 7.15 (d, / = 8.2 Hz, 6H), 7.00 (d,
/=8.2Hz, 6H), 6.97 - 6.89 (m, 12H), 6.85 (d, /= 8.5 Hz, 6H), 6.70 (t,/ = 8.3 Hz, 6H), 6.65 - 6.58
(m, 15H), 1.25 (s, 27H), 1.14 (5, 27H), 1.11 (s, 27H), 1.09 (s, 27H). *C NMR (101 MHz, (DCl;,
298K): 8(ppm) 149.22, 148.66, 148.30, 142.18, 140.79, 140.56, 140.38, 139.75, 139.44, 139.14, 138.23, 137.90, 137.56, 131.86,
131.51,131.47,130.92, 130.21, 129.92, 124.65, 123.90, 123.81, 123.51, 34.60, 34.47, 34.44, 34.38, 31.43, 31.40, 31.34.

(T)CostBu,

Dendrimer 42 (10 mg, 0.005 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (27 mg, 0.12
mmol) were dissolved in freshly distilled non-stabilized dichloromethane (10 mL). The solution
was allowed to cool down to 0°Cin an ice bath. Trifluoromethanesulfonic acid (0.1 mL) was slowly
added to the mixture. The solution is stirred for 2 h under argon at 0°C. Distilled triethylamine (3
mL) was added to quench the reaction. The solvent was evaporated. No further purification was
performed. MALDI-ToF showed the presence of the dimer of (T)CostBus. MALDI-ToF MS: calc.
for Ciz;H2 (2M*): 3373.59; found: .3373.47. Further purification is still on-going to confirm the product’s formation.

1,3,5-tris(phenylethynyl)benzene 4522

® 1,3,5-tribromobenzene (210 mg, 0.66 mmol), phenylacetylene (440 pL, 4.00 mmol),

I bis(triphenylphosphine)palladium(ll) dichloride (11 mg, 0.15 mmol) and copper(l) iodide (38 mg, 0.20

> & N mmol) were dissolved in triethylamine and tetrahydrofuran, previously degassed by freeze-pump-thaw.

O Q The mixture was stirred under argon at 70°C for 12 h. Dichloromethane was added to the mixture and then

washed with water and brine, dried with Na,S0,, filtered, and evaporated and purified by column chromatography (Si0;,
cyclohexane:CH,Cl, 9:1) to give the desired product as a white powder (214 mg, 87% yield). '"H NMR (400 MHz, CDCls, 298 K):
8(ppm) 7.66 (s, 3H), 7.57 = 7.52 (m, 6H), 7.40 — 7.34 (m, 9H). ®C NMR (101 MHz, CDCl;, 298K): 6(ppm) 134.20, 131.86, 128.77,
128.58, 124.19, 122.96, 90.66, 87.97.

Dendrimer 43%¢

45 (111 mg, 0.3 mmol) and tetraphenylcyclopentadienone (519.1 mg, 1.35 mmol) was dissolved
in diphenylether (3 mL). The reaction mixture was stirred at 230°C for 3 weeks in a sealed
Schlenk. The mixture was precipitated twice in methanol and evaporated to afford the compound
as an off-white solid (188 mg, 43% yield). '"H NMR (400 MHz, CDCl;, 298 K): &(ppm) 7.10-7.05
(m, 12H), 6.95-6.90 (t, 6H), 6.80-6.75 (M, 46H), 6.50-6.45 (m, 6H), 6.27 (s, 3H), 5.72 (s, 5H). *C
NMR (101 MHz, CDCl;, 298K): 6(ppm) 141.16, 140.98, 140.95, 140.75, 140.14, 139.50, 137.71,
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136.82, 134.44,131.99, 131.70, 131.41,131.37, 131.32, 127.47,126.41, 126.39, 126.30, 126.27, 124.98, 124.88, 124.77. MALDI-
ToF MS: calc. for Ci14Hys: 1446.61; found: 1446.63.

(Cze)s-T[6]H

Dendrimer 43 (20 mg, 0.014 mmol) was dissolved in non-stabilized dichloromethane (50 mL). A
solution of iron(lll) chloride (1 M in nitromethane, 188 mg, 1.16 mmol) was added dropwise to
the mixture. The reaction was left at room temperature under a strong flow of extra pure argon

for 7 h. The reaction was followed by MALDI-ToF mass spectrometry and showed that the product

1,3,5-tris((4-(tert-butyl)phenyl)ethynyl)benzene 462
1,3,5-tribromobenzene (314 mg, 1.00 mmol), tetrakis(triphenylphosphine)palladium(0) (96 mg, 0.08

8 mmol) and copper(l) iodide (16 mg, 0.08 mmol). 4-tert-butylphenylacetylene (630 pL, 3.50 mmol)
I

Z I N

® Z TN ® pump-thaw. The 4-tert-butylphenylacetylene solution was then added dropwise through cannula

was dissolved in triethylamine (10 mL) and pyridine (5 mL), then the solution degassed by freeze-

transfer to the reaction mixture. The mixture was stirred under argon at 70°C for 16 h. The reaction
was let to cool down then added into aqueous hydrochloric acid (0.5 M, 200 mL). The precipitate was filtered and purified by
flash column chromatography (SiO,, 25 g, petroleum ether 60/80) to give the desired product as a white powder (439 mg, 80%
yield). ). "H NMIR (400 MHz, CDCl;, 298 K): §(ppm) 7.63 (s, 3H), 7.47 (d,/ = 8.5 Hz, 6H), 7.39 (d, / = 8.5 Hz, 6H), 1.34 (s, 27H). *C
NMR (101 MHz, CDCls, 298K): 6(ppm) 152.05, 133.98, 131.60, 125.57, 124.32, 119.99, 90.72, 87.48, 34.99, 31.32. MALDI-ToF
MS: calc. for C4Hap: 546.33; found: 546.33.

Dendrimer 44

46 (202 mg, 0.37 mmol) and CP-2 (1 g, 1.65 mmol) were dissolved in diphenyl ether
(6 mL) previously degassed by freeze-pump-thaw. The mixture was heated at 250°C
for 1 month in a sealed Schlenk. The solution was precipitated in methanol (150 mL).
The precipitate was purified by flash column chromatography (Si0,,
cyclohexane:CH,Cl, 9:1) to yield the product as an off-white powder (144 mg, 17%
yield). "H NMR (400 MHz, CDCls, 298 K): 8(ppm) 7.06 (d, / = 10.3 Hz, 6H), 6.79 (d, / =
8.1Hz, 6H), 6.77 - 6.69 (m, 19H), 6.48 - 6.40 (m, 24H), 6.32 (d,/=8.2 Hz, 6H), 5.25 (s,
3H), 1.19 (s, 54H), 1.08 (s, 54H), 1.04 (s, 27H). *C NMR (101 MHz, CDCl;, 298K):
&(ppm) 147.31, 147.06, 140.22, 139.27, 139.18, 138.95, 138.84, 138.68, 137.44,
136.84, 133.44, 132.62, 131.49, 131.18, 131.05, 130.84, 124.08, 122.98, 122.89, 121.83, 34.33, 34.12, 34.09, 31.40, 31.33, 31.29.
MALDI-ToF MS: calc. for Cy74H105; 2287.55; found: 2287.58.
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Bis-spiro compound 47

Dendrimer 44 (30 mg, 0.013 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(54 mg, 0.235 mmol) were dissolved in freshly distilled non-stabilized
dichloromethane (40 mL). The solution was allowed to cool down to 0°Cin an ice bath.
Trifluoromethanesulfonic acid (0.4 mL) was slowly added to the mixture. The solution
is stirred for 1 h 20 min under argon at 0°C. A saturated aqueous solution of sodium
bicarbonate was added to the mixture. The product was extracted with
dichloromethane then washed with water and brine. The organic phase was dried with

Na,SO0y, filtered, and evaporated to give a dark orange powder. The product was

purified by column chromatography (Si0;, toluene:CH,Cl, 9:1— 2:1) and recovered as a dark yellow powder (9.5 mg, 32% yield).
'H NMR (400 MHz, CD,Cl, 298 K): §(ppm) 10.10 (d, ) = 8.7 Hz, TH), 9.43 - 9.19 (m, 12H), 9.15 (d, | = 5.8 Hz, 2H), 9.04 (s, 1H),
8.98 (s, TH), 8.95 - 8.84 (m, 4H), 8.54 (s, TH), 8.42 (d, ] = 10.7 Hz, 2H), 8.35 (s, TH), 8.21 (d, ] =8.5 Hz, TH), 7.76 (d, ] = 1.8 Hz,
1H), 7.59 (d, ] =8.7 Hz, TH), 7.35(d, ) = 1.9 Hz, TH), 7.01 (d, ] = 1.6 Hz, 1H), 6.81 (dd, ] = 8.5, 1.9 Hz, 1H), 6.68 (d, ] = 1.6 Hz, 1H),
6.37(d,J=1.5Hz, 1H), 5.63 (d, ] = 9.4 Hz, TH), 1.89 - 1.78 (m, 36H), 1.72 - 1.66 (m, 27H), 1.62 (s, 9H), 1.49 (s, 9H), 0.66 (s, 9H),
0.41 (s, 9H), 0.28 - 0.21 (m, 18H), 0.08 (s, 9H), -0.08 (s, 9H). MALDI-ToF HRMS: calc. for CizsHies : 2257.31461; found:
2257.30720.

(2,6-dibromophenyl)diazenylpyrrolidine 5024
» Ina round bottom flask, 2,6-dibromoaniline (3 g, 12.0 mmol) was introduced along with concentrated hydrochloric
Br%m acid (4.7 mL). The mixture was cooled down to 0°C with an ice bath. Sodium nitrite (858 mg, 12.4 mmol) was
solubilized in water (2.5 mL), the solution cooled down to 0°C, and added to the main reaction mixture dropwise.
After 30 min of agitation, the mixture was added to a solution of potassium carbonate (8.25 g, 59.0 mmol) and pyrrolidine (2 mL,
1.72 g, 24.2 g) in water (14 mL) and acetonitrile (7 mL) at 0°C. After 30 min, the product was extracted with dichloromethane.
The organic phase was washed with water and brine, dried with Na,SO,, filtered, and evaporated. The product was purified by
chromatography (Si0,, cyclohexane:CH,Cl, 3:2) as a dark yellow oil (2.67 g, 67% yield). '"H NMR (400 MHz, CDCls, 298 K): §(ppm)
7.53(d,/=8.0 Hz, 2H), 6.84 (t,/ = 8.0 Hz, TH), 3.96 (s, 2H), 3.73 (s, 2H), 2.08 (s, 4H). C NMR (101 MHz, CDCl3, 298K): 5(ppm)

148.31,132.49, 126.73, 118.09, 51.33, 46.72, 24.15, 23.80. ESI MS m/z: calc for CioH12N3Br, (M+H): 331.93; found: 331.94.

2,6-bis((trimethylsilyl)ethynyl)phenyl)diazenyl)pyrrolidine 51
L_NB 50 (2.65 g, 8.00 mmol), bis(triphenylphosphine)palladium(ll) dichloride (156 mg, 0.24 mmol), and copper(l)
>si \\'I“‘"N P sijodide (356 mg, 0.24 mmol) were dissolved in degassed triethylamine (7 mL). Ethynyltrimethylsilane (1.3 mL,
\©/ 10.00 mmol) was added to the reaction mixture, which was then stirred under argon at 70°C for 16 h.
Triethylamine was evaporated, and the powder was dissolved in dichloromethane and filtered through a pad of celite. The organic
phase was washed with water and brine, dried with Na,SO,, filtered, and evaporated. The product was purified by column
chromatography (SiO;, CH,Cl:cyclohexane 3:7 — 4:1) as a pale yellow powder (2.5 g, 85% yield). '"H NMR (400 MHz, CDCl;, 298
K): 8(ppm) 7.40 (d,/=7.7 Hz, 2H), 6.96 (t,/ = 7.7 Hz, 1H), 3.84 (d,/ = 84.5 Hz, 4H), 2.05 (s, 4H), 0.20 (s, 18H). *C NMR (101 MHz,

CDCls, 298K): 6(ppm) 155.04, 133.96, 124.07, 116.38, 103.28, 97.45, 0.15.
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((2-iodo-1,3-phenylene)bis(ethyne-2,1-diyl))bis(trimethylsilane) 52
Sie. | .5¢ 51(2.41 g 6.6 mmol) was added to a Schlenk flask and degassed. lodomethane (5 mL) was added and the
\©/ Schlenk sealed. The mixture was heated to 110°C overnight. After 14 h, iodomethane was evaporated. The
recovered powder was purified by column chromatography (SiO,, solid load, cyclohexane:CH,Cl, 3:1) as a yellow powder (1.9 g,
72% yield). "H NMR (400 MHz, CDCl;, 298 K): 8(ppm) 7.36 (d,/=7.6 Hz, 2H), 7.20 (dd, /= 8.1, 7.3 Hz, 1H), 0.28 (s, 18H). *C NMR

(101 MHz, CDCls, 298K): 6(ppm) 132.28, 131.03, 127.59, 108.08, 106.89, 99.20, -0.10.

4,4'-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1'-biphenyl 53¢
igsggjé 4,4'-dibromobiphenyl (2 g 6.0 mmol), bis(pinacolato)diboron (3.8 g 15.0 mmol), [1,1-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (213 mg, 0.3 mmol), and potassium acetate
(3.5 g 36.0 mmol) were dissolved in dimethylformamide (40 mL), previously degassed by freeze-pump-thaw. The reaction
mixture was heated at 105°C for 2h30. The mixture was filtered through a celite pad. Water was added to the mixture and then
extracted with dichloromethane. The organic phase was washed with water and brine, dried with Na,SO,, filtered, and
evaporated. The product was purified by recrystallisation in ethyl acetate and recovered as a white powder (2.23 g, 91 % yield).
'H NMR (400 MHz, CDCls, 298 K): 8(ppm) 7.92 - 7.84 (m, 4H), 7.67 — 7.60 (m, 4H), 1.36 (s, 24H). *C NMR (101 MHz, CDCl;,
298K): 8(ppm) 143.67, 135.27, 126.53, 83.86, 24.89.

Tetra-(trimethylsilyl)-ethynyl tetraphenyl derivative 54
/‘Si'— —‘Si'\ 53 (667 mg, 1.64 mmol), 52 (1.5 g, 3.78 mmol), tetrakis(triphenylphosphine)palladium(0) (92 mg, 0.08
4 \

)Ly  mmol), and potassium carbonate (1.35 g, 9.84 mmol) were dissolved with toluene (35 mL), ethanol (10

\\S._ _S// mL) and water (10 mL), previously degassed by freeze-pump-thaw. The mixture was stirred under argon

AN

at80°Cfor 21 h. Water was added to the mixture, then extracted with dichloromethane and washed with
water and brine. The organic phase was dried with Na,S0, filtered and evaporated. The product was purified by flash column
chromatography (Si0,, cyclohexane:CH,Cl, 17:3) and recovered as a yellow powder (735 mg, 65% yield). "H NMR (400 MHz,
(D,Cl, 298 K): 6(ppm) 7.69 (d, /= 8.3 Hz, 4H), 7.58 (d,/ = 8.3 Hz, 4H), 7.53 (d, /= 7.8 Hz, 4H), 7.26 (t,/ = 7.8 Hz, 2H), 0.05 (s, 36H).
C NMR (101 MHz, CDCl,, 298K): 8(ppm) 140.76, 138.02, 132.91, 130.97, 127.43, 126.35, 123.40, 104.30, 98.98, -0.37. MALDI-
ToF MS: calc. for CasHsoSis: 690.30; found: 690.29.

Tetraethynyl tetraphenyl derivative 48

74 \ 54 (83 mg, 0.12 mmol) and freshly distilled tetrahydrofuran (10 mL) were introduced in a round bottom
flask. Tetrabutylammonium fluoride (1M in tetrahydrofuran, 960 L, 0.96 mmol) was added dropwise and

the solution was stirred for 1 h 30 min under argon. Dichloromethane and water were then added to the
mixture. The organic phase was washed with water and brine, dried with Na,SOy, filtered, and the solvent evaporated. A yellowish

powder was recovered and was used in further reaction without further purification
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Dendrimer 49

48 (48 mg, 0.12 mmol) and CP-2 (450 mg, 0.74 mmol) were dissolved in dry o-
xylene (4 mL) in a schlenk. The solution was degassed sparging argon and then
heated to 170°Cfor 18 h. After the mixture cooled down it was added to an excess
methanol to precipitate the product as a white powder and then filtered through
a PTFE filter, this process was repeated twice. The product was recovered as a
white powder (153 mg, 99% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.39
(t,/=7.3Hz, 2H), 7.34 - 7.28 (m, 4H), 7.15 - 6.30 (M, 74H), 6.18 — 6.06 (m, 2H), 1.28 - 1.03 (m, 126H), 0.97 — 0.93 (m, 18H). ™3C
NMR (101 MHz, CDCls, 298K): 6(ppm) 148.40, 147.64, 147.24, 147.14, 141.36, 141.24, 141.05, 141.01, 139.30, 139.22, 139.09,
138.96, 137.75, 137.43, 136.41, 136.29, 132.32, 131.11, 129.60, 129.51, 124.91, 124.50, 124.09, 123.89, 123.32, 123.24, 122.87,
34.28,34.08, 34.05, 33.97, 33.91, 31.45, 31.39, 31.35, 31.24, 31.18. MALDI-ToF MS: calc. for CesHaz6: 2723.77; found: 2723.86.

Propeller GQD (C7:tBus),

Dendrimer 49 (52 mg, 0.019 mmol) and 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (114 mg, 0.50 mmol) were dissolved in freshly distilled un-
stabilized dichloromethane (40 mL). The solution was allowed to cool down to 0°C
in an ice bath. Trifluoromethanesulfonic acid (0.4 mL) was slowly added to the
mixture. The solution is stirred for 8 h under argon at 0°C. An aqueous saturated

solution of sodium bicarbonate (20 mL) was slowly added to quench the reaction.
The organic phase was dried with Na,S0y, filtered, and evaporated. The product was purified by flash column chromatography
(Si0,, cyclohexane:toluene 17:3) and recovered as a dark yellow powder (9.5 mg, 19% yield). 'H NMR (400 MHz, CD,Cl,, 298 K):
&(ppm) 11.76 (s, 2H), 10.31 (s, 4H), 9.76 (s, 4H), 9.63 (s, 4H), 9.50 (s, 4H), 9.34 (s, 4H), 8.81 (s, 4H), 8.71 (s, 4H), 8.28 (s, 4H),
2.14 (s, 36H), 1.96 (s, 36H), 1.61 (s, 36H), -0.24 (s, 36H).™C NMR (101 MHz, CD,Cl,, 298K, only carbons visible by 1H-13C HSQC
and HMBC are reported): 8(ppm) 150.29, 146.43, 130.56, 128.85, 125.69, 124.72, 124.65, 123.82, 120.57, 120.28, 119.8, 119.62,
119.45, 119.36, 118.74, 116.28, 36.55, 36.3, 35.98, 34.33, 32.43, 32.34, 32.27, 32.02, 31.54, 30.36, 30.17, 30.1, 29.77, 27.33,
23.1,14.29. MALDI-ToF HRMS: calc. for CogHi7s: 2675.39230; found: 2675.38320.

2-iodo-4,4'-dinitro-1,1"-biphenyl 58%¢’
ozNNo2 4,4-Dinitro-2-biphenylamine (778 mg, 5.0 mmol) was dissolved in tetrahydrofuran (8 mL) and aqueous
| hydrochloric acid (4 M, 3.8 mL) and the mixture cooled down to 0°C. A cold solution of sodium nitrite (310
mg, 4.5 mmol) in water (1 mL) was added very slowly to the mixture. The mixture was stirred for 1 h at 0°C. A cold solution of
potassium iodide (1.2g, 7.2 mmol) in water (1 mL) was then slowly added to the mixture and stirred for 20 min at 0°C. The reaction
was warmed up to room temperature and stirred overnight. A saturated aqueous solution of sodium thionate was added to
quench the reaction. The aqueous phase was extracted with dichloromethane. Then, the organic phase washed with water and
brine, dried with Na,SO., filtered, and concentrated in vacuum. The product was purified by chromatography (SiO,,
CH,Cl:cyclohexane 1:1) as a pale yellow powder (616 mg, 57% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 8.83 (d, /= 2.2
Hz, 1H), 8.37 - 8.32 (m, 2H), 8.30 (dd, /= 8.4, 2.3 Hz, 1H), 7.56 — 7.51 (m, 2H), 7.47 (d, /= 8.4 Hz, TH). *C NMR (101 MHz, CDCls,

298 K): &(ppm) 150.58, 148.24, 147.92, 147.62, 134.61, 130.00, 123.69, 123.27, 97.02.
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2',5'-diiodo-1,1":4',1"-terphenyl 62%°
(> Inaround bottom flask, 6 (503 mg, 1.34 mmol) was dissolved in distilled non stabilized dichloromethane (15 mL) and
! 2 | the reaction mixture cooled down to 0°C. lodine monochloride (0.5 M in dichloromethane, 10.7 mL, 5.36 mmol) was
C)  added dropwise and the mixture warmed to room temperature and stirred overnight under argon. An aqueous solution
of sodium thiosulfate was added and then extracted with dichloromethane. The organic phases were then washed with
water and brine, dried with Na,S0, filtered, and evaporated. The product was recovered as an off-white powder (, 99 % yield).
'H NMR (400 MHz, CDCl, 298 K): §(ppm) 7.88 (s, 2H), 7.48-7.41 (m, 6H), 7.40-7.35 (m, 4H). *C NMR (101 MHz, CDCls, 298 K):
&(ppm) 147.06, 142.31, 140.14, 129.16, 128.11, 98.13. No signal was obtained by MALDI-ToF mass spectrometry.

2',5'-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1":4',1"-terphenyl 59
;_0 ® Ina round bottom flask, 62 (507 mg, 1.0 mmol) was added along with dry ethyl ether (50 mL). To the stirring
0 o Suspension, n-butyllithium (2 M in hexanes, 1.25 mL, 2.5 mmol) was added dropwise at room temperature
¢ O‘ﬁ and stirred for 45 min under argon. To the yellow solution, 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1.35 mL, 6.6 mmol) was added dropwise and stirred for 2 h under argon. Water was then
added to the mixture and the product extracted with dichloromethane. The organic phase was washed with water and brine,
dried with Na,S0,, filtered, and concentrated in vacuum. The product was purified by chromatography (SiO,, CH.Cl,:cyclohexane
1:1—4:1) as a white powder (167 mg, 35% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.70 (s, 2H), 7.46 — 7.42 (m, 4H),
7.40 - 7.32 (m, 6H), 1.19 (5, 24H). *C NMR (101 MHz, CDCl5, 298 K): §(ppm) 145.39, 143.19, 134.99, 129.39, 127.85, 126.90,

83.94,30.47, 24.74. MALDI-ToF MS m/z: calc for CsoHssB,04: 482.28; found: 481.14.

Monosubstituted product 63

N _H—=_H-No, 58 (126 mg, 0.34 mmol), 59 (65 mg, 0.14 mmol), tetrakis(triphenylphosphine)-palladium(0) (68 mg, 0.06
mmol) and potassium carbonate (60 mg, 0.42 mmol) were dissolved in toluene (4 mL), ethanol (1 mL), and
7'(;8{) water(1 mL), previously degassed by freeze pump thaw. The reaction mixture was heated to 90°C for 48 h.
Water and dichloromethane were added to the mixture. The organic phase was recovered, washed with water and brine, dried
with NaSO0y, filtered, and concentrated in vacuum. The product was purified by chromatography (Si0z, CH.Cl,:cyclohexane 33:17)
as a white powder (10 mg, 12% yield)."H NMR (400 MHz, CDCl;, 298 K): §(ppm) 8.46 (d, / = 2.4 Hz, 1H), 8.24 (dd, /= 8.5, 2.4 Hz,
1H),7.90 (d,/=9.0 Hz, 2H), 7.57 (s, H), 7.54 - 7.49 (m, 3H), 7.47 - 7.39 (m, 3H), 7.29 (d, /= 8.5 Hz, TH), 7.13 (t,/ = 7.4 Hz, TH),
7.01(t,/=7.7Hz, 2H), 6.71 (d,/ = 8.9 Hz, 2H), 6.52 (d, / = 8.2 Hz, 2H), 1.22 (s, 12H). C NMR (101 MHz, CDCl;, 298 K): 8(ppm).
147.98, 147.44, 146.94, 145.40, 145.04, 141.92, 139.60, 138.68, 138.44, 136.91, 134.94, 134.88, 134.82, 131.96, 131.14, 130.95,
130.58, 129.79, 129.30, 129.27, 128.26, 128.23, 128.21, 128.17, 127.66, 126.93, 126.76, 123.21, 123.04, 122.91, 84.30, 24.77.

MALDI-ToF MS m/z: calc for CssH3:BN,Qs: 598.23; found: 598.18.

2-(4,4'-dinitro-[1,1'-biphenyl]-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 64
ozNNo2 58 (13 g 35 mmol), bis(pinacolato)diboron (102 g 4 mmol),
707_20 [1,1'-bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (132 mg, 0.18 mmol), and potassium
acetate (1.01 g, 10.5 mmol) were disolved in degassed dimethylformamide (45 mL). The reaction mixture
was heated at 105°Cfor 1 h. Dichloromethane and water were added to the black mixture, and the aqueous phase was extracted.
The organic phase was washed with water, dried with Na,SOy, filtered, and evaporated. The dark brown powder was purified by
column chromatography (Si0,, CH,Cly:cyclohexane 4:1) to give the product as a pale yellow powder (851 mg, 65% yield). '"H NMR
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(400 MHz, CDCl3, 298 K): 8(ppm) 8.67 (d, /= 2.4 Hz, 1H), 8.34 (dd, /= 8.5, 2.5 Hz, TH), 8.28 (d, / = 8.8 Hz, 2H), 7.54 (d, /= 8.8 Hz,
2H), 7.51 (d,/ = 8.4 Hz, TH), 1.2 (s, 12H). C NMR (101 MHz, CDCl5, 298 K): §(ppm) 151.84, 147.87, 147.69, 147.38, 130.44,
130.26, 130.19, 125.47, 123.25, 84.94, 24.76.

2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[1,1'-biphenyl]-4,4'-diamine 65
HzNNHz 64 (365 mg, 1.0 mmol) was dissolved in methanol (110 mL), dichloromethane (60 mL), and ethyl acetate (40
§) mL). The solution was degassed sparging argon. Afterwards, palladium on carbon (62 mg, 10% Pd) was
added to the mixture. The reaction mixture was shacked in an hydrogenator for 5 h at room temperature
under a 3-bar hydrogen atmosphere. The reaction was stopped and filtered through a celite pad. The solvents were evaporated,
and the product was purified by column chromatography (Si0,, ethyl acetate:cyclohexane 1:1) to give the product as a bright
yellow powder (270 mg, 90% yield). 'H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.18 - 7.13 (m, 3H), 7.01 (d, /= 2.6 Hz, 1H), 6.75
(dd,/=8.2, 2.6 Hz, TH), 6.70 - 6.65 (m, 2H), 3.62 (s, 4H), 1.23 (s, 12H). C NMR (101 MHz, CDCls, 298 K): §(ppm) 144.91, 144.25,

138.24,134.01, 130.01, 129.98, 121.17, 117.12, 114.81, 83.74, 24.75.

2,7-dibromophenanthrene-9,10-dione 68

Q0 Phenanthrene-9,10-dione (3.5 g, 16.0 mmol) was dissolved in concentrated sulfuric acid (96 mL). N-
BrBr bromosuccinimide (6.43 g, 36.0 mmol) was added to the mixture, and the reaction was stirred at room
temperature overnight. The solution was added to water (200 mL). The bright orange powder was recovered by Biichner filtration,
and then recrystallized in dimethyl sulfoxide to yield the product as an orange powder (4.68 g, 79% yield). '"H NMR (400 MHz,

DMSO0-ds, 298 K): 8(ppm) 8.26 (s, 2H), 8.17 - 7.86 (m, 4H).

5,10-dibromo-1,3-diphenyl-2H-cyclopenta[/]phenanthren-2-one CP-3138266
@ ) 68 (2.4g,6.60 mmol) and diphenylacetone (1.8 g, 8.60 mmol). were dissolved in methanol (46 mL). The mixture
B was heated to 80°C and potassium hydroxide (388 mg, 6.93 mmol), previously dissolved in methanol (20 mL),
was added to the mixture dropwise. The reaction was heated for 2 h then cooled down in an ice bath. The
formed precipitate was filtered and recrystallized in methanol and chloroform. CP-3 was recovered as a green powder (1.09 g,
30% yield). '"H NMR (400 MHz, CDCls, 298 K): 8(ppm) 7.66 (d, / = 2.1 Hz, 2H), 7.61 (d, / = 8.6 Hz, 2H), 7.50 - 7.35 (m, 12H).
MALDI-ToF MS m/z: calc for CyoH16Br,0: 537.97; found: 537.77.

2-iodo-[1,1'-biphenyl]-4,4'-diamine 692
HZNNHZ 58 (555 mg, 1.5 mmol) and tin(Il) chloride dihydrate (2.25 g, 10.0 mmol) were dissolved in with previously
I degassed ethanol (4 mL). The reaction mixture was heated to 80°C under argon overnight. The mixture was
then added to crushed iced and a saturated aqueous solution of sodium bicarbonate was slowly added until a pH 8 is reached.
The product was extracted with ethyl acetate and then washed with water and brine, dried up with Na,S0,, filtered, and
evaporated. The product was recovered as a brownish paste (465 mg, 99% yield). '"H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.28
(d,/=2.4Hz, TH), 7.12(d,/=8.2 Hz, 2H), 7.05 (d, /= 8.1 Hz, 1H), 6.73 - 6.65 (m, 3H), 3.68 (5, 4H). *C NMR (101 MHz, CDCl;, 298
K): 8(ppm) 153.37, 152.33, 139.50, 131.56, 131.46, 130.62, 129.14, 123.03, 94.56.

4,4'-dibromo-2-iodo-1,1"-biphenyl 70
BrBr 69 (465 mg, 1.5 mmol) was dissolved in acetonitrile (3.2 mL), glacial acetic acid (2.2 mL) and 30% sulfuric acid

| (1.8 mL). The suspension was cooled down in an ice bath and then a cold solution of sodium nitrite in water (1
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mL) was added dropwise and stirred for 30 min. Copper(l) bromide was dissolved in concentrated hydrobromic acid (2.5 mL),
cooled down, and then slowly added to the reaction mixture. The mixture was heated to 60°C for 2 h 30 min. Dichloromethane
was added to the mixture. The organic phase was recovered and washed with water, dried with Na,SO4, filtered, and evaporated.
The product was purified by column chromatography (Si0,, cyclohexane) and recovered as a white powder (436 mg, 67% yield).
'H NMR (400 MHz, CDCl;, 298 K): §(ppm) 8.10 (d, / = 2.0 Hz, 1H), 7.56 (d,/ = 8.4 Hz, 2H), 7.52 (dd, /= 8.2, 2.0 Hz, 1H), 7.18 (d, |
=8.6 Hz, 2H), 7.13(d, ] =8.2 Hz, 1H). *C NMR (101 MHz, CDCI3, 298 K): 8(ppm) 144.39, 141.89, 141.51, 132.03, 131.40, 131.35,
130.90, 130.81, 130.75, 122.32, 121.97, 98.70.

((4,4'-dibromo-[1,1'-biphenyl]-2-yl)ethynyl)trimethylsilane 71

BrBr 70 (350 mg, 0.80 mmol), tetrakis(triphenylphosphine)-palladium(0) (56 mg, 0.08 mmol), and copper(1) iodide

_/51\// (24 mg, 0.16 mmol) were dissolved in degassed triethylamine (7 mL). Ethynyltrimethylsilane (118 pL, 0.84
mmol) was added to the mixture which was then stirred under argon at room temperature for 20 h.
Dichloromethane was added to the mixture and filtered through a pad of celite. The filtrate was evaporated and purified by
column chromatography (Si0, cyclohexane) to give the desired product as a colorless oil (170 mg, 52% yield). "H NMR (400
MHz, CDCl;, 298 K): 8(ppm) 7.71 (d, ] = 2.1 Hz, 1H), 7.53 (d, ] = 8.6 Hz, 2H), 7.49 (dd, ] = 8.3, 2.1 Hz, 1H), 7.45 (d, ] = 8.6 Hz, 2H),
7.20 (d, )= 8.3 Hz, TH), 0.15 (s, 9H). *C NMR (101 MHz, CDCI3, 298 K): 5(ppm) 141.83, 138.24, 136.02, 132.07, 131.19, 130.95,

130.67, 123.39, 122.20, 121.13, 102.85, 99.88, -0.28. APPI MS m/z: calc for Ci7Hs6Br2Si: 405.94; found: 405.94.

4,4'-dibromo-2-ethynyl-1,1"-biphenyl 66

BrBr 71 (160 mg, 0.40 mmol) was dissolved in tetrahydrofuran (10 mL). Tetrabutylammonium fluoride (1 M in
7 tetrahydrofuran, 480 pL, 0.48 mmol) was added dropwise and stirred under argon at room temperature for 1

h. Water was added to the reaction and then extracted with dichloromethane. The organic phase was washed with water and

brine, dried with Na,S0,, filtered, and evaporated. The product was used in next steps without further purification.

Nanomesh precursor 67
= )-8 66 (234 mg, 0.40 mmol) and CP-3 (222 mg, 0.41 mmol) were dissolved in o-xylene (5 mL) and the solution was
degassed sparging argon in a schlenk. The reaction mixture was stirred at 170°C for 20 h. The solution was
Br O.O 5 poured into methanol (200 mL) and the yellowish precipitate was filtered through PTFE filter. The obtained
powder was purified by flash column chromatography (SiO,, cyclohexane) to give the desired product as a white powder (266
mg, 77% yield). '"H NMR (400 MHz, CDCls, 298 K): 8(ppm) 8.21 (d,/ = 8.8 Hz, TH), 8.15(d, /= 8.7 Hz, 1H), 7.83 (d, /= 2.0 Hz, TH),
7.76 (d,/=2.1Hz, MH), 7.73 (s, 1H), 7.55 (dd, /= 8.7, 2.0 Hz, 2H), 7.51 - 7.46 (m, 4H), 7.43 (dd, / = 8.6, 2.0 Hz, 2H), 7.39 (d, /= 2.0
Hz, 1H), 7.21-7.12 (m, 2H), 7.09 - 7.02 (m, 3H), 6.96 (d, /= 8.3 Hz, 1H), 6.83 (s, 1H), 6.45 - 6.38 (m, 2H), 5.89 (d, / = 7.8 Hz, TH).
3C NMR (101 MHz, CDCl;, 298 K): &(ppm) 143.61, 141.89, 140.37, 139.34, 139.03, 138.78, 137.39, 134.90, 134.18, 133.24,
132.95, 132.53, 132.26, 131.91, 131.52, 131.46, 131.23, 131.17, 130.88, 130.31, 130.00, 129.95, 129.85, 129.14, 128.37, 128.23,
127.23,125.10, 124.99, 121.64, 121.20, 120.29, 120.02. MALDI-ToF MS m/z: calc for CsH.4Brs: 843.86; found: 843.86.

Tetrabromobenzocoronene derivate 72
66 (100 mg, 0.12 mmol) was dissolved in non-stabilized dichloromethane (40 mL) and the reaction mixture

cooled down to -60°C. (bis(trifluoroacetoxy)iodo)benzene (1 g, 2.4 mmol) and boron trifluoride diethyl

" etherate (295 pL, 2.40 mmol) were dissolved in non-stabilized dichloromethane then added to the reaction
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mixture. The reaction was stirred under argon at -60°C for 2 h then at -10°C for 5 h 30 min. The mixture was poured into methanol
(200 mL) and the dark precipitate was filtered through PTFE filter. The powder was dispersed in tetrahydrofuran, sonicated for 1
min, followed by ultracentrifugation (130 000g, 30 min). The pellet contained the product (7 mg, 6% yield). '"H NMR and "C
NMR not recorded because of low solubility. MALDI-ToF HRMS m/z: calc for CsH:4Bra: 833.78240; found: 833.78001.

2'-nitro-1,1":4',1"-terphenyl 75%
lozN. v 1,4-dibromo-2-nitrobenzene  (2.81 g 10.0 mmol), phenylboronic acid (3.66 g 30.0 mmol),
tris(dibenzylideneacetone)dipalladium(0) (458 mg, 0.5 mmol),  2-dicyclohexylphosphino-2',6-
dimethoxybiphenyl (616 mg, 1.5 mmol), and tripotassium phosphate (4.67 g, 22 mol) were dissolved in toluene (80 mL), ethanol
(10 mL), and water (10 mL), previously degassed by freeze-pump-thaw. The reaction was stirred for 17 h at 80°C under argon.
The mixture was filtered through a celite pad with dichloromethane. The organic phase was washed with water and brine, dried
with Na,S0,, filtered, and evaporated. The product was purified by column chromatography (Si0,, cyclohexane:CH,Cl, 1:1) and
recovered as a yellow powder (2.5 mg, 91% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 8.07 (d, /= 1.9 Hz, TH), 7.84 (dd, /
=8.0, 1.9 Hz, 1H), 7.68 - 7.63 (M, 2H), 7.55 - 7.48 (m, 3H), 7.48 — 7.41 (m, 4H), 7.40 - 7.34 (m, 2H). *C NMR (101 MHz, CDCls,
298 K): 6(ppm). 149.71, 141.60, 138.33, 137.15, 134.91, 132.43, 130.61, 129.24, 128.79, 128.60, 128.33, 127.97, 127.10, 122.53.
APPI MS m/z: calc for CgH13NO: 275.09; found: 275.09.

[1,1:4',1"-terphenyl]-2'-amine 76%*
o HZN. = 75 (825 mg, 3.0 mmol) and tin(1l) chloride dihydrate (2.24 g, 9.9 mmol) were dissolved in ethanol (5 mL) and
ethyl acetate (5 mL) previously degassed sparging argon. The reaction mixture was heated to 75°C under argon
for 12 h. The mixture was then added to crushed iced and a saturated aqueous solution of sodium bicarbonate was slowly added
until a pH 8 is reached. The product was extracted with ethyl acetate and then washed with water and brine, dried up with Na,S0,,
filtered, and evaporated. The product was recovered as a pale-yellow powder (425 mg, 58% yield). '"H NMR (400 MHz, CDCl,,
298 K): 8(ppm) 7.65 - 7.60 (m, 2H), 7.53 - 7.41 (m, 6H), 7.39 - 7.31(m, 2H), 7.19 (d, /= 7.8 Hz, TH), 7.05 (dd, /= 7.8, 1.8 Hz, TH),
7.01(d,/=1.8 Hz, TH), 3.93 (s, 2H).™C NMR (101 MHz, CD,Cly, 298 K): &(ppm) 144.49, 141.77, 141.40, 139.69, 131.24, 129.38,
129.26, 129.11, 127.68, 127.59, 127.29, 127.00, 117.69, 114.38. ESI MS m/z calc for CisHigN (M+H): 246.12; found: 246.13.

2'-iodo-1,1":4',1"-terphenyl 772828
o '. = 76 (735 mg, 3.0 mmol) was dissolved in tetrahydrofuran (7 mL), water (7 mL), and hydrochloric acid (4 M, 4
mL), and the mixture cooled down to 0°C. A cold solution of sodium nitrite (310 mg, 4.5 mmol) in water (1 mL)
was added very slowly to the mixture. The mixture was stirred for 1 h at 0°C. A cold solution of potassium iodide (1.2g, 7.2 mmol)
in water (1 mL) was then slowly added to the mixture and stirred for 1 h 30 min at 0°C. The reaction was warmed up to room
temperature and stirred for 72 h. A saturated aqueous solution of sodium thionate was added to quench the reaction. The
aqueous phase was extracted with dichloromethane. Then, the organic phase washed with water and brine, dried with Na,SO4,
filtered, and concentrated in vacuum. The product was purified by chromatography (Si0,, cyclohexane:CH,Cl; 3:1) as a white
powder (409 mg, 38% yield). "H NMR (400 MHz, CDCl,, 298 K): 8(ppm) 6.22 (d, | = 1.9 Hz, TH), 5.68 - 5.60 (m, 3H), 5.51 - 5.36
(m, 10H). ®C NMR (101 MHz, CD,Cl,, 298 K): §(ppm) 145.77, 144.22, 142.21, 139.41, 138.37, 130.68, 129.72, 129.33, 128.39,
128.29,128.10,127.41, 127.29, 99.17. APP1 MS m/z: calc for CisH13sNO,: 356.01; found: 356.01.
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Nitro-disubtituted pentaphenyl compound 78
ON-C ) )-No, 77 (400 mg, 1.12 mmol), 64 (622 mg, 1.68 mmol), tetrakis(triphenylphosphine)-palladium(0) (127 mg, 0.11
mmol) and potassium carbonate (464 mg, 3.36 mmol) were dissolved in dimethylformamide (30 mL)
previously degassed by freeze pump thaw. The reaction mixture was heated at 100°C overnight. Water and dichloromethane
were added to the mixture. The organic phase was recovered, washed with water and brine, dried with Na,SO,, filtered, and
concentrated in vacuum. The product was purified by chromatography (Si0,, CH,Cl,:cyclohexane 7:3) as a pale-yellow powder
(371 mg, 70% yield). '"H NIMIR (400 MHz, CDCls, 298 K): §(ppm) 8.53 (d, / = 2.4 Hz, TH), 8.26 (dd, /= 8.4, 2.4 Hz, 1H), 7.88 (d,/ =
8.6 Hz, 2H), 7.78 (d, /= 1.9 Hz, TH), 7.74 - 7.68 (m, 3H), 7.52 (t, /= 7.2 Hz, 2H), 7.43 (d, / = 7.4 Hz, 1H), 7.31 (d, / = 8.5 Hz, TH),
7.27(d,/=8.0Hz, 1H), 7.14(d,/=7.4 Hz, TH), 7.02 (t,/ = 7.7 Hz, 2H), 6.70 (d,/ = 8.9 Hz, 2H), 6.51 (d, / = 7.4 Hz, 2H). MALDI-ToF
MS m/z: calc for CsoHzoN,04: 427.14; found: 427.17.

Amine-disubtituted pentaphenyl compound 79
HN—C )~ -\, 78 (360 mg, 0.76 mmol) was dissolved in methanol (75 mL), dichloromethane (100 mL), and ethyl acetate
(25 mL), previously degassed sparging with argon for 5 min. Afterwards, palladium on carbon (51 mg, 10%
Pd) was added to the mixture. The reaction mixture was shacked in an hydrogenator overnight at room temperature under a 3
bar hydrogen atmosphere. The reaction was stopped and filtered through a celite pad. The solvents were evaporated, and the
product was purified by column chromatography (Si0, CH.Cly:ethyl acetate 49:1) to give the product as an orange powder (123
mg, 40% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm) 7.68 — 7.63 (m, 3H), 7.56 (dd, / = 8.0, 2.1 Hz, TH), 7.45 (t,/ = 7.6 Hz,
2H),7.35(t,/=7.5Hz, TH), 7.26 - 7.23 (m, TH), 7.11 - 7.02 (m, 3H), 6.94 (d,/ = 8.2 Hz, 1H), 6.81 - 6.75 (m, 3H), 6.66 (dd, /= 8.2,
2.5Hz, 1H),6.38(d,/=8.6 Hz, 2H), 6.32 (d,/ = 8.6 Hz, 2H), 3.57 (d, /= 71.2 Hz, 4H). MALDI-ToF MS m/z: calc for CoHauN,: 412.19;
found: 412.20.

Nanomesh precursor 73

=)~ 79(120 mg, 0.3 mmol) was dissolved in tetrahydrofuran (3 mL), water (73mL), and aqueous hydrochloric acid
(4 M, 2 mL), and the mixture cooled down to 0°C. A cold solution of sodium nitrite (50 mg, 0.72 mmol) in water
(0.5 mL) was added very slowly to the mixture. The mixture was stirred for 30 min at 0°C. A cold solution of potassium iodide (250
g, 1.5 mmol) in water (0.5 mL) was then slowly added to the mixture. The reaction was warmed up to room temperature and
stirred for 72 h. A saturated aqueous solution of sodium thionate was added to quench the reaction. The aqueous phase was
extracted with dichloromethane. Then, the organic phase washed with water and brine, dried with Na,S0,, filtered, and
concentrated in vacuum. The product was purified by chromatography (SiO,, cyclohexane:CS; 1:1) as a white powder (75 mg,
39% yield). "H NMR (400 MHz, CDCl;, 298 K): §(ppm) 7.92 (d, /= 1.9 Hz, 1H), 7.70 - 7.65 (m, 4H), 7.62 (dd, / = 8.0, 2.0 Hz, TH),
7.49(t,/=7.4Hz, 2H),7.41(t,/=7.2 Hz, TH),7.30 (d,/ = 8.6 Hz, 2H), 7.24 (d,/ = 8.0 Hz, TH), 7.10 (t,/ = 7.1 Hz, TH), 7.04 (t,/= 7.9
Hz, 2H), 6.83 (d, /= 8.1 Hz, TH), 6.59 (d,/ = 6.7 Hz, 2H), 6.25 (d, / = 8.4 Hz, 2H). ®C NMR (101 MHz, CDCl, 298 K): §(ppm) 142.18,
140.37, 140.33, 140.25, 140.11, 139.95, 139.65, 139.51, 138.53, 136.95, 136.84, 131.39, 130.87, 130.81, 130.12, 129.21, 129.06,
127.86,127.76, 127.18, 126.90, 126.41, 93.27, 92.31. MALDI-ToF MS m/z: calc for CHaol: 633.97; found: 633.97.

Trimethylsilyl protected dibromo nanomesh precursor 80
i CP-3 (450 mg, 0.74 mmol) were added to a schlenk, then dissolved in dry o-xylene (4 mL), previously degassed
sparging argon . Ethynyltrimethylsilane (70 L, 0.5 mmol) was added to the reaction mixture and then heated

to 180°C overnight. The solvent was evaporated, and the product purified by flash column chromatography



(Si0;, cyclohexane:CH,Cl, 9:1). The product was recovered as a white powder (136 mg, 77% yield). '"H NMR (400 MHz, CDCl;, 298
K): 8(ppm) 8.21 - 8.16 (m, 2H), 7.85 (s, TH), 7.79 (d,/ = 2.0 Hz, TH), 7.70 (d,/= 2.0 Hz, TH), 7.53 - 7.43 (m, 10H), 7.40 - 7.35 (m,
2H), 0.07 (s, 9H). ™C NIMR (101 MHz, CDCls, 298 K): 8(ppm) 145.74, 144.49, 144.09, 140.40, 137.68, 137.15, 132.89, 132.38,
131.83,131.25, 130.34, 130.07, 130.03, 129.73, 129.67, 129.64, 129.51, 129.17, 128.16, 127.71, 125.93, 124.66, 124.62, 120.19,
120.09, 1.09. MALDI-ToF MS m/z: calc for CssHa6Br2Si: 608.02; found: 608.01.

Dibromo-substituted nanomesh precursor 74

E D) 80 (140 mg, 0.23 mmol) was dissolved in tetrahydrofuran (5 mL). Tetrabutylammonium fluoride (1 M in
tetrahydrofuran, 280 L, 0.28 mmol) was added dropwise and stirred under argon for 4 h at room temperature.
Water was added to the reaction and then extracted with dichloromethane. The organic phase was washed with water and brine,
dried with Na,S0,, filtered, and evaporated. The product was purified by a flash column chromatography (SiO;,
cyclohexane:CH,Cl, 9:1) as a white powder (106 mg, 86% yield). '"H NMR (400 MHz, CDCls, 298 K): §(ppm) 8.22 (d, /= 8.7 Hz, 2H),
7.77(d,/=2.0 Hz, 2H), 7.58 (s, 2H), 7.53 (dd, /= 8.7, 2.0 Hz, 2H), 7.49 - 7.41 (m, 10H). *C NMR (101 MHz, CDCls, 298 K): §(ppm)
143.75, 139.53, 132.97, 131.93, 130.68, 130.23, 129.93, 129.59, 129.46, 129.40, 127.78, 124.72, 120.10. MALDI-ToF MS m/z:
calc for Cs3HigBr: 535.98; found: 535.96.

GNR-precursor 8153266

OX& CP-3 (336 mg, 0.62 mmol) and diphenyl acetylene (100 mg, 0.33 mmol) were dissolved in o-xylene (5 mL) in a
(O~ schlenk. The solution was degassed sparging argon and then heated to 180°C for overnight. After the mixture
<= cooled down it was added to an excess methanol to precipitate the product as a white powder and then filtered
through a PTFE. The powder was purified by column chromatography (Si0,, cyclohexane:CH,Cl; 9:1) to yield the product as a
yellowish powder (80 mg, 22% yield). "H NMR (400 MHz, CDCls, 298 K): §(ppm 8.20 (d, / = 8.6 Hz, 2H), 7.67 (d, / = 2.0 Hz, 2H),
7.48 (dd,/=8.7,2.1 Hz, 2H), 7.19 = 7.12 (m, 6H), 7.07 - 7.02 (m, 4H), 6.95 - 6.86 (m, 6H), 6.76 — 6.66 (M, 4H)."C NMR (101
MHz, CDCls, 298K): 6(ppm) 142.00, 141.39, 140.00, 137.72, 133.01, 132.44, 131.98, 131.53, 130.44, 129.67, 128.44, 126.91,
126.87,125.63, 124.63, 120.26. MALDI-ToF MS: calc. for CsH,Br,: 688.04; found: 688.03.
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APPENDIX 1

SUPPLEMENTARY NMR EXPERIMENTS OF THE PARTIALLY TERT-BUTYLATED GQDs.
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Figure A1.1 | "H-B¥CHSQC NMR spectrum of CzgtBug. 600 MHz, €S2 + THF-d8 (250 pl + 350 L), 298 K, [5.39-10* M].
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Figure A1.2 | "H-¥CHMBC NMR spectrum of CzgtBug. 600 MHz, (52 + THF-d8 (250 pl +350 L), 298 K, [5.39-10 M].
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Figure A1.3 | "H-"H COSY NMR spectrum of C414tBuq. 600 MHz, CS; + THF-dg (250 pl +350 L), 298 K, [5.86-10+* M]. Lines show the
correlations between peaks.
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Figure A1.6 | H-C HMBC NMR spectrum of C114tBuse. 600 MHz, CS; + THF-dg 250 pl +350 ul), 298 K, [5.86-10* M].
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Figure A1.7 | "H-"H COSY NMR spectrum of C432tBu2. 600 MHz, CS; + THF-dg (250 L + 350 L), 298 K, [5.54-10* M]. Lines show the
correlations between peaks.

1 (ppm)

213



214

R
N 2.0
2.1
0 0 b i |
2.2
l2.3
@ @ 2.4
{ L2
i 4 @ 2.6
112 110 108 106 104 102 100 9.8 96 9.4 9.2 9.0 8.8 8.6 8.4
f2 (ppm)
s:& ------------------------------------------- @ ’85
: Lo.0
0 b 195
W
@ o
F10.0
(C X PP TP PP PP T @
. 9 110.5
preeanenes ® 0
: 0
[ @@ .
: F11.0
) e}
T T T T T T T T T T T T T T T
112 10 108 106 104 102 100 9.8 9.6 9.4 9.2 9.0 8.8 8.6 8.4
f2 (ppm)
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Figure A1.9 | "H-C HSQC NMR spectrum of C43xtBu12. 600 MHz, CS; + THF-dg (250 pL + 350 pl), 298 K, [5.54-10 M].
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Figure A1.10 | 'H-"*C HMBC NMR spectrum of C432tBu12. 600 MHz, CS; + THF-ds (250 pl + 350 L), 298 K, [5.54-10 M].
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APPENDIX 2

"H NMR EXPERIMENTS OF C7gtBU19, CostBU12, AND C114tBU14

Attribution of the peaks to the structures of CzstBuo, CostBu1z, and Ci1atBuss.using 'H-'H NOESY and TOCSY NMR
spectroscopy remained a challenge. Some peaks are close together and the resolution did not allow to fully distinguish the
correlations. Further experiments are needed to help with attribution. To help with resolution, it is possible to try to increase the
number of scans, perform experiments on a spectrometer with a higher magnetic field or changing the solvent. However, 'H-"*C
HSQC and HMBC NMR experiments showed the expected cross peaks for the tert-butyl groups. Proton-Carbon two dimensional
techniques allowed to distinguish the proton peaks of the tert-butyl groups of the GQD (marked with a pink star) from those of
water, solvent, and impurities, for which no carbon signal was present, or the carbon signal did not match the pattern observed
so far in the rod-shaped GQDs. The integration of the peaks in the aromatic regions and the tert-butyl peaks yielded the expected
number of protons for the three structures. The 'H spectrum of each GQD is showed in the following figures.
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Figure A2.1 | Top, 'H NMR (400 MHz, THF-ds+CS2, 298 K) spectrum of CzgtBu-o with zoom on the aromatic region. Below, zoom on the
aromatic and aliphatic regions. Pink stars showed the signals corresponding to the tert-butyl groups of the GQD.
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Figure A2.2 | Top, 'H NMR (400 MHz, THF-ds+CS2, 298 K) spectrum of CostBu42 with zoom on the aromatic region. Below, zoom on the
aromatic and aliphatic regions. Pink stars showed the signals corresponding to the tert-butyl groups of the GQD.
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C114tBU14 'H NMR

Two tert-butyl groups could not be integrated because they superimpose with the water peak, but the presence of the
peaks was confirmed by "H-C HSQC and HMBC NMR. The signals around 7.5 ppm did not correlate with any proton in the 2D
experiments, suggesting they may arise from impurities. However, its identification was not possible. Besides in the MALDI-ToF

spectrum no impurity was detected. After a few days, a precipitate formed at the bottom of the NMR tube.
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Figure A2.3 | Top, 'H NMR (400 MHz, THF-ds+CS2, 298 K) spectrum of C114tBuss with zoom on the aromatic region. Below, zoom on the
aromatic and aliphatic regions. Pink stars showed the signals corresponding to the tert-butyl groups of the GQD.
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* Molecules indicated with a grey name correspond to compounds that have not yet been synthesized,
but were discussed in the main manuscript.



