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Abstract

The on-surface synthesis is a promising approach to building low-dimensional
nanostructures allowing the investigation of the fundamental physical and chemical phe-
nomena. The process is based on the assembly of atoms and molecules, typically on well-
defined metallic surfaces, to construct nanomaterials with unique geometries and consequently
properties. This allows the development of new quantum materials with potential applica-
tions in nanotechnology. To obtain these nanoarchitectures, several on-surface methods can
be employed, such as the Ullmann coupling reaction, Sonogashira reaction, and metal co-
ordination, among others. Typically, such processes are highly dependent on the choice of
both the substrate templating and the building block and usually form short-range domains.
This motivates the search for potential support substrates and molecular precursors that
produce highly-ordered nanostructures in long-range domains independently of the sub-
strate used. Moreover, prominent new nanostructures with emerging electronic properties
can be obtained using the atomic and molecular control of the on-surface methods.

In this thesis, we systematically explored the behavior of different organic pre-
cursors under ultra-high vacuum (UHV) conditions by combining scanning tunneling mi-
croscopy (STM) and X-ray photoelectron spectroscopy (XPS) results with density functional
theory (DFT) calculations.

Firstly, we synthesized highly-ordered Cu-coordinated nanostructures with unique
geometries using 1,3,5-tris[4-(pyridin)phenyl]benzene (TPyPB) and 1,3,5-tris[4-(pyridin)-[1,1’-
biphenyl]benzene (TPyPPB) molecules on Cu(111). The nanoarchitectures obtained extend
over hundreds of nanometers with uniform geometry. Depending on the annealing tem-
perature, unique nanostructures can be obtained, named flower-like and diamond-shaped.
Moreover, our DFT calculations revealed that all structures are stabilized by N-Cu-N co-
ordination with Cu adatoms on the surface. The adsorption of TPyPPB molecules on Ag(111)
reveals a striking difference from Cu(111), where no coordination occurred. This allowed us
to explore the behavior of the precursors in the presence of extrinsically adsorbed atoms.
We performed the deposition of metal (Co) and nonmetal (Cl) atoms to synthesize unique
nanostructures stabilized by Co-coordination and unconventional H- - - Cl hydrogen bonds.

Finally, by using 2,7,11,16-tetrabromotetrabenzola,c,h,j] phenazine (TBTBP) mole—
cules we synthesized doped and porous graphene nanoribbons (GNRs) on Ag(110). By com-
bining our results with previous ones from our group, we successfully demonstrated that
such ribbons grow regular one-dimensional architecture independently of the substrate ori-

entation.



Resumo

As reacoes de sintese confinadas a superficie se mostraram promissoras para a
construcao de estruturas de baixa dimensionalidade. Tais nanoestruturas nos permite in-
vestigar fenomenos fisicos e quimicos fundamentais. Este processo é baseado no agrupa-
mento de 4tomos e moléculas, normalmente em superficies metdlicas altamente orienta-
das, para construir nanomateriais com geometrias tinicas, permitindo o desenvolvimento de
novos materiais quanticos com potenciais aplicagdes em nanotecnologia. Para obter essas
nanoarquiteturas, varios métodos podem ser empregados, como a reacdo de acoplamento
de Ullmann, reacdo de Sonogashira, coordena¢do metdlica, entre outros. Normalmente,
esses processos sdo dependentes da escolha do substrato e do precursor molecular, e ger-
almente formam estruturas com dominios curtos. Isto motiva a comunidade cientifica pela
busca de potenciais substratos suporte, assim como precursores moleculares, que produzam
nanoestruturas altamente ordenadas formando dominios de longo alcance, que independam
do substrato utilizado.

Nesta tese, exploramos sistematicamente o comportamento de diferentes pre-
cursores organicos sob condi¢des de ultra-alto vicuo (UHV), combinando resultados de mi-
croscopia de tunelamento de elétrons (STM) e espectroscopia de fotoelétrons excitados por
raios X (XPS) complementadops com cdalculos de teoria do funcional da densidade (DFT).

Primeiramente, sintetizamos nanoestruturas altamente ordenadas e coordenadas
por Cu com geometrias tinicas usando as moléculas de 1,3,5-tris[4-(piridin)fenil]benzeno
(TPyPB) e 1,3,5-tris[4-(piridin)-[1,1’-bifenil]benzeno (TPyPPB) sobre Cu(111). As nanoar-
quiteturas obtidas estendem-se sobre centenas de nandmetros com uma geometria uni-
forme. Dependendo da temperatura do tratamento térmico, nanoestruturas com morfolo-
gias Unicas podem ser obtidas, denominadas aqui como ”flower-like” e ” diamond-shaped’.
Além disso, nossos célculos DFT revelaram que todas as estruturas sao estabilizadas pela co-
ordenac¢do, N-Cu-N, com addtomos de Cu na superficie. A adsorcao das moléculas TPyPPB
sobre Ag (111) mostra uma diferenca marcante comparado com Cu (111), onde ndo obser-
vamos coordenacdo metélica com Ag. Isso nos permitiu explorar o comportamento destes
precursores na presenca de dtomos extrinsecamente adsorvidos. Realizamos a deposicao
de 4tomos metalicos (Co) e nao metdlicos (Cl) para sintetizar nanoestruturas estabilizadas
por coordenacgdo metélica e ligacoes de hidrogénio H: - - Cl ndo-convencionais. Finalmente,
usando moléculas de 2,7,11,16-tetrabromotetrabenzola,c,h,jlfenazina (TBTBP) sobre Ag (110)
sintetizamos nanofitas de grafeno dopadas e porosas (GNRs). Ao combinar nossos resulta-
dos com trabalhos anteriores de nosso grupos, demonstramos com sucesso que tais nanof-

itas crescem uma estrutura uniforme independentemente do substrato usado.
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Chapter 1

Introduction

Since the foundations of atomic and molecular sciences, enormous efforts have
been made to fabricate, characterize, and manipulate materials at atomic and molecular
levels. The control of atoms and molecules enables us to access matter’s novel electronic,
magnetic, and chemical properties. To shed light on nature’s behavior of atomic and mo-
lecular species, several instrumental developments were essential, starting in the 50s with
field-ion microscopy (FIM) [1]. In the last decades, imaging capabilities increased their res-
olution with the advent of scanning probe microscopy (SPM) techniques, e.g., atomic force
microscopy (AFM) [2] and scanning tunneling microscopy (STM) [3]. The latter allowed the
control of individual atoms on conductive samples, opening the possibility to explore the
quantum properties of nanomaterials. Nowadays, one of the main challenges for science is
to dominate the synthesis techniques at the angstrom scale. So far, the most successful syn-
thesis routines employed are based on the bottom-up fabrication approach. This strategy
consists of using building blocks, such as atoms and molecules, to build supramolecular
structures. In this context, surface science is one of the most powerful playgrounds for the
synthesis of one- and two-dimensional models to explore the fundamental aspects of ma-
terials.

In particular, porous nanoarchitectures are an interesting material due to their
confinement properties [4]. The most fundamental porous structure is the so-called quantum
corrals, which consist of a well-defined confined region in the Angstrom scale obtained by
atomic manipulation on metal surfaces [5]. This structure showed experimentally that the
electronic density of states (DOS) of a surface is strikingly affected by spatial confinement.
Such confined systems opened the possibility of customizing the electronic properties of
the surface by changing their morphology. More complex porous nanoarchitectures are ob-
tained based on supramolecular self-assembly [6].

Among the building blocks used for nanomaterials growth, organic precursors
have been successfully employed due to their versatility to be functionalized and their chem-
ical stability. A potential class of supramolecular structure is the two-dimensional metal-
organic framework (2D-MOF), which can be designed with a variety of molecules and metal
atoms [7]. These materials typically present porous morphology, similar to 3D-MOE which
can be explored as a templating material for quantum confinement [6]. Moreover, the mo-
lecular precursors forming the 2D-MOF are bonded via a metal atom/adatom, defined here

as metal-coordination. If the metal is magnetic (Fe, Co, Ni), this material can present unique
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properties, such as spin filtering. Such material has been successfully synthesized using on-
surface methods on metal substrates with a wide range of geometries.

In the last decades, those surface-assisted methods allowed the fabrication of
a so far inaccessible material with atomic and molecular level precision: graphene nanor-
ibbons (GNRs) [8]. While graphene consists of a two-dimensional gapless semimetal, the
nanoribbons present a bandgap opening, due to the confinement of the charge carriers in
this quasi-one-dimensional structure. The electronic properties of GNRs are very sensitive
to their width and edge termination. Nowadays, bottom-up fabrication is the most suitable
approach to obtain such promising material with atomic and molecular precision. The most
successful method for GNR synthesis is the on-surface Ullmann reaction [9]. This process
consists of using organic building blocks functionalized with halogenated chemical groups.
The reaction is catalyzed on a well-oriented metallic surface, and its first step consists of the
C-X X =E Cl, Br, ) bond cleavage. As the reaction continues, organometallic and/or poly-
mer species are formed. Despite the well-known mechanism, this method still has some im-
portant challenges, such as the synthesis of long-range nanostructures. Typically, the well-
oriented substrates used work not only as a catalytic environment but also as a template,
defining the nanostructure geometry formed. In the case of GNRs, this dependence on the
substrate dramatically affects the properties of the material. The same molecular precursor
usually presents distinct behaviors and energy barriers depending on the surface orienta-
tion.

In general, molecules with chemical and mechanical stability, as well as stable
at high temperatures are promising building blocks for on-surface synthesis. Polycyclic aro-
matic molecules are a versatile class of precursors due to their planar and non-planar struc-
tures, high degree of functionalization, and stability. The morphology of the supramolecu-
lar network formed is strongly related to the building block elementary geometry. Even the
size of the precursor can completely change the supramolecular ordering. In particular,
we explored the molecules 1,3,5- tris[4-(pyridin)phenyl]benzene (TPyPB) and 1,3,5-tris[4-
(pyridin)-[1,1’-biphenyl] benzene (TPyPPB) posses the same pyridyl end groups but differ-
ing in their size by only one benzene ring. By adsorbing these molecules on coinage metals,
especially Cu(111) and Ag(111), we were able to engineer a plethora of two-dimensional
porous nanostructures depending on the molecular size. In parallel, we also made use of
2,7,11,16,tetrabromotetrabenzo(a,c,h,jlphenazine (TBTBP) molecular precursors to obtain
graphene nanoribbons with a unique morphology, on an anisotropic substrate, Ag(110).

In this context, the main goal of this thesis is to tune and explore the synthesis of
porous low-dimensional materials. The use of such 1D and 2D materials helps us to under-
stand their most fundamental aspects, which can be further used to explore new synthesis
routes and properties. We systematically investigated the on-surface synthesis of supra-
molecular porous nanostructures obtained in different pathways. We explored the synthesis

of metal-coordinated nanostructures with unique geometries. Moreover, by adding extrins-
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ically nonmetals, we investigate the synthesis of nanostructures stabilized by unconven-
tional intermolecular bonds mediated by single adatoms. One of the main challenges in
bottom-up synthesis is to obtain a nanomaterial with the same morphology on different
templating substrates. This is one of the first steps to make this material scalable. In this con-
text, we successfully synthesized a unique doped and porous graphene nanoribbon which
grows a regular and uniform nanomaterial independent of the surface used. In summary,
we explored how single adatoms change the material’s morphology by employing atomically
precise bottom-up synthesis.

To probe and design such structures, it is mandatory to use surface-sensitive
techniques. The chemical states of our samples were probed by X-ray photoelectron spec-
troscopy (XPS) while the morphology was investigated by scanning tunneling microscopy
(STM) supported by density functional theory (DFT) calculations. The combination of these
three methods allows us to determine the structure formed as well as the reaction products.
The theoretical results were obtained by using the Imbabura cluster at Yachay Tech Univer-
sity by our collaborators. The experimental investigation was carried out in the University
of Campinas (UNICAMP) at the Surface Science Group (GFS) in the Department of Applied
Physics (DFA) of Gleb Wataghin Physics Institute (IFGW).

This thesis is organized as follows: in Chapter 2, a general description of the syn-
thesis routes and properties of nanoporous metal-organic frameworks and graphene nan-
oribbons. In Chapter 3, the experimental techniques employed and the sample preparation
procedures used. In the sequence, we present the results and discussion of the TPyPB and
TPyPPB molecules adsorbed on Cu(111) in Chapter 4. In the following, we show the results
of TPyPPB molecules on Ag(111) in the presence of Cl and Co adatoms in Chapters 5 and 6,
respectively. In Chapter 7 we discussed the synthesis of doped graphene nanoribbons using
TBTBP molecules on Ag(110). Finally, the main concluding remarks of this thesis as well as

perspectives for future investigations.
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Chapter 2

Synthesis of planar carbon lattices

2.1 Two-dimensional metal-organic frameworks

Metal-organic frameworks are porous materials consisting of a neutral or anionic species
connected to cations [10]. In the case of MOFs, the latter are essentially metal clusters while
their counterparts are molecules, also called ligands. The structure formed can be one-,
two-, or three-dimensional, despite the dimensionality of the material, the main common
characteristic of this material is its high porosity. Such porous materials present a great po-
tential for application in CO» capture [11], H, storage [12], and other gases [13]. Moreover,
their unique characteristics combining organic and metals can also be explored in optoelec-
tronics [14, 15], sensors [16, 17], magnetism [18, 19], catalysis [20, 21], drug delivery [22, 23],
bioimaging [24], etc. The synthesis of 3D-MOFs has its roots in the coordination chem-
istry [6]. Nowadays, there are hundreds of thousands of different 3D-MOFs that can be
possibly obtained by combining different functional organic precursors and metals [4]. In
this context, the miniaturization down to two-dimensional MOFs allows us to model their
more fundamental phenomena. By reducing the dimensionality, we simplify many pro-
cesses and permit investigations at atomic and molecular levels. Moreover, the miniaturiz-
ation of devices pursues low-dimensional materials, and MOFs are an interesting class with
potential applications in multiple fields.

In the last decades, the fabrication of supramolecular nanostructures has been
extensively studied developing new opportunities in the synthesis of low-dimensional ma-
terials. The molecules can assemble in several forms, from weak interactions such as hydro-
gen bonds [25], van der Waals interaction [26], or dipole-dipole interaction [27] to stronger
interactions, as covalent nanostructures [28]. Metal-ligand coordination is a non-covalent
interaction with intermediate strength. This gives a higher bond directionality compared
to hydrogen bonds and n-m stacking. Moreover, the great availability of organic ligands
with several functional groups combined with diverse transition metals is an enormous play-
ground for the scientific community in investigating new materials. On the other hand, the
synthesis routines of atomic thin materials typically require an atomically flat platform, as
illustrated in Figure 2.1. The surface confinement adds a new player in the synthesis route:

the substrate. The platform used affects both the molecule-metal interaction and the geo-
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metry of the nanostructure formed. Therefore, the interplay between the nature of the metal,

the ligand elementary morphology, and the substrate will define the MOF formed.

v,

Wy o o

N

Ligands and
metals

2D-MOF

Figure 2.1: Tllusration of the three- and two-dimensional MOFs assemble process. Adapted from [10].

Figure 2.2 displays the behavior of 1,3,5-tris(pyridyl)benzene (TPyB) molecules
on Au(111) in the presence of Cu and Fe adatoms [29]. The TPyB molecule consists of three
pyridyl groups connected to a central benzene ring. Two of the nitrogenated groups are
connected in para (ortho) positions, while the third is connected in a para-position, giving
this precursor a specific symmetry, with the end groups disposed 120° from each other. Re-
garding coordination nanostructures, a plethora of functional polyaromatic precursors has
been explored with both nitrogenated (-N [30], -CN [31], -NH; [32]) and non-nitrogenated
(-OH [33], -SH [34]) end groups. In the case of TPyB molecules, the coordination between
the ligands and metals is via the pyridyl functional groups. STM images reveal that the code-
position of Cu and TPyB molecules on Au(111) leads to a honeycomb network with a lattice
constant of = 2.7 nm, as shown in Figure 2.2a. The molecules are stabilized by two-fold Cu-
Py (Py = pyridyl) coordination, i.e., the metal is connected to two ligands, as illustrated in
the model of Figure 2.2b. This structure presents remarkable stability, being found up to a
temperature of 570 K. Similarly, the codeposition of Fe and TPyB forms also a honeycomb
structure, but with a small lattice parameter (= 1.4 nm), as shown in Figure 2.2c. This differ-
ence in size is due to the different interactions between the ligands and the metals. In this
case, the TPyB molecules are three-fold coordinated with the Fe atoms. Despite the same
shape of the nanostructure formed, we can manipulate the size of the network by changing

the coordination metal.
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Figure 2.2: a) Honeycomb nanostructures obtained by Cu-coordinated TPyB molecules on Au(111); b) Molecu-
lar model showing the two-fold coordination of the Cu adatoms; c) Honeycomb network of TPyB molecules
coordinated by Fe adatoms on Au(111) with the d) respective molecular model displaying the three-fold co-
ordination of the molecules. Scale bar: 3 nm. c) Scale bar: 2 nm. C atoms in brown, N in blue, Cu in green, and
Fe in pink. Adapted from [29].

Despite the morphological similarity of the nanostructures formed, the change
in size dramatically affects the local as well as the macroscopic properties of the material. To
demonstrate those changes, Piquero-Zulaica et al. coadsorbed dicarbonitrile molecules with
three (Ph3) and six (Ph6) phenyl rings and Co atoms on Au(111), forming two honeycomb
Co-coordinated structures with different sizes, as shown in Figure 2.3a and b [35]. In this in-
vestigation, the authors focused on exploring how the band structure changes as a function
of the lattice constant. On both structures, there is a three-fold Co coordination between
the molecules. After the MOF growth, they probed the band structure of the networks by
using angle-resolved photoemission spectroscopy (ARPES), as displayed in Figure 2.3c and
d. The formation of a porous nanostructure can be seen as a quantum dot array, where the
surface states (SS) become confined. This confinement leads to a downshift in the band bot-
tom (T point) as the pore size is reduced. This behavior occurs mainly due to the interaction

between the substrate and the 2D-MOF overlayer formed.
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Figure 2.3: Honeycomb nanostructures formed by a) NC-Phg-CN and b) NC-Ph3-CN molecules on Au(111).
ARPES measurement obtained at 150 K for both c) PhgCo and d) Ph3Co nanoporous networks. The band struc-
ture clearly shows a downward shift and gap opening. Adapted from [35].
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Similarly, as in the synthesis of 3D-MOFs, we can explore a variety of functional
molecular precursors to synthesize the two-dimensional frameworks. In addition to the hon-
eycomb networks shown before, and depending on the molecules used and the metal co-
ordination center, unique geometries can be obtained [36]. For example, Figure 2.4a displays
a 2D-MOF with a square symmetry obtained on (111) surface, demonstrating the versatility
of the synthesis [37,38]. In Figure 2.4a, the authors used 5,10,15,20-tetra(4-pyridyl) porphyrin
(2HTPyP) molecules coadsorbed with Cu atoms on Au(111) to synthesize Cu-coordinated
supramolecular networks [37]. The Cu adatoms (green balls in Figure 2.4a) coordinate with
the four pyridyl groups in the molecular periphery. Metal adatoms are also incorporated
into the molecular macrocycle through a process known as metalation. Due to the geometry
of the 2HTPyP molecules, the network formed has square symmetry, with intermolecular
head-on interactions. Figure 2.4b-d displays the formation of Kagome, rectangular, and
rhombic networks, respectively, based on dicarbonitrile-sexiphenyl (NC-Ph6-CN) molecules
on Ag(111). The formation of different pore shapes and sizes directly affects the electronic
confinement. This is evident from the conductance spectra in Figure 2.4e and f measured
at the center of the pores. The spectra display peaks with maxima at different energies. The
synthesis of nanostructures with different shapes and sizes dramatically changes the elec-
tronic properties of the material due to the quantum confinement. For instance, 2D-Kagome
and Archimedean can induce the emergence of flat bands due to the confinement of the sur-
face states [39,40].
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Figure 2.4: a) Square networks of 2HTPyP molecules on Au(111) coordinated by Cu adatoms with superim-
posed molecular structures. Cin gray, N in blue, and Cu in green. Adapted from [37]; b) Kagome, c¢) rectangular,
and d) rhombic nanoporous nanostructures formed on Ag(111), displaying the variety of geometries that can
be obtained; e,f) Conductance spectra obtained in the center of the pores, revealing the confinement effects in
the electronic density. Adapted from [38,41].

The use of metals to change the supramolecular arrangement is a successful ap-
proach, with prominent examples [42-45]. However, less attention has been paid to the
role of nonmetal atoms in the design of organic supramolecular nanostructures. For in-

stance, nonmetal porphyrins were only synthesized recently, by incorporating Si atoms into
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the macrocycle of a free-base 5,10,15,20-tetraphenylporphyrin (2H-TPP) [46]. In the case
of metals, their interaction with the molecules can influence the semiconductor behavior of
the supramolecular structure formed, due to their strong metallicity, changing the electronic
states near the Fermi level [47]. By using nonmetals, we can still design new nanoarchitec-
tures, while keeping their electronic properties. As a matter of fact, recent investigations
using halogen adatoms combined with polyaromatic organic molecules have demonstrated
the capability of nonmetals to induce supramolecular changes [48,49]. One challenge of this
approach is to grow large-scale and highly-ordered nanostructures, for potential applica-
tions in nanoelectronics. Recently, the construction of a two-dimensional self-assembled
network of 2,6-diphenylanthracene (DPA) molecules mediated by Br atoms (a nonmetal
atom) on Ag(111) was reported [50]. The authors have demonstrated that the density of
Br atoms on the surface dramatically changes the network morphology, due to the halogen-
molecule interaction, as shown in Figure 2.5. This work opened the possibility to explore 2D

halogen-coordinated nanostructures.

Figure 2.5: a-c) Br adatom-mediated nanostructures based on DPA molecules on Ag(111). The different struc-
tures obtained strongly depend on the Br adatom concentration on the surface. d-f) Zoom-in STM images of
the nanostructures, showing the molecular arrangement, detailing the Br positions by the red balls. Adapted
from [50].

2.2 Graphene nanoribbons

The search for carbon allotropes is constant in the scientific community, especially after the
discovery of graphene (Gr) at the beginning of this century [51]. The graphene consists of an
atomically flat carbon sheet arranged in a honeycomb fashion, as illustrated in Figure 2.6a.
The arrangement can be seen as two interpenetrating triangular lattices of unit vectors rep-
resented by a; and a,. The §1, 8, and 83 are the nearest neighbor-vectors of the honeycomb
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lattice. The reciprocal-lattice is represented by the vectors E{ and I;;, in Figure 2.6b, as well
as its Brillouin zone. In the case of Gr, the C atoms hybridize in a sp? orbital, due to the over-
lap between the 2s, 2py, and 2p, states. The s p? orbitals bond to the C neighboring atoms
in the plane. The other p orbital, 2p,, also called = orbital, remains unchanged and points
orthogonally to this plane. The C atoms are bonded by o-bonds through their sp? orbitals
(sp?~sp?) while the 7 orbitals combined form a delocalized orbital above and below the Gr
plane. The r electron delocalization gives graphene a high charge carrier mobility across
the Gr plane. One of the most remarkable properties of Gr is its peculiar band structure,
shown in Figure 2.6c. Complete modeling of the graphene electronic band structure can be
obtained using the tight-binding approach [52, 53]. The calculated band structure shows a
singularity in the energy dispersion at K and K’ points, shown in the zoom-in image in Fig-
ure 2.6¢, so-called Dirac points. The energy dispersion at both points in the Brillouin zone

can be approximated by Equation 2.1.

E+(qQ) = + vplql+ Ol(q/K)?] 2.1)

where q is the momentum measured relatively to the K (or K’) points and vg
= 1x10% m/s is the Fermi velocity. Here, there is a remarkable difference compared with
the usual quadratic dispersion: the Fermi velocity does not depend on the energy or mo-
mentum. The Gr band structure linear energy dispersion gives rise to the so-called Dirac
cones, where the valence and conduction bands overlap at one point. This defines graphene
as a zero-bandgap semi-metal. For this purpose, the graphene sheet is not a good candidate
for applications in nanoelectronics. In this context, many approaches have been explored in
the last years to open the Gr bandgap such as substitutions doping [54,55], oxidation [56,57],

intercalation [58, 59], functionalization [60, 61], etc.
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Figure 2.6: a) Gr lattice with primitive vectors @; and a, with their first neighbors (blue circles); b) Gr first
Brillouin zone with the reciprocal lattice and the high-symmetry points; c) Electronic band structure of Gr
obtained by tight-binding model, showing the linear dispersion at the Fermi energy (Dirac cone). Adapted
from [53].

Another approach to engineering the band structure is to cut the graphene sheet

in strips, forming quasi-one-dimensional nanoarchitectures: the graphene nanoribbons [62].
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Their finite widths are the main ones responsible for the bandgap opening through the quant-
ization of electron momenta in the transverse direction of the GNRs. The GNRs are classified
following their edge termination and the typical ones are with armchair (AGNR) [63], zigzag
(ZGNR) [64], chevron (cGNR) [65], and chiral (chGNR) [66] edges, as illustrated in Figure 2.7a.

In the case of AGNRs, theoretical calculations predicted that all of them are in-
trinsically semiconductors [67], as shown in Figure 2.7b. Moreover, they also present a bandgap
width dependence, requiring further subclassification. The AGNRs can be defined as a func-
tion of the number of dimmer lines across the ribbon (N), as illustrated in Figure 2.7a, with
an N =7 AGNR in red.
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Figure 2.7: a) Graphene nanoribbons morphologies: armchair (AGNR), zigzag (ZGNR), chiral (chGNR), and
chevron (cGNR) edge terminations; b) Electronic band structure of ZGNR and AGNR, showing the formation
of flat bands (red arrow) for the ZGNR and bandgap opening for the AGNR. Adapted from [8].

The ZGNRs, on the other hand, have the highest valence band state and the low-
est conduction band state degenerated at k, = w. This originates a flat band at the Fermi
level, as highlighted by the red arrow in Figure 2.7b, and becomes flatter as the GNR width is
increased [68]. The emergence of those flat bands is explained by looking at the charge dens-
ity distribution, which shows localized states in the edges that decay into the ribbon [69].
The cGNRs and chGNRs are both less common due to the challenging synthesis but both

undergo topological phase transitions by narrowing their width [70, 71]. The most striking
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property of the GNRs is their charge transport, where ballistic transport was experimentally
demonstrated over several microns for GNRs epitaxially grown on SiC side wall [72, 73].

The electronic band structure of the GNRs can be further tuned by changing their
morphology with the insertion of defects [74] and dopants [75]. By using surface-assisted
synthesis routines heteroatoms can be easily introduced into the GNR. The doping can oc-
cur in two ways: at the edges [76] or the inner part [77] of the ribbon. Considering the het-
eroatom doping, nitrogen and boron are the two elements with great potential, due to the
isoelectronic and isosteric behavior between C=C and B-N units [78]. This allows us to tune
the electronic structure of the ribbon keeping the same morphology. Typically, B atoms are
incorporated into the graphene ribbon while N and S are commonly attached to the GNR
edges. The former leads to in-gap dopant bands, due to the hybridization of the extended
n-system of the ribbon with the empty p, orbitals of boron [79,80]. Figure 2.8a display a GNR
unit doped with B atoms in their core obtained by on-surface synthesis [79]. By measuring
STM images, the author found that the ribbon formed presents a bias dependence as shown
in Figure 2.8b. In the region where the B atoms are located, marked with a purple cross in
Figure 2.8a and b, the STM measurements show a distinct contrast, indicating a difference in
the local electronic density of states. In the left image of Figure 2.8b the STM tip was biased
with -3.0'V, and the region of boron appears as a bright spot while for the STM image with
3.0 Vin the right, it appears dark. Since the voltage is applied in the STM tip in this case, the
difference in contrast of the B sites depending on the bias voltage indicates that the boron is

causing a perturbation in the GNR electronic structure as an electron-accepting unit.
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Figure 2.8: a) Molecular unit for AGNRs with B doping in their center; b) STM image of the synthesized B-
doped AGNR measured at bias voltages of -3 and 3 V, showing the difference in the local density of states at
the B position (purple cross). Adapted from [79]. c¢) Molecular model for N-doped 5-AGNR and its respective
d) bond-resolved STM (BRSTM) image; DFT-LDA-calculated band structure for the e) undoped 5-AGNR and f)
N-doped 5-AGNR, highlighting the contribution of molecular orbitals with nitrogen character in red. Adapted
from [75].

In the case of N-doping in the core of the GNRs, it can induce changes in the

electronic properties that are even more pronounced. Figure 2.8c and d, depict the structure
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and the bond-resolved STM image of a 5-AGNR with N doping in its core, respectively [75].
Comparing the calculated band structure of the 5-AGNR with its N-doped counterpart shows
that the heteroatom doping in the core changes the band structure from a direct to an indir-
ect gap semiconductor, as shown in Figure 2.8e and f. Such results are also corroborated by
scanning tunneling spectroscopy measurements [75]. In this context, heteroatom doping
has been successfully employed to engineer the band structure of GNRs.

The GNR properties are strongly sensitive to their morphology at atomic and mo-
lecular levels. In this context, their synthesis requires a fine fabrication method with such
precision. For instance, many efforts to construct these ribbons have been employed based
on both, top-down and bottom-up strategies. Among the top-down methods we can cite
the unzipping of graphene nanotubes [81, 82] and electron beam lithography [83, 84]. Both
top-down approaches have low sensitivity to tune the GNR structure, except for their width.
In this context, tuning the ribbon structure requires a method with atomic and molecular
sensitivity and the surface-assisted routes allow us to achieve such precision.

The on-surface synthesis consists of adsorbing molecular precursors on a tem-
plating substrate, usually on a single-crystal surface under UHV conditions, confining the
molecular reaction on a two-dimensional environment [85]. The crucial aspect of this method
is to choose the molecular building blocks and the templating surface carefully. The former
typically has functional groups that will be responsible for the molecule-molecule and molecule-
substrate interactions. The surface will catalytically activate the reactions and also define
the morphology of the nanostructure formed depending on its symmetry. This stepwise ap-
proach presents great success in the synthesis of polymeric nanostructures such as doped
and functional graphene sheets [86], kagome lattices [87], and porphyrin-based networks
[88]. One of the most powerful synthesis routes to obtain such materials is the Ullmann
coupling on coinage metal surfaces [89, 90]. This approach consists of the reaction between

aryl halides to form aryl-aryl bonds.
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Figure 2.9: Ullmann coupling reaction scheme showing all reaction steps towards the covalent bonding form-
ation. C in gray, Br in red, H in white, and metal in orange. Adapted from [9]

The Ullmann reaction mechanism can be separated into two pathways, as illus-

trated in a simple picture in Figure 2.9. The reaction is based on halogenated organic pre-
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cursors containing C-X (X = E Cl, Br, I) functional groups (aryl halides), typically at the mo-
lecular periphery. In this case, the reaction energy barriers are both molecule and substrate-
dependent [91]. The first step consists of the cleavage of the C-X bonds followed by the
coupling between the dehalogenated precursors. The C—X bond dissociation occurs upon
deposition on the metal surface at a wide range of temperatures depending on the substrate
chosen [92,93]. The precursor’s coupling typically forms an intermediate state that consists
of (1) a bond with a surface atom through the C radical or (2) the formation of organometal-
lic complexes, C-M-C (M = metal), as displayed in Figure 2.9. Finally, upon heating the mo-

lecules can bond through C-C coupling, forming polymeric nanostructures [94, 95].
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Figure 2.10: a) N-doped 5-AGNR with the heteroatom at the edge position. Adapted from [75]; b) Heteroatom
doping at GNR center with B atoms. Adapted from [77]; ¢) Porous and N-doped AGNR with the molecular
precursors connected by sigma bonds, highlighted in red. Adapted from [96]; d) DBBA molecules adsorbed on
Cu(111) and Cu(110), leading to the formation of GNRs and nanographene, respectively. Adapted from [97]

The surface-assisted Ullmann reaction allows us to obtain atomically precise GNRs,
as depicted in Figure-2.10a-c. The structures show different doping atoms at the core and the
edge of the ribbon. In Figure 2.10b, the GNR is formed in two steps: the Ullmann reaction
to bond the molecular precursors upon heating at 220 °C followed by cyclodehydrogenation
after annealing at 300 °C. This is the typical synthesis route for the growth of GNRs. However,
depending on the building block, only the Ullmann reaction is necessary to form the ribbon.
In Figure 2.10c, the ribbon is already formed after the C-C coupling. In this specific case,
beyond N doping, the GNRs also have pores, forming N-doped porous GNRs.

Figure 2.10d shows the stepwise synthesis of 10,100-dibromo-9,90- bianthracene
(DBBA) molecules on two distinct substrates: Cu(111) and Cu(110) [97]. On Cu(111), the
DBBA molecules are intact at -120 °C while on Cu(110) they are already partially debromin-

ated at the same temperature. This is clear evidence of how the surface reactivity changes
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with the packing. Upon heating at 250 °C on Cu(111), the DBBA precursors follow the Ull-
mann reaction forming 7-AGNRs. In contrast, the same molecules form nanographene, due
to the high anisotropy of the surface, which blocks the molecular units to covalently bond
to each other. The surface packing is a key player in the synthesis of GNR using DBBA mo-
lecules.

In summary, the electronic properties of the GNRs have a strong dependence
on their morphology, especially their width and edge termination. The HOMO-LUMO gap
in armchair GNRs is more pronounced for very short ribbons with lengths limited to 3 nm
[98]. For longer ribbons, this effect is less pronounced. In addition, heteroatom doping also
affects the ribbon band structure, depending on both the type of the dopant as well as its
position in the GNR structure. The atomic control over the dopant location in nanomaterials
has proven to be a great challenge in materials synthesis [54].

In this context, we will demonstrate the synthesis of doped 7-AGNRs. The het-
eroatom dopants are located in well-defined positions in the ribbon, demonstrating the
atomic precision of our synthesis. Moreover, combined with previous results from our
group, we will show that the growth of this unique GNR is independent of the substrate
orientation used. Our findings open the possibility of exploring the TBTBP molecular pre-
cursor on a variety of substrates to produce uniform doped graphene nanoribbons, even

on polycrystalline surfaces.
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Chapter 3

Experimental Methods

3.1 Scanning Tunneling Microscopy (STM)

The development of nanotechnology in the last decades was mainly due to the invention of
STM in 1981 by Gerd Binnig and Heinrich Rohrer [99]. Afterward, other scanning probe mi-
croscopes (SPM) were developed such as atomic force microscopy in 1985 [2], and recently
with the gPlus sensor invention, it is possible to measure both STM and AFM in parallel [100].
These techniques allowed real-space imaging at the Angstrom scale with atomic and mo-
lecular bond resolution. The SPM can be used in a wide range of environments, such as high
pressures [101], ultra-high vacuum [102], liquids [103], insulators [104], etc. This invention

opened several possibilities in the nano-sized area from imaging to manipulation.

3.1.1 Tunneling: elementary model

The tunneling effect can be modeled in a simple picture considering a free particle in a
one-dimensional potential barrier U(z). In classical mechanics, if the particle’s energy E
is lower than the potential barrier (E < U(z)), the particle is confined since the region in-
side the barrier is classically forbidden. However, in quantum mechanics if the barrier is
finite (|U(z)| < 00), the particle has a non-zero probability to be found inside the potential
barrier. To describe this behavior, let’s consider a particle of mass m traveling in a finite po-
tential barrier of height U(z) = Uy and width d, as illustrated in Figure 3.1. By solving the

time-independent Schrédinger equation,

I dy@)
2m  dz?

we find the wavefunctions ¥ which describe the particle’s behavior. Considering the case

+U(2)y(2) = Ey(2) (3.1)

where the particle is initially in the region I with E < Uy, the solutions are given by:

y!l o eP? + 77 (3.3)

V/IIIO( eikZ (3.4)
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Figure 3.1: Tunneling effect one-dimensional model for a finite potential barrier.
The solutions of Schrodinger equation tell us that in the classically forbidden re-
gion (II), |12 # 0, i.e., the particle can be found inside the barrier. If the width d is suffi-

ciently small, the particle can be transmitted from region I to III through the potential barrier.
The transmission coefficient T can be defined as the probability ratio between the incident

and transmitted wavefunctions as follows:
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If the particle is an electron we can infer that the tunneling current depends ex-

(3.5)

ponentially with the distance between the regions I and III. This is the simplest picture of the
STM tunnel junction, if we identify region I as the sample and III as the STM tip. Moreover,
for metals their work function (U - E) = ¢7 = ¢ps = 5 eV implying that § =~ 1 A~! which means

that the tunneling current decays one order of magnitude per angstrom.

3.1.2 STM: fundamental aspects

The STM working principle is based on the approach of an atomically sharp tip to a substrate,
both metallic. The tip is attached to piezoelectric ceramics which control the XYZ movement
of the tip with respect to the sample, as illustrated in Figure 3.2a. Such a piezo controller can
keep the tip and sample separated by sub-angstrom distances, in which the wavefunctions
of both electrodes overlap. Suppose a bias voltage (V) is applied between them. In that case,
the Fermi levels of the tip and sample are now shifted by eV, and electrons can flow from the
sample to the tip and vice-versa, depending on the bias polarity, as displayed in Figure 3.2b.
Hence, the STM is a powerful technique that can probe both occupied and unoccupied states

of a sample.
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Figure 3.2: a) STM tunnel junction with the illustration of the two typical scanning modes: constant current
and constant height. Adapted from [3]; b) Tunneling process between tip and sample. For positive bias applied
in the sample, unoccupied electronic states of the sample are probed. For negative bias voltages, occupied
sample electronic states are probed. Adapted from [105].

The STM measures the tunneling current (/;) between two electrodes. The equa-
tion 3.5 tells us that the transmission coefficient of a tunnel junction depends on the width
of the barrier, which in the case of STM is tip-sample distance. A more formal way to express
the tunneling current was performed by Bardeen [106]. The Bardeen tunneling theory treats
the electron tunneling phenomena as a one-particle process, neglecting the mutual inter-
action between the electrons, and considering the elastic tunneling case. Assuming a step
function for the Fermi distribution function, the tunneling current can be written as follows:

ame €V

I=—- pT(Ef — eV —-e)pS(Ez - IM"5?de (3.6)
0

where pT, Eg, ps ,and E g are the density of states and Fermi energy for the tip and sample,
respectively. The tunneling matrix M5, is a surface integral that describes the projection
of an initial state of the sample, perturbed by the potential U(z) onto a final state of the
tip and vice-versa. In other words, this matrix considers the coupling between the states of
the sample and the tip perturbed by the potential of the barrier. Tersoff and Hamann [107,
108] further optimized the Bardeen theory by modeling the tip states by a radially symmetric
wavefunction, y(r) = Ae ¥ /r. The main prediction of the Tersoff-Hamann theory is that the
tunneling current depends on the local density of states (LDOS) at the center of the tip. The
tip states can be further approximated with more complex calculations by modeling the tip
as p- or d-like orbitals [109].

The two typical modes of STM operation are the constant-height and constant-
current modes, as illustrated in Figure 3.2a. In the former, the tip scans the sample surface at
a fixed distance z, mapping the DOS of the sample. In the constant-current mode, the STM
adjusts the tip-sample distance z to keep the tunneling current at a fixed setpoint value. In
this mode, the image is a topographic view of the sample which depends also on the DOS of
the sample, since the tunneling current consists of the integral of the DOS.

Moreover, by taking the derivative of the tunneling current with respect to the



3. Experimental Methods 28

bias voltage in equation 3.6:

a1 SeV) 3.7)
dVO(p e .

we can obtain the local density of states of the sample by measuring the variation of the

tunneling current as a function of the applied bias voltage.
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3.2 X-ray Photoelectron Spectroscopy (XPS)

Photoemission spectroscopy (PES) is one of the most powerful techniques in surface sci-
ence to probe the chemical and electronic states of atoms, molecules, solids, and liquids.
The photoemission phenomenon was observed in 1887 by Hertz and explained later in 1905
by Einstein. From the 50s to the 70s, Kai Siegbahn developed the instrumentation to per-
form spectroscopy measurements for chemical investigations, also known as electron spec-
troscopy for chemical analysis (ESCA) or more commonly nowadays as X-ray photoelectron
spectroscopy (XPS). The technique is based on the photoelectric effect where incident X-ray
light ejects photoelectrons from the sample, which are counted as a function of the kinetic
(or binding) energies. This gives a chemical fingerprint of the chemical species present in

the sample.

3.2.1 Photoemission phenomena

The photoemission is described by the photoelectric effect, where light with energy 7w shines
the material, promoting electrons from an occupied state with binding energy €p to states
above the vacuum level (see Figure 3.3a). For electrons in a material of work function ¢,
their kinetic energy ek is given by [110]:

exk=hw—-€eg—¢ (3.8)

The energy distribution of equation 3.8 suggests that the photoemission spec-
trum is a one-to-one mapping of the occupied states in the sample. However, several phe-
nomena can affect the energy distribution, making this simple mapping more complicated
[111]. Figure 3.3b, illustrates a typical photoemission spectrum, with some of the main fea-
tures observed in photoemission spectroscopy. The elastic lines are related to the charac-
teristic peaks of the sample (core levels and valence band) and result from elastic scattering.
In the X-ray energy range (100 - 1500 eV), the photons penetrate several hundreds of nano-
meters in the material. Since the electrons possess a very short inelastic mean free path, we
expect that the electrons excited in regions deeper in the solid will reach the surface after
one or several inelastic losses. This random process produces the inelastic background in
Figure 3.3b. Finally, the electrons that suffered multiple inelastic scattering and are emitted
with low kinetic energies (high binding energies) produce the secondary electrons peak. If
the kinetic energy losses are quantized, another contribution to the PE spectrum can appear

known as satellites [112].
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Figure 3.3: a) Photoemission diagram showing the relation between the occupied states of a material by ab-
sorbing a photon with energy hv; b) Illustration displaying the main features that compose the XPS spectrum.
Adapted from [111].

In addition to the inelastic scattering, another important effect typically present
in the PE spectrum is the Auger electrons. This effect occurs due to a relaxation process of the
excited state created after photoemission. After photoelectron emission, a vacancy is created
which is filled by an electron from a less bounded state, releasing the excess of energy. This
released energy only depends on the two states involved. This excess of energy would cause
two main processes depending on the order of magnitude of the energy involved. For low
energy process (1 keV), the Auger effect is predominant while for high energies (10 keV) the
emission of X-rays emission prevails [113]. For XPS, the main contribution is the Auger lines,
where the energy excess is released by emitting an electron. Since the energy involved de-
pends only on the energy difference between the levels, the Auger peaks in the XPS spectrum
are independent of the excitation energy.

The core level peaks have a characteristic binding energy, which is related to their
chemical environment. The core level binding energies give not only the elemental compos-
ition of the sample but also the so-called chemical shifts, which is often the most valuable
information. When a chemical bond is formed, electrons from the valence band change their
spatial distribution which induces a shift in the atomic core levels. This gives a fingerprint
of the formation of ionic and covalent bonds as well as the oxidation state of the elements
forming the sample. Figure 3.4 illustrates the chemical shift at the N 1s core level after the
metalation of 2H-tetraphenylporphyrin (2HTPP) molecules [114]. The intact molecule (Fig-
ure 3.4b) presents two peaks at the N 1s core level (green arrows) assigned to the -N= and

—NH- species in a 1:1 ratio. After the molecule undergoes a metalation reaction, i.e., a metal
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atom is incorporated into the molecular core, only one peak is observed in the N 1s. This is
evident in Figure 3.4c, where a Cu atom is bonded to the four N atoms in the porphyrin core,

changing the N 1s core level peak to one chemical species only (blue arrow).
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Figure 3.4: a) XPS spectra of the N 1s core-level of 2HTPP molecules showing the contributions of the iminic
(-N=) and pyrrolic (-NH-) nitrogen for free-base molecules (300 K) and Cu-metaled molecules (400 K); b) Free-
base 2HTPP and c) Cu-metaleted 2HTPP molecules. Adapted from [114].

3.2.2 Surface sensitivity

The XPS is a powerful technique for surface science analysis. The XPS probe depth is restric-
ted to a few surface layers of the material (typically 2 - 10 atomic layers). Figure 3.5 displays
the inelastic mean free path (IMFP) of the electrons (dots) which can be described by a uni-
versal curve (solid line). For typical X-ray energies (100 - 1500 eV), the electrons IMFP is
around 5 nm. Therefore, the inelastic photoelectrons are emitted from the few atomic layers
of the sample.
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Figure 3.5: Universal curve of the inelastic mean free path (IMFP) of electrons in solids. Adapted from [115].

The surface sensitivity can be further tuned by varying the angle between the
sample and the electron analyzer, . Such behavior is described by the Beer-Lambert law (see
equation 3.9) which relates the flux of inelastic electrons I which travels through a thickness
d with an IMFP A. The parameter I is a reference intensity measured at a given angle, usu-
ally 6 = 0°. For an exciting energy of Al Ka source, the IMFP ranges from 1 to 3.5 nm, which
gives a sample depth in the order of 3 to 10 nm. In order to have a better surface sensitiv-
ity, we can vary 0 to grazing angles, making the depth analyzed shallow. The Beer-Lambert
law is also a useful tool for the determination of the thickness d of thin films through angle-
resolved XPS (ARXPS). In summary, the XPS is a powerful surface analysis tool to determine
the chemical composition of the 2D material formed on a templating surface, complement-

ing the STM measurements.

= IpeTed (3.9)
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3.3 Experimental Setup

Figure 3.6 displays the surface science experimental setup used in all experiments performed
during this thesis. The equipment is located in the Department of Applied Physics of the Gleb
Wataghin Institute of Physics at the University of Campinas (UNICAMP). This UHV facility
belongs to the Surface Science Group (GFS) and consists of two interconnected chambers:
XPS/Preparation and STM. The former operates at a base pressure in the low 107!° mbar
while the latter at low 107! mbar. The XPS/preparation chamber is equipped with a conven-
tional X-ray source (Al and Mg Ka), a SPECS Phoibos 150 hemispherical electron analyzer,
an ion gun for sputtering, low energy electron diffraction (LEED) optics for crystallographic
characterization, Knudsen cell and e-beam evaporators for molecular and metal deposition,
respectively. The chamber also has a manipulator with a filament and high-voltage supply

for electron bombardment for sample cleaning and reconstruction.

.

STM Aarhus
f:

Figure 3.6: Experimental setup used in the experiments performed during this thesis in the Surface Science
Group (GFS) at Unicamp.

STM

The SPM chamber is equipped with a variable temperature (VT) STM SPECS Aarhus 150 (see
Figure 3.7a), with a SPECS SPC 260 controller. The microscope can operate in temperatures
ranging from 100 K to 400 K. The cooling system is through a flux of liquid nitrogen and the
heating is performed by a Zener diode, mounted in a massive block, a so-called cradle. The
damping system consists of Viton rubber bands attached to the cradle to reduce undesired

vibrations.
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Figure 3.7b shows a zoom image of the STM stage, with the STM tip highlighted
by the red arrow. The tip is mounted over a platform that consists of piezoelectric ceramics
for controlling the approaching (z-direction) and scanning (x y-directions). All experiments
of this thesis were performed in the constant current mode using a W tip. Moreover, the STM

chamber is also equipped with an ion gun for tip preparation.

Figure 3.7: a) STM SPECS Aarhus 150 stage and b) zoom image of the STM tip (red arrow).

XPS

The XPS measurements were performed using a hemispherical electron analyzer (HSA) sim-
ilar to the one shown in Figure 3.8a. After being emitted from the sample, the photoelectron
passes through a system of electrostatic lenses and is focused in the entrance slit (see Fig-
ure 3.8b). This defines the analysis area as well as the acceptance angle. After focusing on
the entrance slit, the photoelectrons enter the hemispherical region, which consists of the
inner and outer hemispheres.

All XPS measurements of this thesis were performed operating the HSA in the
Fixed-Analyzed Transmission (FAT) mode. In this mode, the voltage difference applied to the
outer and inner hemispheres (V,,; — V;;) is constant, or Ep4ss = constant (see Figure 3.8b).
The electron collection is very dependent on the electrostatic lenses placed before the en-
trance slit. The electrostatic lenses both focus the electrons at the entrance slit and reduce
their velocity. Consequently, the electron kinetic energy is reduced to match the pass energy

of the hemispherical analyzer.
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Figure 3.8: a) SPECS Phoibos 150 hemispherical electron analyzer; b) Schematics of the electron trajectories in
the hemispherical electron analyzer.

The electrons traveling along the equipotential plane of the HSA, R = (Rj,+Rou1) /2,
have an energy given by Ej, 4. This energy is defined by the electrostatic lens. Only the pho-
toelectrons in arange of energy [Epqss—AE; Epass+AE] hit the multichannel detector located
at the exit of the HSA. The energy resolution for an entrance slit of width W and an accept-
ance angle «a is given by the equation 3.10. The photoelectron energy is thus scanned by
varying V,,; and V;, and generating an intensity vs. energy spectrum.

(3.10)

W a?
AE:Epass -

2R 2
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3.4 Sample preparation

Surface preparation

All samples presented in this thesis were prepared in situ in a UHV environment. Such pre-
paration guarantees that the surface analyzed has a low degree of contamination. The metal
substrates were prepared by applying a standard surface science procedure consisting of
cycles of sputtering followed by annealing of the metal monocrystal. The sputtering was
performed using Ar* to physically remove most of the undesired contamination (O,, H,0,
CO, COg, etc) of the surface. The next step consists of a heat treatment to remove further
contaminations of the substrate but, most importantly, reconstruct the surface. The anneal-
ing temperature is often set as 50-60% of the melting point of the substrate material. This
last procedure allows the formation of an atomically flat surface with large terraces, which is
mandatory for the STM measurements and for the growth of the low-dimensional materials
synthesized in this thesis. In our experimental setup, the annealing process is performed by
homemade software that controls the heating and cooling ramps as well as the annealing
temperature. To obtain long terraces (= 1000 A in our case) a slow heating ramp and most
importantly a very slow cooling rate are mandatory. For all substrates used, the heating and
cooling rates were 0.8 K/s and 0.3 K/s, respectively. The surface cleanliness and ordering
were then verified by LEED and STM measurements.

Figure 3.9a-c displays the STM measurements of the three clean substrates used
in this thesis: Cu(111), Ag(111), and Ag(110). The inset images show the atomic resolution
of each substrate. Such high-resolution images are used to calibrate the STM images meas-
ured afterward and to determine the high-symmetry directions of the surface. The atomic
resolution measurements of well-known surfaces and materials are mandatory in our case
to calibrate the STM piezo distortions. All STM images presented in this thesis were post-
calibrated using the Gwyddion software [116] based on different atomic resolution images
of different metal substrates. The bottom image in Figure 3.9a display the atomic-resolved
STM measurement of the Cu(111) surface. The blue arrows in the inset images show the lat-
tice vectors of the (111) surface. The lattice constant found is (2.54 + 0.05) A. Similarly, the
bottom image in Figure 3.9b and c shows the atomic resolution STM measurement for the
Ag(111) and Ag(110) surfaces, respectively. The lattice constant for the hexagonal surface of
Ag is (2.86 + 0.05) A. For the rectangular Ag(110) surface, we found lattice constants of (2.85
+0.06) A and (4.12 + 0.06) A.
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Figure 3.9: STM overview image of a) Cu(111), b) Ag(111), and c) Ag(110) substrates with respective high-
resolution STM images showing the atomically resolved surface in the bottom images. The blue arrows rep-
resent the lattice vectors of the surface.

The Cu(111) substrate shown in Figure 3.9a was prepared using typical paramet-
ers of Ar* sputtering (800 eV; 10.0 uA cm™2) for 30 minutes. The preparation chamber was
backfilled with Ar at a partial pressure of 4x10~% mbar. The annealing step was performed
at 790 K for 15-20 minutes. The temperature was measured using a commercial infrared
pyrometer. For the Ag(111) and Ag(110) surfaces, the sputtering was performed at similar Ar
partial pressures as in the case of Cu(111) but with an ion energy of 600 eV (8.0 uA cm™2) for

30 minutes. The annealing procedure was performed at 770 K for 10-15 minutes.

Metal and molecular deposition

The Co metal deposition used in this thesis was performed using a commercial e-beam evap-
orator Focus model EFM3. The metal consists of a Co rod (99.999%) 2-3 cm long. Inside the
evaporator, the rod is placed near a tungsten filament and we applied a high-voltage at the
metal. In such a configuration, the rod is bombarded with electrons and melts the apex of the
material, releasing the metal atoms. The deposition is controlled by monitoring the flux of
ionized atoms, the emission current, and the exposure time. Typically, for Co with a 1000 V
applied an emission current of 6 mA is necessary to maintain a 3 nA flux By using these

parameters for an exposure time of 30 seconds, we obtain coverages in the adatom regime
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(< 0.05 ML). For our purposes, it is important to achieve such low coverage to investigate the
role of the Co adatoms in the MOF formation.

Figure 3.10: a-c) Knudsen cell evaporators for molecular deposition; d) Quartz crucible with molecular pre-
cursor inside (yellow powder).

All molecular precursors used in this thesis were sublimated using Knudsen cell
evaporators, as shown in Figure 3.10a-c. We performed the depositions using three different
evaporators with a single cell (see Figure 3.10a and b) and a three-fold cell (see Figure 3.10c).
The molecular precursors used are all in solid state at RT (yellow powder in Figure 3.10d).
They were placed in a quartz crucible which is then inserted in the Knudsen cell. The cru-
cible is heated by a filament, sublimating the molecules. The crucial parameters for mo-
lecular evaporation are the filament current, the evaporation temperature, and the exposure
time. The coverage calibration was performed by STM measurements, limiting to < 1 ML for

all experiments.
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Figure 3.11: a) TPyPB, b) TPyPPB, c) Cl,PhPt, and d) TBTBP molecular structures.

All molecules used in this thesis are shown in Figure 3.11a-d. The 1,3,5-tris[4-
(pyridin)phenyl]benzene (TPyPB) and 1,3,5-tris[4-(pyridin)-[1,1’-biphenyl]benzene (TPyPPB)
precursors shown in Figure-3.11a and b respectively, were purchased from ET Chem Ex-
tension. Both precursors present similar morphologies with pyridyl end groups, only dif-
fering in the arm length. Figure 3.11c display the dichloro-(1,10-phenanthrolin)-platin(II)
(Cl,PhPt) precursor, purchased from Sigma-Aldrich. The 2,7,11,16-tetrabromotetrabenzo
[a,c,h,j] phenazine (TBTBP) molecule is shown in Figure 3.11d, and it is a non-commercial
molecule. The precursor was synthesized by the group of Prof. Ronaldo Pilli from the Chem-
istry Institute (IQ) at UNICAMP following the reported procedure [117]. All evaporators were
degassed for long periods (= 3 hours) before deposition, guaranteeing no contamination
on the surface. For all precursors, the deposition coverage was determined by STM meas-
urements, maintaining the submonolayer coverages. This is an important step in synthes-
izing the nanostructures since the on-surface molecular diffusion is crucial for the quality
of the material formed. The deposition temperatures for each precursor are summarized in
Table 3.1. Depending on the evaporator used, these values may change due to the position
of the thermocouple in the evaporator.
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Table 3.1: Crucible temperatures during molecular deposition

Molecule Temperature

TPyPB 570K
TPyPPB 650 K
Cl,PhPt 510K

TBTBP 620 K
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Large domains of two-dimensional supramolecular porous nanostructures are
interesting for various applications from electronics to biology. Here, we investigate the
formation of Cu-coordinated networks on Cu(111) using scanning tunneling microscopy
and density functional theory (DFT). We consider two molecules with three pyridyl end
groups connected to a central benzene ring by either one or two phenyl groups, namely
1,3,5- tris[4-(pyridin)phenyl] benzene (TPyPB) and 1,3,5-tris[4- (pyridin)-[1,1’-biphenyl] ben-
zene (TPyPPB), respectively. Upon deposition of TPyPB at room temperature, a honeycomb
nanostructure forms, which is stabilized by Cu adatoms, as previously seen. Upon depos-
ition at 400 K, the growth dynamics change, and molecules become trapped in the hexagonal
pores. In contrast, deposition of TPyPPB at room temperature leads to vitreous structures,
which rearrange at 400 K forming a low-defect and extended ordered honeycomb phase,
which is also stabilized only in the presence of Cu adatoms. The DFT calculations for both
honeycomb phases show an impressive agreement with the experimental results, consid-
ering the size of such structures. After annealing at 420 K, a complex flower-like structure
composed of a mix of two- and three-fold coordinated Cu centers emerges. Further anneal-
ing to above 420 K leads to another new phase composed of a high molecular density motif,

the so-called diamond phase.

Introduction

On-surface synthesis has emerged in areas ranging from electronics [118] to biology [119]
as a tool to build two-dimensional (2D) materials by confining building blocks, e.g., on a
metal surface. This acts as a template to construct functional nanostructures [120]. The
on-surface reaction method enables unique architectures inaccessible via other prepara-
tion routes [85,121]. For example, the synthesis of atomically precise graphene nanoribbons
(GNRs) is only possible by bottom-up fabrication methods [62, 64]. This synthesis approach
to form 2D nanostructures on metal surfaces has been widely explored due to their poten-
tial applications in gas storage, heterogeneous catalysis, and nanoelectronics [122-127]. A
bottom-up strategy permits the exploration of different building blocks with programmable
substituents, which can give rise to a tailored functionalization of the final structure [96, 128].
Furthermore, the functional end-groups (nitrogenated, carboxylated, halogenated, etc.) and
their positions play a key role in on-surface reactions, controlling the molecule-molecule
bonds and the geometry of the final products. Prominent examples of on-surface synthesis
are coupling reactions employing halogenated precursor molecules such as the Ullmann [91]
or Sonogashira reaction [129]. Such reactions enable the coupling of basic and also rather
complex building blocks. In the Ullmann reaction, the halogen group dissociates, yielding
free carbon radicals at the molecule’s linkage sites, resulting in either organometallic or or-
ganic C-C bonded nanostructures [89, 102]. Similarly, the Sonogashira cross-coupling reac-

tion also uses halogen functional groups. However, in this case, they are bonded to alkyne-
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functionalized molecules [129,130]. For non-halogenated precursors, the network formation
is typically stabilized by hydrogen bonds [131] or metal coordination [132]. This study uses
the latter route to prepare 2D metal-organic frameworks (2D-MOFs).

In particular, on-surface coordination chemistry has proven remarkably efficient
at forming nanostructures with extended domains by using cyano, pyridyl, or carboxyl end
groups [31,43,133]. Due to the flexibility of their d-orbitals, metal adatoms can coordinate in
different symmetries and bond lengths, directly affecting the MOF’s structure and thereby its
electronic properties [33, 134, 135]. Moreover, molecular pores can act as barriers that con-
fine surface state electrons [136] or as a host for atoms/molecules working as nanoreactors
in the so-called “host-guest” chemistry [126, 127,137, 138]. Interestingly, the coordinating
metal atoms can work as transmission channels for electrons between adjacent pores due
to the weak potential barrier for the surface electrons, thereby forming coupled electronic
states [139]. Moreover, the metal centers in MOFs are good platforms that can be explored as
single-atom catalysts (SAC) by using different d metals as coordination centers, such as Cu,
Ni, Pd, and Pt [140]. The surface analogous for MOFs, the so-called surface metal-organic
networks (SMONs or 2D-MOFs), are model systems for a better understanding of physical
and chemical mechanisms involved in the host-guest chemistry that are accessible by local-
probe techniques such as STM.

The adsorption of 1,3,5-tris[4- (pyridin)phenyl]benzene (TPyPB, also denoted as
ext-TPyB in literature [141]), a molecule with three pyridyl end groups connected to a central
benzene ring by a phenyl group (see Figure 4.1b) on Cu(111), has been previously studied,
and coverage-dependent molecular arrangements have been reported [141]. At low dens-
ities, semi-regular networks are formed via the coordination of the pyridyl (Py) end groups
to Cu adatoms, leading to two- and three-fold Cu-coordinated metal-organic frameworks
(MOFs). The resulting semi-regular tilings are a set of Euclidean tessellations made from
two or more polygon faces [142]. By increasing the molecular density, the self-assembly res-
ults in different motifs such as honeycomb, square, and non-Archimedean lattices. Further-
more, the lattices can be tailored by choosing different metal atoms [29]. Notably, 1,3,5-
tris(pyridyl)benzene (TPyB), that is the smaller analog of TPyPB with no phenyl spacer (see
Figure 4.1a), assembles in different honeycomb patches coordinated either by Fe or Cu on
Au(111), when both metals are coadsorbed on the surface [29, 143]. In the resulting struc-
tures, Cu is two-fold coordinated, whereas Fe is three-fold coordinated. Simultaneous de-
position of both metals reveals that Cu coordination is more stable at room temperature
(RT). Upon annealing at higher temperatures (400-500 K), the arrangement becomes co-
ordinated by Fe centers, indicating kinetic and thermodynamic selection of the final products.
Overall, the coordination chemistry of 2D-MOFs is a powerful strategy to control the mor-
phology, electronic, and magnetic properties of such 2D nanoporous materials. However,
similar studies of TPyPB’s larger analog, 1,3,5-tris[4-(pyridin)-[1,1’-biphenyl]benzene (TPyPPB),
with two phenyl groups connecting the three pyridyl end groups to the central benzene ring
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(see Figure 4.1c), are missing in literature. A systematic investigation involving this large
molecule is interesting, since the arm size defines the distance between the coordination
centers and their oxidation state due to the different number of coordinations. Moreover,
the molecular size also leads to a different concentration of metal centers, possibly affecting
the catalytic behavior of the organic overlayer.

Herein, we combine scanning tunneling microscopy (STM) and density func-
tional theory (DFT) to investigate the self-assembly of two different three-legged organic
molecules, TPyPB and TPyPPB, on Cu(111). They are both functionalized with pyridyl end
groups but exhibit different arm lengths, that is, one or two phenyl spacers between the cent-
ral benzene ring and the end group, as shown in Figure 4.1b and 4.1c, respectively. Table 4.1
in the Supplementary results shows the different arm lengths for TPyB, TPyPB, and TPyPPB
precursors. Such differences allow for the control of the pore size and the distance between
Cu adatoms. After deposition at RT, TPyPB coordinates with Cu adatoms in large domains
(= 100 nm) of a honeycomb nanostructure. On the other hand, the adsorption of TPyPPB
at RT forms vitreous-like arrangements of Cu-coordinated molecules. Annealing up to 350-
500 K leads to many different final structures depending on temperature and duration. After
heating to 400 K, we find a coexistence of honeycomb networks and flower-like nanostruc-
tures. The honeycomb domains are characterized by two-fold Cu coordination, whereas the
flower-like patches are more complex with two- and three-fold coordination centers in the
unit cell. Based on our DFT calculations, we also shed light on the process of Cu-Py coordin-

ation and the chemical stability of the porous nanostructures.

Results and discussion

TPyPB on Cu(111)

As a first step, we revisit the adsorption behavior of the three-legged molecules with one
phenyl spacer, TPyPB, shown in Figure 4.1b and previously studied by Lin et al. [141,144,145].
These results serve as a basis for our study of the larger molecules with two phenyl spacers,
TPyPPB, shown in Figure 4.1c. In addition, our DFT calculations provide new information
on the nature of the metal-coordination bonds.

Depositing submonolayer coverages of TPyPB at RT leads to three main arrange-
ments, as shown in the STM measurements in Figure 4.2a-c, in agreement with Ref. [141].
All arrangements form ordered patches with distinct symmetries, as shown by the FFT im-
ages in Figure 4.9 in the Supplementary results. The honeycomb structure in Figure 4.2a
and the semi-regular nanostructure in Figure 4.2b are stabilized via intermolecular Py-Cu-Py
bonds. This is due to both the repulsive interaction between the N end groups and copper’s
propensity for forming Cu-N bonds. The semi-regular nanostructure exhibits a hexagonal

unit cell as highlighted in green in Figure 4.2b. For the honeycomb structures, the metal
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Figure 4.1: Molecular precursor structures for a) TPyB, with no phenyl spacer, b) TPyPB, with one phenyl spacer,
and c) TPyPPB, with two phenyl spacers. C, N, and H atoms are depicted in brown, blue, and light yellow,
respectively.

center is two-fold coordinated, and for the semi-regular phase, the Cu centers are both two-
and three-fold coordinated, as reported by Yan et al. [141]. The third structure in Figure 4.2c
has a square-like motif, with more complex interactions between the molecules. It is charac-
terized by an outer octagon and an inner square, as highlighted in green and blue in Figure
4.2c. The inner squares are formed by two-fold Cu coordination and the outer octagons ex-
hibit two types of interaction: six sides interact via two-fold Py-Cu-Py coordination (green
sides) while the other two are stabilized by hydrogen bonds (blue sides), N---H, between
the N end groups and the H in the molecular arms (see the blue oval in Figure 4.2c). This

arrangement is similar to the one reported by Yan et al. [141] for TPyPB on Cu(111) with a

molecular density of 0.195 mol nm™2,

93

Figure 4.2: STM images of TPyPB deposited on Cu(111) at RT yelding either a) a honeycomb (I; = —650 pA;
Vi =-1.4V), b) a semi-regular (I; = —610 pA; V; = —1.4V), and c) a square motif (I; = =700 pA; V; = -1.4V).
The white arrows indicate the main crystallographic directions of the Cu(111) surface.

The predominant phase among these three phases with distinct symmetries is
the honeycomb structure, which forms extended domains. The molecules are coordinated

via collinear head-on Py-Cu-Py interactions of the linker groups of the neighboring mo-
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lecules, as seen from the high-resolution STM image in Figure 4.3a and the DFT simulation
in Figure 4.3b.

To better understand the nature of these interactions we have performed DFT
calculations for a honeycomb network of TPyPB on Cu(111) without and with Cu adatoms,
aligning the molecules along either the long-bridge (120) direction or rotated by 19° in the
(210) direction, as is the case experimentally (see Figure 4.3a). Without Cu adatoms, we
find the TPyPB honeycomb lattice aligned in the (210) direction (see Figure 4.3c) is almost
isoenergetic with isolated TPyPB molecules adsorbed on Cu(111), i.e., Eform =~ 0 €V/mol.
However, in this case, it is possible to form the network without Cu atoms given that the
adsorbate in-plane compression is sufficiently high [141]. In contrast, when aligned along
the (120) direction, we find the TPyPB honeycomb lattice becomes unstable (E form = —0.27
eV/mol). This indicates the TPyPB overlayer prefers a molecular alignment in the (210) dir-
ection, as we see experimentally. When Cu adatoms are introduced at the TPyPB junctions,
we find organometallic Py-Cu-Py bonds are formed and for each molecular alignment the
honeycomb structure becomes quite stable (Ef,r, > 1.5 €V/mol) and is reasonably close to
the Cu(111) surface, with an adsorption height of d ~ 2.8 A. In particular, placing the Cu ad-
atoms on bridge sites and aligning the TPyPBs in the (210) direction yield the most stable
structure (Eform = 1.77 €V/mol) by more than 0.2 eV, in agreement with our experiments
(see Figure 4.3). It is worth noting that the inclusion of Cu adatoms within the overlayer is
justified by both their known availability and mobility at RT.

For TPyPB on Cu(111) the insertion of Cu adatoms leads to a head-to-head con-
figuration as shown in Figure 4.3b, which agrees with the experimental results shown in Fig-
ure 4.3a. For the scenario without the Cu adatoms, the STM simulations show that the mo-
lecules are not coordinated via head-on interactions, as highlighted in green in Figure 4.10
in the Supplementary results. By comparing the STM image and the simulation for the co-
ordination via Cu adatoms in Figure 4.3, it is observed that in both cases the Cu adatoms are
quite difficult to resolve. This is in line with previous studies on coordinated nanostructures
with nitrogen functional groups due to the weak electronic density of the metal centers after
the coordination [141, 146, 147].

From the STM images we determine the lattice vectors of the porous honeycomb
network to be |a;| = |az| = (3.9 £ 0.1) nm, with an angle of 60+2°, resulting in a pore size
of ~13 nm? and a molecular density of 0.15 TPyPB/nm?. For our DFT calculations of the
honeycomb network we employed a unit cell with a lattice parameter of = 4.05 nm rotated
by 19.1° from the (110) direction. This angle is in excellent agreement with our experimental
observations from STM, which yield an angle of 20+2°. This is evident from Figure 4.11 in the
Supplementary results, in which two rotational domains, highlighted by dark-blue and green
areas, are displayed. The two domains are rotated by 20° with respect to the (110) directions
(see white arrows in the upper right corner) and by 40° with respect to each other. The main

crystallographic substrate directions were determined using an STM image of the Cu(111)
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Figure 4.3: a) High-resolution STM image of the honeycomb arrangement of TPyPB with the lattice vectors
a; and a; (I; = =710 pA; V; = —=1.4 V). b) STM simulation of the honeycomb nanostructure stabilized by Cu
adatoms, highlighted by the green dot. DFT relaxed structures for ¢) Py-Py and d,e) Py—Cu-Py linkages. The Cu
adatoms are highlighted in green.

surface with atomic resolution.

Deposition of the TPyPB molecules at high temperatures changes the growth
dynamics of the metal-organic layer. Adsorption at 400 K leads to large honeycomb do-
mains without the existence of semi-regular or square-like arrangements, as evident from
Figure 4.4a and b. Since the honeycomb nanostructure grows large domains at higher tem-
peratures as compared to RT [141], the formation of the hexagonal pores occurs immediately

upon deposition of the molecules on the surface. Some molecules adsorb on the metal-
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organic layer as the deposition continues and populates the pores. This behavior is not re-
ported for deposition at RT and subsequent annealing, suggesting that the pore population
is related to the growth sequence of the sample [141, 144]. However, these figures show that
there are dark and bright cavities, suggesting a population of the pores. We can attribute this
irregular appearance of the pores to two scenarios: a) mobile TPyPB molecules and/or b)
new molecular species formed from the TPyPB precursor. The green arrows in Figure 4.4b
highlight pores with an irregular appearance. Such behavior can be attributed to mobile
species in the pores during the time scale of the STM scan. Two-dimensional nanoporous
networks have a great potential to act as nanoreactors, by confining the chemical reactions in
regions of a few nanometers [126, 127]. In such confined regions, the surface state electrons
are scattered due to the confinement, giving new catalytic properties in the pores compared
to the clean substrate. It is possible that the change in the electronic density of states in the
pores combined with the substrate temperature during deposition (400 K), catalyzed the in-
tramolecular reaction, e.g. cleaving off molecular arms and rearranging into new molecular
species. However, further experiments are needed to address such behavior, which is beyond

the scope of this work.

Figure 4.4: a) Overview image after molecular deposition of TPyPB with the substrate held at 400 K during the
sublimation (I; = -580 pA; V; = -1.4 V); b) Zoom image of hexagonal networks with distinct apparent heights
related to trapped molecules in the pores (I; = -520 pA; V; =-1.4V).

For high molecular coverages of TPyPB, the growth behavior is quite different,
with the molecules forming a densely packed assembly with a molecular density of = 0.30
mol/nm?, as shown by Figure 4.12a in the Supplementary results. Two bonding motifs are
observed: two of the arms are Cu-coordinated with other molecules while the third arm is
stabilized by the N - -H bonds between the pyridyl end group and the phenyl group of an ad-
jacent molecule, as highlighted by the blue oval in Figure 4.12b in the Supplementary results.

This contrasts with the situation on Ag(111), where TPyPB grows a close-packed nanostruc-
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ture stabilized by N- - -H bonds between the terminal pyridyl groups and the central benzene
of the adjacent molecule [30]. The main difference regarding the molecular self-assembly on
Cu(111) and Ag(111) is that Ag adatoms do not coordinate with the pyridyl end groups [30].
The non-coordination chemistry with Ag adatoms for precursors functionalized with pyridyl
and cyano-groups has been extensively reported in the literature [36, 148-150].

TPyPPB on Cu(111)

As a next step, we investigated an unexplored molecule with two phenyl spacers, TPyPPB,
shown in Figure 4.1c. The additional phenyl unitincorporated in the molecular arms leads to
substantial changes in the molecular arrangements. We investigated several coverages, from
the submonolayer range up to the fully saturated layer. In each case, the denoted coverage
was obtained from the surface area covered by the metal-organic layer networks as estimated
from several STM images. Table 4.2 in the Supplementary results summarizes the resulting
coverages and sublimation parameters.

Deposition of TPyPPB on Cu(111) held at RT with a coverage of = 50%, leads to a
vitreous-like phase shown in Figure 4.5a, with different coordination motifs. This is in con-
trast to the adsorption of TPyPB under the same conditions, which reveals more ordered
arrangements with three main motifs: honeycomb, semi-regular, and square. The difference
in the length of the molecular arms for TPyPPB and TPyPB (see Table 4.1 in the Supplement-
ary results) leads to such distinct behavior. Since the Cu adatoms tend to adsorb in specific
sites on the surface, the Py-Cu-Py intermolecular interactions are limited by the length of the
molecular arms and the adatom position. The vitreous-like nanostructure is similar to the
atomic arrangement of silica and hence denoted as vitreous [151]. To increase the molecular
diffusion on the surface, the sample was heated to 350 and 380 K for 5 minutes each. After
annealing at 350 K, the molecules start to form honeycomb-like motifs that grow into larger
domains at 380 K as shown in Figure 4.5b. These honeycomb patches do not fully cover the
surface (surface coverage of only =50%) but grow in isolated domains of around 50-70 nm
in diameter. At 380 K, the molecules start to form a flower-like nanostructure that displays a
unique geometry as shown in Figure 4.5c.

This configuration is a complex nanostructure composed of a central hexagon
surrounded by six smaller elongated hexagons, as shown by the high-resolution STM im-
age in Figure 4.5d. The structure resembles an Archimedean lattice called bounce [152].
As known from theoretical calculations, such Archimedean lattices exhibit remarkable elec-
tronic properties, e.g., topological band gaps and flat bands [40]. This configuration has
already been predicted by Monte Carlo calculations and also reported experimentally for the
small analog with no phenyl spacer, TPyB, coordinated by Cu adatoms on Au(111) [153, 154].
The calculations reveal similar energies for two- and three-fold coordination, which results

in different coexisting geometries for the metal-organic layer [153]. Interestingly, while a
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Figure 4.5: a) Vitreous-like arrangement after RT deposition (I; = -270 pA; V; = -1.6 V). b) Honeycomb nano-
structure after annealing at 350 K for 5 minutes (I; = -300 pA; V; = -1.8 V). c) Metal-organic lattice of flowers
defined by a; and a, (I; = -320 pA; V; =-1.6 V). d) High-resolution STM image of the flower-like nanostructure
with the superimposed molecular structures coordinated by Cu adatoms in green (I; = -320 pA; V; =-1.6 V).

similar coordination with the pyridyl group is predicted by theory on Ag(111), it is not ob-
served experimentally [30].

For Cu coordination, the metal-organic layer is thus characterized by the coex-
istence of two- and three-fold coordination, depending on molecular coverage and temper-
ature. Indeed, the flowers have two types of coordination centers: the inner hexagon sides
are formed by two-fold coordinated Cu adatoms, as shown in the high-resolution STM im-
age of Figure 4.5d, while the elongated hexagonal pores are interconnected to each other via
three-fold coordination centers. We attribute the appearance of such complex structures to

the similar interaction energies of two- and three-fold Cu adatoms as found by Monte Carlo
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calculations [153]. Figure 4.5c shows an ordered motif of the flower-like arrangement with
the lattice parameters a; and a, being highlighted. The lattice angle is 60+2° with the lattice
vector aj aligned with the < 110 > surface direction. The superstructure is commensurate
(33x33) with lattice constants |aj| = |a5| = (8.4 +0.1) nm, suggesting a Cu-N bond length of
(2.5+0.5) A. This value agrees with the typical values for Cu-N bonds [155, 156].

Figure 4.6: a) Overview of the saturated layer of TPyPPB molecules forming two main distinct motifs after
annealing at 400 K for 5 minutes. STM images after further annealing at b) 420 K and c) 500 K for 5 minutes.
The zoom image in the inset shows the diamond domain coordinated by Cu adatoms in green. d) STM image
showing the different coordination centers (three-, four-, and five-fold) highlighted by the green dots. a) (I; =
-330 pA; V; =-1.8V).b) (I; =-330 pA; V; =-1.6 V). ¢) (I; =-290 pA; V; =-1.8 V). d) (I; =-230 pA; V; =-1.1 V).

Figure 4.6a provides a large area STM image of a surface fully covered with a
TPyPPB layer (see evaporation parameters in Table 4.2 in the Supplementary results), ob-
tained after annealing at 400 K for 5 minutes. This coverage leads to domains of two main
phases: the flower-like and honeycomb structures. Notably, the boundaries between the
phases are characterized by a transition region, where the molecules form pores with dif-
ferent geometries. Further annealing at 420, 450, and 500 K was performed for 5 minutes in
each step. The corresponding representative STM images for 420 and 500 K are shown in Fig-
ure 4.6b and 4.6¢, respectively. The STM image in Figure 4.6b, after heating to 420 K shows no
distinct changes regarding the coverage and structural arrangement of the molecules. Sub-
stantial changes only begin when the sample is heated to 450 K with a new phase emerging,
the so-called diamond phase, that covers the surface at 500 K, as shown in Figure 4.6c¢. Its

molecular structure is shown in the inset in Figure 4.6¢c. After annealing at 500 K, the STM
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images in Figure 4.6¢ and 4.6d show that the majority of molecules are arranged in diamond-
shaped motifs. In this configuration, molecules form dimers with the metal center in vari-
ous coordination symmetries, that is, three-, four-, and five-fold coordinated, highlighted by
green dots in Figure 4.6d.

The histogram in Figure 4.7a shows the statistical analysis of several STM im-
ages as a function of the annealing temperature. We display the fractions of four different
structural motifs on the surface, the honeycomb, flower-, diamond-, and vitreous-like struc-
tures. Besides the formation of the diamond phase upon annealing at 450 and 500 K, we
observe the emergence of uncovered regions in the STM images, labeled as the free area in
the histograms. While the honeycomb and flower-like phases have similar densities (0.08
TPyPPB/nm? and 0.10 TPyPPB/nm?, respectively), the diamond phase is a more densely
packed structure (0.14 TPyPPB/ nm?), which is by =43% and =29% denser than the honey-
comb and the flower-like patches, respectively. The molecular density of the diamond phase
was estimated using the smaller structure formed, shown in the zoomed inset of Figure 4.6¢
(see Figure 4.7e also). For this reason, we attribute the emergence of uncovered regions to the
rearrangement of less densely packed honeycomb or flower-like phases to the more densely
packed diamond phase and not to molecular desorption.

To investigate the behavior of the metal-organic layer as a function of annealing
time, we heated the sample at 400 K for 5, 15, and 120 minutes. The histogram in Figure 4.7b
shows the statistical distribution of the different phases as a function of time. Overall, the
fraction of the vitreous phases decreases with time, while simultaneously the fractions of
the ordered honeycomb phase (model in Figure 4.7c) and flower-like phase (model in Fig-
ure 4.7d) increase. The fraction of the honeycomb phase is by about a factor of 2 to 2.5 times
larger than that of the flower-like phase, which suggests that this is the most stable struc-
ture. The conversion into the honeycomb structure is limited by molecular diffusion and
free space to form the nanostructure. At 400 K, the honeycomb domains grow larger for
the coverage of 90% than for the fully covered sample (see Table 4.2 in the Supplementary
results) and are almost defect-free as displayed in Figure 4.13 in the Supplementary results.
After comparing the behavior for different coverages (see Table 4.2 in the Supplementary
results), the coverage of 90% turned out to be the optimum condition to obtain a homogen-
eously covered surface. After annealing at 400 K for 3 hours, the molecules grow in large do-
mains (> 125 nm), as shown in Figure 4.8a and Figure 4.14 in the Supplementary results. This
clearly shows that it is necessary to keep a small area of the surface uncovered to allow for
molecular diffusion and rearrangement. Remarkably, for TPyPPB with two phenyl spacers,
the semi-regular and square-like motifs found for TPyPB with only one phenyl spacer in Fig-
ure 4.2b and 4.2c were not observed in any experiment.

Figures 4.8b and 4.8c display two honeycomb domains each rotated by 7+1° from
the < 110 > direction of the Cu(111) surface, yielding an angle of 14+2° between the domains.

The length of the lattice vectors of the two domains agrees with the experimental uncer-
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Figure 4.7: Histograms of the molecular arrangements for the sample with saturated layer as a function of
annealing a) temperature in K, and b) duration in minutes at 400 K. Structural models for the c) honeycomb, d)
flower-like, and e) diamond-shaped motifs (C in brown, N in blue, H in light yellow, and Cu in green).

tainties. For the first domain, shown in Figure 4.8b, the lattice constants are laj| = |ag| =
(5.2 +£0.2) nm with a lattice angle of 60+1°. For the second domain, shown in Figure 4.8c,
the lattice constants equal |a;| = |a3| = (5.3 + 0.2) nm with a lattice angle of 59+1°. The hon-
eycomb structure formed from TPyPPB has a large pore size with a hexagon side length of
3.0 + 0.1 nm and a pore area of ~ 24 nm? (see Table 4.1 in the Supplementary results). Des-
pite the distortion, this structure is very similar in shape to the honeycomb structure of the
smaller TPyPB molecule coordinated with Cu atoms on a Cu(111) with a smaller pore area
of 13 nm? [141]. The hexagons forming the TPyPPB honeycomb lattice are composed of a
1:1 ratio of molecules and Cu adatoms, as is evident from the high-resolution STM image in
Figure 4.8d.

To see how the Py-Cu-Py interaction for TPyPPB compares with that of TPyPB, we
have also performed DFT calculations for a TPyPPB honeycomb network on Cu(111) without
and with Cu adatoms and aligning the molecules along either the long-bridge (120) direction
or rotating them by about +7°, as found in our STM measurements. For both alignments, the

TPyPPB honeycomb network without Cu adatoms is very unstable (Efory, > 0.55 €V/mol)
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Figure 4.8: a) Extended domain of the honeycomb nanostructure formed after annealing the sample with a
surface coverage of 90% at 400 K for three hours. b,c) Rotational domains of the honeycomb nanostructure
highlighting the lattice vectors a; and a,. The hexagons of the domains show distortions as highlighted by
the blue rectangle in c). d) High-resolution STM of the hexagonal pores with superimposed TPyPPB molecular
structure coordinated by Cu adatoms in green. e) Top- and side-view for the honeycomb nanostructure formed
after Cu-coordination obtained from DFT (Cu adatoms in green). f) STM simulation for the honeycomb nano-
structure stabilized by coordination with Cu adatoms, highlighting the adatoms at atop positions with a blue
circle. a) (I; = -280 pA; V; =-0.8 V). b) (I; = -240 pA; V; = -0.5 V). ¢) (I; = -260 pA; V; =-1.9V). d) (I; = -240 pA; V;
=-0.5V).

and should not be experimentally observable. However, when Cu adatoms are introduced
at the TPyPPB junctions, Py-Cu-Py organometallic bonds are formed yielding quite stable
structures (Eform ~ 1.50 €V/mol) as was the case for TPyPB. This suggests that Cu adatoms
are indispensable when forming a TPyPPB network. Note that, in contrast to the experi-
mental results, the +7° rotation of the TPyPPB molecules (see Figure 4.8e) slightly destabil-
izes the overlayer by about 0.1 eV/mol. This discrepancy is most probably attributable to
the higher inherent entropy of this rotated structure, which should lead to stabilization at
higher temperatures but is neglected in our DFT-calculated formation energies. Perhaps
more importantly, the resulting STM simulation based on this structure (see Figure 4.8f) is
in striking agreement with the high-resolution STM measurement of the hexagonal pores
(see Figure 4.8d).

Notably, the molecules stabilize in a honeycomb lattice composed of distorted
hexagons highlighted by a blue rectangle in Figure 4.8c, where the molecules are rotated
around the central benzene ring of TPyPPB, which is indicated as dark blue cross. Our cal-
culations also considered this behavior, as shown in Figures 4.8e and f. In both theory and
experiment the molecules are rotated by ~7° around the central benzene ring, and the Cu

adatoms are located either at the bridge or atop adsorption sites. Interestingly, the STM sim-
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ulation shows that it is possible to visualize the Cu adatoms in the atop positions, as high-
lighted in blue in Figure 4.8f. The observed behavior suggests that the molecules optimize
their positions to achieve the best coordination with the Cu adatoms on the surface since
the most stable configuration is the honeycomb nanostructure. Interestingly, an even more
pronounced distortion of some pores can occur, as highlighted by the green oval in the STM
image of Figure 4.15a in the Supplementary results. Here, pores are distorted in two man-
ners: one is elongated along a; direction and consequently, the adjacent one is compressed
in the same direction, as illustrated in Figure 4.15b in the Supplementary results.

It is worth mentioning that for three- and four-fold Cu-coordination, which can
occur rarely and for non-perfect structures, it is possible to resolve a bright circular protru-
sion at the molecular junctions as highlighted by the green arrows in Figure 4.16a and b in the
Supplementary results. This contrasts the situation for two-fold coordination, where no such
protrusion due to the Cu adatoms is resolved, as indicated by the blue arrow in Figure 4.16b
in the Supplementary results. We might attribute this behavior to electronic effects induced
by a Cu adatom in a different oxidation state (or coordination state) due to interaction with
more than two molecules. An alternative explanation is that the metal in three- or four-fold
coordination has a larger distance to the surface than in the two-fold coordination, causing
brighter spots in the STM images. The latter explanation is in line with the STM simulations

of Figure 4.8f since we can visualize the Cu adatoms located in atop positions.

Conclusion

In summary, we present a detailed study of the synthesis and characterization of highly
ordered metal-organic layers for two similar three-legged molecules on Cu(111) using STM
and DFT. The two molecules have three functional pyridyl linkers separated from a cent-
ral benzene ring by either one or two phenyl spacers. For the precursor molecule with one
phenyl spacer (TPyPB), we obtain a honeycomb nanostructure in line with previous invest-
igations. Our DFT calculations demonstrate that this structure is stable only in the presence
of two-fold coordinated Cu adatoms. Moreover, increasing the substrate temperature to 400
K during the molecular deposition affects the growth dynamics resulting in a honeycomb
layer with trapped TPyPB molecules in the cavities. Depositing the molecules at RT leads
to two further nanostructures with square-like and semi-regular motifs in line with previous
investigations.

For TPyPPB, an unexplored precursor with two phenyl spacers, quite different
behavior is observed. This is characterized by various phases depending on the annealing
temperature. At 400 K, the molecules grow in large domains (>100 nm in diameter) of Cu-

2 can act as a

coordinated honeycomb motifs. This structure with large pores of ~24 nm
host material for molecules and atoms, for instance, working as nanoreactors for catalysis.

After annealing at 420 K, a more complex structure, so-called flower-like, grows. These nano-
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structures present different lattice parameters and molecular densities (see Table 4.3 in the
Supplementary results). For higher temperatures (> 450 K) the molecules start to form a
high-density structure composed of so-called diamonds.

Our DFT calculations and STM simulations for the experimentally observed hon-
eycomb structures show an impressive agreement with the experiment and demonstrate
the important role played by Cu adatoms in the stabilization of these structures. Our work
demonstrates the design of highly ordered 2D MOFs with distinct symmetries and sizes. The
respective pores with sizes of about ~13 nm? and ~24 nm? can be used as scaffold reactors.
The highly ordered nanoporous network can also act as a host-guest material with potential
applications in molecular switches in nanocircuits, catalysis, and gas sensing. The quantum
confinement of surface electrons can be controlled at the atomic/molecular level by tailoring
the molecular sizes and the MOF geometries. The quantum properties of such nanostruc-
tures present great potential for applications in nanoelectronics and photonics. The results
reported for the TPyPB and TPyPPB molecules demonstrate that the molecular size plays a
key role in the nanoporous arrangement. These molecules have the potential to be explored
on non-metallic substrates and 2D materials (e.g. graphene and h-BN) with the use of co-
deposited metallic atoms as coordination centers. The different molecular sizes can change
the magnetic and catalytic properties of the metals, due to the formation of nanostructures

with distinct geometries.

Methods

Sample preparation and STM details

The experiments were performed at UNICAMP in Campinas (Brazil) using an UHV surface
science apparatus, consisting of two interconnected chambers. One chamber is equipped
with X-ray photoelectron spectroscopy, LEED optics, a Knudsen cell for molecular sublima-
tion, e-beam evaporators for metal deposition, and facilities for sample cleaning. The base
pressure of the chamber was in the low 10719 mbar. The other chamber is equipped with
an STM SPECS Aarhus 150 with a SPECS SPC 260 controller, operating in a base pressure
of low 107!! mbar. The STM chamber is also equipped with Ar* sputtering for tip clean-
ing. The Cu(111) single crystal was cleaned by cycles of Ar* sputtering at 600 V at 7 yA cm™2
for 30 min, followed by annealing at 790 K for 15 min. The precursors TPyPB and TPyPPB
were purchased from ET Chem Extension and sublimated using a homemade Knudsen cell
at temperatures of 550 and 573 K, respectively. The deposition parameters (temperature,
deposition time, and coverage) of the TPyPPB precursor are summarized in Table 4.1 in the
Supplementary results. Cu was evaporated from a molybdenum crucible using a commer-
cially available e-beam evaporator. All evaporators were degassed before sublimation. The

STM measurements were performed at RT with a W tip in the constant current mode and
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tunneling voltage (V;) applied to the sample. The images were analyzed using Gwyddion
and WSxM softwares [116,157].

DFT Calculations

The DFT calculations were performed using the Imbabura cluster at Yachay Tech Univer-
sity by Prof. Duncan John Mowbray. All DFT calculations used the PBE exchange-correlation
functional [158], with van der Waals (vdW) corrections included via the Grimme’s D3 semiem-
pirical method [159]. We performed our calculations using the projector-augmented wave
method (PAW) [160] as implemented in the GPAW code [161, 162]. A linear combination
of atomic orbitals (LCAO) [163] was used to represent the Kohn-Sham wave functions, with
double-{-polarized (dzp) basis sets employed for the adatoms and atoms of the overlayer,
and a single-{-polarized (szp) basis set employed for the atoms of the Cu(111) substrate. A
grid spacing of h ~ 0.2 A was used with an electronic temperature of kg T = 0.1 eV and all
total energies extrapolated to T — 0. The adatoms and atoms of the overlayer were relaxed
until a maximum force of less than 0.03 eV/A was obtained, keeping the three layers of the
Cu(111) substrate frozen at its experimental coordinates (a ~ 3.61 A). The large dimensions
of the supercells employed throughout (L > 40 A) meant I'-point calculations were sufficient
to describe the wavefunctions.

The TPyPB honeycomb overlayer was modeled using two TPyPB molecules ad-
sorbed on either a 16a; x 16a, x 19.2kora (12a; +6az) x (—6a; +18as) x 25k supercell consist-
ing of a three-layer Cu(111) substrate. The TPyPPB honeycomb overlayer was modeled using
two TPyPPB molecules adsorbed on a 22a; x 22a; x 19.2k supercell consisting of a three-layer

Cu(111) substrate. Formation energies Ey,,, for each overlayer were calculated using

Eform = Naas(E[Ads@Cu(111)] - E[Cu(111)]) + Ngg(E[Ctigq@Cu(111)]
—E[Cu(111)]) — (E[N,44s Ads + Ny Cuzg@Cu(111)] — E[Cu(111)])

where N, is the number of adsorbate molecules and N,; is the number of ad-
atoms that form the overlayer, E[Ads@Cu(111)] is the total energy of an isolated adsorbate
onthe Cu(111) surface, E[Cu(111)] is the total energy of the clean Cu(111) surface, E[Cu,;@Cu(111)]
is the total energy of an isolated Cu adatom adsorbed on the most stable hollow site of the
Cu(111) surface, and E[Ngg3sAds + NgqCugaq@Cu(111)] is the total energy of the overlayer
consisting of N4 adsorbates and N,; Cu adatoms.

The Tersoff-Hamann [164] approximation was employed for all STM simulations

in constant-current mode as implemented in the code ASE [165].
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Appendix: Supplementary results

This Supplementary results show additional STM and DFT data of TPyPB and TPyPPB on
Cu(111) for different coverages and temperatures. It also shows tables containing inform-
ation about the molecular size and honeycomb nanostructure details for the three similar
precursors (TPyB, TPyPB, and TPyPPB), the evaporation parameters for TPyPPB deposition,
and structural parameters for the honeycomb and flower-like nanostructures.

All depositions of TPyPPB molecule were carried out by a Kundsen cell with the

Cu(111) substrate held at RT. The evaporation temperature (573 K) was monitored by a ther-



4. Engineering Large Nanoporous Networks with Size and Shape Selected by Appropriate Precursors 59

T

Figure 4.9: STM images of TPyPB forming a) honeycomb (I; = —650 pA; V; = —1.4 V), b) semi-regular (I; =
—610 pA; Vy = —1.4V), and c) square motif (I; = —700 pA; V; = —1.4 V) on Cu(111). The white arrows indicate the
main crystallographic directions of the Cu(111) surface. d-f) Corresponding FFT images for the three structures
showing their symmetries.

A

i

Figure 4.10: DFT simulation for the honeycomb nanostructure of TPyPB molecules coordinated by Cu atoms
displaced from the upper surface layer, corresponding to a non-stable condition (for details see the manu-
script). The molecular arms are not coordinated via head-on interactions as highlighted by the green oval.

mocouple located inside the crucible containing the molecular precursor. The deposition
temperature ramp was kept constant (10 min) in all sublimations. Table 4.1 display the para-
meters of all the experiments present in this work. The molecular coverage and density were

determined by statistical analysis of several STM images.
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Figure 4.11: STM image showing two rotated domains (highlighted in green and blue) for the honeycomb net-
works of TPyPB precursor (I; =-1.3nA; V; =-1.4V).

Figure 4.12: a) Close-packed self-assembly of molecule TPyPB on Cu(111) with a molecular density of =
0.30 mol/nm?, and b) zoom image highlighting the bonding motifs with the Cu-coordination center (green
circle) and the hydrogen bond, N---H, between the neighboring molecules (blue oval) (I; = -470 pA; V; = -
1.4V).
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Figure 4.13: STM overview for the TPyPPB sample corresponding to 70% of coverage after annealing at 400 K
for 5 minutes showing highly ordered honeycomb nanostructure with uncovered areas suggesting the self-

limitation growth (I; =-1.2nA; V;=-1.4 V).
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Figure 4.14: STM image for the honeycomb nanostructure with long-range domain after deposition of TPyPPB
molecule with 90% coverage and subsequent annealing at 400 K for 3 hours (I; =-1.8 nA; V; = -0.05 V).
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Figure 4.15: a) Honeycomb domain for the TPyPPB molecule, with the green oval highlighting the pore distor-
tions of the nanostructure (I; =-360 pA; V; =-0.6 V). b) Illustration of the elongation and compression behavior
of the pores.

Figure 4.16: a),b) STM images showing distinct protrusions at the molecular junctions suggesting the presence
of Cu adatoms for three- and four-fold coordination centers highlighted by the green arrows. For the two-fold
coordinated molecules, this appearance is not observed as highlighted by the blue arrow. a) (I; = -360 pA; V; =
-0.6 V). b) (I; =-360 pA; V; =-0.6 V).
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Table 4.1: Star-shaped molecules TPyB, TPyPB, and TPyPPB arm lengths and Cu-coordinated honeycomb
nanostructures lattice parameter and area

Molecule Armlength  Lattice parameter = Hexagon side length Pore area

TPyB 4.4R (2.73+0.05) nm[29]  (1.58 + 0.03) nm ~7 nm?
TPyPB 8.8A (3.9+0.1) nm (2.25+0.06) nm =13 nm?
TPyPPB 13.2A (5.2 +0.1) nm (3.00+0.06) nm  ~24 nm?

Table 4.2: TPyPPB deposition parameters

Exposure Time Coverage Density MOF Coverage

15 min 0.11 molec./nm? 50%
20 min 0.15 molec./nm? 70%
25 min 0.28 molec./nm? 90%
30 min 0.37 molec./nm?  Fully covered

Table 4.3: Structural parameters for TPyPPB ordered phases

Phase Lattice parameter Lattice angle Phase density
Honeycomb (5.2+£0.1) nm 60° £ 1° 0.08 TPyPPB/nm2
Flower-like (8.4 +£0.1) nm 60° + 2° 0.10 TPyPPB/nm?
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On-surface synthesis is a powerful tool for engineering two-dimensional (2D) or-
ganic nanostructures by controlling intermolecular interactions between the building blocks.
Herein, we explore the role of Cl adatoms in the synthesis and characterization of self-assembled
1,3,5-tris[4-(pyridin)-[1,1’-biphenyl]benzene (TPyPPB) networks on Ag(111), by combining
scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and dens-
ity functional theory (DFT). In the absence of Cl, upon deposition at room temperature
(RT), TPyPPB molecules form a highly ordered porous self-assembled monolayer (p-SAM)
with triangular packing, stabilized by hydrogen bonds (N---H). In the presence of Cl ad-
atoms, sublimated onto the surface using dichloro-(1,10-phenanthrolin)-platin(II) (Cl,PhPt)
a second molecular precursor, we observe a so-called mixed phase or inverted packing,
depending on the applied growth procedure. The mixed phase is characterized by a non-
periodic structure stabilized by intermolecular interactions between TPyPPB, Cl,PhPt, and
Cl. In contrast, when only Cl adatoms and TPyPPB are present on the Ag(111) surface, a
non-porous SAM is obtained, stabilized by C-H- - - Cl hydrogen bonds.

Introduction

Over the past decades, on-surface reactions have been widely applied to design one- and
two-dimensional supramolecular architectures [41, 166-168]. On-surface synthesis allows
for control over the supramolecular nanostructure at the atomic and molecular levels, en-
abling the design of unique quantum materials [96]. Such tailoring of 2D nanostructures
plays a key role in their applications in nanotechnology [169]. Particularly, self-assembled
monolayers (SAMs) are suitable for organic nanoelectronics applications [170] due to their
spontaneous and reversible non-covalent interactions, which allow for the fabrication of al-
most defect-free domains.

Several strategies have been explored to control the SAM properties, including
the use of isotropic [25] and anisotropic substrates [171], functionalization of the organic
building blocks [172], and codeposition of adatoms [31]. The latter process opens many
possibilities to control the molecular architecture by inserting metallic and/or nonmetal-
lic atoms. To date, adatom-mediated SAMs are most often prepared using single 3d metal
atoms such as Cu [29,173], Co [132], and Fe [174], or alkali metals such as Na [175]. Metal co-
ordination has been found to be an efficient strategy for constructing SAMs, especially as it
enables the tailoring of magnetic properties [33]. However, metal adatoms also have a strong
influence on the electronic states near the Fermi level, which may alter the semiconductor
behavior of the SAM [47,176].

Nonmetallic adatoms, on the other hand, have less influence on the electronic
properties of the SAM due to their weaker interactions with the molecular precursors. In-
deed, the use of nonmetallic elements in the on-surface synthesis of organic molecules has

attracted great attention in the past years. For example, Si atoms can be incorporated into
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porphyrin macrocycles [46], O atoms can induce the self-assembly of quaterphenyl mo-
lecules [33], and Br atoms can be used to stabilize 2D supramolecular networks on metal sur-
faces [50]. Halogens are particularly important in on-surface synthesis as they can remain on
the substrate as reaction byproducts after the dehalogenation of organic precursors, for ex-
ample in the Ullmann coupling reaction [102]. The use of halogen bonding for the formation
of 2D self-assembled networks has been widely explored for polycyclic aromatic hydrocar-
bons stabilized by intermolecular X:--X (X = E Cl, Br, I) and -C-H: - - X—-C-bonds [48,49, 177].
However, to date, the fabrication of highly ordered large-scale domains of supramolecular
self-assembly with intermolecular interactions mediated by hydrogen bonds between the
molecules and the halogen adatoms, -C-H---X:--H-C-, is rarely reported [50, 178]. The Br-
mediated self-assembly of 2,6-diphenylanthracene (DPA) molecules on Ag(111) and Cu(111)
surfaces was demonstrated by Lu et al [50]. They showed that by controlling the concen-
tration of Br adatoms on the surface the DPA molecules can be arranged in four distinct
structures. While Br adatoms are electron-rich, H atoms are electron-deficient, thus stabil-
izing the supramolecular arrangement by attractive electrostatic interactions. Besides Br,
also I adatoms have also been shown in on-surface synthesis to induce morphological trans-
formations in 2D supramolecular SAMs [179]. However, less attention has been paid to the
on-surface synthesis using Cl adatoms to modulate the self-assembled structures.

In this work, we explore the role of Cl atoms in the 2D supramolecular ordering of
1,3,5-tris[4-(pyridin-4-yl)-[1,1’-biphenyl])benzene (TPyPPB) [168] shown in the Figure 5.1a,
on Ag(111). Two main supramolecular structures can be found, depending on the absence
or presence of Cl adatoms. In the absence of Cl, scanning tunneling microscopy (STM) at
room temperature (RT) reveals the formation of a porous SAM. Cl adatoms lead to changes
in the TPyPPB arrangement, depending on the surface preparation before TPyPPB depos-
ition, with either a mixed phase or so-called inverted packing being observed. Based on our
density functional theory (DFT) calculations, we demonstrate that the Cl adatoms stabilize
the inverted packing, forming -C-H- - - Cl bonds between the TPyPPB molecules. To the best
of our knowledge, the synthesis of a SAM stabilized exclusively by -C-H---Cl bonds has so

far not been explored.

Results and discussion

Upon deposition of submonolayer coverages of TPyPPB molecules on the clean Ag(111) sur-
face at RT, we observed via STM measurements the formation of a 2D supramolecular por-
ous network as shown in Figure 5.2a. This arrangement extends over tens of nanometers
with a low density of defects, as shown in Figure 5.6 in the Supplementary results appendix.
This suggests there is only a weak interaction between the molecular precursors and sub-
strate, as expected for a SAM. The zoom-in STM image in Figure 5.2b displays triangular

pores, one of which is highlighted in blue. This nanostructure is thus denoted as triangular
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Figure 5.1: Chemical structure of a) TPyPPB and b) Cl,PhPt precursors.

packing, as also shown in Figure 5.3a. In the high-resolution STM image in Figure 5.2¢c, we
can identify the three-legged molecules, in excellent agreement with our DFT simulations
in Figure 5.2d. The hexagonal unit cell of the triangular structure is characterized by lattice
vectors |aj| = |az| = (1.9 + 0.1) nm, in good agreement with our calculated lattice vector of
~ 2.0 nm (see Figure 5.2e). The lattice vectors are rotated by 30° + 2° with respect to the
main crystallographic directions of the substrate, which are indicated by the blue lines at the
top of Figure 5.2b. For our DFT calculations, we defined the formation energy of the differ-
ent structures regarding the isolated TPyPPB molecule on Ag(111) surface (see Section 5 for
details). The calculated formation energy of triangular packing is Ef = -0.30 eV/molecule
with a molecular adsorption height of d ~ 3.2 A. This suggests that the molecules are phys-
isorbed rather than chemisorbed, as illustrated in the side-view of Figure 5.2e. The weak
molecule-substrate interaction facilitates the formation of the molecular network with ex-
tended highly ordered domains and a low defect density. From the unit cell, we determine a
pore area (highlighted in blue in Figure 5.2b) of ~1.73 nm? and a molecular density of (0.32
+ 0.02) molecules/nm? (see Table 5.1). Such a nanostructure with a regular distribution of
pores in extended domains has the potential to be an efficient host-guest material for small

molecules or atoms.

Table 5.1: Structural parameters of the self-assembled nanostructures formed

Packing lai| (nm) | |az| (nm) Density (Molec./ nm?) | Molec. per unit cell
Triangular | (1.9 +£0.1) | (1.9 £0.1) (0.32 £ 0.02) 1
Inverted | (1.94+0.1) | (3.44+0.2) (0.30 £ 0.02) 2

To investigate the behavior of TPyPPB molecules in the presence of Cl adatoms,

the clean Ag(111) surface was first exposed to a second molecular precursor, that is, Cl,PhPt
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Figure 5.2: a) STM images of the triangular packing forming extended domains on Ag(111). The white lines in-
dicate the high-symmetry directions of the surface. b) STM image with the lattice vectors a; and a; highlighted
in green. The domains are rotated by =~ 30° from the high-symmetry direction of the substrate as highlighted
by the blue lines. c) High-resolution STM image with superimposed TPyPPB molecular structure showing the
intermolecular interactions. d) DFT simulation of the triangular packing stabilized by hydrogen bonds. €) Top-
and side-view of the DFT adsorption configuration of the triangular packing (Ag in gray, C in brown, and N in
blue). a) (I; =230 pA; V; =-1.0V), b) (I; =230 pA; V; =-0.3V), c) (I; =280 pA; V; =-0.3 V).

molecules. This molecule serves as a source of halogen adatoms since it can be dehalo-
genated by thermal annealing. Upon deposition of submonolayer coverages (<0.5 ML) of
Cl,PhPt on the Ag(111) substrate at RT, the molecules form close-packed self-assembled do-
mains as highlighted in green in Figure 5.7 of the Supplementary results. Subsequently, the
sample was annealed at 500 K for 30 minutes. After the sample cooled down to RT, TPyPPB

molecules were deposited at submonolayer coverages. The resulting molecular arrangement



5. Engineering Two-Dimensional Supramolecular Networks: The Role of Cl Atoms 69

in Figure 5.4a consists of a nonperiodic arrangement. In addition to the three-legged mo-
lecules, the STM images show two additional features, as highlighted by the green and blue
arrows in Figures 5.4a and 5.4b, respectively.

N (3
(a) Triangular phase b) Mixed phase

2 i L)L J

\. Y,

Figure 5.3: Molecular models of the a) triangular, b) mixed, and c) inverted phases observed depending on the
adsorbed molecular species. The red segmented lines represent the hydrogen bonding between the molecules.
The blue line depicted the Pt-N coordination. The green circles illustrate the Cl adatoms interacting with the
TPyPPB arms.

To verify the dechlorination of Cl,PhPt, we performed XPS measurements in the
Cl 2p region for a sample with higher coverage (= 1ML), in order to obtain a better signal-to-
noise ratio. Prior to XPS, the sample was annealed at 450 K for 30 minutes. Unfortunately, for
such molecular coverages, it was impossible to resolve the molecules in the STM at RT. The
Cl 2p spectrum in Figure 5.4c can be fitted by the doublet of a single Cl species on the sur-
face. It is assigned to the Cl 2py,2 and 2ps,» peaks, with an area ratio of 1:2 and a spin-orbit
coupling splitting of 1.7 eV. The ClI 2p3,, peak binding energy of 197.7 eV is attributed to Cl
adatoms chemisorbed on Ag(111), in line with previous investigations of aryl chlorides on
the same surface [180]. We thus conclude that the deposition of Cl,PhPt followed by anneal-

ing at T = 450 K leads to the extraction of both Cl atoms from the complex, yielding a new
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molecular complex, which we denote as PhPt. This new molecular species can potentially
interact with the pyridyl end groups of the TPyPPB molecules via the Pt atoms, forming a Pt-
coordinated center (Pt-N). Evidence for this behavior is indeed observed in the inset image
in Figure 5.4a, where after TPyPPB deposition, C-shaped features at the end of the TPyPPB
arms (green arrow) are observed, which are assigned to PhPt molecules (see the model in
Figure 5.3). Moreover, additional rounded features located between the TPyPPB molecular
arms highlighted by a blue arrow in Figure 5.4b, are assigned to Cl adatoms that are cleaved
off the Cl,PhPt precursor. Investigations with brominated precursors have shown similar
features in the regions close to the molecules in the STM images, assigned as the Br adatoms
that were cleaved from the molecules [102, 181].
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Figure 5.4: a) STM image of the Cl,PhPt molecules (green arrow) annealed at 450 K followed by the deposition
of TPyPPB (I; = 310 pA; V; = —0.6 V). b) High-resolution STM image of the TPyPPB molecules with three Cl
adatoms between the molecular arms, highlighted by the blue arrow (I; = 310 pA; V; = —0.6 V); ¢) XPS spectrum
at Cl 2p core level of the halogen adatoms dissociated on top of Ag(111) surface.

Interestingly, in the mixed phase, the TPyPPB molecules interact with their arms
aligned side-by-side (see Figure 5.3b and Figure 5.4b) while in the triangular packing, the
molecules interact head-on with the pyridyl groups pointing towards the benzene core of
three neighboring molecules (see Figure 4.2c, 4.2e, and Figure 5.3a). Such behavior suggests

that the pre-adsorption of the Cl,PhPt followed by thermal annealing induces the mixed
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phase of the TPyPPB molecules, with multiple interactions of the three-legged molecule with
Cl adatoms and with PhPt molecules.

To shed light on the role of the halogens in the TPyPPB arrangement, we changed
the growth protocol to avoid Pt-Py coordination. In the first step, we pre-adsorbed Cl,PhPt
on the Ag(111) surface at medium coverages (=0.5 ML) and annealed to 450 K for 30 minutes,
to abstract the Cl atoms from the molecules. Thereafter, the surface was gently sputtered
with Ar* with energy of 600 eV for 30 minutes to remove most of the PhPt molecules, and an-
nealed at 770 K. As a final step, the TPyPPB molecules were deposited at RT with submono-
layer coverages. The resulting STM images in Figure 5.5a and b reveal the formation of a new
phase with a distinct appearance, which is different from that of the triangular and mixed
phases, (for comparison see Figure 5.3a and b), indicating different intermolecular interac-
tions. This new phase is a highly ordered 2D self-assembly with a low number of defects.
The STM images in Figure 5.8a and b in the Supplementary results display the formation of
extended domains of the inverted packing.

In contrast to the triangular phase with triangular pores and a hexagonal unit cell
containing one molecule (Figure 5.3a), the new phase has a rectangular unit cell containing
two molecules, which are rotated by 180° to each other, which we denote as inverted pack-
ing (Figure 5.3c). In this packing, only one (instead of three) arm interacts head-on with
the adjacent molecule along the a; unit cell vector, forming a linear chain of identically ori-
ented molecules. The other two arms point to the side of the neighboring, 180° rotated, mo-
lecules (which also form linear chains), yielding a side-by-side arrangement for these arms,
as shown in Figure 5.5b and with higher resolution in Figure 5.5c. The unit cell with a7 = (1.9
+0.1) nm and a; = (3.4 + 0.2) nm is indicated in Figure 5.5b; it has a molecular density of
(0.30 + 0.02) mol nm 2. By comparison to STM images with atomic resolution of Ag(111),
we deduce that the molecular arms are aligned along the high symmetry directions of the
surface, as indicated by the white lines at the top of Figure 5.5b.

In Figure 5.5b and c, the STM images show bright protrusions in the regions
between the TPyPPB arms, as highlighted in blue. We assign these protrusions to Cl ad-
atoms interacting with the TPyPPB molecules, similar to the mixed phase in Figure 5.4b. To
address the Cl adatom’s role in the stabilization of the inverted packing, we performed DFT
calculations including the halogens in the region between the TPyPPB arms. Figure 5.5d and
e show the STM simulation and the optimized adsorption geometry of the inverted packing,
respectively. The simulation shows that the Cl adatoms appear as bright protrusions, as high-
lighted by the blue circle in Figure 5.5d, in agreement with the overall appearance in the STM
measurements. Moreover, the Cl adatoms (green balls in Figure 5.5e) sit on hollow sites of the
Ag(111) surface, which is the most stable adsorption site for Cladatoms on Ag(111). [182] The
lattice parameters of the supramolecular arrangement with two molecules per unit cell are
|ai| = 2.0 nm and |a3| = 3.5 nm in our calculations, in good agreement with our experimental

results. The DFT calculations of the inverted packing were performed for two scenarios:
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Figure 5.5: a) STM overview image of the extended domains of inverted packing with b) lattice vectors a; and
a; with the Cl adatom highlighted by the blue circle. The molecular arms are aligned along the high-symmetry
surface directions (white lines). a) (I; = 260 pA; V; = -1.3 V), b) (I; = 690 pA; V; = —1.4 V). ¢) High-resolution
STM image with the bright protrusion assigned to Cl adatoms highlighted in blue (I; = 690 pA; V; = —-1.4 V).
d) DFT simulation of the inverted packing with one Cl adatom in the region between the TPyPPB arms, high-
lighted by the blue circle; e) Top- and side-view of the DFT adsorption configuration of the inverted packing
with one Cl adatoms (Ag in gray, C in brown, N in blue, and Cl in green).

without and with one Cl adatom between the molecular arms. In both cases, we included
van der Waals corrections (see Section 5 for more details). The DFT calculations of the in-
verted packing without the Cl adatoms show a formation energy of E¢ = -0.23 eV/molecule.
By inserting one Cl adatom per unit cell (see Figure 5.5e), the inverted packing is further
stabilized with E; = -0.34 eV/molecule, suggesting that the halogen adatoms increase the
molecular overlayer stability. However, the DFT calculations of the triangular packing with
one Cl adatom per unit cell show a formation energy of -0.50 eV/molecule.
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To further understand the interaction between the TPyPPB and the Cl adatoms,
we calculated the charge transfer between them. We expect an attractive electrostatic in-
teraction due to the high electronegativity of the Cl atoms. Indeed, we find a significant
charge transfer from Ag to Cl adatoms (=0.55 e per atom), resulting in negatively charged ClI
adatoms, while the TPyPPB molecules have a weaker negative charge of 0.2 e per molecule.
Considering that the Cl adatoms interact with the six closest H atoms in the TPyPPB arms, we
obtain a charge transfer of =0.06 e per atom from the H to the Cl adatoms. The presence of
the Cl adatoms leads to distinct hydrogen bonds, C-H- - - Cl, stabilizing the 2D self-assembly.
This unconventional hydrogen bond was recently reported for 2,6-diphenylanthracene (DPA)
molecules with Br adatoms on Au(111). [50] Similarly as reported for Br, Cl adatoms can in-
teract at maximum with six H, considering the halogens in the adsorption hollow-sites. For
this reason, we suggest this additional interaction with Cl adatoms leads to the observed
change in the phase formed since the molecules can interact side-by-side in the inverted
packing compared to the triangular phase. Furthermore, for samples with low dosages of Cl,
we observe an intermediate behavior, with TPyPPB molecules forming the triangular pack-
ing, and rows with inverted packing in between, as highlighted in green in Figure 5.9 in the

Supplementary results.

Conclusions

We investigated the formation of highly ordered 2D porous supramolecular networks of TPyPPB
on Ag(111) and its modification by deposited chlorine. The porous nanostructure is char-
acterized by regular triangular pores and is stabilized by N---H hydrogen bonds between
the TPyPPB molecules. Such a regular pore network with a pore area of 1.73 nm? is a suit-
able matrix for atom/molecular confinement with possible applications in the areas of gas
sensors and single-atom catalysts. The structure of the network can be modified by de-
positing the CI containing precursor Cl,PhPt, followed by a dechlorination reaction, where
TPyPPB forms two different new phases, that is, a mixed and an inverted phase. If after de-
chlorination the resulting dechlorinated PhPt complex remains on the surface, the TPyPPB
molecules interact with both Cl adatoms and the remaining dechlorinated complex via its
Pt atom, forming the mixed phase. However, when removing the dechlorinated complex
by sputtering, the TPyPPB molecules interact only with the Cl adatoms. This interaction
leads to a non-porous highly ordered phase stabilized by unconventional C-H---Cl hydro-
gen bonds. Our work sheds light on the formation of a halogen-mediated highly ordered
2D-SAM, opening a plethora of possibilities for coordinated nanostructures using nonmetal

adatoms.
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Methods

Experimental details

Sample preparation, STM, and XPS measurements were performed at UNICAMP in Campi-
nas (Brazil) using a UHV apparatus. The experimental setup consists of two interconnected
XPS and STM chambers. The XPS chamber is equipped with e-beam and Knudsen cell evap-
orators, LEED optics, cleaning facilities, and XPS, operating at a base pressure in the low
107'% mbar range. The base pressure in the STM chamber was in the low 10~!! mbar range.
XPS measurements were performed with a SPECS Phoibos 150 hemispherical electron ana-
lyzer using an Al Ka anode. The XPS spectra were calibrated using the Ag 3d core-level peaks
as a reference with 50 eV pass energy resulting in an overall energy resolution of = 0.5 eV.
The STM measurements were carried out using an SPECS Aarhus 150 microscope operated
with a SPECS SPC 260 controller. The measurements were performed using a W tip cleaned
in situ by Ar™ sputtering in constant current mode with a bias voltage applied to the sample.
The Ag(111) surface was prepared by cycles of Ar* sputtering (600 V@7 uA cm™2) followed
by annealing at 770 K for 30 min with slow cooling ramp (= 0.3 K/s) to ensure well-ordered
and large terraces. TPyPPB molecules were purchased from ET Chem Extension and depos-
ited using a homemade 3-fold Knudsen cell evaporator at 653 K from a quartz crucible. The
Cl,PhPt molecules were purchased from Sigma-Aldrich and evaporated in the same 3-fold
Knudsen cell evaporator at 623 K. All deposition steps were performed with the Ag(111) sub-
strate held at RT. All STM images were analyzed using Gwyddion [116] software.

Computational details

All DFT calculations were performed using the Imbabura cluster at Yachay Tech University
by Prof. Duncan John Mowbray and Gustavo Ramon Campi. The PBE exchange-correlation
functional [158] with van der Waals (vdW) corrections included via the Grimme’s D3 semiem-
pirical method [159] was employed in all DFT calculations. Our calculations used the projector-
augmented wave method (PAW) [160] as implemented in the GPAW code [161, 162]. To
represent the Kohn-Sham wavefunctions, a linear combination of atomic orbital (LCAO)
[163] was implemented, with double-{-polarized (dzp) basis sets employed for the molecu-
lar overlayer and Cl adatoms, and a single-{-polarized (szp) basis set employed for the atoms
of the Ag(111) substrate. The adatoms and atoms of the overlayer were relaxed until a max-
imum force of less than 0.03 eV/A was obtained, keeping the three layers of the Ag(111) sub-
strate frozen at its experimental coordinates (a ~ 4.09 A), with more than 17 A of vacuum sep-
arating periodic images of the surface slab. The large dimensions of the supercells employed
throughout (L > 40 A) meant I'-point calculations were sufficient to describe the wavefunc-
tions.

Specifically, calculations of the triangular TPyPPB overlayer employed a d; =



5. Engineering Two-Dimensional Supramolecular Networks: The Role of Cl Atoms 75

12av/3/2%, G = 12a(1/v2% +1/v69), ds = 25.62, and calculations of the inverted TPyPPB
overlayer employed a d, = 14a/v/2X, dy = 14a(1/2%++/3/29), ds = 25.62. The Tersoff-Hamann
[164] approximation was employed for all STM simulations in constant-current mode as im-
plemented in the code ASE [165].
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Appendix: Supplementary results

This Supplementary results appendix shows additional STM measurements of the TPyPPB
and Cl,PhPt molecules on Ag(111).

Figure 5.6: Triangular packing forming extended domains (>100 nm) (I; = 230 pA; V; = -1.0V).
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Figure 5.7: Self-assembly of Cl,PhPt molecules on Ag(111) at RT (I; = 270 pA; V; = —-1.4V).

Figure 5.8: a,b) Highly-ordered inverted packing forming extended domains (>100 nm). a) (I; = 390 pA; V; =
—0.9V); b) (I; =350 pA; V; =-1.3V).
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Figure 5.9: STM image of the triangular packing in the condition of low-dosing of Cl adatoms, showing TPyPPB
molecules bonded side-by-side highlighted in green (I; =200 pA; V; = —-0.7 V).
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Chapter 6

Design of Complex Cobalt-Mediated Supra-

molecular Porous Nanostructures

In Chapter 5, we showed the role of nonmetal adatoms (Cl) in the formation of
highly ordered nanostructures on Ag(111). The TPyPPB molecules interact via unconven-
tional hydrogen bonds between the Cl adatoms and the hydrogens in the molecule. Herein,
we explore the formation of 2D-MOFs still using the same precursor on Ag(111) by providing
Co adatoms. For the Cu-coordinated 2D-MOFs shown in Chapter 4, the metal-coordination
centers are intrinsically on the surface. In this chapter, by combining scanning tunneling
microscopy and X-ray photoelectron spectroscopy results, we demonstrated the control over
the metal-coordination centers by choosing a suitable surface template and metal adatoms.
Different from Cu, Co is a magnetic metal, opening the possibility to also explore the mag-

netic properties of 2D-MOFs.
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On Ag(111) we have demonstrated that the TPyPPB molecules do not interact
with the Ag adatoms and form the triangular packing, stabilized by hydrogen bonds. The
presence of extrinsic adatom on the surface can induce a phase transition of the nanoarchi-
tecture formed, as shown for the Cl adatoms in Chapter 5. To investigate the role of metal
adatoms, especially magnetic atoms, we investigated the behavior of the TPyPPB molecules
on Ag(111) in the presence of Co adatoms. Before the deposition of TPyPPB molecules,
we estimated the Co coverage based on XPS and STM results. The XPS spectra were cal-
ibrated using the Ag 3d core-level peaks as a reference and using the Al K, X-ray source.
The measurements were performed with 50 eV pass energy resulting in an overall energy
resolution of = 0.5 eV. To obtain high coverages of Co, we performed the deposition on
Ag(111) for 4 minutes using an emission current of 10 mA with a flux of ions (1) of ~ 20 nA
(= 0.1 ML/minute). The blue spectrum displayed in Figure 6.1a shows the XPS measure-
ment at Co 2ps,, core-level for this deposition. To have a precise control of the evaporation,
we decreased the emission current of the evaporator down to 6 mA resulting in a flux of
ions of = 2 nA (= 0.01 ML/minute). By comparing the two samples, the XPS for the former
evaporation reveals a drastic decrease in the Co coverage, as shown in the red spectrum in
Figure 6.1a. In Figure 6.1b, we display a zoom-in of the red spectrum of Figure 6.1a, where
it is clear that the main Co species is located at 778.1 eV, where we identify as a metallic Co,
similar to the blue spectrum.

Figure 6.1c and d, show the STM measurement for the sample with high (I, =
20 nA) and low (I = 2 nA) coverages, respectively. Both STM images reveal the presence
of large bright regions and decorated step edges. Such regions are assigned as Co islands.
We estimated based on the XPS measurements that the Co coverage in the sample of Fig-
ure 6.1c is 5 to 6 times higher than the one in Figure 6.1d. From the STM measurements,
this can not be clear due to the growth mechanism of the Co on Ag(111), which can grow
as 3D islands [183]. We are interested in the coordination between TPyPPB molecules using
Co adatoms to form 2D-MOFs. In this context, it is mandatory to keep two main aspects in
mind: (1) the TPyPPB molecules must diffuse on the surface to react and (2) they need to
find the Co adatoms before the Co islands formation. Regarding molecular deposition, we
always ensure that the TPyPPB molecules are deposited in submonolayer coverages, typic-
ally < 0.3 ML. As discussed before, the Co islands are already formed in the deposition for
5 minutes using a low ion flux (2 nA). To obtain an extremely low coverage of Co, we per-
formed the deposition keeping the same 2 nA flux but depositing the Co for 30 seconds only.
We called this coverage an adatom regime, where no Co islands can be found on the Ag(111)
surface. Unfortunately, at such low coverages, is impossible to detect the Co species by XPS
measurements using conventional X-ray sources. To detect such low coverage it is mandat-

ory to perform the measurements using synchrotron radiation [33].
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Figure 6.1: XPS spectrum at Co 2p3,, core-level for a) high coverage (blue curve) and low Co dosage (red curve);
b) Zoom-in of the XPS spectra for low Co coverage; STM image for the condition of c¢) high and d) low Co
coverage on Ag(111). ¢) (I; =200 pA; V; =—-0.7V); d) (I; =200 pA; V; =-0.7V).

The deposition of TPyPPB on the bare Ag(111) surface leads to the triangular
packing formation, as shown in Chapter 5. In this condition, the molecules are interact-
ing via N---H hydrogen bonds. In contrast as for Cu(111), the TPyPPB molecules do not
coordinate with Ag adatoms. Recently, DFT calculations showed that the large energy separ-
ation between the 5s and the 4d atomic orbitals of Ag forbids the hybridization of the metal
orbitals with the molecular orbitals of molecules containing N end groups [184]. Therefore,
the Ag(111) substrate is a suitable platform for the construction of 2D-MOFs using extrinsic
metal atoms. This allows us to explore a plethora of elements to tune the electronic and
magnetic properties of the material.

After deposition at RT in submonolayer coverage, the TPyPPB molecules form
the triangular packing (see Figure 5.2a in Chapter 5). The post-deposition of Co for 30 s
leads to a phase transition, forming a complex tesselation structure, as shown in Figure 6.2a.
In the adatom regime, there is no evidence of Co island formation. This more complex phase

displays a rectangular symmetry, as evidenced in the fast Fourier transform (FFT) in the inset
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of Figure 6.2a. The nanostructure formed extends over dozens of nanometers with the same
symmetry.

Figure 6.2b, shows a high-resolution STM image where we can identify the peri-
odicity of the nanostructure. This phase is described by a rectangular lattice with constants
a = (3.6+0.3) nm and b = (4.8 +£0.3) nm. Moreover, the blue and purple ellipses in Fig-
ure 6.2b highlight the presence of protrusions in the regions between the TPyPPB molecules.
In blue, the two protrusions are far apart from each other compared to the purple ones. We
assigned these additional structures to Co species. Unfortunately, from STM images we can
not conclude if these protrusions are single Co adatoms or a small cluster. Comparing the
appearance of this appearance with the Cu-coordinated centers shown in Chapter 4, the Co
adatoms appear brighter than the Cu. In fact, the Cu coordination centers are not visible in
the STM images. The distinct appearance of Co compared to Cu can be assigned to their dif-
ferent electronic structure and/or oxidation state. The latter is defined by the coordination
with the TPyPPB molecules, which for Cu is two- or three-fold while for Co is more com-
plex since the molecules are not interacting head-on with each other. Despite the complex
arrangement, the Co adatoms can form a spin lattice. The magnetic moments of the Co ad-
atoms can interact with the substrate conduction electrons, forming a 2D Kondo lattice. The
interaction between the metal centers can further lead to a Ruderman—Kittel-Kasuya-Yosida
(RKKY) interaction [185, 186]. Another effect that changes the magnetic behavior of metals
is the oxidation state [187]. To address such behaviors further measurements using low-
temperature STM (LT-STM) and X-ray magnetic circular dichroism (XMCD) are necessary
and it is not in the scope of this thesis.

Moreover, we can identify that the structure is composed of diamond-shaped
pores. Inside the pores, we observed a distinct apparent height in the STM images, as high-
lighted by the green and blue arrows in Figure 6.2b. This blurred appearance is typically
related to mobile species on the surface, especially for STM measurements at RT. We can
identify two main different blurred regions in Figure 6.2b: (1) a donut-shaped (blue arrow)
and (2) a uniformly bright region (green arrow). These different appearances could resemble
the electronic surface states (SS) confinement in nanoporous networks at low temperat-
ures [144]. Since our measurements are performed at RT, we do not expect to observe such
behavior due to the thermal influence at such high temperatures. On the other hand, the
surface has adsorbed species, more specifically adatoms (Ag and Co). Hence, the appar-
ent height observed here is most likely related to the movement of confined adatoms. The
different appearances can be assigned to a different occupation number of the pores. To
demonstrate the last statement, further investigations using low-temperature STM and 1(z)

spectroscopy are needed.
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Figure 6.2: a) STM image of the porous network composed of TPyPPB molecules after Co deposition in adatom
regime coverage. The inset image shows the respective FFT image with the high-symmetry points highlighted
inred. (I; =200 pA; V; = —0.7 V); b) STM high-resolution image of Co-coordinated nanostructure showing the
lattice unit cell (green rectangle) and the Co adatoms (clusters) that stabilizes the structure (blue and purple
ellipses). The green and blu arrow highlights the different apparent heights in the pores, assigned to mobile
species. (I; = 200 pA; V; =—0.7V).

The STM images in Figure 6.3a-c were acquired in sequence and with the same
tunneling parameters to investigate the stability of the nanostructure formed. The green ar-
row highlights a common feature that appears in all images at the same location. In this
case, it consists of four dark spots in a L shape, which is related to surface impurities (e.g. CO
molecules). This guarantees that we are scanning the same area in all three images. From
Figure 6.3a to b, the nanostructure moves from right to left and then back to right in Fig-
ure 6.3c. This suggests that for small islands, the nanostructure is not stable at RT. This can
be related to a deficiency of Co adatoms on the surface, which is the key player in stabilizing

the nanostructure.
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Figure 6.3: a-c) Sequential STM images showing the mobility of the Co-coordinated networks on the surface at
RT. The time interval is At = 1m50s for each image. The green arrow highlights a distinct feature of the scanned
region common to all images. (I; =200 pA; V; = —-0.7 V).

Conclusions

We successfully synthesized and characterized Co-coordinated supramolecular network us-
ing TPyPPB molecules on Ag(111). The nanostructure formed is highly dependent on the
Co coverage, being formed only in the adatom regime. Moreover, the nanostructure is com-
posed of a complex tesselation with the Co adatoms (or small clusters) in well-defined pos-
itions. This opens the possibilities to further explore the magnetic behavior of this 2D-MOE
The nanostructure grows in long-range domains, with a stable structure at RT. However,
when in small domains (= 50 nm) we observed that the network is not stable at RT dur-
ing the time-scale of the STM scan. Moreover, in the nanostructure pores, we identify bright

regions that are assigned to confined species (small molecules, adatoms).
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Chapter 7

On-Surface Synthesis of Nitrogen-Doped Por-

ous Graphene Nanoribbons

In this chapter, we show the on-surface synthesis of nitrogen-doped porous arm-
chair GNRs (N-GNRs) on Ag(110) using the Ullmann coupling reaction. This N-GNR was
first synthesized recently on Ag(111) [96] using the 2,7,11,16-tetrabromotetrabenzo(a,c,h,j]
phenazine (TBTBP) molecules. Motivated by this new find, our group started to explore the
TBTBP molecular precursor on Cu(111) and Ag(100) [188]. In this case, the N-GNRs were
successfully synthesized on both substrates. The results showed in this thesis consist of a
follow-up investigation of the TBTBP molecules on a more open and anisotropic surface,
Ag(110). The on-surface synthesis is highly dependent on the substrate orientation and re-
activity, as shown in Chapter 2. Therefore, by combining the previous results on Cu(111)
and Ag(100) with the results of this thesis on Ag(110), we show that the TBTBP precursor is
a unique molecule, forming N-GNRs on all surfaces with the same features. The synthesis
of the N-GNRs on Ag(110) was investigated using scanning tunneling microscopy combined
with X-ray photoelectron spectroscopy. The TBTBP precursor is not commercially available
and was synthesized in the group of Prof. Ronaldo Pilli at the Chemistry Institute (IQ) at the
University of Campinas (UNICAMP).
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In the previous works of our group on Cu(111) and Ag(100) [188], we observed
that the TBTBP molecules deposited on both substrates at RT did not form any ordered
nanostructure. On both surfaces the molecules are debrominated already at RT, forming
stable C-M-C bonds (M = Cu, Ag). Moreover, on Cu(111) we also observed that adsorbing
Br-functionalized porphyrins with the surface at RT or T > RT dramatically changes the mo-
lecular arrangement [102]. Motivated by our previous experience with brominated organic
precursors, we did not investigate the adsorption of TBTBP molecules on Ag(110) held at RT
during deposition. In our experiments, we systematically investigate the influence of the
substrate temperature in the N-GNRs synthesis during the deposition as well as after an-
nealings at 400, 450, 500, and 550 K. All samples were explored at submonolayer coverages
to allow molecular diffusion. It is important to ensure that the molecules have enough space

to interact with each other.
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Figure 7.1: a) STM image of TBTBP molecules deposited on Ag(110) held at 400 K. The molecules form C-Ag-C
chains. The black arrows at the top highlight the high-symmetry surface directions (I; = 200 pA; V; = —0.7 V); b)
High-resolution STM image with superimposed TBTBP molecular model showing the Ag adatoms connecting
the molecules (green arrow) (I; = 200 pA; V; = —0.7 V). At the bottom, the molecular model of the C-Ag-C
chains with the intermolecular distance defined by a.

Deposition at 400 K leads to the debromination of the molecules followed by the
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radical addition of the molecules forming 1D nanostructures, as shown in Figure 7.1. The
dissociation of C-Br bonds on Ag(110) is reported at RT [189] so we expect that at 400 K full
debromination take place. The TBTBP molecules form 1D organometallic chains coordin-
ated by Ag adatoms, which are intrinsically on the surface. The high-resolution STM image
in Figure 7.1b highlights the Ag adatoms (green arrow) coordinating the TBTBP molecules
(superimposed model). The intermolecular distance in the chain is @ = (10.4 +0.3) A. From
atomic resolution STM images of Ag(110), we can define the high-symmetry directions of
the surface, represented by the black arrows at the top-right in Figure 7.1a. To investigate the
orientation of the chains, we performed a statistical analysis of several STM images. After
analyzing 247 chains we found that they are oriented along two main directions: along the

(110) and rotated by 44 + 3° from it, as shown in Figure 7.2.
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Figure 7.2: Histogram of the organometallic chain orientation

As discussed in Chapter 2, the organometallic species is an intermediate state
of the Ullmann reaction. The reaction to form the N-GNRs is endothermic. Thus, we per-
formed further annealings at 450 and 500 K for 10 minutes in the sample formed by the
C-Ag—C chains (see Figure 7.1). For annealings at 450 K, we observed a change in the chain
backbones, as highlighted by the blue arrows in Figure 7.3a and b. In Figure 7.3b we can
distinguish two regions, a C-Ag-C chain (green arrow) and a bright region (blue arrow).
The chain is evident due to the presence of the Ag adatoms (round protrusions) coordin-
ating the molecules. On the other hand, in the region highlighted by the blue arrow, we can
not identify any evidence of Ag-coordination. We assign this bright region to the molecules
that are already forming N-GNR units, i.e., the final products of the Ullmann reaction. The
change in their appearance in STM images is related to the planarization of the molecules
after polymerization, in line with previous investigations [96, 188]. Thus, at 450 K the mo-

lecules are slowly forming the C-C bonding motifs. The chain orientation remains the same
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as the sample prepared at 400 K, which is evident from Figure 7.3a, where we have both
atomic and molecular resolution in the same image. Moreover, in the region between the
molecular chains, the STM images revealed the presence of protrusions in a zigzag shape,
as highlighted by the blue ellipse in Figure 7.3b. In the context of the Ullmann reaction, the
halogen atoms typically remain on the surface after dissociation, and in the case of Br, the
adatoms usually sit near the organic molecules [102, 190]. Therefore, we assigned the zig-
zag protrusions in Figure 7.3b to Br adatoms. The zigzag behavior was predicted from DFT
calculations [188] but was first observed experimentally in this thesis. The distance between
the Br adatoms along the chain (N-GNR) direction is (4.7+0.4) A. For Br adatoms, their ener-
getically stable adsorption site is the bridge site as revealed by DFT calculations [188]. This
explains the zigzag behavior observed in our STM images since the adatoms slightly change
their positions to remain on the bridge site along the chain (N-GNR). The Br adatoms can
potentially influence the formation of the N-GNRs. As observed, they remain in the regions
along the molecular nanostructures. This can interfere in the formation of long-range do-
mains, due to the interaction of the Br adatoms with the molecular vicinity. The influence
of the halogen adatoms in the Ullmann reaction is one of the main challenges in on-surface
synthesis nowadays. Typically, the nanostructures formed via the Ullmann reaction consist
of small-range domains. Recently, an attempt to remove the residual Br adatoms of the on-
surface synthesis was reported [191]. On this occasion, the authors used atomic hydrogen
to remove Br adatoms from the surface. After the formation of the polymer, they heated
the surface at a low temperature (373 K) in a flux of hydrogen, This procedure removes the
residual Br adatoms from the surface keeping the nanostructure unaffected.

Further annealing at 500 K leads to the full conversion of the organometallic spe-
cies into N-GNRs, as shown in Figure 7.3c. To gain further insight into the conversion re-
action, we performed a systematic study as a function of annealing duration. We annealed
the sample at 450 and 500 K in time steps ranging from 10 to 240 minutes, and counted the
number of molecules in C-Ag-C and C-C motifs. Our starting pointing (¢ = 0 minute) was
the sample prepared with the substrate held at 400 K, which consists of a sample contain-
ing only C-Ag—C species. Both samples were prepared using the almost same submonolayer
coverage. For each sample (450 K and 500 K) 4500 - 5000 molecules were counted. The con-
version rates of C-Ag—C into C-C for both temperatures are depicted in Figure 7.3d. In both
cases, we can observe an expected exponential decay but with an interesting behavior. For
450 K (green triangles), the reaction stabilizes around 50 % after 60 minutes, while for 500 K
(blue circles) at the same time, all molecules are forming C-C bond motifs. This suggests that
the organometallic species are gradually converting into covalent ones [93]. This indicates

that 450 K is the initial temperature for the conversion into covalent linkages.
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Figure 7.3: a) STM image of TBTBP molecules after annealing at 450 K for 10 minutes displaying the formation
of N-GNR units (blue arrow) (I; = 200 pA; V; = —0.7 V); b) High-resolution STM image of C-Ag-C chains (green
arrow) and N-GNR (blue arrow), showing their distinct apparent height. The blue ellipse highlights the Br
adatoms (I; = 200 pA; V; = —0.7V); ¢) STM image of TBTBP molecules annealed at 500 K for 10 minutes showing
the formation of N-GNRs (I; = 200 pA; V; = —0.7 V); d) Statistical analysis of the conversion of C-Ag-C chains
into N-GNRs as a function of annealing time at 450 K (green triangles) and 500 K (blue circles).

In order to obtain highly ordered N-GNRs, we further anneal the sample con-
taining only C-Ag—C chains (see Figure 7.1) to 550 and 600 K for 20 minutes. For 550 K, the
molecules polymerized forming short N-GNRs, mainly aligned along the (100) direction, as
displayed in Figure 7.4a. As expected, no evidence of C-Ag-C chains was observed at this
temperature. The N-GNRs display a unique morphology, with the molecules being connec-
ted by o bonds with an inner pore containing a heteroatom doping with nitrogen, as shown
in the molecular model in Figure 7.4. This gives this nanoribbon great potential in applica-

tions in nanoelectronics and gas sensing.
On the other hand, the annealing at 600 K dramatically changes the N-GNR length.
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At this temperature, we observed an increase in the nanoribbon length. In addition, their
orientation also changed, with the N-GNRs rotated by 55 + 2° from the (110) direction, as
shown in Figure 7.4b.

The intermolecular distance of the N-GNR is (8.5 + 0.3) A, in agreement with the
N-GNRs obtained on Ag(111), Ag(100), and Cu(111) (see Table 7.1). The remarkable similar-
ity of intermolecular distances shows the potential of TBTBP to be explored on a variety of
substrates, independently of the surface orientation. The N-GNRs formed have a uniform
shape with the N doping atoms at well-defined positions for all substrates in Table 7.1. They
also display well-defined width (N = 7) with armchair edge terminations. In addition, Fig-
ure 7.4c, displays a high-resolution STM image with superimposed TBTBP molecular struc-
ture where we can distinguish the LDOS of the N atoms in the N-GNR. The difference in the

contrast is due to the large electronegativity of N compared to C atoms.
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Figure 7.4: STM images of the TBTBP molecules annealed at a) 550 and b) 600 K for 20 minutes showing the
formation of N-GNRs; c) High-resolution STM images with superimposed TBTBP molecular mode revealing
the distinct LDOS at N positions; d) Arrhenius plot for the conversion reaction of organometallic into covalent
species. On the right side, is the N-GNR molecule model. a) (I; = 200 pA; V; = —0.7 V); b) (I; = 200 pA; V; =
—0.7V); ¢) (I; =200 pA; V; = —-0.7V).

An important aspect of reactions is their energy barriers. The STM allows us
to experimentally estimate such energies, especially by employing the so-called Arrhenius
plot [192-195]. In our case, we are interested in estimating the energy barrier for the reac-

tion: C-Ag—-C — C-C. Since the reaction is activated with the temperature we can employ
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Table 7.1: Intermolecular distance of the N-GNR on the four different substrates

Substrate Lattice parameter (a)
Ag(111) (8.4) A [96]
Ag(110) (8.5+0.3)A
Ag(100) (8.7 +0.2) A [188]
Cu(111) (8.5 +0.3) A [188]

the Arrhenius equation k = vexp(—%), where v is a pre-factor, E4 is the activation energy
for the reaction, kg is the Boltzmann constant, and T the temperature. By analyzing several
STM images in different regions we can count the number of C-Ag-C and C-C species for
the samples at 400, 450, 500, and 550 K. Since the molecules rapidly convert in N-GNRs at
550 K, we did not consider the sample at 600 K, since all molecules are already converted.
For each temperature, ~1500 molecules were considered and then normalized by the total
number of molecular units. At 400 K the reaction is slow, and we could not detect it from
STM measurements. A similar behavior was reported for the Pd-catalyzed Ullmann reac-
tion on Au(111) [196]. This slow conversion is due to the reversible character of the C-Ag-C
bonds. Therefore, we ignored the samples at 400 K in the Arrhenius plot fitting. At T = 450 K,
the reaction is limited by the C-C bond formation as shown in Figure 7.3d. This limited rate
combined with a rapid conversion, allows us to estimate the activation energy for the con-
version of C-Ag-C into C-C bonds from the reaction kinetics. We estimated an activation
energy for the reaction C-Ag-C — C-C of (0.21 + 0.02) eV with a pre-factor of (10°*!) s71,
We also investigate the adsorption of the TBTBP molecules on the Ag(110) sub-
strate kept at 500 and 550 K during the molecular deposition. Figure 7.5a display the STM
image after deposition at 500 K. At this temperature, we can identify both organometallic and
covalent species on the sample. This suggests that the molecules form the N-GNRs already
after deposition with more disordered motifs, highlighted in blue in Figure 7.5a. For depos-
ition with the substrate held at 550 K, a different behavior was observed, as shown in Fig-
ure 7.5b. There is no evidence of C-Ag—C chains and only N-GNRs were observed. However,
the deposition parameters of this sample were the same as the one prepared at 500 K (see
Figure 7.5a). Interestingly, the molecular coverage in the STM images is strikingly different.
The sample prepared at 550 K displays a very low coverage compared to the one prepared at
500 K. This suggests that 550 K is too high for the deposition and the TBTBP molecules do

not stick on the surface at such high temperatures.
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Figure 7.5: STM images of the TBTBP molecules deposited on Ag(110) held at a) 500 and b) 550 K during the
molecular deposition. The blue ellipses highlight the formation of disordered structures. a) (I; = 200 pA; V; =
-0.7V); b) (I; =200 pA; V; =—-0.7V).

Despite the differences in length and orientation shown here, the main charac-
teristic of a GNR that dictates its electronic properties is its morphology. As discussed in
Chapter 2, the width and the edge termination of the GNR determine the electronic struc-
ture as well as their doping. The influence of doping is not only related to which dopant is
used but also its position in the GNR structure. Thus, for device applications based on GNRs,
it is mandatory to synthesize a uniform material, especially regarding their width, edge ter-

mination, and the dopant atom and position.

Conclusions

Therefore, we addressed the behavior of TBTBP on a more open and anisotropic surface,
Ag(110), compared to the previous results from the literature and our group. By systematic
investigations as a function of annealing temperature, we could observe two phases of the N-
GNRs: (1) short ribbons aligned along the high-symmetry surface directions and (2) longer
nanoribbons rotated from the substrate directions. Moreover, from a statistical analysis, we
estimated the reaction barrier for the formation of the N-GNRs, by using the Arrhenius equa-
tion approximations. Finally, the results on Ag(111) from the literature and on Ag(100) and
Cu(111) from our group, demonstrated that the TBTBP molecules have great potential, since

the N-GNRs formed have the same morphology independently of the Ag surface orientation.
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Conclusions and outlook

In this thesis, we successfully demonstrated the on-surface synthesis of porous
nanostructures stabilized with distinct intermolecular interactions on three different sur-
faces: Cu(111), Ag(111), and Ag(110). We focused on the design of nanoporous networks at
atomic and molecular level control using nitrogen-functionalized (TPyPB and TPyPPB) and
halogenated (TBTBP and Cl,PhPt) molecular precursors. For the molecules containing N
end groups, we investigated their interaction with metal (Cu, Co) and nonmetal (Cl) atoms.
Depending on the interaction, several nanoporous architectures were obtained with unique
morphologies. We also addressed the intermolecular interactions and their influence on
stabilizing the nanostructures. By exploring the brominated precursor TBTBP, we synthes-
ized a doped and porous graphene nanoribbon employing the C-C coupling through the
surface-assisted Ullmann reaction. Our findings combined with previous results from our
group, demonstrated the versatility of this precursor, forming the same structure in distinct
metallic surfaces. The binary, XPS-STM, proved to be a powerful tool for synthesizing and
characterizing low-dimensional quantum materials.

For TPyPB and TPyPPB molecules on Cu(111), we observed the formation of sev-
eral nanoporous networks stabilized by Cu-coordination. We verified the coexistence of
honeycomb, semi-regular, and square Cu-coordinated networks formed with TPyPB mo-
lecules at RT. Our DFT calculations demonstrated that the metal coordination occurs with
a Cu adatom of the surface. Deposition of a similar molecule but with a slightly different
size, TPyPPB, dramatically changes the nanostructures formed. At RT, the molecules form
a vitreous-like phase, with no evidence of the structures formed with the smaller precursor.
Upon heating, the TPyPPB molecules form different porous nanostructures depending on
the temperature. At 400 K, extended domains of highly-ordered honeycomb nanostructure
were formed while at 420 K we observed the coexistence of these honeycomb nanostruc-
tures with a more complex flower-like network. Finally, at 450 K, a denser Cu-coordinated
structure is formed namely diamond-shaped, where the molecules display a non-periodic
network.

In parallel, we explored the same TPyPPB molecules on Ag(111). We observed
that in this case, the molecules do not coordinate with the Ag adatoms. Instead, a por-
ous self-assembled monolayer, namely triangular packing, stabilized by hydrogen bonds is
formed. To gain further insight into the adatom-mediated synthesis, we performed the de-
position of extrinsic atoms. First, we delivered Cl adatoms on Ag(111) using a second mo-
lecular precursor: Cl,PhPt. Upon heating the precursors dehalogenates leaving Cl adatoms

on the surface. Post-deposition of TPyPPB molecules revealed a dramatic phase transition
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of the triangular packing to a so-called inverted packing. This new phase extends over hun-
dreds of nanometers with low-defect density. Our STM measurements supported by DFT
calculations revealed that the stabilization of this structure is due to the Cl adatoms inter-
acting with the hydrogen atoms of TPyPPB molecules. The deposition of TPyPPB and Co
atoms on Ag(111) leads to a complex nanoporous network formation. From our STM meas-
urements, we suggest that the stabilization of the structure is due to a Co-coordination with
the N end groups of TPyPPB molecules.

Finally, we explored the TBTBP precursor on Ag(110) to synthesize a 7-AGNR with
a particular morphology. The ribbon presents nitrogen heteroatom doping in the inner part
of the structure. In addition, the GNR also presents pores, due to the design of the molecular
precursor used. The synthesis consists of the surface-assisted Ullmann coupling reaction,
where different structures were observed depending on the substrate temperature. Upon
deposition at 400 K, the TBTBP molecules form organometallic chains coordinated by Ag
adatoms. By performing further annealing at 450, 500, 550, and 600 K we followed the C-Ag—
C — C-Creaction. From an Arrhenius plot, we estimated the experimental energy barrier
for the reaction. Moreover, our findings combined with previous results from our group re-
vealed that this unique GNR can be obtained independently of the surface used.

Thus, the results presented in this thesis show the adatom-mediated synthesis
of highly-ordered two-dimensional porous networks stabilized by distinct mechanisms. De-
pending on the adatom and the precursor size, we can control the nanostructure formed.
Furthermore, the type of atom used also defines the network morphology. The Cl adatom
deposition using an intermediate molecular precursor can pave the investigations on the
role of Cl adatoms in different low-dimensional networks, so far not well explored in liter-
ature. A route for future works is to explore the influence of other nonmetal atoms (Br, I,
Si, Ge) in the stabilization of supramolecular nanostructures. The on-surface synthesis us-
ing the Ullmann coupling reaction allowed the construction of doped and porous graphene
nanoribbons so far inaccessible by other methods. More interesting, the N-GNR obtained,
shows the potential to be synthesized on several substrates with the same morphology, a
prerequisite for future applications in nanodevices.

Finally, the findings of this thesis contribute to understand the physical-chemical
fundamental aspects of surface-assisted supramolecular synthesis of porous networks. Par-
ticularly, the fabrication of such nanostructures opens the possibilities of using such nano-
materials as ideal models for further fundamental explorations related to confinement and
catalytic processes. The adatom-mediated route is one of the most exciting synthetic path-
ways. The coordination of single adatoms can be used to create single-atom catalysts (SACs)
to explore chemical reaction in its more fundamental picture. We proposed that by exposing
such metal-coordinated nanostructures to gas-phase molecules (CO, CO,, C4Hg) combined
with temperature-programmed desorption (TPD) techniques, we can track the catalytic be-

havior of these nanoporous networks. Further exploration relies on the understanding of
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the metal atom’s electronic configuration influence in the formation of the 2D-MOFs with a
systematic study using distinct d metals (Fe, Ru, Ni, Pd, Pt, Mn). Such investigation can shed
light on the hybridization mechanism between the molecular orbitals with the atomic orbit-
als of the metals. For this, less reactive surface platforms are mandatory, such as h-BN and
Gr, since there are no adatoms on the surface to interact with the molecular precursors. The
TBTBP precursor proved to be a versatile building block, being explored on several metallic
substrates to form porous and doped graphene nanoribbons. A natural follow-up investig-
ation is to explore this synthesis on polycrystalline metal substrates and even on insulators,

opening the possibility of fabricating electronic device prototypes.
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