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Abstract 
The design and inspection of surface-confined metal-organic nanoarchitectures is a 

recent and relevant research field providing prospects in functional materials. During the 

last decade supramolecular protocols on surfaces have afforded the fabrication of 

distinct metallosupramolecular structures embedding mostly transition metals, 

nevertheless lanthanide elements remained elusive.  

In this thesis, we have investigated lanthanide-directed metal-organic networks 

amenable to scanning tunneling microscopy, by exploiting the coordination between 

appropriate molecular linkers and lanthanide elements. To this aim, cerium (Ce), 

gadolinium (Gd) and europium (Eu) are selected as the f-block elements, whereas 

molecular species equipped with terminal carbonitrile or carboxylate functional groups 

are utilized as linkers. Due to the distinct coordinative characteristics of the lanthanide 

nodes we demonstrate an exceptional degree of flexibility of the coordination sphere 

and a high coordination number, which induces the expression of five-fold planar 

coordination motifs and allows for the fabrication of complex tessellations, including 

semi-regular Archimedean tilings and random-tiling quasicrystals. Furthermore, we 

illustrate the feasibility of designing on surfaces metallosupramolecular networks 

embedding simultaneously d- and f-block elements. Finally, we show the thermal 

stability of lanthanide-carboxylate architectures, thus paving the way for future 

applications that require robustness. 

Our investigations will steer the development of advanced metal-organic protocols on 

surfaces exploiting lanthanide elements, whose study will reveal the behavior of f-block 

elements upon coordination on surfaces, with potential in the development of 

approaches in sensing, catalysis, luminescence and magnetism. 
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1 1. Introduction 

1. Introduction 
1.1 Nanotechnology background 

Size matters…Human beings have been fascinated throughout centuries in things that 

escape from their perception, like invisible constituents of matter. During the last 

decades we have been learning to develop new materials, devices and manufacturing 

strategies that allow us to improve the way of communication, data handling, 

transportation and diagnosis or diseases treatment. 

It was in the year 1959 when Richard Feynman (awarded with the Nobel Prize in 1965) 

delivered a speech “I would like to describe a field, in which little has been done, but in 

which an enormous amount can be done in principle. This field is not quite the same as 

the others in that it will not tell us much of fundamental physics (in the sense of, “What 

are the strange particles?”) but it is more like solid-state physics in the sense that it 

might tell us much of great interest about the strange phenomena that occur in complex 

situations” in the famous lecture called There’s Plenty of Room at the Bottom1. It was 

the first time that someone spoke about the possibility of matter manipulation at the 

atomic scale and it opened a new window of opportunities in the scientific research that 

is changing the way we see the world. 

NANOTECHNOLOGY (expression coined by Norio Taniguchi in 1974) is precisely the 

result of all this process of learning that lets us create, observe and manipulate systems 

that go from ≈ 100 nm to ≈ 1 Å in size, which is much smaller than anything one can see 

with the naked eye (Figure 1.1). It operates at the first organization level of atoms and 

molecules where the functions and properties of every system are determined and 

guarantees the ability to build accurate machines and components of molecular size. But 

how do we create materials on very small length scales? One traditional approach are 

the so-called “top-down” techniques, which consist in using tools (like photolithography 

or electronic bombardment) to whittle away undesired material to leave the final 

product. As an alternative, there is an increasing industrial interest in “bottom-up” 

techniques where the objective is to construct the desired nanostructure by the self-

assembly of specific functional blocks2. The bottom-up approach is based in the use of 
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intermolecular interactions to control the process of molecular organization and by self-

assembly, producing a desired pattern. Hereby, we can distinguish the supramolecular 

chemistry paradigm, which involves non covalent interactions such as van der Waals, 

hydrogen bonds, dipole-dipole or metal-organic links; and the covalent strategy that 

implies covalent bonds, more robust, lack of self-correction, and thus, limited to produce 

large regular assemblies. 

 

 
Figure 1 . 1 | Reaching at the nanoscale 

 

Currently, nanotechnology is described as a revolutionary discipline in terms of its 

possible impact on industrial applications, understanding the complexity of working with 

nanoscale materials (Figure 1.2)3. Past industrial revolutions, driven by steam engines, 

internal combustion, electrical and computer power, have immensely affected our style 

of life and economy and have changed the course of society for all time. Now we can 

have a more evident picture of how to create nanoscale materials with novel properties 

never conceived before. Therefore, nanotechnology might represents more potential 

power than all previous technologies combined4,5.  



 

 

3 1. Introduction 

 
Figure 1 . 2 | Technological revolutions. 

 

In order to characterize and understand properly these materials, it is necessary, if 

possible, to image them. In the early 1980's two IBM scientists, Binnig & Rohrer 

(awarded with the Nobel Prize in 1986), developed a new technique, based on a 

quantum mechanical phenomenon known as “tunnel effect”, for studying surface 

structures, the Scanning Tunneling Microscopy (STM). This invention, which only works 

on a conductive or semi-conductive surface, was quickly followed by the development of 

a whole family of related techniques which, together with STM, may be classified in the 

general category of Scanning Probe Microscopy (SPM). 

Nowadays STM is considered as an important instrument to inspect surfaces. It allows 

the direct visualization of metallic or semiconductors samples with exceptional 

resolution, manipulation of adsorbates, and the measurement of the electronic density 

of states of the surfaces. As a result, it is a key technique for nanoscopic studies in 

fundamental and material science.  

In 1983, initial STM experiments shown a Si(111)-7×7 surface resolved with atomic 

resolution6. The complex herringbone reconstruction of Au(111) could also be 

elucidated7. Molecules were visualized steering the field of molecular architectonics on 

surfaces8_ENREF_8_ENREF_8 and recently, Dirac materials were explored, which lead to 

the surprising finding of Majorana fermions9.   

Alternatively, STM became more than a pure imaging tool of surfaces, and manipulation 

of matter at the nanoscale became feasible. Eigler et al. reported in 1990 the positioning 

of single Xe atoms on a Ni crystal surface with atomic precision10. Some years later Cro- 
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Figure 1 . 3 | Some crucial STM studies 
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Blue contour, surface atomic resolution of Si(111)–7×7 (left) and Au(111) 22×√ 3 “herringbone” 

reconstructed surface (right). Red contour, molecular manipulation realized by removing individual PTCDA 

molecules from a PTCDA/Ag(111) monolayer11 (left) and "quantum coral" from 48 Fe atoms adsorbed on 

the surface of Cu(111)12 (right). Orange contour, chemical origin of a graphene moiré overlayer on Ru 

(0001)13. Yellow contour, topological superconductivity and Majorana fermions in ferromagnetic atomic 

chains on a superconductor9. Purple contour, metal-organic honeycomb lattices assembled form ditopic 

molecular bricks and Co atoms on Ag(111)14. Green contour, metalation mechanism of porphyrinoid 

species15.  

 

mmie et al. created a quantum corral by using Fe atoms on a Cu(111) surface12. 

Recently, IBM researchers have created the world´s smallest movie called “a boy and his 

atom” by manipulating CO molecules on a copper surface16.  

Parallel to the development of STM, supramolecular chemistry on surfaces emerged as a 

powerful technique to develop nanoarchitectures with potential impact in a wide variety 

of fundamental and application fields of research. In particular, the development of 

surface-confined metallosupramolecular networks of well-defined topology has been 

recently achieved combining organic molecules and metallic atoms on surfaces. Hereby, 

the organic linkers are directly deposited on the substrate support, whereas metal 

atoms can be directly deposited or supplied by the surface. The resulting metal-organic 

coordination architectures are determined by the properties of the ligands (e.g., donor 

atoms and their spatial arrangement, steric crowding), the electronic characteristics of 

the metal atoms (e.g., energy level alignment of orbitals) and the substrate17,18. The final 

assembly is the result of a very delicate balance between molecule-molecule, molecule-

metal atom and adsorbates-substrate interactions.  

 

1.2 Intrinsic properties and applications of lanthanide 
elements 

• Physico-chemical properties 

Lanthanides (Ln) are strictly defined as the 14 elements following lanthanum (La). They 

are part of the family of rare earths, which also includes scandium (Sc) and yttrium (Y) 

due to their chemical similarities and show a gradual variation of their physico-chemical 

properties, the most relevant of which are:  
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i) Electronic configuration. Lanthanides present 4f electrons in the valence band, 

strongly shielded by the occupied 5s2 and 5p6 orbitals. They exhibit the extended Xe core 

electronic configuration [Xe] 4fn 5d0 6s2 (n = 1-14), with some  exceptions: lanthanum 

(La) and cerium (Ce), where the 4f orbitals have not contracted sufficiently to bring the 

energy of the 4f electrons below that of the 5d electrons; gadolinium (Gd), where the 

effect of the half-filled 4f subshell dominates; and lutetium (Lu), the 4f subshell having 

already been filled at ytterbium (Yb) (see Table 1). In their most stable ionic 

configuration (Ln3+), electrons are removed first from the 6s and 5d orbitals having [Xe] 

4fn arrangements. In addition, the weak overlap of d orbitals with the orbitals of the 

ligands and the lanthanide contraction contributes to the prevalence of the ionic 

character in the lanthanide metal-organic complexes. Due to this fact, several of their 

chemical characteristics are in contrast with the d-block elements where the external d 

orbitals are sequentially occupied. Some characteristic data of Ln elements are 

described in Table 1: 

 

Table  1 | Several characteristics of lanthanide elements 
 

Adapted from reference19. 

In this thesis, three lanthanide elements are used to design lanthanide-directed 

metallosupramolecular architectures on surfaces, with the following electronic 
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configurations: cerium (Ce, ground state: [Xe] 4f1 5d1 6s2), europium (Eu, ground state: 

[Xe] 4f7 6s2) and gadolinium (Gd, ground state: [Xe] 4f7 5d1 6s2).  

ii) Oxidation states. The most stable oxidation state for lanthanides is +3 (Ln+3). 

Generally, the two outer 6s electrons and one taken from the 4f sub-shell are removed 

from the ground state in order to obtain the +3 oxidation configuration. Nevertheless 

there are some exceptions where, apart from the 6s electrons, one electron is taken 

from the 5d sub-shell to maintain the higher stability of empty, half- and fully-filled 4f 

sub-shell. This is the case of Ce+4, Gd+3 and Lu+3.  +2 (Ln+2) and +4 (Ln+4) oxidation states 

are only formed by elements that can maintain the 4f sub-shell empty, half-filled or fully-

filled. On the one hand, Eu+2 and Yb+2 are the most stable di-positive configurations 

having half-filled and fully-filled the 4f sub-shell, respectively. On the other hand, Ce+4 is 

the most stable tetra-positive cation preserving an empty 4f sub-shell. 

iii) Atomic and ionic radius. Both decrease lineally with the increment of the atomic 

number (lanthanide contraction). Particularly relevant is the relatively large ionic radius 

(exceeding the ionic radius of s- and d-block metals), which together with the shielding 

of the f valence electrons, allows high coordination numbers, affording new structural 

patterns not encountered for the main group of transition metals. Moreover lanthanide 

metal-organic interactions are determined primary by electrostatic aspects having a 

substantial effect in the formation, coordination number and reactivity of these 

complexes.  

iv) Magnetic properties. Lanthanides have the largest atomic magnetic moments of all 

elements. Their local 4f moments are primarily responsible for their magnetism whereby 

a multitude of magnetic structures due to the 4f-4f coupling mechanism exist, producing 

long-range magnetic order. In the metallic state, the inter-atomic overlap of the 4f states 

is small and does not allow direct exchange interaction. Due to a direct intra-atomic 

exchange between the 4f electrons and the conduction electrons, the conduction 

electrons mediate a magnetic coupling between the 4f electrons on different lattice 

sites. Moreover, lanthanides present a strong spin-orbit coupling being especially used 

as single molecular magnets (SMMs) due to the large spin and unquenched orbital 

angular momentum interesting for spintronics and future applications like quantum 

computing, high-density information storage or magnetic refrigeration.  
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v) Luminescence. Lanthanide ions hold a special place in photonics because of their 

unique photophysical properties. Their optical characteristics arise due to the distinct 

features of the electronic [Xe] 4fn configurations creating a rich variety of electronic 

levels. Lanthanide luminescence spectra are characterized by sharp peaks, whose 

spectral positions are only slightly sensitive to the ligand employed in the coordination. 

In particular, the formally forbidden inner-shell 4f-4f transitions are sharp and easily 

discernable with long lifetimes of the excited states which allows the use of time-

resolved detection20,21_ENREF_17. 

 

• Applications 

Lanthanide elements have an ever-growing variety of applications in modern 

technology. They have been extensively used due to their catalytic, magnetic and 

luminescence properties resulting in the development of numerous important 

applications in particular in the field of bio-imaging as fluorescent probe for fluoro-

immunoassays as well as contrast agents for medical magnetic resonance imaging22,23, 

biotechnology24, telecommunications25, corrosion inhibitors26, therapeutic 

applications27,28, doped nanocrystals29 and new industrial applications30. 

They possess unique physico-chemical properties owing to a large atomic magnetic 

moment, strong spin-orbital coupling, high coordination number, and abundant 

coordination modes of the Ln ions31. Thus, several interesting applications arise from 

their specific properties: 

i) Gas storage. The highly porous nature combined with the ability to tune the pore size 

and their thermal stability make them auspicious candidates for gas storage32. 
Specifically, the incorporation of lanthanide metal ions with carboxylate linkers improves 

the thermal stability due to the affinity to polarize the O atom causing strong metal-

oxygen bonds. 

ii) Catalysis. Lanthanide metal ions can possess Lewis acidic sites that are easily 

functionalized with Lewis bases and other groups within the pores. Furthermore, unlike 

many other metals, lanthanide metal ions can have wide variation and tunability in their 

coordination number and modes, producing novel catalytic centers33,34.  
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iii) Chemical sensors. The interesting optical properties of lanthanides, which arise from 

the special features of the electronic [Xe] 4fn configurations, have led to their use in a 

variety of chemical sensing applications including luminescent probes and sensors. 

Specially, lanthanide ions have numerous energy levels arising from the f–f transitions, 

which may make the luminescent spectra usually spanning from ultraviolet (UV) to 

visible and near infrared (NIR) region35. They exhibit unique photoluminescent features, 

such as sharp absorption and luminescence bands (pure emission lines arising from 

characteristic 4f electron transitions) and long luminescence lifetimes (ms).  

iv) Materials with interesting magnetic properties. The large magnetic anisotropy 

arising from the strong spin–orbit coupling combined with their optical characteristics 

makes lanthanide ions very attractive components for functional molecular materials, 

e.g., magnetic, optical, and magneto-optical materials36. Recently, the combination of 

lanthanides and transition metals has also been employed to construct 3D lanthanide-

transition metal MOFs in an attempt to increase the magnetic exchange coupling. To this 

purpose, the ability of cyano linkers to interact with various metal ions has been 

explored being considered a promising class of potentially porous magnetic 

materials31,37-39.  

1.3 Thesis outline 

In this thesis we focus on the construction of lanthanide-directed metal-organic 

coordination networks (Ln-MOCNs) designed on well-defined noble metal surfaces. 

Many systems including alkali or d-block metals as coordinative nodes in metal-organic 

assemblies have been inspected in the last years giving rise to well-known 2D nano-

structures. However, lanthanide metal-organic coordination nanoarchitectures 

remained unexplored. 

A short summary of the systems studied by LT-STM and VT-STM in this thesis is as 

follows: 

• In chapter three we explore the coordination between carbonitrile functional 

groups (p-NC-Ph3,4-CN-p) and Ce/Gd f-block elements40,41 as well as the lateral 

manipulation of Gd(p-NC-Ph4-CN-p)5 supramolecules42_ENREF_41. 



 10 

In particular, we inspect three systems: Ce + p-NC-Ph3-CN-p; Ce + p-NC-Ph4-CN-p 

and Gd + p-NC-Ph4-CN-p. All these studies have been done using pristine Ag(111) 

as the substrate. For the surface-confined network constituted by Ce/Gd atoms 

and p-NC-Ph3,4-CN-p molecular species, three different phases (α, β and γ), 

reached by adjusting the stoichiometry of the constituents are found. 

- Phase α shows a stoichiometry of 1 : 5 (Ce/Gd : p-NC-Ph3,4-CN-p) where the 

spontaneous expression of supramolecules based on a five-fold planar 

coordination node is illustrated. 

- Phase β shows a stoichiometry of 1 : 4 (Ce/Gd : p-NC-Ph3,4-CN-p) where each 

lanthanide atom is connected via molecular coordination with two adjacent 

Ce/Gd atoms, turning out in the formation of dodecameric motifs based on 

equilateral triangles.  

- Phase γ shows a stoichiometry of 2 : 5 (Ce/Gd : p-NC-Ph3,4-CN-p), in which 

each molecule is doubly coordinated to Ce/Gd atoms, giving rise to complex 

metal-organic pattern of triangle and square motifs that tessellate the plane 

according to the semi-regular Archimedean snub square tessellation 

(3.3.4.3.4). This tessellation was described by Johannes Kepler in the XVI 

century and it is the first visualization of a 2D supramolecular assembly 

exhibiting this nanoarchitecture on a surface. In addition, minority semi-

regular elongated triangle tilings are also observed. 

 

We have also investigated the lateral manipulation and in-situ design of Gd-

supramolecules for the phase α of the Gd + p-NC-Ph4-CN-p system. Herein, 

mononuclear self-assembled pentamers are laterally displaced to a desired 

position onto the Ag(111) surface. Additionally, the coordination sphere of the 

pentameric nodes can be intentionally modified giving rise to different 

metallosupramolecular arrangements. 

 

• In chapter four, we introduce Eu as the lanthanide element, taking into account 

its electronic structure differences with respect Ce and Gd. We also paid 
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attention to the importance of the adlayer/substrate interactions introducing 

Ag(111) and Au(111) as substrate supports.  

On the Ag(111) surface, Eu atoms and p-NC-Ph4-CN-p linkers form two different 

phases depending on the Eu : molecular ratio.  For a specific stoichiometric ratio 

1 : 2 (Eu : p-NC-Ph4-CN-p) a well-ordered four-fold square network, never 

observed with Ce/Gd atoms, arises. For increasing Eu : p-NC-Ph4-CN-p 

stoichiometric ratios (2 : 5), domains of a fully reticulated metal-organic network 

stabilized by five-fold Eu-carbonitrile bonds emerge. Particularly interesting is the 

formation of an extended metallosupramolecular coordination network based on 

the combination 3.3.4.3.4 and 3.3.3.4.4 five-fold coordination motifs.  Thus, the 

expression of four-fold and five-fold coordination networks depending on the 

stoichiometric ratio Eu : molecular linker is observed and reflects the adaptability 

of the Eu coordination sphere, determining a characteristic distinction between 

Eu and Ce/Gd chemical behavior on surfaces.  

On the Au(111) surface, Eu atoms and p-NC-Ph4-CN-p linkers form manifold 

coordination networks depending on the stoichiometric ratio Eu : molecular 

linker. For a specific stoichiometric ratio 2 : 5.1, the expression of a random-tiling 

quasicrystal is distinguished. Herein, the adequate adlayer/substrate interaction 

and the low demanding steric restrictions given by the Au surface favored the 

expression of a random-tiling dodecagonal quasicrystalline structure (ddQC). 

 

• In chapter five, we have taken advantage of orthogonal coordination 

interactions_ENREF_42, designing a surface-confined d-f heterobimetallic 

supramolecular nanoarchitecture43_ENREF_42. This network, realized by a three-

step self-assembly protocol, comprises the formation of four-fold Gd-carbonitrile 

coordination arrays and in-situ Co metalated porphyrin derivates on Ag(111). 

 

• In chapter six, we introduce carboxylate moieties as linking functional groups 

creating Gd-carboxylate assemblies on Cu(111) and Ag(111) surfaces.  
On the Cu(111) surface, well-ordered four-fold Gd-carboxylate coordination 

structures are visualized. More in detail,  a coordination number of 8 for the Gd-
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O interaction is achieved, exhibiting thermal robustness and having 

predominantly ionic character44.  
On Ag(111), irregular Gd-carboxylate coordination networks based on a four-fold 

metal-organic interaction are observed. The formation of extended well-ordered 

coordination structures is not achieved due to: i) the competition between 

carboxylic (TDA) and carboxylate (TDA2-) species at room temperature deposition 

which interferes in the creation of Gd-carboxylate coordination networks. ii) the 

desorption of TDA species after annealing the sample at higher temperatures.  
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2. Experimental techniques 
This chapter gives a brief overview of the main techniques used in this thesis. Thus, basic 

principles of the low-temperature scanning tunneling microscope (LT-STM) as well as 

variable-temperature scanning tunneling microscope (VT-STM) are explained and the 

corresponding theoretical foundations are concisely introduced. In addition, a short 

overview of the experimental set-up is presented. 

 

2.1 Scanning tunneling microscopy (STM) 

With the invention of the STM in the early 1980´s real space analysis of well-defined 

conductive (or at least semi-conductive) surfaces became possible. Scanning tunneling 

microscopy is a technique that exploits the tunnel effect phenomena. It is based on the 

displacement of a metallic sharp tip onto a conductive surface and the measurement of 

the current that flows between both electrodes45,46 (Figure 2.3). This current “I” arises 

from electrons that tunnel between tip and surface due to an applied bias “Vbias” and 

depends exponentially on the vacuum gap width between tip and surface, which are 

separated a distance of a few angstroms resulting in an overlap of their electronic wave 

functions.  

In the following, the theory of STM, the different modes of operation and the 

experimental set-up are outlined.   

 

Figure 2 . 1 | Principle of scanning tunneling microscopy 
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Figure adapted from reference47. 
 

2.1.1 The tunnel effect. A theoretical approach 

Quantum mechanics explains the behavior of matter at the nanoscale. One of its 

foundational concepts is the “wave-particle duality”, which postulates that all particles 

exhibit both wave and particle properties. A counterintuitive consequence of this 

concept is the tunnel effect48-50 (Figure 2.2): 

 

1. From a classical point of view if a particle tries to cross a potential barrier larger 

than its kinetic energy, there is a zero probability that it may traverse the 

forbidden region and reappear on the other side of the barrier. 

2. However, in quantum mechanics, this probability is non-zero. Due to the wave 

nature of the electron, it has a certain probability to pass an energy barrier, even 

if the energy of the electron is lower than the barrier. 

 

 
Figure 2 . 2 | Sketch of the tunnel effect from both points of view, classical and 

quantum physics 

Adapted from reference51. 
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Electrons are described by wave functions obeying the Schrödinger equation in quantum 

mechanics: 
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Where m is the mass of an electron, E is the energy, U is the potential barrier and ħ is 

the reduced Planck constant. Then, the wave function presented in equation 2.1 

presents two possible solutions for both E > U and E < U: 
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Figure 2.2 shows graphically the phenomena in the one dimensional (1D) case. The wave 

is transmitted with a certain probability through the potential barrier. So if the barrier 

has a thickness (s) less than the penetration length, there will be a non-vanishing 

probability for detecting the electron on the other side of the barrier: 

 

 
Figure 2 . 3 | Depiction of a particle-wave tunneling through a potential barrier 

According to classical mechanics the potential is considered to be impenetrable. Schrödinger’s equation 
gives a solution to the wave function suggesting that the particle could tunnel through the barrier. The 
wave function exponentially decreases inside the barrier. 
 
For the case of a metal-vacuum-metal junction, the application of a sample bias “Vb” 

derives in an electron energy eV, that should be much smaller than the work function 
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“ɸ”. Specifically, for the scanning tunneling microscopy, the tunnel effect can be 

explained as the tunneling of electrons that comes from the tip/sample into the 

sample/tip through a vacuum barrier. Thus, the probability “Γ” of an electron to tunnel 

into the tip at a given energy between the Fermi level Ef and Ef – eV is:  
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If we take into account the all the states in the sample surface between Ef and Ef – eV: 
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Where It is the tunneling current, ρs is the local density of states (LDOS) of the sample at 

the Fermi level (Ef), Vb is the sample bias and x is the tip-sample distance.  

Tersoff and Hamann52, derived from Bardeen´s theory53, gave an expression for the 

tunneling current between the two electrodes (tip and surface sample in the case of 

STM):  
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Also, the above equation shows that the electronic structure of the tip and the sample 

play a role in the STM54. Herein, the density of states of the tip and sample are given by 

ρt and ρs, and Mst is the transmission matrix between the states of the tip and the 

surface. The matrix element can be evaluated to obtain the tunneling current under the 

following assumptions: i) the tip is assumed to be spherical at the apex with radius R, ii) 

the tip and surface work functions are equal, iii) the angular dependence of wave 

function of the tip is neglected, i.e. the tip wave function is assumed to be an s-wave 

function only and iv) the surface wave functions are undistorted.  

In order to determine It from equation 2.6, Tersoff and Hamann calculated the tunneling 

matrix element (based in Bardeen´s theory): 
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Wave functions are defined as “ψt” for tip and “ψs” for the sample. The integral is 

evaluated on a surface S which should be in the vacuum gap between tip and sample 

surface. 

Thus, the Ansatz of Tersoff-Hamann55 is applied in order to resolve the matrix element 

Mst, including the assumptions given in the previous page. For small bias voltages (Vb) 

the tunneling current is then proportional to the LDOS of the sample. The tunneling 

current then reads as: 
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Where r0 is the position of the center of the spherical tip with respect to the surface and 

2mk
h
Φ

=  is the minimum inverse decay length for the wave functions in the vacuum 

gap with a local barrier height Φ. 

An energy diagram of a tunnel transport process in one dimension (1D) is shown in 

Figure 2.4. Electrons are confined by potential wells with depths equal to the respective 

work functions Φt and Φs, respect to the Fermi level. The bias voltage is usually applied 

to the sample and depending on the distance between tip and sample different 

scenarios can take place: 

- When tip and sample are connected at thermodynamic equilibrium, in close proximity, 

their Fermi levels are equal (2.4(a)). This situation represents a STM setup with zero bias 

voltage.  

- When a bias voltage Vb is applied to the sample while the tip is at ground, its energy 

levels are shifted down (for a positive bias (Figure 2.4(b)) or up (for a negative bias 

(Figure 2.4(c)). In this situation electrons can tunnel through the potential barrier if it is 

sufficiently narrow and cause a tunneling current. 

Therefore, the tunneling current therefore depends on the applied bias voltage Vbias, the 

tip size R, the tip DOS ρt (Ef), the sample DOS ρs (r0; Ef) and the tip-sample distance d, 

and it should be seen as a convolution of topographic and electronic information. 
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Figure 2 . 4 | Energy diagram describing the electron tunneling through the vacuum junction 

a, No sample bias is applied. b, Negative bias is applied to the sample. c, Positive sample bias is applied to 

the sample. Initially the Fermi levels (Ef) of the tip and sample are aligned, nevertheless when a negative 

bias of energy eV is applied to the sample, the Fermi level of the sample shifts by that magnitude eV. The 

electrons from the occupied states of the sample (in the energy window Ef - eV) tunnel through the 

vacuum into the unoccupied states of the tip. The electrons are marked as red arrows and the electron 

close to the Ef experiences the smallest barrier. In the case of positive sample bias, the inverse happens: 

electrons from the occupied states of the tip tunnel into the unoccupied states of the sample. Adapted 

from Reference56. 

 

2.2 Working principles of STM 

The basic principles of STM measurements are described in this section. 
 
2.2.1 Operation modes 

When the tunneling current is measured, there are two different operational modes that 

one can use (Figure 2.5): 

i) In the constant Height mode the tip scans the sample, maintaining the 

vertical position of the tip constant, while simultaneously recording the 

current. During each measurement the tip covers a grid xy obtaining Iz 

values that constitute the surface image. The main advantage of this 

mode of operation is that it can be used at high scanning frequencies. The 

disadvantage is that it is only appropriate for atomically flat surfaces as 

otherwise a tip crash would be inevitable. 
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ii) In the Topographic mode (constant current) a feedback control is used. 

The tunneling current is set to a value (I0), then the tip scans the sample 

measuring in each point the corresponding tunneling current (I). If the 

current I is different from I0, the electronic control will send a voltage Vz to 

the piezoelectrics to bring the tip closer to the surface or to go away from 

it. During each measurement the tip covers a grid xy obtaining Vz values 

that constitute the topographic image. 

 

 

a, Constant-height mode. b, Constant-current mode. In (a) the measured signal is the tunneling current. In 

(b) the tunneling current is kept constant and the measured signal is the Vz applied to the tip to keep the 

current constant. Image adapted from reference57. 

 

2.2.2 Lateral manipulation 

A STM manipulation procedure to relocate single atoms/molecules across a surface is 

known as “lateral manipulation” (LM, Figure 2.6). A typical LM procedure involves three 

steps: 1) vertically approaching the tip towards the targeted atom to increase the tip-

atom interaction, 2) scanning the tip parallel to the surface where the atom moves 

under the influence of the tip, and 3) retracting the tip back to the normal image-height 

thereby the atom is left at the final location on the surface. 

The nature of atom movements and the type of tip-atom interactions during a LM 

process can be determined from the STM feedback or tunneling current. Three basic LM 

modes, “pushing”, “pulling” and “sliding”, are distinguished. In the “pulling” mode, the 

atom follows the tip due to an attractive tip-atom interaction58_ENREF_9. In the 

“pushing” mode, a repulsive tip-atom interaction drives the atom to move in front of the 

Figure 2 . 5 | Sketch of the two scanning modes in scanning tunneling microscopy 
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tip. In the “sliding” mode, the atom is virtually bound or trapped under the tip and it 

moves smoothly across the surface together with the tip. 

 
Figure 2 . 6 | Lateral manipulation (LM) 

a, A schematic drawing shows the tip action during LM. b, the drawing demonstrates the vertical and 

parallel force components involved in LM. Images adapted from reference59_ENREF_57.   

 

2.2.3 Vertical manipulation 

Vertical manipulation (VM, Figure 2.7) describes a useful technique, similar to LM, where 

single atoms or molecules are transferred from tip to surface and vice versa. Thus, the 

STM tip is used to pick up atoms/molecules by adjusting the variables height and field 

(set by current and bias).  

 

Figure 2 . 7 | Vertical manipulation (VM) 

A schematic drawing that shows the process. Image adapted from reference59_ENREF_58. 

 

2.2.4 Scanning tunneling spectroscopy (STS) 

In a typical STS experiment I-V curves and dI/dV curves are measured in a specific 

position of the sample.  

From a theoretical point of view, starting from equation 2.8, under the assumption that 

ρt and the transmission matrix Mst are independent of V, the dI/dV signal is directly 

proportional to the LDOS60:  
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As a result, the measurement of dI/dV gives access to the electronic structure of the 

sample. In order to measure the I-V curves, the tip is stabilized on top of the desired 

location of the sample (setting a value for I and Vbias, and as a result, fixing the tip-

sample distance), and then the feedback loop is opened, in order to maintain the tip-

sample distance fixed during the experiments. Subsequently, a bias ramp is applied and 

simultaneously the current in the junction is recorded, getting the I vs Vbias curve.  

From these data, it could be possible to numerically differentiate and extract the dI/dV 

data. However, in this thesis we have also recorded the dI/dV vs. Vbias data while 

performing the I-V spectroscopy. To this end, an internal lock-in amplifier is used, which, 

after superimposing on the sample bias an AC voltage signal of high frequency and small 

amplitude, is able to extract the dI/dV value per each point of sample bias. 

 

2.3 Experimental set-up 

The experiments were performed at three locations, using custom design ultra-high 

vacuum systems that hosted a Createc low-temperature STM (three years, at TUM with 

Prof. J. V. Barth, Dr. Willi Auwärter and Dr. David Ecija), a variable temperature Aarhus 

150 STM (two months, at IMDEA Nanoscience with Dr. David Ecija), and a variable 

temperature Omicron (three months, at Hong Kong University of Science and 

Technology with Prof. Nian Lin). The three systems operate under Ultra High Vacuum 

(UHV) conditions, with base pressures below 2 × 10-10 mbar in the LT-STM system, below 

1 × 10-9 mbar in the Aarhus VT-STM, and below 3 × 10-10 mbar in the Omicron VT-STM in 

order to keep the sample clean during the time of growth and inspection of samples.  

2.3.1 LT-STM system 

A colored photo of the LT-STM system is depicted in Figure 2.8. It consists of a 

preparation chamber (blue), an analysis chamber that hosts the LT-STM (yellow) 

equipped with a cryostat system (red), a manipulator for transferring the samples 

(green), a pumping equipment (pink) and four dampers to isolate the STM from 

vibrations (brown). 
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Figure 2 . 8 | Picture of the machine mainly used in this thesis 

In red, the cryostat filled with liquid helium and nitrogen is shown. In yellow, the STM chamber, hosting 

the scanner and an in situ evaporator. In blue, the preparation chamber with several evaporators, leak 

valves, a mass spectrometer and the possibility to sputter. In green the manipulator used for the sample 

transfer between the two chambers. In orange colored the dumpers and in purple the whole pumping 

system. Image used with permission of Dr. Knud Seufert61. 
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• Pumps  

At the preparation chamber an ion (getter) pump and a series of two turbo-molecular 

pumps (TMP) and a diaphragm pump (DP) constantly pump to maintain a UHV in the low 

10-10 mbar range and a combination of a cold trap (CT) and a titanium sublimation pump 

(TSP) can be additionally run to temporarily lower the pressure. A Ce sublimation pump 

(CSP) can be used to lower the pressure to the low 10-10 mbar range. At the STM-analysis 

chamber only one ion pump is installed to maintain UHV, but the cryostat also works as 

a permanent cold trap. The different pumps operate with different pumping techniques 

that are shortly laid out in the following.  

TMPs and DP: Widely used pumps for maintaining an UHV in the range of 10-10 mbar are 

turbo-molecular pumps62 (TMP). The TMP's operating principle is to transfer momentum 

from very fast rotating rotors to gas molecules that randomly hit it. The gas molecules 

are pushed through a stator and then are hit by the next rotor and pushed through the 

next stator. In that way gas molecules are compressed in many stages and finally led out. 

In this setup the first TMP transports gas molecules from the preparation chamber to 

the second TMP after which they are compressed to the pressure of a rough vacuum (P 

≈ 2 mbar) and are pumped out by the DP63. The DP generates a rough vacuum at a 

pressure of about 1.5 mbar. 

Ion Getter Pump: An ion getter pumps64 or short just ion pump lowers the pressure by 

ionizing and accelerating gas molecules and then burying them in a metal. It is built in a 

sandwich design with an array of parallel steel tubes that form an anode in between two 

titanium plates as cathodes that are close to the steel tube's open ends. This cathode-

anode-cathode configuration is in between the two poles of a strong permanent magnet 

that applies a magnetic field parallel to the tube's axes. Electrons are emitted from the Ti 

plates and are accelerated helically in the anodic tubes. On their trajectory they ionize 

gas molecules which are accelerated towards the cathode and eventually hit it. Due to 

the impact, titanium atoms are expelled from the surface and the ions are imbedded 

into the surface. This process is called sputtering and also has a great relevance for 

preparing a clean sample surface. The sputtered Ti covers the inner walls of the ion 

pump and reacts chemically with the ions, thus binding them to the walls and extracting 

them from the vacuum volume. 
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TSP with Cold Trap: The titanium sublimation pump (TSP) works with a similar 

techniques as the ion pump. The cold trap (CT) is being filled with liquid nitrogen and, as 

the name already states, traps free particles by freezing them to the CT's walls. Then a 

titanium covered lament is heated to sublime Ti onto the CT's walls that reacts with the 

trapped particles to bind them. Furthermore other particles hitting the Ti film will react 

chemically as well and be bound permanently. 

 

• Analysis chamber: LT-STM 

The analysis chamber hosts the cryostat and the LT-STM. It is separated by a gate valve 

and is pumped independently by an ion pump.  

The cryostat is utilized to cool down the samples to 6 K for inspection, which is very 

useful to stop thermal diffusion (allow to measure high-resolution STM topographs) and 

to provide enough energy resolution while acquiring spectroscopic data.  

 

Figure 2 . 9 | Schematic drawing of the cryostat 

The inner reservoir for liquid helium (light grey) and the outer one for liquid nitrogen (dark grey). 

Furthermore the STM scanner and the different feedthroughs are shown. Based on Reference65. 
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It consists of two parts: The inner part is filled with liquid Helium and the outer part is 

filled with liquid Nitrogen. The two parts of the cryostat are separated by UHV to 

minimize the thermal transport by particles.  

The STM set-up comprises three different parts: the tip, the ramp and the sample 

holder. The ramp is used to perform the coarse vertical approach of the tip towards the 

sample. It is also involved in the xy movement along the sample. It consists of a base 

plate on top of three sapphires spheres, each one located on a tubular piezo. The plate is 

properly designed presenting a slope in such a way that the elongation or contraction of 

the piezos results in the vertical or lateral movement of the plate. The plate has on its 

center concentrically placed an inner piezo, into which the tip is magnetically attached. 

This inner piezo will be used for the feed-back looped approach of the tip towards the 

sample. Later on, in tunneling conditions, the inner piezo will be responsible of the z 

displacement, whereas the outer piezos are in charge of the xy movement, thus allowing 

the decoupling of the xy and z directions. 

 

 

Figure 2 . 10 | Schematic drawing of the piezo tubes (coarse and inner), the tip and the sample holder 

a, Schematic drawing adapted from reference66. b, Original photo from our LT-STM.  

 

An essential feature of the STM is the feedback control loop. At constant current mode, 

this electronic system maintains the tunneling current constant while moving from point 

to point, by comparing the current at the measurement point with the set value and 

then approaching or retracting the tip in order to compensate the difference. 

Instrumentally, this feedback loop control is performed by a proportional and an integral 

amplifier and the whole process is regulated by a computer. 
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The digital signal processor (DSP) controls the movement of the STM-tip, the sample 

bias and the read out of the tunneling current. All these information is sent back and 

forward to a computer and the measurement software. A sketch of the complete block 

of electronics is shown in the Figure 2.11. 

 

 
Figure 2 . 11 | Sketch of the complete block of electronics.  

Based on reference67. 
 

The tip used for the experiments is an electrochemically etched tungsten wire. The 

tungsten wire of a diameter of 0.25 mm is placed in a lamella of 2 molar NaOH solution. 

By applying a bias of 2.5-3.5 V for 15 minutes between the anode (the tungsten wire) 

and the cathode (wire an aluminum bar) the etching is realized. The chemical reaction 

responsible for the etching process is: 
 

             →- -2 -
4 2W(s)+ 8OH WO + 4H O + 6e          
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Figure 2 . 12 | Schematic drawing of the tip formation 

a, Schematic drawing adapted from reference66. b, Original photo of the tip formation.  
 

After the reaction the tip is neutralized with distilled water and acetone. Once inside the 

chamber and for having a better tip termination and cleanliness it can be bombarded by 

argon ions in a sputtering process. It is feasible to exchange the tip from the STM with 

the manipulator, since it is magnetically attached to the main piezo. 

The sample holder is comprised by a gold coated framework, presenting one button 

heater on one side. The monocrystal is held by a molybdenum clamp onto the button 

heater. The button heater is used to anneal the monocrystal thermally. A Cr-CrAl contact 

is also fixed at the button header to record the temperature. The two extremes of the 

filament are welded on the back-side of the electronic plate, being electrically isolated 

from each other. In addition, the Cr and the CrAl wires are connected to the remaining 

slots of the electronic plate. When the sample is placed in the STM one of the slots of 

the electronic plate is used to apply the bias voltage. 

 

 
Figure 2 . 13 | Real image and schematic drawing of the sample holder 

The schematic drawing is adapted from reference66. 

 

• Preparation Chamber 

The preparation chamber hosts the sputtering gun, the quadrupole mass spectrometer 

and the molecular beam evaporators. Thus, it is the place where monocrystals are 

cleaned and samples are grown. In addition, it hosts a manipulator, equipped with 

feedthroughs for measuring the sample temperature, annealing and cooling the sample 

used for transferring sample from the STM chamber to the preparation chamber and 
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vice versa. More information regarding the experiments realized in this thesis is detailed 

in chapter 9.  

i) Sample preparation: All the experiments realized in this thesis were performed on 

silver (Ag) and copper (Cu) single crystal substrates with a (111) orientation. Ag(111) and 

Cu(111) have a fcc arrangement of atoms with a nearest neighbor distance of 2.89 Å and  

2.55 Å, respectively. The crystals were mounted on a sample holder containing six 

electrical contacts, two of which are used for measuring the temperature of the sample 

and two for heating the sample.  

ii) Sputtering and annealing: the cleaning of monocrystals is performed by a sputtering 

and annealing process where the principal idea is to remove enough atomic layers from 

the surface by ion bombardment (Ar+). The preparation chamber is filled up with Ar (P = 

2.5 × 10-5 mbar). Then, the Ar atoms passing through a sputter gun are ionized to Ar+ by 

the collision of electrons, accelerated with an energy E = 0.8 - 1 keV and directed 

towards the sample, with an incident sputter current of 3.9 - 4.5 μA. 

To recover the surface from the sputtering, an annealing process is performed. The 

sample is heated and depending on the nature of the sample (Ag in our case) different 

maximum temperatures are reached, (this temperature should be below 2/3 of the 

melting point of the material: in our scenario 450°C for Ag). Typically after two cycles of 

sputtering and annealing, the sample looks clean via STM/STS inspection.  

iii) The organic molecular beam epitaxy (OMBE): this technique is used for the 

deposition of molecules on the surface. The molecules are placed in a quartz crucible, 

which is annealed thermally by a filament heated to the necessary temperature of 

sublimation. After stabilizing the temperature of the crucible, the shutter of the OMBE is 

rotated to open the proper crucible, and then the beam of molecules hit the surface. 

 

 



 

 

29 2. Experimental techniques 

 
Figure 2 . 14 | OMBE showing the four crucibles containing molecules 

 

• Lanthanide evaporators 

Two different metal evaporators were used for the experiments realized in this thesis. 

The deposition of Ce on the surfaces is performed by a homemade Ce evaporator, done 

by resistively heating a W filament enclosing a Ce ball of high purity (around 99.95%). 

The deposition of Gd and Eu was realized by an e-beam EFM 3i focus evaporator68 

equipped with an ion suppressor that protects the sample against ion bombardment by 

a repelling lens voltage. Gd and Eu atoms were sublimated from outgassed rods (purity 

of 99.9% for Gd and 99.5% for Eu, MaTecK GmbH, 52428 Jülich, Germany).  
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Figure 2 . 15 | Lanthanide evaporators used for the experiments 

 

• Vibration isolation 

A possible important disturbance in the STM measurements is the presence of external 

vibrations. In order to isolate the system from these vibrations, three typical damping 

mechanisms are used. (i) Both analysis and preparation chambers are mounted on a 

frame with four damping legs fixed at the corners of the frame avoiding the transmission 

of low frequency vibrations from the floor. The damping legs are operated with 

compressed air in order to lift the frame making the system float. (ii) Furthermore, the 

STM head is suspended on three springs during measurement which guarantees that the 

STM is not in contact with the base plate inside the chamber thereby attenuating the 

noise. (iii) Stabilization by eddy current damping in the measurement position is also 

used to minimize vibrations  

2.3.2 VT-STM systems 

• Aarhus VT-STM 

The VT-STM system consists of a preparation chamber, connected to an analysis 

chamber that hosts a variable temperature STM. In Figure 2.16, one can see in blue the 

two vacuum chambers (analysis (A) and preparation (B), respectively) connected via a 

gate valve. The STM is located in chamber A, whereas chamber B is used for sample 

preparations. In the preparation chamber there are also parking lots (E) for storing 

additional samples and a Ce evaporator (F). Both chambers are held under ultrahigh 

vacuum at a base pressure of 1 × 10−9 mbar. 
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In this section, to avoid redundancy, we will limit ourselves to the description of the VT-

STM. This is a commercial variable-temperature STM microscope, model 150, from 

SPECS. Remarkably it allows a range of temperatures (from -140 °C to 100 °C) for the 

measurements.  

 
Figure 2 . 16 | Aarhus VT-STM Experimental setup 

a, STM head (A), preparation chamber (B), sputter gun (C), OMBE (D), preparation stage (E) and Ce 

evaporator (F). Adapted from reference69. b, Sketch of the Aarhus VT-STM head. Adapted from 

reference70. 

 

Structurally, the microscope can be divided into two parts, called the sample holder and 

the scanning block_ENREF_69. 

Figure 2.16 (b) shows how the sample (1) is placed in a Tantalum sample holder (2), 

which can be removed from the STM and normally fixed to the top of the STM with two 

metallic tabs (3). This support is thermally and electrically isolated from the scanner STM 

by three quartz balls (10) and it is mounted on a block of aluminum which can be cooled 

to -183 °C or heated to 127 °C. The cooling of the sample is done by nitrogen flow, 

whereas the annealing is performed by a Zener diode. The Scanning block is based on 

two piezoelectric tubes: the scanner-piezo scanning and the coarse approach piezo. The 

tip (4) arranged in the tip-holder is fixed to the end of piezo scanning (6) and is mounted 

on a tube (7), which together with the approach-piezo constitutes the engine for 

approaching the tip vertically to the sample into a tunneling regime. The approach-piezo 

is an inch-worm apparatus divided into three sections, respectively, low, medium and 

high. The upper and lower section fit perfectly through two bearings to the tube. 

Applying a positive voltage to the high or low section causes that the respective section 

to trap the tube, whereas a negative voltage releases the tube. Consequently, with the 
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correct sequence of voltages applied to the tube, the scanner can move up or down. It 

can use steps below 2 Å, at maximum speed about 1mm/min. Once the STM has entered 

into the tunneling regime, the piezo scanning mechanism operates on constant current 

feedback. A Zener diode is used to keep the scanner at room temperature, in case the 

sample is inspected at cold temperatures. 

 

• Omicron VT-STM 

The ultra-high vacuum system is formed by two chambers: the preparation chamber and 

the analysis chamber, respectively, separated by a gate valve. 

The preparation chamber is used for sample preparation and holds: i) A precision 

manipulator for transferring the sample holder to the STM chamber that host the 

scanner. ii) An OMBE used for the growth of samples (detailed explanation in section 

2.4.1). iii) Different e-beam metal evaporators used for high-purity evaporation of a wide 

range of materials in UHV. iv) A sputtering gun needed to remove atomic layers from the 

surface by ion bombardment (Ar+). v) Pumps used to maintain the UHV, specifically a 

turbo molecular drag pump, two ion getter pumps (IGP) and a titanium sublimation 

pumps (TSP).  

The analysis chamber contains the STM, which was manufactured by Omicron 

Nanotechnology GmbH71. 

The STM head is mounted on a platform which is spring suspended inside the UHV 

chamber (cf. Figure 2.17 (b)), a parking where sample holders can be placed and a turbo 

molecular drag pump to keep the UHV. Herein, the tip movement is carried out by piezo 

ceramics. The tip is supported magnetically on a tip holder coupled to the scanner. The 

VT-STM uses two sets of piezos: one set for the coarse approach and the other one for 

the fine (controlled) approach, both of them allowing movement in x,y and z directions. 

For the fine approach, a tube scanner that consists on multiple electrodes is 

implemented. The maximum travel is limited to 12 × 12 µm2 laterally and 1.5 µm in z 

direction. Finally, the measured output signals are passed through a preamplifier 

(Omicron SPM Pre 4) outside the STM into the control unit (Omicron Matrix SPM-CU). 
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Figure 2 . 17 | Omicron VT-STM experimental setup 

a, Ultra-high vacuum Omicron variable-temperature STM system at Nian Lin´s group (HKUST, Hong Kong 

University of Science and Technology). Image adapted from reference72. b, VT-STM head. Herein, (1) 

shows the tip holder with a tip pointing upwards (2), (3) shows the sample plate and (4) the clamping 

block for thermal coupling to the cryostat. Image adapted from reference73. 

  

http://www.omicron.de/products/spm/variable_temperature_instruments/vt_stm/media/vt_stm_1.pdf
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3. Five-fold lanthanide (Ce/Gd)-
carbonitrile coordination on 

surfaces 
During the last decades, supramolecular chemistry on surfaces has emerged as a skillful 

strategy to design surface-confined nanoarchitectures18,74,75._ENREF_2_ENREF_2 In 

particular, conjugated polyaromatic molecules like Oligo (p-phenyl)s have been intensely 

investigated due to their important electronic and optical properties as well as the 

ability of fine-tuning their properties through functional group manipulation76-78. 

Protocols relying on metal-directed assembly provide frequently an excellent option 

given their advantageous performance with respect to the robustness and spatial 

regularity. Accordingly, several procedures were introduced in order to exploit the 

coordination capabilities of transition metals and their affinity to molecular species 

specially equipped with carbonitrile14,79,80, pyridyl81-84_ENREF_79 or carboxylate 

functional groups85-87. Therefore, this approach should be extended to the unexplored 

lanthanide family of elements, with exceptional chemical, optical and magnetic 

properties88_ENREF_86, giving rise to the first designs based on Ln-carbonitrile motifs.  

 

3.1 The importance of five-fold symmetry 

The property of being five-fold appears to play a crucial role in diverse fields ranging 

from natural and applied sciences like biology, chemistry, physics and architecture to 

social sciences or art89. This relevance is mainly attributed to the intimate connection 

between the five-fold symmetry and the golden number (φ = 1.618…) because φ itself is 

inherently linked to the number five, trigonometrically and mathematically speaking. 

Importantly, some statements claim that the golden number was used by Leonardo da 

Vinci in the painting of “La Gioconda”, in the Parthenon built by the ancient Greeks in 

the V century BC and by ancient Egyptians in the construction of the Great Pyramid of 

Khufu at Giza around 2560 BC. In addition, the golden number or golden ratio is in-depth 

relation with the Fibonacci series due to the fact that the ratio between two consecutive 
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numbers in the Fibonacci series seems to be settling down to a specific value which is 

the golden number. Extensive literature on the relation between the golden number and 

the Fibonacci series is summarized elsewhere90. 

 

 

Figure 3 . 1 | Five-fold in diverse fields 

a, Dodecahedrane molecule (C20H20)91_ENREF_81. Every vertex presents a carbon atom that bonds to 

three neighbouring carbon atoms. b, Tabernaemontana corymbosa, a species of plant of the Apocynaceae 

family that shows five white petals92. c, The red-knobbed starfish (Protoreaster linckii), also known as 

the red spine star that demonstrates the presence of five-fold symmetry in the animal kingdom93. d, 

Vitruvius Pollio drew by Leonardo Da Vinci. Herein, the human body is drawn as a regular 

pentagon94_ENREF_92. e, Pentagonal ceiling in a congress hall (Davos, Switzerland)95. 

 

In the two-dimensional world, the absence of translational symmetry is noteworthy in 

five-fold architectures. The Euclidean space can be fully and symmetrically filled with 

tiles of 3, 4 and 6 sides, nevertheless it was believed that it was impossible to fill an area 

with a pentagon. This symmetry mismatch has fascinated mankind for several centuries. 

For instance, it captivated Johannes Kepler, who is doubtless better known for his work 

in astronomy, in particular because of his three laws regarding planetary motion, though 

also very much interested in tessellations and polyhedra. 

Thus, Johannes Kepler accomplished a rigorous analysis revealing four centuries ago that 

eleven tessellations based on symmetric polygonal units exist in the Euclidean plane: 

https://en.wikipedia.org/wiki/Carbon
https://en.wikipedia.org/wiki/Apocynaceae
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three consist of a specific polygon (so-called regular tilings with squares, triangles or 

hexagons, respectively), whereas eight require the combination of two or more different 

polygons (named semi-regular or Archimedean tilings from triangles, squares, hexagons, 

octagons and dodecagons)96. Specifically, three of the semi-regular Archimedean tilings 

correspond to five-vertex configurations (section 3.2.3). 

 

 
Figure 3 . 2 | Euclidean Archimedean tessellations 

a, Johannes Kepler´s portrait. Image adapted from reference97. b, Eleven Archimedean tilings in which all 

polygons are regular and each vertex is surrounded by the same sequence of polygons98. For instance, the 

notation (33, 42) means that every vertex is surrounded by three triangles and two squares. 

 

In the field of surface science, manifestations of regular tessellations at the atomic and 

molecular level are widespread, including crystalline planes and surfaces of elemental or 

molecular crystals, and honeycomb structures encountered, e.g., for graphene sheets, 

strain-relief patterns and supramolecular lattices. In addition, the family of semi-regular 

Archimedean tilings features intriguing characteristics. They have been identified in bulk 

materials, such as layered crystalline structures of complex metallic alloys, 

supramolecular dendritic liquids, liquid crystals, and special star-branched polymers and 

may represent geometrically frustrated magnets99 or provide novel routes for 

constructing photonic crystals100_ENREF_97. Moreover, recent experiments with colloids 

at a quasicrystalline substrate potential induced by five interfering laser beams, 

conceived to specifically address the surface tiling problem, yielded a distorted, 2D 
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Archimedean-like architecture101. However, with the exception of the frequently 

addressed trihexagonal tiling102-104 (also known as the kagomé lattice), the other semi-

regular Archimedean tiling patterns remain largely unexplored. 

In this section we introduce a novel approach towards complex surface tessellations by 

the combination of lanthanide metal atoms with linear dicarbonitrile molecular linkers 

on a smooth Ag(111) substrate. Our molecular-level scanning tunneling microscopy 

(STM) observations reveal the expression of distinct five-fold coordination nodes, which 

are flexible and thus useful for complex periodic surface tessellations, including the five-

vertex semi-regular Archimedean snub square tiling. A further important aspect of the 

2D lanthanide metal-organic coordination networks is the integration of f-block 

elements, which bears promise for a new generation of surface nanoarchitectures. 

LT-STM and VT-STM experiments realized in this chapter were carried out at TUM. DFT 

simulations were performed by Dr. Ari Paavo Seitsonen at Universität Zürich, 

Switzerland. 

 

3.2 Five-vertex lanthanide coordination: p-NC-(Ph)3,4-CN-p 
+ Ce/Gd 

Dicarbonitrile-polyphenyl species have been previously used for the engineering of 2D 

metal-organic networks on surfaces with transition metal atoms, where three- and four-

fold coordination nodes prevail14,79. In bulk chemistry lanthanide ions present high 

coordination numbers, ranging from 6 to 1288_ENREF_105. Accordingly, lanthanide 

elements are promising candidates to explore high coordination number metal-ligand 

chemistry on surfaces. 

Specifically, terphenyl-4,4''-dicarbonitrile species (p-NC-(Ph)3-CN-p (linker 1), Figure 3.3 

(a)) and quaterphenyl-4,4''-dicarbonitrile species (p-NC-(Ph)4-CN-p (linker 2), Figure 3.3 

(d)) organic molecules, which chemical synthesis is based on a Suzuki coupling scheme, 

were used in our lanthanide coordination investigations.  

Depending on the length of the linear molecular building block, the network 

arrangement varies on the Ag(111) surface103 (Figure 3.3). Linker 1 forms a densely 

packed chevron-like pattern with molecules lying along two different directions for a 
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given domain. The introduction of an additional phenyl ring in the molecular backbone 

generates a spreading in the molecular assembly, giving rise to rhombic chiral cavities 

(Figure 3.3(e-f)). Both architectures are stabilized by the N∙∙∙H interaction (selective and 

directional) between two axial carbonitrile groups and hydrogen atoms of adjacent 

molecules. The distance between the nitrogen of the carbonitrile groups and the 

hydrogen ranges from 2.3 to 3.3 Å which is reasonable taking into account the nature of 

the interaction. 

 

Figure 3 . 3 |Molecular self-assembled networks of p-NC-(Ph)3,4-CN-p species on Ag(111) 
a, d Atomistic models of molecular building blocks with their respective lengths (green, C; dark blue, N; 

white, H). b, High-resolution STM image displaying the densely packed chevron layer formed by p-NC-

(Ph)3-CN-p species. c, Atomistic model of the molecular self-assembled network presented in (b). e, High-

resolution STM image displaying an open rhombic network formed by p-NC-(Ph)4-CN-p species. f, 

Atomistic model of the molecular self-assembled network presented in (e). b,e Scanning conditions: Vb = 

0.2 V, I = 83 pA; Scale bar: 5 nm. 
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Upon deposition of Ce or Gd atoms onto the precursor layer a flexible five-fold Ce (Gd)-

linker coordination is detected40,41 changing completely the former scenario (Figure 3.4). 

In particular, in this chapter we inspect the supramolecular assemblies created by 

depositing Ce and linker 1, Ce and linker 2, and Gd and linker 2 on the selected 

substrate. Remarkably, we have observed that these nanoarchitectures are equivalent, 

independently of the lanthanide employed (Ce or Gd), due to their chemical similarities. 

Thus, depending on the ratio lanthanide : molecular linker, the presence of different 

phases based on a flexible five-fold Ce (Gd)-linker coordination is detected. 

 

Figure 3 . 4 | Five-vertex lanthanide supramolecular architectures on Ag(111) 
a, Large-scale STM image displaying the coexistence of the disordered phase α and the dodecameric phase 

β, obtained by mixing linker 1 and Ce with a local stoichiometric ratio (Ce : molecule) close to 1 : 4 (Vb = 

0.2 V, I = 80 pA). b-c, Large-scale STM images of the snub square Archimedean tessellation and elongated 

triangular tiling phase on Ag(111), achieved by mixing linker 2 and Ce with a local stoichiometric ratio (Ce : 

molecule) of ≈ 2 : 5 (Vb = 0.2 V, I = 70 pA). Black lines in c drawn to connect the Ce centers highlight the 

triangular and square tiles, which combine in a 3.3.4.3.4 fashion, i.e. the snub square Archimedean tiling. 

a-c, Scale bar: 10 nm. d, Sketch of the five-fold Ce(p-NC-(Ph)3-CN-p)5 (1) and the Ce/Gd(p-NC-(Ph)4-CN-p)5 

(2) pentameric units. C, N, H, and Ce atoms are depicted in green, violet, white, and red, respectively. e, 

Zoom-in of (a-c) showing with high-resolution the pentameric, nonameric, and dodecameric units, and the 

snub square Archimedean tiling motif, respectively. 
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3.2.1 Supramolecular pentameric units (phase α) 

For small surface concentrations and a Ce/Gd to linker stoichiometric ratio around 1 : 5, 

individual pentameric units made of linker 1 and Ce (cf. Figure 3.5(a,e)), linker 2 and Ce 

(cf. Figure 3.5(b,f)) or linker 2 and Gd (cf. Figure 3.5(c,d,g)) are visualized in separated 

experiments. Herein, organic molecules are imaged like rods, whereas the Ce/Gd atoms 

appear as bright protrusions. Usually, the pentamers are found isolated near steps or 

forming disordered patches.  

The spontaneous expression of this five-fold planar coordination node is atypical in two-

dimensional metal-organic architectures and diverges from the bonding motifs found for 

the coordination of the same linkers with transition metals. The five-fold lateral 

coordination expression of the lanthanide node by the carbonitrile units can be justified 

mainly because of the size of the lanthanide and its propensity towards high 

coordination numbers, the surface confinement of the linkers, and possible steric 

limitations at the coordination sphere, where the phenyl rings come rather close, thus 

preventing higher coordination numbers. Remarkably, the geometry of pentameric 

species reveals a high degree of flexibility, exhibiting opening angles between two 

adjacent molecular linkers deviating from the ideal 72° pentagonal angle and ranging 

from 60° ± 5° to 85° ± 5°, as confirmed by STM images before and after voltage pulses 

(cf. Figure 3.5(c,d,g)).  

 

 

Figure 3 . 5 | Individual Supramolecular pentameric units based on a five-fold Ce/Gd coordination to 
dicarbonitrile polyphenyl linkers 1 and 2 on Ag(111) 
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a, STM image of a Ce(linker 1)5 pentameric unit (Vb = 0.2 V, I = 50 pA). b, STM image of a Ce(linker 2)5 

supramolecule (Vb = 0.2 V, I = 100 pA). c-d, STM images of a Gd(linker 2)5 pentamer displaying 

conformational flexibility before and after applying a voltage pulse with the STM tip (Vb = -0.02 V, I = 100 

pA). Scale bar in a-d: 1 nm. e-g, Atomistic models of (a-d) where C, N, H, Ce, and Gd atoms are depicted in 

green (maroon), violet, white, red, and brown, respectively. Maroon is used to highlight the C atoms of the 

linker that was manipulated by the tip.  

 

Lateral manipulation experiments of the pentamers reveal the robustness of the 

supramolecules and highlight the adequate balance between flexibility and strength of 

the lanthanide-linker coordination required to produce the advanced networks at higher 

Ce/Gd : molecule stoichiometries (cf. above). In addition, a more detailed study of 

pentamer´s lateral manipulation will be shown in section 3.3. 

In order to complement our experimental findings, we got support from density 

functional theory (DFT) calculations involving p-NC-Ph3-CN-p species and Ce atoms. The 

purely molecular phase on the surface is studied, and after the relaxation of the chevron 

supramolecular structure the binding energy was 2.69 eV per molecule compared to the 

free molecules in the gas phase. The average height of the carbon atoms in the 

molecules is 3.17 Å above the first layer of the substrate. Upon adsorption on the 

Ag(111) surface the molecules become much more flat with the average phenyl dihedral 

angle being 0.9° and the phenyl rings oriented parallel with respect to the surface (for 

comparison in the gas phase molecule this dihedral angle is 38.5°)105. The flattening of 

the molecule is in agreement with the small distortion energy of the molecule, 0.18 eV 

between the flat rotated conformations in gas phase. The final value of the average 

dihedral angle is a competition among: i) the van der Waals forces between the 

molecular species and the surface, which tend to flatten the molecule in order to make 

the phenyls approach the surface more before the Pauli-repulsion limits the adsorption 

height, ii) the steric hindrance of the phenyl rings, which favors non-planarity; and iii) 

the resulting supramolecular packing on the surface, which due to intermolecular 

interactions interferes with the rotation of the phenyls. In this sense, for submonolayer 

p-NC-Ph4-CN-p species adsorbed on Ag(111) it was reported that the terminal 

benzonitrile groups are planar on the surface. It was suggested that the absence of 

packing constraints in the submonolayer regime, together with the lateral 



 42 

 

 

supramolecular hydrogen bonds planarize the terminal groups. Since the supramolecular 

chevron pattern formed by p-NC-Ph3-CN-p species on Ag(111) presents more CN···H 

bonds per molecule than the supramolecular assembly exhibited by p-NC-Ph4-CN-p 

linkers, it is reasonable to assume a higher planarization of the phenyl rings in the case 

of species 1 as compared with linkers 2, which is in agreement with our simulations. 

Subsequently, we have inspected a pentameric supramolecule adsorbed on Ag(111), 

comprising five p-NC-Ph3-CN-p species coordinated to one Ce atom. Figure 3.6 depicts 

the relaxed geometry. The Ce atom is located 2.64 Å above the first substrate layer. The 

average Ce-N distance is 2.58 Å, in good agreement with our experimental values, and 

the C-N bond length (1.17 Å) of the carbonitrile group bound to the Ce has hardly 

increased (∆d < 0.01 Å) due to the bonding. The molecules are again flatter than in the 

gas phase, with an average dihedral angle of about 10°, their height from the substrate 

is almost unaltered at 3.14 Å, and the molecular backbone lies parallel to the surface. 

The binding energy of the linker molecules in this structure is 3.26 eV, thus considerably 

higher than in the molecular phase: the Ce-linker bond strength exceeds the molecule-

molecule interaction in the molecule-only phase, and the linker-substrate interaction is 

similar in both cases. 

 

 

 

 

Figure 3 . 6 | Ball-and-stick model derived by density-functional theory simulations of a five-fold Ce 
coordination to p-NC-Ph3-CN-p species adsorbed on Ag(111) 
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a, Top view of the bonding of the linker molecules to the Ce atom. The Ce-N distances are indicated in red. 

b, Perspective view of (a) revealing the planarity of the five organic linkers connected to the central Ce 

atom. Ce, nitrogen, carbon and hydrogen are depicted in red, violet, green and white colors, whereas 

silver substrate atoms are shown in grey. 

 

3.2.2 Supramolecular dodecameric network (phase β) 

For a Ce/Gd : linker ratio of ≈ 1 : 4, a new phase appears giving rise to extended domains 

and coexisting with isolated pentameric units (cf. Figure 3.4(a)).  Equivalent assemblies 

could be produced by the combination of linker 1 and Ce, linker 2 and Ce (or Gd) on 

Ag(111). Herein, each individual Ln atom, imaged as a bright protrusion, is strictly 

surrounded by five molecules, imaged as rods, i.e. the planar five-fold coordination 

predominates again. This network is based on a two-level hierarchical design formed by 

dodecameric units, which forms a hexagonal network106 (cf. Figure 3.7(b,c,e,f) and Table 

2 for structural details). A dodecamer comprises three Ce/Gd centers and twelve linkers, 

arranged in a fashion in which three linkers are coordinated at both ends with 

lanthanide atoms, forming a triangle, and the nine remaining linkers are just singly 

coordinated to the Ce/Gd centers. The stability of the dodecamer is based on a five-fold 

Ce/Gd-linker coordination, whose projected lengths are shown in Table 2. The second 

level of hierarchy reveals the assembly of the dodecamers on the surface in a hexagonal 

fashion via CN···phenyl attractive interactions between adjacent dodecamers (cf. 

projected CN···H distances in Table 2). The surface registry of the linkers is manifested by 

a distinct angle of the hexagonal network with respect to the close-packed <1-10> 

directions of the silver surface, corresponding to 10° for Ce and linker 1, and to 30° for 

the Ce or Gd and linker 2 cases, respectively. Importantly, Ce or Gd hierarchical 

dodecameric phases involving linker 2 are geometrically indistinguishable.  
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Figure 3 . 7 | Dodecameric network based on a 1 : 4 (lanthanide : molecular linker) stoichiometric ratio 

on Ag(111) 

a, Large-scale topographic STM image of the hierarchical network employing Ce and linker 1. (Vb = -0.2 V, I 

= 80 pA, scale bar = 20 nm). Fast Fourier transform is also depicted revealing the spatial periodicity of the 

tiling pattern (the white scale bar represents 0.045 Å-1). b, Zoom-in of image (a) displaying the hierarchical 

network based on dodecameric units. (Vb = 0.6 V, I = 95 pA, scale bar = 2 nm). c, Atomistic model of (b) 

highlighting the dodecameric unit (violet lobes) and depicting the hexagonal network arrangement of the 

Ce centers described in the text. d, Large-scale topographic STM image of the hierarchical network 

obtained with Gd and linker 2 (Vb = 0.7 V, I = 50 pA, scale bar = 20 nm). Fast Fourier transform is also 

depicted revealing the spatial periodicity of the tiling pattern (the white scale bar represents 0.045 Å-1). e, 

Zoom-in of image (d) (Vb = 0.3 V, I = 69 pA, scale bar = 2 nm). f, Atomistic model of (e) in which the orange 

lobes highlight the dodecameric unit. In c and f C atoms of the linkers involved in a single coordination 

with Ce/Gd are depicted in green, whereas those connecting two Ce/Gd atoms are represented in 

maroon. N, H, Ce, and Gd atoms are depicted in violet, white, red, and brown, respectively. 

 
 

System Unit cell vector [Å] CN-Ln [Å] <CN···H> [Å] 
Ce and linker 1 42 ± 2 Å, DFT: 43.0 Å 2.2 ± 0.5 Å,  DFT: 2.6 Å 2.3-3.5 Å, DFT: 2.3-3.0Å 
Ce and linker 2 50 ± 3 Å 2.8± 0.5 Å 2.5-3.6 Å 
Gd and linker 2 50 ± 3 Å 2.6 ± 0.3 Å 2.3-3.6 Å 

Table  2 | Structural distances of the hierarchical dodecameric assemblies produced by the deposition of 
Ce and linker 1, Ce and linker 2, and Gd and linker 2 on Ag(111). All experimental distances refer to 

projected lengths. 
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In addition, both dodecameric networks present two organizational domains entitled 

domain β1 and domain β2, related by a 180° rotation featuring supramolecular 

organizational chirality, which results in the formation of two sets of mirror symmetric 

domains (cf. Figure 3.8).  

 

Figure 3 . 8 | Supramolecular organizational chirality 

a, Large-scale STM image displaying the coexistence of the four organizational chiral domains achieved by 

mixing linker 1 and Ce on Ag(111) with a local stoichiometric ratio (Ce : molecule) of ≈ 1: 4 (Vb = -0.2 V, I = 

80 pA and image size = 957 x 957 Å²). Black lines mark the Ag(111) high symmetry axes. b, High resolution 

STM images of the four organizational chiral domains. c, Atomistic models of the dodecamers shown in 

(b). In order to facilitate the inspection of the mirror symmetry, the close-packed directions (shown in 

solid black lines) of the substrate are rotated to be aligned with the vertical.  

 

As well as for the supramolecular pentameric unit described in section 3.2.1, a careful 

analysis of the internal structure of the dodecamers reveals a random variation of the 

opening angles between constituent linkers of the dodecameric units, thanks to the 

adaptiveness of the lanthanide coordination sphere. This variation is related to the 

CN···phenyl interaction of each supramolecule with its adjacent dodecamers, since the 

length of the linkers allow for two equivalent contacts between dodecameric 

supramolecules for any linker length, as depicted in Figure 3.9. This flexibility can be 

inspected by STM measurements, and, in addition, it can be induced by applying voltage 

pulses of 1.2 V (Ce-linker 2) and of 1.5 V (Ce-linker 1) on the metal centers with the STM 

tip. Figure 3.9 shows one transition in a Ce-linker 2 (a,b) and in a Ce-linker 1 (c,d) 

dodecameric contact, where a change in the opening angle of 11° and of 15° is observed. 
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Figure 3 . 9 | Dodecameric phase flexibility as probed by voltage pulses with the STM tip 

a-c, High-resolution STM images of the dodecameric phase created by Ce and linker 2 on Ag(111) (Vb = 0.2 

V, I = 73 pA). b, Maximized insets of (a, c) show the change of the lateral coordination CN···H between 

dodecameric units by applying voltage pulses of 1.2 V on top of the Ce centers (4.8 × 4.8 Å²). d, f High-

resolution STM images of the dodecameric phase produced by Ce and linker 1 on Ag(111) (Vb = -0.2V, I = 

80 pA). e, Maximized insets of (d, f) show the change of the lateral coordination CN···H between 

dodecameric units by applying voltage pulses of 1.5 V on top of the Ce centers (3.7 × 3.7 Å²). a, c, d, f Scale 

bar: 2 nm.   

 

Finally, we have simulated the hierarchic supramolecular architecture (phase β) created 

by p-NC-Ph3-CN-p species and Ce adsorbed on Ag(111). Our results reveal that the 

structure around the Ce-linker bonds is only slightly different, with the largest effect 

being the average height of the Ce atoms above the substrate, now 2.75 Å, 0.11 Å higher 

than in phase α. The Ce-N bond lengths are similar, here 2.55 Å, and the C-N bonds again 

are little changed from the gas phase. The binding energies of the singly and doubly 

coordinated molecular species are 3.37 eV and 4.07 eV, respectively. The average height 

of the linker molecules from the substrate is 3.14 Å, only 0.03 Å closer than in phase α. 

The average dihedral angle is about 7°. 
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3.2.3 Supramolecular snub square Archimedean tessellation (phase γ) 

Upon increasing the proportion of lanthanide, domains of a fully reticulated 2D metal-

organic network evolve (cf. Figure 3.10). For stoichiometric ratios equal to 2 : 5 these 

architectures present all linkers with both terminal carbonitriles coordinated to a Ce/Gd 

atom, being only stabilized by five-fold Ce/Gd-carbonitrile bonds.  

Thus, employing linker 1 and Ce (cf. Figure 3.10(b,c)), linker 2 and Ce (cf. Figure 

3.10(a,d)) and linker 2 and Gd (cf. Figure 3.10(e)) the reticulated network is formed. 

Analogous to the dodecameric phase, networks produced using linker 2 and Ce or Gd 

are structurally indistinguishable. Notably, as in other phases a minority of the 

lanthanide nodes (less than 15%) present a different appearance, which is attributed to 

axial ligation by residual gas contamination, since they could be modified by applying 

voltage pulses with the tunneling tip. It is also observed that the Ce/Gd nodes are five-

fold vertexes connected to adjacent nodes by the molecular linkers, following a design 

scheme that can be understood as a surface tessellation based on triangles and squares 

where each node is sharing three triangles and two squares according to a 3.3.4.3.4 

pattern, i.e. a snub square Archimedean tessellation. Thus, the reticulated network is 

stabilized by a flexible five-fold Ce/Gd-NC coordination (cf. atomistic model for linker 2 

in Figure 3.10(f)), presenting opening angles between adjacent linkers of 60° or 90° 

(strongly deviating from the 72° expected for a regular pentameric coordination), and 

exhibiting Ce/Gd-NC bond lengths of 2.4 ± 0.5 Å for linker 1 and Ce, of 2.7 ± 0.5 Å for 

linker 2 and Ce, and of 2.6 ± 0.3 Å for linker 2 and Gd architectures. In addition, is 

important to noticed that when the molecular stoichiometric ratio is increased to 

concentrations higher than 2 : 5 (Ce/Gd : linker) organic molecules appear trapped inside 

the squared network pores and no variation in the number of organic molecules linked 

to lanthanide nodes is observed. 

The thermal stability of the snub square Archimedean tessellation is also investigated. A 

detailed inspection close to room temperature of the surface enhanced by linker 1 and 

Ce in the network stoichiometry shows the coexistence of a 2D "sea" of mobile 

adsorbates (evidenced by streaking and the higher apparent height of the area outside 

the empty molecular pores circled) with some snub square Archimedean tessellation 

motifs (cf. Figure 3.10(c)). This hints to the potential of the lanthanide coordination on 
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surfaces to create room-temperature stable architectures, provided a proper 

engineering of the linking functional groups.  

 

 

Figure 3 . 10 | Supramolecular snub square Archimedean tessellation on Ag(111) based on a 2 : 5 
(lanthanide : molecular linker) stoichiometry 

a, Large-scale topographic LT-STM image of the snub square Archimedean tessellation employing Ce and 

linker 2 (Vb = 2.4 V, I = 100 pA, TSTM = 6 K). b, Large-scale STM image of the snub square Archimedean tiling 

obtained by using Ce and linker 1 (Vb = 2.4 V, I = 100 pA, TSTM = 173 K). a-b, Scale bar: 5 nm. c, STM image 

of the coexistence at 281 K of snub square Archimedean tiling motifs, produced by the coordination of Ce 

and linker 1, with diffusing species. (Vb = 2.3 V, I = 100 pA, scale bar: 10 nm). d, High resolution STM image 

of the snub square Archimedean tiling obtained by the self-assembly of Ce and linker 2 (Vb = 0.2 V, I = 100 

pA). e, High resolution STM image of the snub square Archimedean tessellation phase achieved by the 

coordination between Gd and linker 2 (Vb = 0.3 V, I = 69 pA). d-e, Scale bar: 2 nm. f, Atomistic model of (d) 

superposed with 3.3.4.3.4 sequence tiling motif. The different tile color represents the different 

orientation. Red circles are assigned to single Ce centers and linkers are depicted in green. The unit cell of 

the network is defined by two squares and three triangles on each vertex. a-f, Black or white stars 

represent the close-packed directions of Ag(111). 

 

A further analysis displays three different organizational domains, interrelated by a 

rotation of 60° extended over a maximum area of 300 Å x 300 Å, where six different 
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molecular orientations with respect to the three-fold substrate are observed as shown in 

Figure 3.11.  

 

 

Figure 3 . 11 | Organizational domains of the snub square tessellation of Ag(111) 

a-c, STM images of the three supramolecular orientational domains of the snub square tessellation, 

obtained by depositing Ce and linker 2 at a local Ce : molecule stoichiometry of ≈ 2 : 5 (Vb = 0.2 V, I = 80 

pA, 136 × 136 Å²). 

 

One of the most significant characteristics in the lanthanide-organic coordination is the 

flexibility that Ce/Gd presents when they interact with the molecular linkers. As result of 

this property, another pattern, also based in one of the semi-regular Archimedean tilings 

correspond to five-vertex configurations is sporadically detected. Herein, three triangles 

and two squares are joined in five-fold vertexes and arranged according to a 3.3.3.4.4 

scheme (cf. Figure 3.12), which is identified as an elongated triangular Archimedean 

tiling motif. Only the snub hexagonal tiling, one of the three semi-regular Archimedean 

tessellations based on five-fold nodes with 3.3.3.3.6 motifs (Figure 3.12(e)) was not 

achieved due to the coherent limitations in the adaptability of the lanthanide 

coordination sphere. 
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Figure 3 . 12 | Supramolecular Archimedean tiling motifs on Ag(111) 

a, STM image of the snub square Archimedean tessellation (Vb = 0.2 V, I = 70 pA). Scale bar: 5nm. b, STM 

image of elongated triangle tiling motifs (Vb = 0.2 V, I = 50 pA). Scale bar: 2 nm. c-e, Five-vertex 

Archimedean tilings of the plane as sketched by Johannes Kepler in “Harmonices Mundi”107. 

 

3.3 Controlled manipulation of gadolinium coordinated 
supramolecules 

The atomistic capabilities of scanning tunneling microscopes were decisive to lay the 

foundation of nanoscale science and technology. They have fascinated scientists over 

the last decades, and accordingly, low-temperature STMs have been used as an 

analytical or engineering tool in the manipulation of single atoms/molecules on 

surfaces10,108-117 (Figure 3.13), designing artificial architectures and inspecting their 

electronic, magnetic, catalytic and mechanical properties with extraordinary spatial 

resolution.  

Generally, manipulation techniques on metal surfaces include the use of direct tip-

adsorbate forces (lateral or vertical manipulation), electric fields or inelastic tunneling 

electrons59,118-120. The “lateral manipulation” procedure (LM) is normally used to 

relocate single atoms/molecules with extraordinary control over the tip-atom/molecule-

surface interaction. Taking advantage of the lack of thermal motion at low-temperature, 

scanning tunneling microscopes (STMs) have been used in the last decade to trigger 

conformational changes121-124, tautomerization and switching110,114,125-129, chemical 
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reactions117,129-135, or desorption of adsorbates136, and recently to induce the walking of 

a molecular nanocar across a surface124. Nevertheless, the systematic lateral 

manipulation and tuning of supramolecular systems stabilized by coordination 

interactions is still not addressed. 

 

 

Figure 3 . 13 | Atom/molecule manipulation by means of scanning tunneling microscopy 

a, IBM logo constructed with 35 Xe atoms on a Ni(110) surface by Don Eigler in 1989137. b, OU logo59 

writing using individual silver atoms on a Ag(111) surface at 6 K. c, Molecular shooting of two sexiphenyl 

species (left) and two target atoms (right) positioned along the standing wave track. A silver-sexiphenyl 

complex is formed by shooting the upper sexiphenyl59.  

 

In this section we study the potential of the low-temperature scanning tunneling 

microscope to manipulate and tailor supramolecules formed by coordination 

interactions of Gd nodes and p-NC-(Ph)4-CN-p42_ENREF_138. By positioning the STM tip 

above the lanthanide node and adjusting the tip-metal distance to get into an attractive 

regime, pentameric units are laterally moved across a Ag(111) surface with high fidelity. 

Furthermore, the LM procedure is employed to in-situ create and displace different 

supramolecular units, including tetramers, pentamers, nonamers and dodecamers, 

which highlights its potential to purposely engineer supramolecular systems stabilized 

by coordination bonds with meticulous control.  
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Pentameric units formed by the gadolinium-directed assembly with p-NC-(Ph)4-CN-p 

species on Ag(111) are exhibited in Figure 3.14. Under specific stoichiometric conditions 

(local ratio Gd : molecule of ≈ 1 : 5) the pentamers comprise five rod-like shaped 

molecular species linked to a Gd node that appears as a bright protrusion, as described 

in section 3.2.1. In addition, the Ag(111) substrate plays a crucial role in the alignment of 

the pentameric units where two or three of the molecular linkers, constituting the 

supramolecule, are positioned following the close-packed directions of Ag(111).  

In order to demonstrate the supramolecular robustness and mobility of the pentameric 

units, they are laterally manipulated following a three step protocol: 1) Vertical 

approach of the STM tip towards the gadolinium node of the pentamer to increase the 

tip-supramolecule interaction; 2) Movement of the tip along the surface to the desired 

final location displacing the pentamer; and 3) Retraction of the STM tip back to the 

normal image-height conditions. Remarkably, the tip-gadolinium distance should be 

delicately chosen to establish a weak chemical bond between tip and metal in order to 

translate the supramolecule. In the LM process, the tunneling resistance Rt points out 

the tip-atom separation and their interaction strength. Thus, for large/small tunneling 

resistances far/close tip-atom distances are achieved.  

 

 
Figure 3 . 14 | Lateral manipulation of a five-fold Gd-carbonitrile coordinated supramolecule (pentamer) 

by a STM tip on Ag(111) 
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a, High resolution STM image of pentameric supramolecules coexisting with some non-coordinated 

molecular linkers, obtained by the deposition of p-NC-(Ph)4-CN-p species and Gd on Ag(111). b, Atomistic 

model of a pentameric unit showed in (a) formed by five molecular linkers and a Gd atom. c, Histogram of 

the lateral manipulation events vs. travelled distance. Unsuccessful lateral displacements account for 

those experiments were the supramolecule was detached or not translated. Lateral translations are 

shown in green while no displacement events are displayed in red. d-e, High resolution STM images 

illustrating the lateral manipulation in constant current mode (Rt = 2 MΩ) of a pentameric unit. The green 

arrow sketched in (d) reveals the path followed by the tip during the lateral manipulation, while the white 

dashed silhouette in (e) reveals the position of the pentamer before the movement of the supramolecule. 

a, d, e, Scanning parameters: Vb = 0.3 V, I = 60 pA. Scale bar: 3 nm. f, Histogram of the deviation of the 

center of the supramolecular entity from the expected position after a lateral manipulation. 

 

In our experiments tunneling resistances (Rt) between 0.3 and 10 MΩ are used for the 

displacement of the pentamers, whereas experiments performed at closer distances (Rt 

< 0.3 MΩ) resulted in the desorption of the pentamer, and at higher distances (Rt > 20 

MΩ) the supramolecules cannot be displaced. Additionally it is important to notice that 

the supramolecular units can be equally displaced on the surface without following any 

special substrate direction, i.e. Ag(111) high symmetry directions. 

More in detail a numerous series of experiments were carried out covering distances 

from 10 to 500 Å in a single process (cf. Figure 3.14(e)), whereby approximately 80% of 

supramolecules was successfully translated (> 400 experiments). The histogram of 

displacement accuracy (cf. Figure 3.14(f)) reveals that in most of the experiments the 

center of the supramolecule is slightly displaced from the final desired location (average 

value of ≈ 9  Å), regardless of the distance travelled. 

 

 
Figure 3 . 15 | Attraction of a pentameric supramolecule by the STM tip 
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a, High resolution STM image of a pentameric supramolecule. The green arrow indicates the length and 

direction of the constant current lateral manipulation process. b, High resolution STM image that reflects 

the lateral displacement of the pentameric supramolecule showing the attractive nature of the tip- 

supramolecule interaction. The white dashed lines are a guide for the eyes. a-b, Scanning parameters: Vb = 

0.3 V, I = 90 pA. Tunneling resistance during lateral manipulation, Rt = 10 MΩ. Scale bar = 2 nm.  

 

The nature of the lateral manipulation mechanism has also been investigated. The forces 

involved in the LM process and the mechanism of atom/molecule movement can be 

resolved by the tunneling current signals. They have been previously reported by other 

authors59 concluding that three LM modes are  plausible: “pushing”, “pulling” and 

“sliding”. In the pushing mode the repulsion presented in the tip-atom/molecule 

interaction forces the atom/molecule to move in front of the tip while in the pulling and 

sliding modes the atom/molecule follows the STM tip due to an attractive tip-

atom/molecule interaction. By positioning the STM tip at a lateral distance of 5 Å with 

respect to the gadolinium node of a pentameric unit, an attractive displacement of the 

supramolecule towards the tip is observed (Figure 3.15), tough the specific mode could 

not be achieved.  

In order to examine the capabilities of our approach for tailoring advanced 

supramolecular architectures, the lateral manipulation protocol is used in the design of a 

pentagon with five pentameric units (cf. Figure 3.16(a-c)), and the letter-sequence 

“TUM” (acronym of the Technical University of Munich) with 14 supramolecules (cf. 

Figure 3.16(d)). For this purpose, individual pentamers are extracted from 

supramolecular islands composed of pentameric units (cf. Figure 3.16(a)). Due to the 

interactions between supramolecules, the minimum separation between adjacent 

pentameric entities providing structural stability of the resulting design was found to be 

35 Å for supramolecules presenting different orientations.  
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Figure 3 . 16 | Design of advanced molecular architectures by lateral manipulation of pentameric 

supramolecules with a STM tip 

a-c, High resolution STM images of the formation of a pentagon by pulling five pentamers. d,  High 

resolution STM image of the design of the TUM (Technische Universität München) logo by lateral 

manipulation of 14 pentameric entities. a-d, During the lateral manipulation the tunneling resistance (Rt) 

was set in the range of 0.3-0.6 MΩ. Scanning parameters: a-c, Vb = 0.7 V, I = 50 pA. Scale bar = 3 nm. d, Vb 

= 0.7 V, I = 80 pA. 
 

Inner transition metal´s coordination chemistry allows geometrical possibilities that 

cannot be reached by the rigid polyhedra formed in d-block elements138. In a 2D 

environment and taking advance of the capabilities of scanning tunneling microscopy for 

in-situ synthesis, _ENREF_36_ENREF_43_ENREF_19_ENREF_37 we have employed the STM 

tungsten tip to detach single organic molecular linkers from the pentamer complexes, 

creating 4-fold coordinated supramolecules. Figure 3.17(a-b) illustrates the 

transformation of a pentameric complex into a tetramer, by pulling out one linker 

species from the supramolecule, resulting in the desorption of the missing molecule. 

These tetramers can be displaced across the surface under similar manipulation 

conditions as the pentamers (cf. Figure 3.17(b-d)) and they could be transformed back 

into pentamers (cf. Figure 3.17(e-h)), by displacing a p-NC-(Ph)4-CN-p molecule into the 

Gd sphere, and subsequently lateral manipulated as before, which highlights the 
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potential of the in-situ chemistry of the lanthanide elements. The addition of further 

organic linkers to the Gd sphere was not possible, probably due to steric limitations of 

the coordination environment. 

  

 
Figure 3 . 17 | In-situ tailoring and displacement of Gd-carbonitrile metal-organic supramolecules 

a-c, Detachment of one p-NC-(Ph)4-CN-p species from a pentameric supramolecule by the lateral 

manipulation of one constituting linker (Rt = 0.4 MΩ), which gives rise to the formation and displacement 

of a four-fold Gd-carbonitrile coordinated supramolecule. b-d, Tunneling resistance during lateral 

manipulation of the tetrameric species, Rt = 0.4 MΩ. a-d, Scanning parameters: Vb = 0.7 V, I = 58 pA. e-f, 

Removal of one p-NC-(Ph)4-CN-p molecule from a pentameric supramolecule by applying the lateral 

manipulation procedure describe in the text (Rt = 6 MΩ), which results in the creation and displacement of 

a four-fold Gd-coordinated supramolecule. f-g, A p-NC-(Ph)4-CN-p linker is fused to the four-fold species 

recovering the pentameric supramolecule. g-h,Lateral manipulation of the pentamer (Rt = 6 MΩ). e-h, 

Scanning parameters: Vb = 0.9 V, I = 65 pA. Blue arrows indicate the path of the STM tip during a lateral 

manipulation process giving rise to the formation of a tetramer (a, e) or a pentamer (f), whereas green 

arrows displays the path of the tip during an ordinary lateral manipulation procedure keeping the 

coordination number of the Gd sphere (b-d, g-h) . a-h, Scale bar = 3 nm. 

 

In order to analyze the adaptability and the robustness of the Gd coordination sphere, 

nonameric and dodecameric supramolecules were designed by lateral manipulation 

procedures (as previously described in Figure 3.16). Figure 3.18(a,b) depicts the 

formation of a nonameric species (consisting of nine linkers and two Gd nodes), by 

merging one pentamer into another, involving the release of a p-NC-(Ph)4-CN-p molecule 

and the creation of the supramolecular nonamer. Furthermore, Figure 3.18(e-n) shows 

the in-situ formation of a dodecamer complex, obtained thanks to the same lateral 
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manipulation protocol used in Figure 3.18(a,b) which consists in the crash of one 

pentamer into a nonamer, producing a triskaidecameric supramolecule (composed of 

thirteen linkers and three Gd nodes). Subsequent displacement across the surface 

induces conformational changes that lead to the formation of a dodecameric 

supramolecule after the detachment of one p-NC-(Ph)4-CN-p species.  

 

 

Figure 3 . 18 | In-situ synthesis of nonameric and dodecameric species by the lateral manipulation of 
self-assembled Gd-carbonitrile coordinated supramolecules 

High-resolution STM images (a-b) and schemes (c-d) of the formation of a nonameric supramolecule by 

the lateral manipulation and crash of one pentameric species into another pentamer. a-b, Scanning 

parameters: Vb = 0.85 V, I = 60 pA. Tunneling resistance during lateral manipulation, Rt= 1.1 MΩ.  High-

resolution STM images (e-i) and schemes (j-n) of the design of a dodecameric supramolecule by the lateral 

manipulation (Rt = 6 MΩ) of a pentamer into a nonameric species giving rise to a triskaidecameric species 

(e,f,j,k) which is displaced across the surface to release a p-NC-(Ph)4-CN-p unit, resulting in a dodecamer 

(e-g, k-n). e-i, Scanning parameters:  Vb = 0.9 V, I = 65 pA. Tunneling resistance during lateral 

manipulation, Rt= 6 MΩ. Green and blue arrows display the path followed by the tip during the lateral 

manipulation resulting in the synthesis of novel species (blue) and the displacement of the supramolecular 

entities (green), respectively. The curve red arrow illustrates the detachment of a p-NC-(Ph)4-CN-p species. 

Molecular linkers singly coordinated to Gd are depicted in green, whereas those double coordinated are 

represented in maroon. Scale bar: 3 nm. 
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3.4 Conclusion 

In summary we have presented the rich versatility of five-fold coordination chemistry on 

surfaces, based on lanthanide-carbonitrile interactions, to produce 2D advanced 

architectures with intricate designs, including disordered patterns, hierarchical short-

range orientational disordered crystalline networks, and snub square Archimedean 

tessellations coexisting with elongated triangular Archimedean tiling motifs. The 

potential of these supramolecular designs in different fields can be significant, including 

heterogeneous catalysis via the axial activity of the lanthanides (all phases), molecular 

recognition by structural adaptation, and novel photonic crystals100 or frustrated 

magnets99 predicted for the snub square Archimedean tessellations. 

In addition, we have introduced novel protocols to manipulate and design molecular 

nanoarchitectures on surfaces, by exploiting the potential of lanthanide coordination 

chemistry to create gadolinium-carbonitrile coordinated supramolecules, and the 

versatility of scanning tunneling microscopy to deliberately displace them. In particular, 

pentamers built up by the five-fold coordination of quaterphenyl-4,4''-dicarbonitrile 

species and Gd atoms, were lateral positioned in a constant current mode dominated by 

attractive tip-supramolecule interactions. Furthermore, the lanthanide coordination 

sphere of the pentameric nodes was tailored and molecular bridges between different 

Gd-centers were established by the STM tip. The afforded multi-center 

metallosupramolecular arrangements, together with the lateral manipulation 

capabilities, provide versatile prospects for the in-situ design of advanced surface-

confined molecular architectures incorporating the functionalities of the lanthanides 

elements, thus presenting novel opportunities in different areas such as organic 

electronics, nanomagnetism and catalysis. 

Thus, based on the versatility of surface-confined coordination chemistry concepts, we 

expect that our approach is of general relevance for other molecular linkers and f-block 

metal centers. By developing assembly protocols on surfaces that make use of the high 

coordination numbers provided with the family of the lanthanides, complex metal-

organic nanoarchitectures and networks with unique metal-organic bonding motifs and 

surface tessellations can be engineered and manipulated. Following this protocol and as 
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an illustration of its scope, in the next chapter we employ europium atoms, instead of 

cerium or gadolinium used in this chapter, in order to inspect possible differences in the 

metallosupramolecular networks structure. Furthermore, we also inspect the 

importance of the adlayer/substrate interactions comparing the results obtained on the 

Au(111) and Ag(111) surfaces. 
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4. Manifold lanthanide (Eu)-
carbonitrile coordination on 

surfaces: A route to 
quasicrystallinity 

Traditionally the atomic structure of solids has been separated in two groups: crystalline 

and glassy structures. On one hand, crystalline structures, which are extremely ordered, 

follow strict rules: i) they present long-range translational order distinguished by a 

regular spacing of unit cells;  ii) they show long-range orientation order with symmetry 

axes (two-, three-, four-, and six-fold) compatible with periodicity, i.e. the five two-

dimensional and the fourteen three-dimensional Bravais lattices that determine many of 

their physical properties; iii) they exhibit rotational symmetry also related to the Bravais 

lattices. Nevertheless, unit cells based on five-, seven- and all higherfold symmetries are 

forbidden according to the traditional definition of crystal structures. On the other hand, 

glassy structures have no long-range correlations as the ones observed for crystals.  

It was 1984 when Don Levine and Dan Shechtman identified for the first time a rapidly 

quenched Al6Mn alloy that diffracted electrons like a crystal but with the peculiarity of 

having a decagonal strictly forbidden symmetry139_ENREF_139_ENREF_134. They termed 

this new discovery as "Quasicrystal" (QC) and since then, this peculiar ordered atomic 

structure has revolutionized our established knowledge in material science. In the last 

decades, quasicrystallinity has been the focus of intensive research139-143, steered by its 

fundamental relevance in mathematics, physics, chemistry and materials science, and 

stimulated by its potential applications in advanced coatings, reinforced composites, 

optics, photovoltaics and magnetism144-146. Initial observations involved metallic 

alloys140, but recently further materials were associated with quasicrystals, such as 

three-dimensional (3D) dendritic liquids micelles147, ABC star polymers148, mesoporous 

silica149, natural quasicrystals150-152 and two-dimensional (2D) surface-confined 

assemblies of binary nanoparticles153 or hydrogen-bonded molecules154. These novel 
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quasicrystalline systems are characterized by long-range orientational order, and exhibit 

10-fold154, 12-fold147-149,153 or even 18-fold155_ENREF_155 diffraction symmetry. 

 

Figure 4 . 1 | Quasicrystalline structures found in different fields of study 

a, Al6Mn alloy. First QC structure discovered by Dan Shechtman in 1984. b, Electron diffraction pattern 

showing a symmetry strictly forbidden for crystals. Adapted from reference139_ENREF_156. c-d, 

Mesoporous silica material showing micrometer-scale grains with the morphology of a dodecagonal 

prism. In (d) an electron diffraction pattern of (c) shows well-ordered quasicrystalline behavior. Adapted 

from reference149. e-f, Low-temperature STM image of the dodecagonal BaTiO3-derived thin film phase on 
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Pt(111) (e), and its Fourier transform (f). The Bragg planes of four first-order diffraction spots (arrows in e) 

are indicated in f. Adapted from reference156. 

 

Specifically, a random-tiling model is formed by dodecagonal quasicrystals (ddQC), 

which have appeared first in alloy particles157,158 and tantalum-telluride clusters159. 

However, subsequent work revealed its universal character; indeed 12-fold symmetry 

prevails in soft-matter and other recently identified non-metallic QC158,160,161_ENREF_158. 

It has also been recognized that it is closely related to Frank-Kasper phases (close-

packed phases known for their complex crystallographic structure and physical 

properties),147,149,157,162-166 whereby notably the sigma-phase represents a so-called 

crystal approximant to ddQC, meaning that the arrangement of its unit cell constituents 

resembles local structures expressed in the QC state167_ENREF_167.  

There are several routes towards a theoretical foundation of ddQCs140-142,161,164,168-172. 

They can be rigorously derived from mathematical considerations, e.g., by projections 

from regular higher-space lattices, which construction implies the presence of certain 

self-similarity and hierarchic order elements in the corresponding real-space 

manifestations170-175_ENREF_171. This class of QCs is designated 'deterministic'. A widely 

employed alternative approach towards ddQCs, that was invoked beforehand for the 

modeling of 2D amorphous systems176_ENREF_177, employs nonperiodic tessellations of 

the Euclidean plane comprising randomly distributed equilateral triangles and squares. 

Such stochastic square-triangle tilings produce a 12-fold diffraction pattern due to 

necessarily inherent dodecagonal symmetry elements177-179.  

Deterministic ddQCs are likely to be energetically stabilized (which means that they are 

thermodynamically stable at arbitrarily low temperatures), in contrast to the 

entropically-driven formation of random-tiling configurations148,155,158,163,177,180. Thus it is 

not surprising that a random-tiling phase with ddQC signature could also be identified in 

molecular dynamics (MD) modeling of a monatomic liquid during a cooling 

treatment181_ENREF_183. The underlying interaction was approximated by tailored pair 

potentials, similarly applicable for other condensed matter QC systems,155,161,163,182,183 

that were recently advanced to a level such that an entire series of QC mosaic structures 

could be described in a unified scheme184. These achievements not only help to 

disentangle the intriguing physics and chemistry of QC evolution and establish 

https://en.wikipedia.org/wiki/Crystallographic_structure
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commonalities among different classes of materials142, but they also could provide 

important assets for conceiving novel functional materials161,185. 

Although clearly successful from multiple points of view, the experimental exploration of 

ddQC species can be a tiresome task, and most, if not all reported investigations suffer 

from the limited size of quasicrystalline regions, the frequently inherent structural 

inhomogeneities158. Beyond the notorious presence of defects, the very identification of 

which can pose a challenge by itself, subtle variations in the preparation conditions or 

the constituents’ stochiometry may shift the balance from QC order to amorphous or 

approximant lattices, all of which may coexist in a given specimen. Also the distinction of 

metastable vs. ground state configurations can be problematic. Nevertheless, a sizable 

number of ddQC systems could be clearly identified,147-149,153,157-159 and following direct 

visualization by transmission electron microscopy (TEM) and careful data analysis, 

several ones could be conclusively interpreted as random-tiling representations148,149,153. 

Moreover, a recent combined low-energy electron diffration and scanning tunneling 

microscopy (STM) study revealed the expression of an epitaxial thin-film ddQC layer on a 

homogenous Pt(111) surface with clear indications of ddQC order in extended domains, 

nicely expressing self-similarity features in agreement with deterministic ddQC 

patterning156.  

Under the framework of 2D surface-confined metal-organic coordination networks 

(MOCNs), the combination of europium (Eu) metal nodes with ditopic linear molecular 

linkers on smooth Ag(111) and Au(111) substrates is explored. Molecular-level scanning 

tunneling microscopy (STM) observations reveal that for specific stoichiometry the 

prevailing expression of three-, four-, five- and six-fold coordination nodes when the 

Au(111) is used and four- or five-fold coordination nodes for experiments realized onto 

the Ag(111) surface is observed. The designed networks exhibit distinct coordination 

motifs reflecting the importance of the molecule-substrate and molecule-lanthanide 

interactions and the coordination sphere adaptability observed for Eu atoms, in contrast 

with experiments realized in chapter 3 where five-fold Ce/Gd coordination nodes were 

prevalent. This behavior is tentatively explained by the physical and chemical properties 

of lanthanide elements which are determined by the nature of the ion-to-ligand 

chemical bonds and by the geometrical arrangement of the ligands around the metal 
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atom. In this sense, ligand-field effects in f-internal transition metal complexes are much 

smaller than the pertinent effects for d-transition metal complexes due to the shielding 

of the 4f orbitals by filled sub-shells of higher principal quantum number.  

VT-STM experiments realized in this chapter were carried out at HKUST (Hong Kong 

University of Science and Technology) under the supervision of Prof. Dr. Nian Lin. 

 

4.1 p-NC-(Ph)4-CN-p + Eu on Ag(111) 

In order to explore the chemical similarities and/or differences between two-

dimensional lanthanide-organic architectures (Chapter 3), Eu atoms and p-NC-(Ph)4-CN-p 

linkers are co-deposited onto a bare Ag(111) substrate and examined at room 

temperature (RT). Figure 4.2 describes the formation of long-range ordered square 

planar networks. Herein, molecular species are imaged as rod-like protrusions linked by 

Eu nodes with a stoichiometric ratio of 1 : 2 (Eu : p-NC-(Ph)4-CN-p). The Eu∙∙∙NC 

interactions between four axial carbonitrile groups and one Eu atom present a distance 

between nitrogen of carbonitrile groups and the Eu node of 2.6 ± 0.2 Å.  

 

Figure 4 . 2 | Long-range Europium : p-NC-(Ph)4-CN-p square planar networks 

a, Large-scale topographic STM image of extended Eu-molecular linker networks (Vbias = -1.2 V, measured 

at 300 K). Scale bar: 13 nm. b, High-resolution STM image of a (Vbias = -1.2 V, measured at 300 K). Scale 

bar: 7 nm. c, Atomistic model of (b) that shows the Eu∙∙∙NC interaction between four axial carbonitrile 

groups and one Eu atom. Carbon atoms are depicted in blue, nitrogen atoms in brown, hydrogen atoms in 

white and Eu atoms in purple.  
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Remarkably, the formation of four-fold Ce/Gd : p-NC-(Ph)3,4-CN-p networks was never 

detected in our STM investigations independently of the ratio linker : Ce/Gd observed 

(section 3.240,41). Thus, Eu metal-organic coordination on Ag(111) offers a new scenario 

where, for a specific stoichiometric ratio 1 : 2 (Eu : p-NC-(Ph)4-CN-p) a four-fold square 

network prevails.  This behavior can be tentatively explained by the chemical differences 

presented in the coordination sphere of Eu atoms. Among the divalent lanthanides, 

Eu2+ has the most accessible divalent oxidation state because of its half-filled 

4f7 electronic configuration and, consequently, a high stabilization from exchange 

energy186. 

For increasing Eu : molecular linker stoichiometric ratios (2 : 5), domains of fully 

reticulated metal-organic networks stabilized by five-fold Eu-carbonitrile bonds emerge 

(cf. Figure 4.3). This reticulated network presents opening angles between adjacent 

linkers of 60° or 90° exhibiting Eu-NC bond lengths of 2.5 ± 0.4 Å.  

 

 

Figure 4 . 3 | Supramolecular five-fold tessellations on Ag(111) based on a 2 : 5 (Eu : molecular linker) 
stoichiometry 

a, Large-scale topographic LT-STM image of the snub square Archimedean tessellation employing Eu and 

p-NC-(Ph)4-CN-p linker. b, High resolution STM image of the snub square Archimedean tessellation phase 

achieved by the coordination between Eu atoms and p-NC-(Ph)4-CN-p linker. c, Atomistic model of (b) 
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superposed with 3.3.4.3.4 sequence tiling motif. The different tile color represents the different 

orientation. Purple circles are assigned to single Eu centers and linkers are depicted in blue. The unit cell 

of the network is defined by two squares and three triangles on each vertex. d, Large-scale topographic 

LT-STM image of the mixture of semi-regular tiling motif based on 3.3.4.3.4 and 3.3.3.4.4 patterns, i.e. 

snub square and elongated triangular Archimedean tessellations employing Eu and p-NC-(Ph)4-CN-p linker. 

e, High resolution STM image of (d). f, Atomistic model of (e) superposed with 3.3.4.3.4 and 3.3.3.4.4 

sequence tiling motifs. The different tile color represents the different orientation of the unit cells. 

Scanning conditions: Vbias = -1.2 V, measured at 300 K. Scale bars: a, d 10 nm and b, e 5 nm.   

 

It is noticed that Eu nodes are five-fold vertexes connected to adjacent nodes by the 

molecular linkers, following a scheme again understood as a surface tessellation based 

on triangles and squares. Herein two plausible scenarios are found: i) extended domains 

where each Eu node shares three triangles and two squares according to a 3.3.4.3.4 

pattern, i.e., a snub square Archimedean tessellation (cf. Figure 4.3(a-c)), also observed 

in nanoarchitectures formed with Ce/Gd40,41 and ii) extended domains where each Eu 

node shares three triangles and two squares according to a mixture of semi-regular tiling 

motif based on 3.3.4.3.4 and 3.3.3.4.4 patterns, i.e. snub square and elongated 

triangular Archimedean tessellations (cf. Figure 4.3(d-f)). 

Even for increased stoichiometric ratios (> 2 : 5) the appearance of six-fold or higher 

coordination nodes is never observed. Nevertheless single organic molecules appear as 

cross-like motifs confined inside the square pores of the semi-regular Archimedean 

networks (cf. Figure 4.3(a) and Figure 4.4).  

 

 

Figure 4 . 4 | Supramolecular snub square tiling tessellation 
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a, High-resolution STM image that shows a snub square tiling network. The black circle emphasizes a 

molecular linker trapped inside a square pore (Vbias = -1.2 V, measured at 300 K). b, Atomistic model of (a). 

The black arrow displays the movement of the molecular linker trapped inside the pore. The diverse colors 

in the background represent the different orientations of the square and triangular tilings.  

 

This “cross-shape” is proposed to be caused by their rotation, thermally driven, which is 

faster than the STM scanning timescale and can be described as a molecular rotor187,188 

where the long axis of every confined molecule points at Eu nodes (Figure 4.4 (b)).  

Finally, the adaptability of the Eu coordination sphere is investigated. Several studies 

were carried out revealing a certain degree of reversibility between the different four-

fold and five-fold coordination networks as more molecular linkers or Eu atoms are 

deposited onto the Ag(111) surface (cf. Figure 4.5). In this sense, Figure 4.5(a-b) depicts 

the formation of the five-fold snub square tiling architecture after molecular deposition 

onto the four-fold square planar network. Furthermore, additional Eu atoms were 

deposited onto the mentioned five-fold snub square tiling architecture and the 

appearance of the four-fold square planar network is observed (cf. Figure 4.5(b-c)), 

emphasizing the adaptability of the Eu coordinated networks. 

 

Figure 4 . 5 | Reversibility of the different Eu : p-NC-(Ph)4-CN-p architectures on the Ag(111) surface 

a, High-resolution STM image of the four-fold square planar network. b, High-resolution STM image of the 

five-fold snub square tiling network after deposition of molecular linkers onto the four-fold 

square planar network displayed in (a). c, STM image of the four-fold square planar network after 

deposition of Eu atoms onto the five-fold snub square tiling network. a-c, Scanning conditions: Vbias = -1.2 

V, measured at 300 K. Scale bars: 4 nm.     
 

4.2 p-NC-(Ph)4-CN-p + Eu on Au(111) 

As previously described in chapter 3, p-NC-Ph4-CN-p linkers (cf. Figure 4.6(a)) have been 

previously used for the engineering of 2D metal-organic networks on surfaces with 
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transition metal centers14,79 and with Ce and Gd lanthanide metal centers40,41, in which, 

thanks to the bigger size of the rare earth vertex, five-fold coordination nodes were 

expressed giving rise to snub-square and elongated-triangle Archimedean motifs. Figure 

4.6 illustrates the adaptability of the nanostructures designed on Au(111) following 

coordination of europium to quaterphenyl-4,4''-dicarbonitrile species. The europium to 

linker stoichiometric ratio is carefully controlled to design specific supramolecular 

networks: i) arbitrary string networks based on three-fold coordination nodes (cf. Figure 

4.6(b,f)), ii) reticular four-fold assemblies (cf. Figure 4.6(c,g)), iii) random-tiling 

quasicrystals (cf. Figure 4.6(d,h)), and iv) a hexagonal lattice stabilized by six-fold nodes 

(cf. Figure 4.6(e,i)). Importantly, for specific Eu to linker stoichiometries only pure phases 

were found forming domains of hundreds of nm. 

 

 
Figure 4 . 6 | Europium-directed assembly of metal-organic coordination networks on Au(111) 

a, Quaterphenyl-4,4''-dicarbonitrile molecule. Carbon atoms are depicted in blue, nitrogen atoms in 

brown and hydrogen atoms in white. b-e, High resolution STM images of the distinct coordination 

networks designed at varying Eu : linker stoichiometries (Vbias = -1.2 V, measured at 300 K). Scale bar: 5 

nm. f-i, Atomistic models of (b-e) highlighting the distinct coordination nodes stabilizing the assemblies. 

Eu atoms are illustrated in purple. 

 

In addition, mixtures of phases based on combinations of: i) three-fold and four-fold 

nodes and ii) four-fold and five-fold vertexes could also be fabricated by selecting an 

intermediate stoichiometry between two pure phases (Figure 4.7). This degree of 

adaptability is uncommon for surface-confined coordination nodes and arises from the 

size of Eu center combined with the specific properties of lanthanides, whereby the 
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resulting metal-organic bonds are predominantly ionic with a minor contribution of 

covalency and thus allow for augmented flexibility88.    

 

 
Figure 4 . 7 | Distinct europium-directed assemblies fabricated on Au(111) by regulating the Eu to linker 

stoichiometry 

a-e, High-resolution STM images. a, Arbitrary string network based on three-fold coordination. b, Reticular 

four-fold assembly and c, Random-tiling quasicrystal (Vbias = -1.2 V, measured at 300 K). Scale bars: 10 nm. 

d, Irregular nanoarchitecture based on three-fold and four-fold nodes. e, Mixture of the reticular phase 

and an elongated triangle tiling tessellation, based on four-fold and five-fold coordination nodes, 

respectively. Vbias = -1.2 V, measured at 300 K. Scale bars: 5 nm. 

 

The most interesting phase is the porous open network obtained at a ≈ 2 : 5.1 (Eu : p-NC-

Ph4-CN-p) stoichiometry (cf. Figure 4.6(d), Figure 4.8(a) and Figure 4.9(a)). Molecular 

linkers are imaged as rod-like protrusions connected by Eu nodes. Herein, we identify 

distinct coordination nodes interconnected by the linkers and spanning a complex and 

fully reticulated MOCN. Individual Eu centers are surrounded by four, five or six 

molecules, establishing Eu-NC bonds with a projected length of 2.6 ± 0.4 Å. Moreover, 

Eu vertexes are distributed in such a fashion that the design can be interpreted as a 

tessellation based on a random-tiling of squares and triangles_ENREF_71, as highlighted 

in white in Figure 4.8(a). The expressed four types of coordination motifs are classified 

as six-fold hexagonal 3.3.3.3.3.3 (cf. Figure 4.8(c,g)), five-fold snub-square 3.3.4.3.4 (cf. 

Figure 4.8(d,h)), five-fold elongated-triangle 3.3.3.4.4 (cf. Figure 4.8(e,i)), and four-fold 
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4.4.4.4 (cf. Figure 4.8(f,j)). The six-fold node (3.3.3.3.3.3) is the center of a dodecagonal 

distribution of Eu nodes (highlighted in black in Figure 4.8(a) and emphasized artistically 

in Figure 4.8(b)). High-resolution images and modelling of the nodes show the expected 

intermolecular opening angles of ≈ 60° and ≈ 90° for the triangle and the square tiles, 

respectively.  

 
Figure 4 . 8 | 2D metal-organic random-tiling quasicrystal 

a, Long-range STM image of the quasicrystalline MOCN designed on Au(111) by depositing p-NC-Ph4-CN-p 

and Europium at a ≈ 2 : 5.1 stoichiometric ratio (Vbias = -1.2 V, measured at 300 K). Scale bar: 10 nm. The 

inset represents the 12-fold symmetry 2D-FFT. b, The incorporated dodecagonal motifs with 30° rotational 

symmetry: Different colors of squares and triangles symbolize distinct orientations with respect to the 

underlying surface. c-f, Classification of distinct network motifs with six-fold (3.3.3.3.3.3), five-fold 

(3.3.4.3.4 or 3.3.3.4.4) and four-fold coordination (4.4.4.4); g-j, show corresponding atomistic models. 
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The six-fold node at the center of a 3.3.3.3.3.3 arrangement induces an alternating 

square-triangle decoration at its exterior with dodecagonal distribution of Eu centers 

(highlighted in black in Figure 4.8(a) and emphasized artistically in Figure 4.8(b)). For 

symmetry reasons, two 3.3.3.3.3.3 arrangements must exist differing in their orientation 

by 30°, which can be readily identified in the STM data (cf. Figure 4.8(b)). This illustrates 

at the same time the specific orientations of the tiling units, where three distinct 

orientations exist for the squares and four for the triangles, respectively. Accordingly the 

12-fold symmetry is also manifested in the twelve possible orientations of the molecular 

linkers. 

In addition, a statistical analysis (> 400 nodes) reveals prevalence of the 3.3.4.3.4 node 

(62 %), followed by 3.3.3.4.4 (13 %), 3.3.3.3.3.3 (6 %), and 4.4.4.4 (2 %), with 17 % of 

defective nodes. These type of irregularities, identified as D1, D2 and D3 in Figure 4.9(d-

e), have been previously reported in other studies of quasicrystallinity assuming their 

inherent disorder148,153.  

 

 

Figure 4 . 9 | 2D random-tiling quasicrystal and its structural defects 

a, Long-range STM image of a dodecagonal random-tiling quasicrystal achieved on Au(111) by depositing 

p-NC-Ph4-CN-p and Europium at a ≈ 2 : 5.1 stoichiometric ratio (Vbias = -1.2 V, measured at 300 K). b, 

Geometrical model of (a). The different colors of squares and triangles point out the distinct orientations 

with respect to the surface of the triangle and square tiles. In white three types of defective nodes are 

observed. c, Percentage of square and triangular tiling given by their orientation. d, High resolution STM 
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image of a dodecagonal random-tiling quasicrystal (Vbias = -1.2 V, measured at 300 K). Scale bar: 4 nm. e, 

Stick model where typical defects are depicted. D1, D2 and D3, illustrated in green, blue and orange 

respectively, show the structural imperfections presented in the 2D random-tiling QC. 

 

Detailed data analysis of this random-tiling quasicrystalline structure reveals specific 

orientations of the tiles with respect to the substrate: three orientations for the squares 

and four orientations for the triangles. Thus, a slight preference of some orientations (cf. 

Figure 4.10(a-c)), implying deviations from a perfect quasicrystalline lattice, similarly 

encountered in other random-tiling quasicrystalline systems158. 

 
Figure 4 . 10 | Mesoscopic substrate patterning due to the chevron √3 x 22 reconstruction of Au(111) 

a, c, e, High resolution STM images of fourfold, fivefold and ddQC phases respectively. b, d, f, Bluish-black 

color-code to enhance the presence of the chevron reconstruction. Scanning conditions: Vbias = -1.2 V, 

measured at 300 K.  
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A possible reason for this behavior might be the influence of the Au(111) surface 

reconstruction originating from a locally uniaxial contraction of the surface layer with a 

√3x22 unit cell. On large terraces the pertaining chevron pattern introduces an overall 

inhomogenous contraction of the surface layer, where two from three possible 

rotational domains prevail. Following the MOCN formation this mesoscopic substrate 

patterning persists. 

The influence of surface templating and preparation conditions can moreover locally 

stabilize small areas with elongated triangle 3.3.3.4.4 patterns, as shown in Figure 4.11, 

where they appear in the vicinity of step edges. This underlines the established close 

relationship of these phases also for the present MOCN-type ddQC. However, the 

respective stochiometries are slightly different: whereas the random-tiling ddQC implies 

a Eu : p-NC-Ph4-CN-p ratio of 2 : 5.1, that of the approximants is exactly 2 : 5, i.e. slight 

concentration variations may also interefere in the stabilization of a ddQC vs. an 

approximant phase. 

 

 
Figure 4 . 11 | Formation of semi-regular tiling domains 
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a, c, High resolution STM images of the elongated triangular tiling (3.3.3.4.4) and the snub square tiling 

(3.4.3.4.4) domains. b, d, Zoom-in models of the elongated triangular tiling and the snub square tiling 

respectively. Colored squares and triangles represent the 3.3.3.4.4 and the 3.3.4.3.4 unit cells. Scanning 

conditions: Vbias = -1.2 V, measured at 300 K.  

 

Random square-triangle tilings are associated with dodecagonal quasicrystallinity178. The 

FFT is depicted in Figure 4.8(a) and Figure 4.12 revealing modulated ring-patterns with 

dodecagonal symmetry. Similar diffraction signatures were found in other dodecagonal 

quasicrystals in experiments148,149,153,156,162 or simulations183,184,189.  

 
Figure 4 . 12 | Dodecagonal random-tiling quasicrystal 

a, High-resolution STM image (data obtained at 300 K. Image size: 146 Å2; scanning parameters: Vbias = - 

1.2 V). b, Molecular mechanics relaxed structure of (a), with Eu-N distance from MP2 calculations. The 

different colors of squares and triangles point out the different orientations presented in the dodecagon. 

c, 2D-FFT of (b) showing a 12-fold rotational symmetry. The inner ring contains the basis vectors ai. The 

second ring is obtained from all sums of vector pairs in the inner ring that are separated by 90 degrees. 

The third ring is achieved from all the sums of two adjacent vectors in the inner ring. d, radial distribution 

function of the metal nodes in b showing a series of connection motifs. Units are in increments of the Eu-

linker-Eu side distance of a = 25.96 Å. 
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Thus the rationalization of the metal-organic architecture as random square-triangle 

tiling, comprising a repetition of dodecagonal structural units with adequate distribution 

of triangles and squares, the distinct FFT peaks with dodecagonal symmetry reminiscent 

of the evidence in quasicrystalline micelles147, binary nanoparticles153,162 and 

polymers148, allow us to conclude that the Eu-directed assembly of quaterphenyl-4,4''-

dicarbonitrile linkers on Au(111) drives the expression of dodecagonal random-tiling 

quasicrystals. Furthermore, a statistical analysis of the assembly, clearly shows 

signatures of a random square-triangle pattern, giving an inherent triangle to square 

number ratio of 2.36 ± 0.01. This value holds at the mesoscopic level (average ratio of 

2.22 ± 0.02) and comes close to the expectation for a perfect quasicrystal (≈ 4/√3 = 

2.31)148.  

Finally, we briefly address the possible reasons for the appearance of quasiperiodicity in 

2D MOCNs. Previous modeling approaches (e.g., employing Monte-Carlo methods) 

indicate the balance between enthalpy and entropy as key parameter for random-tiling 

quasiperiodicity161,163,164,182,183,190. Regarding entropy, the present system can be 

interpreted as the classical random tessellation of triangles and squares179,190, whereby 

entropic forces maximize randomness. Concerning enthalpy, two main contributions are 

relevant: adlayer/substrate and lateral metal-ligand interactions. On Au(111) the 

spontaneous formation and coexistence of surface-confined four-, five- and six-fold 

planar coordination nodes is an exceptional situation and points to weak surface 

interactions, which are reflected by the conservation of the substrate's chevron 

reconstruction (cf. Figure 4.10). In order to study the propensity of flexible Eu-nitrile 

coordination nodes towards quasicrystallinity the Ag(111) surface was utilized for 

comparison (section 4.1). Although formation of distinct MOCNs depending on the 

stoichiometry of the constituents occurs (cf. Figure 4.6), the variety of vertexes is 

reduced and quasiperiodic patterns are absent, mainly because the six-fold node is not 

expressed. It is suggested that: (i) surface interactions are weaker for Au(111) than 

Ag(111) allowing increased adaptivity of the CN-endgroups during the coordination. This 

argument is also supported by the fact that the interphenyl twist angle of the 

oligophenylene backbones on Au(111)191_ENREF_191 exceeds that on 

Ag(111)105,192_ENREF_192_ENREF_56, implying a more relaxed molecular geometry and an 
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increased adsorption height, in agreement with trends of other aromatic adsorbate 

systems193_ENREF_194. Possibly in relation to this, because the higher twist angle may 

reduce packing constraints in the vicinity of the vertex, (ii) the Eu coordination sphere 

can be engaged in up to six lateral coordinative links. Thus, at a specific stoichiometry, 

the balance between in-plane metal-organic and adlayer-substrate interactions 

combined with entropy contributions are responsible for the network 

formation_ENREF_31182,183,190. In the case of the Au(111), weak templating allows the full 

expression of random-tiling quasicrystallinity, whereas on Ag(111), a slightly stronger 

adsorption of the constituents precludes such a manifestation. Finally, it is sugggested 

that efforts to model these findings will provide further insights into the intriguing 

questions associated with QC evolution. The open-network assembly, variation of 

coordination nodes with minute flexibility for internode distances offers an interesting 

testbed for computational modeling useful to disentangle entropic and energetic 

contributions. The system can be described in a scenario with weighted distribution of 

linker connections (4-6-fold coordination nodes with different binding energy) while 

imposing a rather rigid connection between adjacent vertices, given by the metal-ligand 

bonding distance and linker extension, where only minor variations are expected. 

4.3 Conclusion 

In summary, we have introduced the chemistry of Eu-directed surface-confined metal-

organic networks on different substrates as Ag(111) and Au(111) manifesting the 

importance of the adlayer/substrate interaction.  

On the Ag(111) surface the adaptability of the Eu coordination sphere is investigated 

giving rise to four-fold reticular architectures and five-fold  semi-regular Archimedean 

tilings. A new tessellation of the plane is found based on the coexistance of 3.3.3.4.4 and 

3.3.4.3.4 five-fold coordination nodes. The expression of manyfold coordination 

networks depending on the stoichiometric ratio Eu : molecular linker was not observed 

for surface-confined Ce and Gd directed networks on Ag(111) (cf. chapter 3). Two of the 

most relevant characteristic properties of Eu ions are their large ionic radius which 

largely depends upon the coordination number and the differences in the electronic 

configurations of Ce/Gd lanthanide elements. Eu possesses a ground state electronic 
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configuration [Xe] 4f7 6s2 and the formation of Eu+2 ([Xe] 4f7) can be produced because 

of its half-filled 4f7 electronic configuration, though Eu+3  ([Xe] 4f6) is still the most stable 

oxidation state. Consequently, Eu ions can easily adapt to many different coordination 

environments, making them one of the most versatile elements of coordination 

chemistry.  

On the Au(111) surface the expression of manyfold coordination nodes is observed. 

Herein, the Eu : molecular linker stoichiometric ratio is carefully controlled to design 

specific metallosupramolecular networks. In addition, by selecting an intermediate 

stoichiometry between two pure phases, a mixture of them based on three-fold and 

four-fold nodes and four-fold and five-fold combined nodes was also fabricated. For a 

stoichiometric ratio 2 : 5.1 (Eu : molecular linker) a dodecagonal random-tiling 

quasicrystal, whose expression is estimulated by the big and flexible coordination sphere 

of the lanthanide center is observed. Herein, the adequate adlayer/substrate 

interaction, and the convenient entropic tessellation of the surface, favored by low 

demanding steric restrictions play a crucial role in the expression of the quasicrystalline 

structure. By exploiting the versatility of lanthanide coordination chemistry, we envision 

to design more perfect quasicrystals in two-dimensions and to extend the quasiperiodic 

order to other fields in materials science, taking advantage of metal-organic 

coordination.  

In chapters 3 and 4 we have inspected the interactions between dicarbonitrile 

polyphenyl linkers and Ce, Gd or Eu atoms on the Ag(111) surface for the three of them 

and on Au(111) for the Eu system. In the next chapter we introduce a carbonitrile 

porphyrin derivate as the molecular building block, exploring its coordination 

interactions with gadolinium and cobalt atoms on a Ag(111) substrate.   
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5. Orthogonal insertion of 
lanthanide (Gd) and transition 

metal (Co) atoms in metal-organic 
networks on surfaces 

Since Protoporphyrin IX (a β-substituted free-base precursor for haemoglobin, 

cytochrome c and chlorophylls) was identified and recognized as a fundamental 

mediator in several biosynthetic pathways formidable efforts were dedicated to the 

understanding of even more complex tetrapyrrole species194. This fact is due to their 

extraordinary variety of functional properties used in artificial and natural 

arrangements. The porphyrinic macrocycle is exceptionally stable and the four internal 

nitrogen atoms form a central pocket perfectly located for the incorporation of metal 

atoms (Fe, Co or Mg are predominant in biological systems).  

 

Figure 5 . 1 | Key characteristics of porphyrins and their control at surfaces 

a, Protoporphyrin IX, a β-substituted free-base precursor for haem, cytochrome c and chlorophylls in 

biosynthesis. b, The possible incorporation of different metal centers (yellow) with four-fold coordination 



 

 

79 5. Orthogonal insertion of lanthanide (Gd) and transition metal (Co) atoms in metal-organic networks on surfaces 

in the tetradentate ligand bestows extraordinary versatility on tetrapyrrole units. The flexibility of the 

macrocycle and its interplay with meso-substituents, illustrated for a tetra-aryl species, plays a part in 

many processes and co-determines the molecule´s attributes. Arrows indicate dihedral angle rotation and 

macrocycle flexure. c, Upon adsorption, characteristic conformational adaptations arise because of the 

interfacial bonding, frequently favoring the configuration shown, with a distorted macrocycle facing the 

substrate. The pertaining electronic features and functional properties are affected by the surface 

confinement and ligation of axial adducts. Lateral interactions between molecular units mediate the 

expression of specific nanoarchitectures that can be tailored by appropriate substituents and assembly 

protocols. Scanning probe microscopy investigations provide molecular-level insight, and space-averaging 

spectroscopies offer detailed knowledge on physicochemical properties. Figure adapted from 

reference15._ENREF_114 
 

Tailored substituents can improve their performance guiding their arrangement in 

specific environments and mediating in their molecular assembly. In particular, free-

base and metalated porphyrins195,196  have revealed to be exceptional scaffolds197 to be 

deposited on surfaces15,198,199. Surface interactions can influence the coordination 

sphere of complexed metal centers, with repercussion for their chemical, magnetic or 

electronic properties. Thus, metallo-tetrapyrroles in flat adsorption geometry present 

coordinative unsaturated sites that depending on the metal affinity towards axial ligands 

provide potentials for sensing200-202, catalysis203,204 and magnetochemistry202.  

Molecular-level investigations focused on assembly protocols exploiting orthogonal 

coordination interactions (understood as functional groups that exhibit significant 

differences in their chemical reactivities) were rarely reported to date. Though this 

approach has been recognized as a versatile conceptual basis to engineer novel 

materials and nanoarchitectures providing multimodal functionalities, mostly limited to 

space-averaging studies employing surface-tethered self-assembled monolayers as 

platforms205. This approach is particularly promising regarding the exploration of 

pathways to control the organization of different units, including metal centers in a 

programmed fashion. Scheme 1 illustrates potential routes to organize specific metal 

centers by combining orthogonal metal-organic interactions on surfaces, either 

exploiting peripheral ligand groups (cf. Scheme 1a, illustrating a hypothetic case) or by 

making use of both peripheral moieties and intramolecular macrocycles (cf. Scheme 1b, 

illustrating the scenario realized successfully). In this respect, surface-confined hybrid 

systems containing both lanthanides and transition metal centers are particularly 
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promising as they could afford new functional materials with properties that cannot be 

obtained from the single elements206-208. Potential applications include magneto-

responsive devices and molecular spintronics, where unique features can be obtained by 

magnetic exchange interactions between 3d and 4f elements38,208.  

Considering the low activation barrier for the metalation reaction of tetradentate free-

base tetrapyrroles toward small-size metal atoms like Co or Fe209-211, one could in 

principle orthogonally coordinate205,212 peripheral ligands with larger-size atoms like 

lanthanides. Given this premise, we introduce an approach exploiting the combination 

of orthogonal coordination interactions on surfaces towards exemplary d-f 

nanoarchitectures. 

 

 

Scheme 1 | Illustration of envisaged approaches towards bimetallic networks exploiting coordinative 
interactions 
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Combination of two orthogonal coordinative motifs (a) making use of peripheral ligands and (b) benefiting 

from peripheral moieties and intramolecular macrocycles. Metal atoms are depicted by light and dark grey 

spheres, respectively. 
 
LT-STM experiments realized in this chapter were carried out at TUM (Technische 

Universität München). 

5.1 Deposition of 2H-TPCN on Ag(111) 

The deposition of a submonolayer coverage of tetra-biphenylcarbonitrileporphyrin (2H-

TPCN, see Figure 5.2) on Ag(111) held at room temperature results in the formation of a 

two-dimensional molecular close-packed tetragonal assembly (cf. Figure 5.2(b)). This 

network presents single domains spanning extensions of several hundreds of 

nanometers, which reveals a low-diffusion barrier of 2H-TPCN, as observed for similar 

substituted porphyrins on Ag(111). High-resolution STM data (cf. Figure 5.2(c)) allow us 

to discern submolecular features and the layer organization. The molecular species 

present a two-fold symmetric appearance, where the peripheral 4-cyano-biphenyl 

ligands are observed as four bright protrusions and the tetrapyrrolic macrocycle of each 

porphyrin species is visualized as a ring exhibiting a bright or a dim appearance (blue or 

green contour plot in Figure 5.2(c)).  
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Figure 5 . 2 | Tetragonal network formed upon self-assembly of 2H-TPCN on Ag(111) 

a, Top-view: ball-and-stick model of 2H-TPCN. b, Overview STM image showing a single long-range 

ordered molecular domain (Vb = 1 V and I = 100 pA). c, High-resolution STM image where submolecular 

features can be identified. The colored contours (green and blue) indicate the two tetrapyrrolic tautomers 

(Vb = -0.5 V and I = 70 pA). d, Zoom-in molecular model of the assembly presented in (c). The square unit 

cell is shown in red, where a represent the unit vector and α the unit cell angle. For (a) and (d) C, N, and H 

atoms are depicted in green, blue and white, respectively. 

 

2H-TPCN species present two hydrogen atoms in their inner cavity being localized at 

opposite pyrrole groups, existing two possible configurations described by a rotation of 

90° of the proton pair. Applying a tunneling current at a voltage that exceeds a given 

threshold can derive in a reversible switching between configurations, associated to a 

transfer of the proton pair. Thus, the appearance of the inner cavity is the result of the 

proton tautomerization equilibrium of the inner cycle (cf. Figure 5.3), previously 

observed in surface-confined tetrapyrroles135.  
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Figure 5 . 3 | Double proton transfer in 2H-TPCN species 

a-b, Pseudo three-dimensional rendering of STM high resolution images presenting a brighter 2H-TPCN 

molecule after a voltage pulse of 1.5 V. c-d, Atomistic models of (a) and (b), highlighting in red the inner 

protonated pyrroles. 

 

The supramolecular network presents a tetragonal unit cell of a = 20.4 ± 0.4 Å (internal 

angle α = 90 ± 1°) and features organizational chirality exhibiting three pairs of mirror-

symmetric domains (cf. Figure 5.4). Within each domain only one molecular orientation 

is detected. 
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Figure 5 . 4 | Atomistic model of six mirror-symmetric domains observed for 2H-TPCN on Ag(111) 
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5.2 Orthogonal insertion of lanthanide-transition metal 
nanoarchitectures by selective metal-organic coordination 

5.2.1 Gd : TPCN metal-organic coordination networks  

In order to explore the affinity of 2H-TPCN towards a lanthanide element, Gd atoms are 

evaporated at ≈ 300 K onto a previously prepared submonolayer molecular coverage. 

Following, a drastic change in the structure of the network is detected. Figure 5.5(a-b) 

displays a large-scale image revealing the formation of an extended porous network 

featuring a grid-like topology. High-resolution images (cf. Figure 5.5(c)) clearly display 

the four-fold coordination of Gd with the terminal carbonitrile groups, following a 1 : 1 

(Gd : 2H-TPCN) stoichiometric ratio, as schematized in the model of Figure 5.5(d). 

Hereby, the Gd nodes are distinguished as the brightest round protrusions, whereas the 

porphyrin species present a four-fold appearance with a striking difference as compared 

to the non-coordinated molecules described above: the terminal groups look dimmer, 

indicating the formation of a lanthanide-organic bond.  

 

 
Figure 5 . 5 | Four-fold Gd-carbonitrile supramolecular architecture on Ag(111), obtained from the Gd-

directed assembly of 2H-TPCN species 
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a, Overview STM image (Vbias = 0.5 V and I = 53 pA). b, Medium-range zoom-in image, revealing a grid-like 

assembly. Bright round protrusions are assigned to Gd atoms. Less than 30% of nodes are not fully 

coordinated or decorated with residual gas ligands (Vbias = 0.5 V and I = 70 pA). c-d, High-resolution image 

and model of the assembly, revealing a 1 : 1 (2H-TPCN : Gd) stoichiometric ratio (Vb = 1 V and I = 67 pA). In 

(d) C, N, H, and Gd atoms are depicted in green, blue, white and brown, respectively. The square unit cell 

is shown in red, where b represents the unit vector and β the unit cell angle. 

 

The adsorption orientation of the porphyrin units with respect to the close-packed 

directions of the substrate is identical in the non-coordinated and coordinated instances, 

highlighting the role of the surface. The Gd atoms span a square network with unit cell 

vector b = 24.5 ± 0.3 Å and a statistical analysis of Gd-NC distances show a projected 

average bond length of 2.7 ± 0.5 Å. These observations are in accordance to STM 

observations involving Gd atoms and dicarbonitrile polyphenyl organic ligands (Chapter 

3). 

The lack of metalation of the porphyrin macrocycle by Gd is tentatively assigned to a 

high activation barrier of the metalation together with a more difficult access of the Gd 

atoms to the tetrapyrrole pocket due to the bulky character of the TPCN species. 

Furthermore, the shape of the porphyrin derivate restricts the coordination number to 

four, limiting a higher coordination, as the observed five-fold Ce/Gd-carbonitrile motifs 

on Ag(111)40,41, by intermolecular steric hindrance. As a result of the four-fold 

coordination sphere of each Gd atom and the rigid nature of the four-fold geometry of 

the porphyrin molecules, a porous 2D supramolecular assembly is observed extending 

over the entire surface. This structural design employing lanthanide elements on 

surfaces and based on four-fold vertexes has only analogues in lanthanide crystal 

synthetic chemistry, where crystal structures can display two-dimensional four-fold 

reticulated sheets in ab planes213.  

Thus, after Gd-carbonitrile coordination, the macrocycle is kept protonated offering a 

chemical pocket to be metalated by additional metallic species. 

 

5.2.2 Co : TPCN metalation and coordination networks  

Next we inspect the propensity of TPCN species towards metalation and coordination 

with Co adatoms, since free-base tetraphenyl porphyrin undergoes fast metalation upon 
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exposure to Co at 300 K214,215. Following Co deposition on a submonolayer of TPCN on 

Ag(111) held at room temperature, a metalation of the tetrapyrrolic macrocycle could 

be selectively achieved. As depicted by Figures 5.6(a-b), at negative bias up to 70% of 

tetrapyrroles show a bright two-fold rod-like inner protrusion, whereas the rest of the 

macrocycles remain unperturbed (cf. Figure 5.6(c) for comparative height profile), which 

is in agreement with previous studies of Co metalation of free-base tetrapyrrolic 

species210,211.  

 

Figure 5 . 6 | T-dependent metalation and coordination of 2H-TPCN networks on Ag(111) by deposition 
of Co atoms 
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a, c, Room-temperature metalation of the porphyrins by Co deposition, which is identified by a rod-like 

appearance of the macrocycle. Tunneling parameters: (a) Vbias = -1 V and I = 200 pA; (c) Vbias = -1 V and I = 

90 pA. b, Height profile along the purple dotted line in c showing different apparent heights for metalated 

and non-metalated tetrapyrroles. d, f, Large-scale resolution images and height profile exhibiting a 

disordered metalated and Co-carbonitrile coordinated network when the sample is annealed to 375 K. 

Tunneling parameters: (d) Vbias = -1 V and I = 300 pA, (f) Vbias = -1 V and I = 300 pA. For (c) and (f) 

superposition of atomistic models facilitates the identification of metalated and non-metalated 

macrocycles as well as the non-coordinated or coordinated terminal biphenylcarbonitrile groups. e, Height 

profile extracted along the green dotted line in (f) exhibiting a perfect match with the profile of the 

metalated species in (b). 

 

Only a very few cases of Co-NC coordination motifs are observed (less than 1%) at any 

Co coverage, revealing a selective preference for metalation to take place in the 

tetrapyrrolic cavity. This behavior is particularly remarkable as compared with the 

reported propensity of dicarbonitrile polyphenyl species to coordinate with Co at room 

temperature14,79,80,216,217. Furthermore, Co coordination resulted in the formation of very 

tiny patches at the border of the non-coordinated supramolecular assembly exhibiting 

three- and four-fold Co-carbonitrile coordination (see below). To investigate 

temperature-dependent structural changes the sample is annealed at temperatures 

form 298 to 348 K. At 348 K, a random metal-organic network is detected, in which 

three- and four-fold Co-carbonitrile motifs are coexisting at a 71% and 29% of occupancy 

respectively, as previously observed for dicarbonitrile polyphenyl species. The 

experimental projected Co-NC bond length is 2.0 ± 0.5 Å being 0.7 Å shorter than the 

average Gd-NC distance. 

5.2.3 Orthogonal d-f heterobimetallic network 

Taking advantage of the high affinity of the central free-base tetrapyrrolic core towards 

Co adatoms and the coordination with Gd at room temperature, heterobimetallic 

networks involving Gd-carbonitrile coordination and in-situ Co-metalated porphyrin 

species are fabricated. To this aim, Co atoms were evaporated onto a previously 

prepared Gd : 2H-TPCN sample held at room temperature. 

Figure 5.7(a) shows high-resolution STM images of the heterobimetallic Gd-Co-TPCN 

assembly on Ag(111) acquired at positive bias (Vb = 1 V). As it clearly appears from the 

images, the four-fold coordination architecture is preserved and assigned to Gd-NC 
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coordination, while simultaneously the borders of the nanostructure exhibit a minority 

three-fold coordination attributed to Co-carbonitrile coordination (cf. below).  

 

 

Figure 5 . 7 | Lanthanide-driven heterobimetallic porphyrin network 

a, Overview STM image of the heterobimetallic network (Vb= 1 V and I = 100 pA). b, STM image recorded 

at Vb= 1 V (I = 75 pA) displays no different appearance between metalated and free-based porphyrins 

macrocycles, showing four bright lobes localized over the four mesa-bridge carbons. c, At low positive Vbias 

(Vb= 0.7 V and I = 75 pA) the four lobes for the non-metalated substituted porphyrins appear brighter than 

the metalated ones (the contours magenta and violet highlight the two mentioned porphyrin species).Gd 

atoms appear as circular bright protrusions independently the Vbias used. d, Ball-and-stick atomistic model 

of the assembly presented in (c), herein C, N, H, Gd and Co atoms are depicted in green, blue, white, 

brown and purple respectively. 

 

At Vb = 0.7 V imaging of the same area reveals the fingerprint of porphyrin metalation 

(cf. Figure 5.7(c)), which consists in the appearance of dimmer and brighter macrocycle 

shapes assigned to Co metalated and free-base porphyrin derivates, respectively. 

Importantly, these Co-metalated species are involved in the coordination, without any 

distortion of the grid-like assembly. 
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Regarding metal-organic coordination, Gd centers appear as bright protrusions 

regardless of the bias polarity. As previously reported for five-fold Gd-NC motifs, residual 

gas can be axially ligated to the Gd centers influencing its appearance. We discard that 

Co atoms are attached to the lanthanide vertexes for the following reasons: i) the aspect 

and size of the rare-earth centers is equivalent, within the heterogeneity, before and 

after Co deposition (cf. Figures 5.8(a,b)) and ii) no clustering is observed at the vertexes, 

thus maintaining the structure of the coordination network intact (cf. Figure 5.8(c)). The 

Gd-Gd distance is identical within the experimental precision for the metalated (35.1 ± 

0.7 Å) and the non-metalated (34.5 ± 0.6 Å) species, and it is much different from the 

Co-Co distance (32.4 ± 1.0 Å), reflecting as expected the bigger size of the lanthanide 

atoms.  

 

Figure 5 . 8 | Intermetallic distances of the distinct metallosupramolecular assemblies 

The pure lanthanide metal-organic network (inset b) and the bimetallic one (inset c) exhibit a similar 

internodal distance, whereas the pure Co metal-organic structure presents a clearly shorter value (inset a). 

STM images (a-c) are presented in a 3D fashion. The blue line depicts the Co-molecule-Co distance, 

whereas the red and green show the Gd-molecule-Gd value for the pure lanthanide assembly and the 

bimetallic one, respectively. Internodal distances of (b) and (c) are in agreement with the Fast Fourier 

Transform of long range images. 
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5.3 Conclusion 

In summary, by exploiting orthogonal coordination interactions, we have successfully 

designed a surface-confined d-f heterobimetallic supramolecular nanoarchitecture, 

consisting of a grid-like four-fold Gd-carbonitrile coordinated network of in-situ Co 

metalated porphyrin derivates on Ag(111). To this aim, a three-step self-assembly 

protocol is employed. First, the deposition on Ag(111) of a free-base porphyrin species 

(2H-TBPCNP), peripherally equipped with terminal carbonitrile functional groups to steer 

coordinative schemes, results in a tetragonal close-packed assembly stabilized by N···H 

interactions. A subsequent incorporation of Gd atoms gives rise to a grid-like 

nanoarchitecture based on four-fold Gd-carbonitrile coordination vertexes, without any 

sign of metalation. Finally, the deposition of Co atoms results in the efficient metalation 

of the central pyrrolic macrocycle, maintaining intact the porous Gd-coordinated 

network, thus forming a supramolecular d-f nanosystem. 

This is the first in vacuo realization of a 2D lanthanide-transition metal heterostructure 

exploiting the advantages of selective metal-organic coordination of a molecular species 

towards coordination and metalation. This protocol can anticipated possible new 

avenues to molecular design on surfaces, propelling the development of d-f 

nanosystems, with potential impact for engineering magneto responsive or, light 

emitting devices for sensing and single-molecule catalytic applications. 

In the next chapter we change the functional group of the molecular building block, i.e. 

carboxylates instead of the carbonitrile groups employed in chapters 3, 4 and 5 in order 

to explore the Gd-carboxylate interactions on the Ag(111) and Cu(111) surfaces. 
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6. Lanthanide (Gd)-carboxylate 
coordination on surfaces 

MOCNs that comprise carboxylate functional groups and transition metal elements as 

metallic nodes have been intensely studied in the last few years combining advantages 

of both homogeneous and heterogeneous catalysis218,219 and being proved to be suitable 

as robust and adaptable templates for the organization of guest species. 

On the one hand, specific intermolecular interactions, i.e. van der Waals forces, 

hydrogen bonds or metal coordination have been employed to connect constituting 

building blocks. In recent times, ionic self-assembly (process that uses electrostatic 

interactions between oppositely charged molecules/atoms as the dominant interaction) 

has been developed as a potent tool for the fabrication of novel nanoarchitectures with 

exclusive chemical and structural properties220-223. In this sense, carboxylic moieties 

were chosen due to their easily donation of the carboxylic hydrogen giving rise to their 

anionic homologous. 

On the other hand, Considerable efforts were devoted to explore novel coordination 

architectures with cyano endgroups incorporating lanthanides (chapters 3-5), typically 

providing high coordination numbers that give rise to unusual topologies as also 

encountered in bulk chemistry224-231. In this manner the interaction between carboxylate 

endgroups and lanthanide elements should be explored at surfaces in order to study 

similarities and differences among the lanthanide-organic coordination with distinct 

functional groups.  

LT-STM and VT-STM experiments realized in this chapter were carried out at TUM and in 

collaboration with IMDEA Nanoscience (Madrid, Spain) under the supervision of Dr. 

David Ecija. DFT simulations were performed by Professor Fernando Martin´s group at 

UAM, Spain. 

6.1 Deposition of TDA and TDA + Gd on Ag(111) 

4,1ʹ,4ʹ,1ʹʹ-terphenyl-1,4ʹʹ-dicarboxylic acid (TDA, synthesized by a Pd-catalyzed Suzuki 

coupling232) is deposited at room temperature onto a smooth Ag(111) substrate giving 
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rise to a close-packed ordered arrangement (Figure 6.1), where molecular species are 

visualized as rods. An atomistic model reveals that the self-assembly is stabilized by 

O···H interactions, as previously described for molecular species functionalized with 

carboxylic endgroups17,233. 

 

 

Figure 6 . 1 | Chemical structure and LT-STM topographs of TDA species deposited at room temperature 
on Ag(111) 

a, Molecular structure of TDA. b, LT-STM image showing the tetragonal supramolecular network stabilized 

by H-bond interactions (Vb = 1 V and I = 80 pA). Scale bar: 10 nm. c,  Low-temperature STM image that 

allows to discern the individual entities as bright rods (Vb = 1 V and I = 80 pA). Scale bar: 5 nm. d, Atomistic 

model of (c) revealing that the network is stabilized by directional H-bonding. C, O and H atoms are 

depicted in grey, red and white, respectively. 

 

After annealing the sample to slightly higher temperatures (375 - 450 K) molecular 

species are desorbed from the Ag(111) surface and the observation of the anionic 

species (TDA2-) is not achieved. 

In order to check the affinity of the carboxylic groups to lanthanide elements, 

gadolinium atoms are deposited at room temperature onto a Ag(111) surface containing 

TDA species. A new scenario emerges, where big islands formed by intact TDA species 

coexist with irregular metallosupramolecular networks (cf. Figure 6.2). A closer look 

reveals that the new structures are based on a four-fold metal-organic interaction. We 

assign this coordination to the link between Gd centers and carboxylate derivates (TDA2-

), with a Gd : linker stoichiometry of 1 : 2 and a projected average Gd-O bond length of 

2.5 ± 0.8 Å, coexisting at the temperature of sample growth with TDA molecules. Thus, 

the growth of ordered Gd-directed metallosupramolecular architectures based on TDA 

linkers on Ag(111) is cumbersome: i) on one hand at room temperature, after Gd 

deposition, there is a competition between carboxylate and carboxylic species 
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(majority), resulting only in minority disordered metal-organic networks; ii) on the other 

hand, annealing the sample at higher temperatures to promote carboxylate moieties 

results in the desorption of the TDA species. 

 

 

Figure 6 . 2 | LT-STM topographs of disordered Gd : carboxylate assemblies deposited at room 
temperature on Ag(111) 

a, LT-STM image showing disorganized Gd : TDA assemblies coexisting with TDA molecular islands. (Vb = 1 

V and I = 87 pA). Scale bar: 15 nm. b,  Zoom-in STM image of (a) that allows to discern small patches of the 

Gd : carboxylate molecular assembly (Vb = 1 V and I = 87 pA). The inset shows an atomistic model of a the 

four-fold metal-organic interaction. C, O and Gd atoms are depicted in grey, red and light green, 

respectively. Scale bar: 5 nm. 

 

6.2 Deposition of TDA on Cu(111) 

 The deposition of TDA on bare Cu(111) at room temperature gives rise to close-packed 

arrays, in which the molecular species are visualized as rods, featuring an oblique lattice, 

with unit cell vectors of 8.2 ± 0.7  Å and 18.7 ± 0.7 Å, spanning an angle of 55° (cf. Figure 

6.3(b)). Importantly, at this temperature, the molecular species preserve its integrity, 

allowing high diffusion and the formation of networks stabilized by O···H intermolecular 

interactions. (cf. Figure 6.3(c)).  
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Figure 6 . 3 | Dense-packed assembly of TDA on Cu(111) after deposition at RT 

a, LT-STM image showing the tetragonal supramolecular network stabilized by H-bond interactions (Vb = -1 

V and I = 400 pA). The violet tetragon depicts the unit cell. Scale bar: 3 nm. b, Low-temperature STM 

image that allows to discern the individual entities as bright rods (Vb = 0.1 V and I = 200 pA). Scale bar: 2 

nm. c, Atomistic model of (b) revealing that the network is stabilized by directional H-bonding. C, O and H 

atoms are depicted in grey, red and white, respectively. 

 

At slightly higher substrate temperatures (308 K),  variable-temperature STM reveals the 

appearance of mainly isolated rod-like species, associated with deprotonated 

compounds234, coexisting with rarely appearing unaltered TDA islands. Above this 

substrate temperature, only carboxylate moieties (TDA2-) appear for low-temperature 

visualization (cf. Figure 6.4). A detailed analysis of the STM data shown in Figure 6.4(b) 

reveals the appearance of individual TDA2- molecules, imaged as extended rod-like 

shape, where the long molecular axes are aligned 45° with respect the three high-

symmetry directions of the Cu(111). Remarkably two major depressions positioned at 

the long molecular axes peripheries are observed (inset Figure 6.4(b)). This phenomena, 

associated with the oxygen-terminated molecular extremity, is related to the strong 

reactivity of the carboxylic group upon adsorption on Cu surfaces85,86,235-241. 

 

 
Figure 6 . 4 | Dense-packed assembly of TDA on Cu(111) after deposition at 425 K 
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a, Long range LT-STM image of individual TDA molecules after annealing the substrate (Vb= 0.1 V and I = 

200 pA). Scale bar: 12 nm. b, High-resolution LT-STM image of (a). The green marked inset shows an 

individual molecule with two major depressions at the long molecular axe sides. (Vb= 0.1 V and I = 200 pA). 

Scale bar: 3 nm. 

 

6.3 TDA + Gd on Cu(111) 

In order to assess the affinity of the carboxylate groups to lanthanide elements, 

gadolinium is deposited onto a Cu(111) surface containing TDA2- molecules and held at ≈ 

423 K.  

 

Figure 6 . 5 | Lanthanide-directed Gd : carboxylate supramolecular network on Cu(111) 
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a, Long-range topograph (Vb = 1 V and I = 80 pA). Scale bar: 15 nm. b, High-resolution image (Vb = -1 V and I 

= 300 pA). Scale bar: 3 nm. c-e, DFT optimized geometry of the assembly. c, Top-view. d, Zoom-in 

perspective view emphasizing the 8-fold Gd-O coordination motif. e, Side-view. Gd, C, O, H, and Cu atoms 

are depicted in light green, grey, red, white, and orange, respectively. 

 

Following this protocol, Figure 6.5(a) depicts the formation of extended patches of 2D 

reticulated supramolecular structures, coexisting with isolated carboxylate molecular 

species. High-resolution imaging allows us to discern the network architecture, which 

features a square unit cell of 19.5 ± 0.7 Å, with a Gd : molecular linker stoichiometry of 

1 : 2 (cf. Figure 6.5(b)). Hereby, molecular species are visualized as rods, and Gd centers 

as voids (cf. Figure 6.5(a,b)) or dim protrusions (cf. Figure 6.7) depending on the 

employed tunneling conditions and tip state. The mononuclear Gd vertexes are 

surrounded by four molecular linkers, reflecting a square-planar coordination motif with 

four chelating rare-earth-carboxylate bonds and a projected average Gd-O bond length 

of 2.6 ± 0.7 Å (cf. below). This coupling scheme resulting in a coordination number of 8 is 

unprecedented for interfacial metallosupramolecular architectures and hints towards a 

prevalent ionic character versus covalency in the lanthanide metal-organic bonds, also 

encountered in bulk chemistry242. 

To further rationalize the Gd-carboxylate supramolecular network, we got support from 

DFT simulations. Figures 6.5(c-e) illustrate an optimized geometry of the assembly, 

highlighting the eight-fold Gd-O lateral coordination and yielding a binding energy of 

4.99 eV/molecule (for comparison in the absence of the substrate this binding energy is 

3.27 eV/molecule). Molecules are adsorbed with their polyphenylene backbone almost 

planar. The average interphenylene dihedral angle is 10.9°, i.e. individual rings are 

oriented approximately ± 5° with respect to the surface plane. The planarization of the 

molecular linkers is then similar to that encountered for the surface-confined five-fold 

metal-organic assemblies based on Ce(Gd) and p-NC-(Ph)3,4-CN-p species.40-42  

Remarkably, Gd atoms present an adsorption height of 3.1 Å with respect to the surface 

(cf. Figure 6.5(e)). In order to balance Gd-O attractive interactions and intermolecular 

OˑˑˑO steric hindrance, the carboxylate termini rotate 44.5° about their sigma bonds, 

thus allowing the high coordination number of 8, with a Gd-O bond length of 2.4-2.7 Å, 

in accordance with the experimental geometry and similar values reported for 3D 

lanthanide-oxygen donor complexes.243 This 8-fold Gd-O lateral coordination motif 
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differs from the coordination nodes in the related nanoporous Fe and Co-terephthalate 

arrays fabricated on Cu(100) or Au(111), which incorporate four lateral carboxylate 

bonds to dimetal centers244,245. We attribute the distinct coordinative scheme to the 

larger atomic diameter of the Gd center and the propensity of rare-earth metals towards 

higher coordination numbers. 

Additional information regarding the electronic structure of the coupling motif is 

provided by the evaluation of the DFT results. First, the Bader analysis shows a positive 

charge of +2.1e for Gd and a negative charge of -1.1e for each of the eight surrounding 

oxygens involved in the coordination, which results in a total charge of -0.89e for the 

metal-organic assembly. These results indicate cationic Gd centers in the 

metallosupramolecular layers239. Second, we analyze the electron density displacement 

field246 of the Gd-(TPA)4 adlayer (cf. Figure 6.6). The field reveals black depletion zones 

around the Gd center, indicating a strong ionic component in the Gd-(TPA)4 coordinative 

scheme, similar to the Cs-(TCNQ)4 system, where ionic interactions are deduced.246 

 

 
Figure 6 . 6 | Charge-density displacement field of the Gd-TPA4 node on the Cu(111) surface 

The plot illustrates the difference between electron charge density of the interacting system and those of 

its non-interacting components. Negative values (violet, black) represent charge depletion, accounting for 

an ionic character of the Gd center. Positive values (yellow, orange, red) indicate charge accumulation, 

highlighting the charge gained by the carboxylate moieties. The structure model is superimposed. 

 

Importantly, there is only a single rare-earth center in the four-fold coordination node. 

More complex nodes such as the previously encountered dinuclear Co or Fe motifs in 
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carboxylate-based metal-organic networks, or the recently suggested di-iron-nodes in 

upright positions coordinated by pyridil moieties are excluded in the gadolinium-

directed four-fold reticulated architecture, because the rare-earth atomic diameter is 

too large for the nodal space and Cu adatoms did not participate in coordination 

schemes in the explored range of temperatures. Nevertheless a few dinuclear centers 

comprising a six-fold node are found as shown in Figure 6.7. 

 

 
Figure 6 . 7 | Nature of the coordination nodes 

a-b, High resolution STM images of the reticulated network showing one Gd atom per node. a, Vbias = -1 V, 

measured at 6 K. b, Vbias = 0.8 V, imaged at room temperature. c, High resolution STM images revealing the 

majority mononuclear Gd nodes and statistically very infrequent binding motifs comprising two Gd atoms 

and six molecular species. Vbias = 0.8 V, measured at room temperature. Bottom panel is shown with 

inverted contrast to emphasize the Gd nodes. d, Atomistic models of the two distinct binding motifs. 

Carbon, oxygen and gadolinium atoms are depicted as grey, red and green, respectively. 

 

The Cu(111) surface is also expected to play an appreciable role in the formation of the 

lanthanide-carboxylate networks. TDA2- species and Gd-carboxylate networks were 

exposed to a CO dosage (≈ 75 s at 1×10-7mbar) to elucidate the molecular registry on the 
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surface, due to the well-known adsorption of CO molecular species on Cu(111), which 

are place in an upright configuration on top sites111. Up to this exposure, no significant 

changes in the molecular species or the Gd centers were detected; however CO 

molecules were visualized as round indentations absorbed on the surface (cf. Figure 

6.8(a,b)). Based on this premise, the atomistic model presented in Figures 6.8(c,d) shows 

how the three phenyl rings of the TDA2- species were placed on the bridge positions of 

the Cu(111) surface. For Gd-carboxylate networks, lanthanide atoms were also found to 

be positioned on the bridge positions while coordinated molecular species adapted their 

location with respect to the Cu(111) surface in order to form the Gd-carboxylate 

coordination network as shown in Figure 6.8 (d).    

 

 

Figure 6 . 8 | LT-STM images and atomistic model of TDA2- species and Gd-carboxylate network after 
exposure to CO gas at 6 K 

a, High-resolution LT-STM image of individual TDA molecules after CO deposition (Vb= 0.5 V and I = 150 

pA). Black nodes are assigned to single CO molecules placed in an upright configuration on top sites. b, 

High-resolution LT-STM image of the Lanthanide-directed Gd : carboxylate supramolecular network after 

CO deposition (Vb= 0.4 V and I = 160 pA). c-d, Zoom-in atomistic models of (a-b) showing how the atoms 

are placed on the Cu(111) surface. Copper, carbon, oxygen, hydrogen and gadolinium atoms are depicted 

in brown, black, red, light blue and yellow, respectively. 
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Next, we have explored the thermal stability of the Gd-carboxylate nanoarchitectures by 

holding the sample at distinct temperatures during STM-measurements. Continuous 

imaging at 77 K, RT and at 360 K exhibits stable island edges and identical assemblies to 

those achieved at 6 K (cf. Figure 6.9), highlighting an appreciable thermal robustness, 

also encountered in surface-confined metal-carboxylate networks involving alkali or d-

block centers87,247-249. Importantly, the variable-temperature imaging shows certain 

degree of flexibility of the coordination nodes, which could be of relevance for hosting87 

functional guest species. Further inspection at 393 K (the technical limit for the variable-

temperature STM) signals the initial steps of disintegration of edges of the assemblies.  

 

 

Figure 6 . 9 | Variable-temperature STM images of the Gd-TDA supramolecular assembly on Cu(111) 
recorded at 308 K and 360 K 

a, Long-scale image (Vb = 1.3 V and I = 500 pA, scale bar = 10 nm). b, High-resolution STM image (Vb = 1.3 V 

and I = 480 pA, scale bar = 2 nm). c, Large-range STM image highlighting the stability of the islands at high-

temperature (Vb = 1.1 V and I = 370 pA, scale bar = 10 nm). d, High-resolution STM image (Vb = 1.6 V and I 

= 400 pA, scale bar = 2nm). 
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6.4 Conclusion 

In summary, we have presented a multi-technique study combining low-temperature 

STM, variable-temperature STM and DFT simulations introducing the gadolinium-

directed assembly of 2D coordination networks on Cu(111) by exploiting metal-ligand 

interactions between TDA2- species and gadolinium centers.   

Our data and analysis give insights into the detailed geometry and electronic nature of 

the lanthanide-carboxylate bond on metallic surfaces, notably indicating chelating 

arrangements with ionic characteristics. Thanks to the unprecedented coordination 

number of 8 for the Gd vertexes and the bonding strength, the assemblies are thermally 

robust. Taking into account the feasibility of incorporating distinct lanthanide elements 

in similar coordination environments,41 our study opens novel avenues towards 

manifold robust rare-earth-carboxylate nanoarchitectures featuring specific 

functionalities provided from the selected lanthanide and linkers. 
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7. General conclusions and 
perspectives 

The work presented in this thesis introduces lanthanides as unique elements to design 

metallosupramolecular architectures on noble metal surfaces. For the first time, the use 

of organic molecules with specific functional groups, i.e. carbonitrile and carboxylate 

moieties as molecular building blocks and its coordination with lanthanide elements has 

been reported. Scanning tunneling microscopy represents a surface sensitive technique 

that provides the possibility of imaging and manipulate matter at the atomic level. 

Therefore, two-dimensional lanthanide metal-organic networks have been inspected 

taking advantage of this tecnique. Moreover, further investigations enclosing f-block 

elements as well as the use of complementary techniques are necessary to study their 

electronic and magnetic properties that can be of capital relevance in photonics, 

sensing, catalysis or spin-orbit materials.  

In this work, the interaction between lanthanide elements as cerium (Ce), gadolinium 

(Gd) or europium (Eu) and carbonitrile (p-NC-Ph3-CN-p, p-NC-Ph4-CN-p and TPCN) or 

carboxylate (TDA2-) functionalized molecular species absorbed on gold, silver and copper 

surfaces is investigated. 

In particular, the co-deposition, under specific stoichiometric conditions of Ce/Gd atoms 

and p-NC-Ph3,4-CN-p species absorbed on the Ag(111) surface gives rise to lanthanide-

based metal-organic networks (α, β and γ phases) where five-fold planar coordination 

nodes prevail. This spontaneous expression of five-fold coordination is attributed to the 

particular electronic configuration of lanthanides. They possess larger ionic radius and 

smaller ligand-field effects than transition metals (d-block elements), and their 

coordination chemistry is governed by the geometrical arrangements and steric effect of 

the employed molecular linkers. Especially interesting is the presence of phase γ which 

represents the first observation, based on metal-organic interactions, of a snub square 

Archimedean tiling. Furthermore, taking advantage of the lateral manipulation 

procedure, the control and manipulation of Gd(p-NC-Ph4-CN-p)5 supramolecules is 

achieved highlighting the relatively strong lanthanide : molecular linker interaction.   



 104 

 

 

In order to compare the chemical similarities and/or differences between Eu and Ce/Gd 

coordination networks, Eu and p-NC-Ph4-CN-p species are co-deposited and studied at 

RT on the Ag(111) surface. Herein, four-fold and five-fold coordination networks are 

observed under precise stoichiometric conditions, in contrast to previous experiments 

with Ce/Gd, where five-fold coordination nodes prevail independently of the lanthanide 

: molecular linker stoichiometric ratio. Thus, the europium coordination sphere can be 

adapted to several coordination numbers according to preparation conditions. Co-

deposition of Eu and p-NC-Ph4-CN-p species at RT onto the Au(111) surface presents a 

different scenario, demonstrating the influence of the adlayer/substrate interactions. As 

a result, an increased adaptivity of the coordination motifs is detected due to the 

weaker surface interactions for Au(111) in comparison with the Ag(111) surface. 

Importantly, for a specific 2 : 5.1 (Eu : p-NC-Ph4-CN-p) stoichiometry, a novel metal-

organic network based on four-, five- and six-fold coordination nodes and featuring 

random-tiling dodecagonal quasicrystalline network characteristics is observed. Its 

appearance is tentatively associated to the flexible Eu coordination and the balance 

between enthalpy and entropy as a key parameter for random-tiling quasiperiodicity. 

The distinct reactivity of a porphyrin derivate (2H-TPCN) towards Gd and Co atoms on a 

bare Ag(111) surface is also inspected.  After Gd deposition onto a 2H-TPCN molecular 

close-packed tetragonal assembly a four-fold coordination network emerges. This 

network is stabilized by the interaction between Gd and the terminal carbonitrile groups 

of the porphyrin derivate, following a 1 : 1 (Gd : 2H-TPCN) stoichiometric ratio and 

importantly, no metalation of the porphyrin chemical pocket is observed. On the one 

hand, the absence of five-fold coordination nodes (like in the Ce/Gd : p-NC-Ph3,4-CN-p 

systems) is attributed to steric impediments in the porphyrin backbone. On the other 

hand, the lack of metalation is tentatively assigned to a high activation barrier of the 

metalation together with a more difficult access of the Gd atoms to the tetrapyrrole 

macrocycle. Consequently, taking advantage of the lack of metalation by Gd atoms of 

the porphyrin derivate, Co atoms are deposited onto the Gd : 2H-TPCN network. 

Accordingly, a d(Co)-f(Gd) heterobimetallic network comprising Gd-carbonitrile 

coordination and in-situ Co-metalated porphyrin species is achieved. 
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Finally, carboxylate ligands are among the most frequently employed ligands in 4f 

coordination chemistry due to the highly oxophilic nature of lanthanide ions. Thus, TDA2- 

species, equipped with dicarboxylate functional groups are employed as molecular 

building blocks in its coordination with Gd atoms on the Cu(111) surface. Herein, a 

squared supramolecular network with a Gd : molecular linker stoichiometry of 1 : 2 is 

recognized. Notably, eight oxygen atoms are coordinated to the Gd node which is only 

possible due to the rotation of the carboxylate moiety at the surface. This fact reveals 

the ability of the carboxylate ligand to adopt different coordination modes, in 

comparison with previous studies of transition metal atoms and TDA molecules. In 

addition, the ionic character and the thermal stability of the network have been also 

investigated, highlighting the robustness of the Gd : carboxylate interaction. 

These results demonstrated the rich variety of lanthanides and organic molecules 

interactions observed on noble metal surfaces. The lanthanide : molecular linker 

interactions give rise to different metal-organic architectures whose structural 

properties have been studied through the scanning tunneling microscopy technique. 

Nevertheless, complementary techniques, i.e. XPS or XMCD, should be used to get a 

higher insight in the intricate electronic and magnetic properties of such systems. 

Future experiments could aim to the exploration of:  

- The interaction of the same lanthanide elements with other organic 

functional groups on noble metal surfaces. Herein, the goal would be to 

investigate the different metal-organic nanoarchitectures systematically 

characterized by the STM.  

- The interaction of different lanthanide elements with the same organic 

functional groups on the same noble metal surfaces. In this regard, the target 

would be to explore the chemical properties of the lanthanide series. 

Particularly interesting would be the presence or absence of quasicrystalline 

structures as other lanthanides, different from Eu, are employed in the 

lanthanide metal-organic network formation.  

- Ligation of gaseous molecules, as CO or O2, to lanthanide metal-organic 

architectures could be studied on different substrates in order to examine 
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the influence of the chemical environment of the lanthanide nodes on the 

binding affinity.  

- Growth of lanthanide metal-organic architectures on atomically thin sheets 

of sp2-hybridized boron nitride (BN) or graphene featuring structural, 

electronic and magnetic properties unachievable on metallic surfaces. 
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8. Appendix 
8.1 Spectroscopic characterization of lanthanide-

carbonitrile ligand networks by low-temperature STM 

The interface established between metal atoms and organic molecules in terms of 

geometry and electronic configuration250 plays an important role for optical, electrical 

and magnetic properties applicable in many fields such as organic solar cells251,252, 

organic light-emitting diodes or field effect transistors253,254. This interface defines the 

metal-organic coupling strength and can modify the alignment of the organic molecular 

orbitals (MOs) due to the molecular interaction with single atoms or atom 

clusters117,134,250,255-257. In the last years, several spectroscopic studies regarding 

predefined metal-organic structures using transition metals as metal nodes were carried 

out onto metallic surfaces256-259 as well as on insulating films260 which has allowed 

detailed information on the molecular orbitals of different metal-organic complexes 

giving direct information about their physic-chemical properties at a fundamental level. 

In the following, a brief approach to the spectroscopic characterization of lanthanide-

directed (Ce/Gd) metal-organic networks using carbonitrile functional groups on a bare 

Ag(111) surface is shown. For comparison, a system where a transition metal (Co) is 

used as the metal node in the metal-carbonitrile network is also inspected. 

 

• Ce + p-NC-Phn-NC-p (n = 3,4) 

Figure 8.1 (a-b) shows representative STM images of pentameric units (phase α, Ce (p-

NC-Ph3,4-CN-p)5, chapter 3) formed by employing Ce and p-NC-Ph3-CN-p or p-NC-Ph4-CN-

p organic molecules, respectively. Scanning tunneling spectroscopy (STS) measured on 

non-coordinated p-NC-Ph3,4-NC-p molecules (red curves) only show a delocalized 

resonance peak, which is tentatively assigned to the lowest unoccupied molecular 

orbital (LUMO), located at 1.28 V for p-NC-Ph3-NC-p molecules and 1.37 V for p-NC-Ph4-

NC-p molecules.  Figure 9.1 (c-d) shows the electronic characterization of Ce(p-NC-Ph3,4-
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NC-p)5 units which present a strong localization of the molecular orbitals due to the 

influence of the Ce coordination:  

i) The electronic structure of p-NC-Ph3-CN-p linkers is modified upon 

coordination with cerium (Figure 8.1 (c)). Spectra acquired at the non-

coordinated border of one linker to the Ce center in equidistant steps reveals 

two peaks in the molecular backbone (at 0.72 V and at 1.07 V), whose 

relative intensity depends on the proximity of the point of spectra acquisition 

to the Ce atom. Importantly, STS of the Cerium node only reveals a peak at 

0.72 V. Thus, we rationalized the longitudinal evolution of the electronic 

structure as a downshift from 1.28 V to 1.07 V in the LUMO of the molecular 

linker upon coordination and the emergence of a new peak due to the 

presence of the cerium atom. 

ii) A similar behavior is observed in p-NC-Ph4-CN-p linkers upon coordination 

with cerium (Figure 8.1 (d)). The non-coordinated extremity of a coordinated 

p-NC-Ph4-CN-p molecule shows two peaks at 0.78 V and 1.11 V, whose 

relative intensity is again modulated depending on the proximity of the point 

of spectra acquisition to the Ce atom. The Ce node presents a peak at 0.78 V. 

Thus, the downshift from 1.37 V to 1.11 V in the LUMO of the molecular 

linker upon coordination and the presence of a new peak at 1.11 V are again 

attributed to the coordination with the cerium atom. 

No information regarding the highest occupied molecular orbital (HOMO) is observed in 

our STS data. 
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Figure 8 . 1 | Spectroscopic characterization of Ce(p-NC-Ph3,4-CN-p)5 supramolecules 

a-b, High-resolution STM images and atomistic models of a Ce(p-NC-Ph3-CN-p)5  and a Ce(p-NC-Ph4-CN-p)5 

supramolecule, respectively. The colored stars indicate the points where the STS data have been 

measured. Scanning parameters: Vb = 0.2 V, I = 100 pA. Scale bar: 1 nm. c-d, Spatially resolved 

spectroscopic data reveal the downshift phenomena in the molecular frontier orbital energy. The different 

colors of the STS curves are in agreement with the different stars colored in (a-b). Red curves in (c) and (d) 

depict the LUMO of non-coordinated molecular species. 

 

In order to study the influence of the chemical environment in the frontier orbital 

energy shifts of the metal-organic coordination, several spectra are acquired for the 

different phases (α, β and γ) studied in chapter 3. Figure 8.2 shows how the molecular 

resonances for the different phases vary depending on its coordination with one or two 

Ce atoms. Phases α, β and borders of γ show single Ce-coordinated molecules (Figure 8.1 

(c,d) and 8.2 (b)) with a spectroscopic behavior previously described. Phase γ shows 

double Ce-coordinated molecules (Figure 8.2 (a,c)) and the spectroscopic data exhibit 

similar resonances in the molecular backbone as the spectra is taken at equal distances 

from the closer Ce atom. 
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Figure 8 . 2 | STS curves on Ce metal-organic systems in different bonding enviroments 

a, High-resolution STM image of a five-fold Ce : p-NC-Ph4-CN-p system. Blue and red doted rectangles 

depict atomistic models of Ce : p-NC-Ph4-CN-p and Ce : p-NC-Ph4-CN-p : Ce systems, respectively. The 

colored arrows in the doted rectangles indicate the points where the STS data have been measured. 

Scanning parameters: Vb = 0.2 V, I = 80 pA. Scale bar: 3 nm. b, Upper STS curves present spatially resolved 

spectroscopic data revealing the downshift phenomena in the molecular frontier orbital energy. Lower STS 

curves present spatially resolved spectroscopic data revealing the influence of the chemical environment 

in the shifting of molecular orbitals. The different colors of the STS curves are in agreement with the 

different arrows colored in (a). 

 

• Gd + p-NC-Ph4-NC-p  

To investigate the influence of the lanthanide atoms on the electronic structure of the 

complex, similar STS studies were carried out with Gd atoms as metallic nodes Gd : (p-

NC-Ph4-CN-p)5. Figure 8.3 reveals a similar localization behavior of the resonance peaks 

of a molecule while is coordinated with a Gd atom. The appearance of two resonance 

peaks at 1.37 V and 2.02 V delocalized along non-coordinated molecules (red star and 

curve in Figure 8.3 (c)) is observed. The non-coordinated extremity of a coordinated p-

NC-Ph4-CN-p molecule presents two peaks at 1.13 V and 1.75 V, whose relative intensity 
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is modulated depending on the proximity of the point of spectra acquisition to the Gd 

atom (green, light blue and purple stars and curves in Figure 8.3 (c)). The Gd node 

presents a peak at 0.75 V. Hence, the downshift of LUMO and LUMO +1 around 0.25 V is 

attributed to the coordination with the Gd atom, showing a strong localization of the 

molecular orbitals due to the influence of the Gd coordination. 

 

 

Figure 8 . 3 | Spectroscopic characterization of Gd(p-NC-Ph4-CN-p)5 supramolecules 

a, High-resolution STM image of Gd(p-NC-Ph4-CN-p)5 supramolecules coexisting with some non-

coordinated molecular linkers. Scanning parameters: Vb = 0.3 V, I = 60 pA. Scale bar: 3 nm. b, Atomistic 

model of one of the pentameric units and a non-coordinated molecules shown in (a). The colored stars 

indicate the points where the STS data have been measured. c, Spatially resolved spectroscopic data 

reveal the downshift phenomena in the frontier orbital energy. The different colors of the STS curves are 

in agreement with the different stars colored in (b).   
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• Co + p-NC-Ph4-NC-p  

For comparison, a system with a transition metal (Co) as the metal node in the metal-

carbonitrile network is also inspected. Herein, the LUMO (1.36 V) and LUMO +1 (2.02 V) 

of a non-coordinated organic molecule are again shown in the red curve of Figure 8.4 (c). 

Spectra acquired at the center of a double Co-coordinated molecule (light blue star and 

curve in Figure 8.4 (b,c)) shows two peaks at 1.16 V and at 1.73 V revealing a downshift 

of around 0.2 V with respect to non-coordinated molecules. STS of the cobalt node only 

reveals a peak at 1.16 V (olive star and curve in Figure 8.4 (b,c)). Thus, a similar 

electronic behavior as in the Gd : p-NC-Ph4-CN-p system is found using a transition metal 

(Co) as the metal node.  

 

 

Figure 8 . 4 | Spectroscopic characterization of Co(p-NC-Ph4-CN-p)3 supramolecules 

a, High-resolution STM image of a three-fold Co : p-NC-Ph4-CN-p network. Scanning parameters: Vb = 0.5 

V, I = 75 pA. Scale bar: 2 nm. b, Atomistic model of a Co(p-NC-Ph4-CN-p)3 unit shown in (a). The colored 

stars indicate the points where the STS data have been measured. c, Spatially resolved spectroscopic data 
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reveal the downshift phenomena in the frontier orbital energy. The different colors of the STS curves are 

in agreement with the different stars colored in (b). Red curve depicts the LUMO and LUMO +1 orbitals of 

the non-coordinated p-NC-Ph4-CN-p molecule.  

 

• Gd + TPCN  

In the last STS analysis a different organic molecule with a carbonitrile functional 

endgroup, i.e. extended porphyrin (TPCN, chapter 5) is studied in its coordination with 

Gd atoms. Once again the typical downshift in the molecular resonance is observed 

ranging from 1.90 V for the spectra acquired at the extremities of the porphyrin derivate 

(red star and curve in Figure 8.5 (b,c)) to 1.25 V assigned to the spectra acquired at the 

Gd node of around 0.7 V (black star and curve in Figure 8.5 (b,c)). Resonance features 

related to the porphyrin chemical pocket and its metalation with Co atoms are 

summarized elsewhere215. 

 

Figure 8 . 5 | Spectroscopic characterization of Gd : TPCN networks  

a, High-resolution STM image of a Gd : TPCN network. Scanning parameters: Vb = 0.5 V, I = 100 pA. Scale 

bar: 2 nm. b, Atomistic model of Gd(TPCN)4 shown in (a). The colored stars indicate the points where the 

STS data have been measured. c, Spatially resolved spectroscopic data reveal the downshift phenomena in 
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the frontier orbital energy. The different colors of the STS curves are in agreement with the different stars 

colored in (b). Blue curve depicts the surface state of the Ag(111) surface. 

 

In summary we have shown in this section how the use of scanning tunneling 

spectroscopy (STS) allows detailed spectroscopic characterization of the molecular 

orbitals of several lanthanide-carbonitrile systems. These data indicate that the 

characteristic frontier orbital of the different systems is preserved but downshifted in 

energy independently of the lanthanide (Ce or Gd) and the molecule (with carbonitrile 

endgroups) employed. Spectroscopic studies of more lanthanide metal-organic systems 

would be spread out in further experiments giving an insight into the charge 

redistribution at metal-organic interfaces crucial for the understanding of the energy 

level alignment.  
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9. Experimental method´s summary 
In this section a detailed description of the experimental methods used in chapters 3-6 is 

described: 

 

• Five-fold lanthanide (Ce/Gd)-carbonitrile coordination on surfaces 

(chapter 3): 

The experiments were performed using two independent custom designed ultra-high 

vacuum systems that hosted an Aarhus 150 STM (VT-STM, see www.specs.com) and a 

low-temperature STM (LT-STM, see www.lt-stm.com), respectively. The base pressure 

was below 2 × 10-10 mbar in the LT-STM system and below 1 × 10-9 mbar in the variable 

temperature-STM system. Vbias is applied to the sample.  

The Ag(111) substrate was prepared by standard cycles of Ar+ sputtering (800 eV) and 

subsequent annealing to 723 K for 10 minutes. All STM images were taken in constant-

current mode with electrochemically etched tungsten tips.  

The supramolecular networks based on the Ce/Gd-ligand coordination motifs described 

in the manuscript were fabricated in a two-step process: 

1. The molecular linkers p-NC-Ph3-CN-p (p-NC-Ph4-CN-p) were deposited by organic 

molecular beam epitaxy (OMBE) from a quartz crucible held at T = 478 K (503 K) onto a 

clean Ag(111) crystal held at ≈ 300 K. 

2a. For the Ce networks: Ce atoms were evaporated from a homemade water-cooled 

cell by resistively heating a W filament enclosing a Ce ball of high purity (99.99%, 

MaTecK GmbH, 52428 Jülich, Germany) onto the sample held at ≈ 300 K.  

2b. For the Gd networks: Gd atoms were deposited by means of electron beam 

evaporation onto the sample held at ≈ 300 K from an outgassed Gd rod (99.9%, MaTecK 

GmbH, 52428 Jülich, Germany). 

After the growth protocol, the scanning tunneling microscopy inspection reveals 

whether the deposition of lanthanide on the surface was adequate or, on the contrary, 

lower or higher than expected. 

http://www.specs.com/
http://www.lt-stm.com/
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The DFT calculations were performed using the QuickStep module261 within the CP2K 

program suite (http://www.CP2K.org/). The adsorbed structures were modeled with the 

slab approach, where four layers of substrate were used, of which the two uppermost 

were relaxed. Hexagonal cells with lateral dimensions of 46.27 and 43.03 Å were used in 

α and β phases, respectively, and a monoclinic cell of 30.61 Å × 32.20 Å with an angle 

91.945° with eight molecules in the purely molecular phase.103 In the β structure the 

DFT-optimized value of the lattice constant of Ag was used because laterally the 

structure is covalently bound and we indeed observed strain when the experimental 

lattice constant was employed. Vertically the cell dimension was chosen as 35 Å except 

in the β phase where a value of 25.25 Å was applied. Only Γ point was used to sample 

the surface Brillouin zone, and Fermi-Dirac broadening at 300 K was used to broaden the 

occupation numbers around the Fermi energy. 

As the exchange-correlation functional we employed the revPBE262 generalized-gradient 

approximation, with long-range dispersion included using the DFT-D3 empirical 

correction.263 The Kohn-Sham equations were solved within the Gaussian plane wave 

(GPW) scheme.264 The details are similar to our recent investigations of h-BN adsorbed 

on transition metal surface:265 The ionic cores were described using Goedecker-Teter-

Hutter pseudo potentials,266 the density expanded in a plane wave basis set up to the 

cut-off energy of 900 Ry (in molecular phase 500 Ry) and the wave functions in the DZVP 

Gaussian basis set of the MOLOPT type;267 for Ce we included 30 electrons in the valence 

and a [4432] basis set. The binding energies were calculated without relaxing the system 

upon the removal of the molecule in question, i.e. just removing the atomic coordinates 

of the molecule. 

 

• Manifold lanthanide (Eu)-carbonitrile coordination on surfaces: A route 

to quasicrystallinity (Chapter 4): 

The experiments were performed using a custom-designed ultra-high vacuum systems 

that hosted an Omicron scanning tunneling microscope (STM). The base pressure was 

below 4 × 10-10 mbar in the variable temperature-STM system. Vbias in tunneling 

conditions is applied to the sample.  

http://www.cp2k.org/
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The Au(111) substrate was prepared using standard cycles of Ar+ sputtering (800 eV) and 

subsequent annealing to 723 K for 10 minutes. All STM images were taken in constant-

current mode with an electrochemically etched tungsten tip.  

The supramolecular networks based on Eu-ligand coordination motifs described in the 

manuscript were fabricated in a three-step process: 

1.- The molecular linkers p-NC-Ph4-CN-p were deposited by organic molecular beam 

epitaxy (OMBE) from a quartz crucible held at T = 493 K onto a clean Au(111) crystal at ≈ 

298 K. 

2.-  Next, Eu atoms were deposited by means of electron beam evaporation onto the 

sample  held at ≈ 298 K from an outgassed Eu rod (99.5%, MaTecK GmbH, 52428 Jülich, 

Germany). Thereafter, sample was annealed to ≈ 373 K for 10 minutes with a 

subsequent cooling rate of ≈ 2 °C/min to room temperature and inspected with STM. 

3.- The europium to linker stoichiometric ratio was carefully controlled to design specific 

supramolecular networks. On one hand, the formation of random string networks based 

on threefold coordination nodes, reticular fourfold asemblies, and ddQC networks, 

respectively, was achieved in a step-by-step process starting with the random string 

networks and depositing more p-NC-Ph4-CN-p linkers to the sample to grow the desired 

phase. On the other hand, the hexagonal lattice stabilized by six-fold nodes was formed 

on a pristine Au(111) sample, just following steps 1 and 2 of the growth protocol.  

The molecular force field MMFF implementation in the program CHARMM was 

employed to model the quasicrystalline pattern. The Eu-N distance between the 

minimized linkers and the Europium nodes was set to 2.51 Å, the Europium nodes 

positively charged and fixed, and the whole structure subsequently relaxed to a RMS 

gradient of 1 cal mol-1. An Eu-N distance of 2.51 Å was obtained from MP2 quantum 

mechanical calculations of the Eu(I)[benzonitrile]+
4 complex with the Gaussian 09 

program, where the Adamo implementation of the Perdew, Burke and Ernzerhof was 

used as the functional with a 6-311G basis set and the MWB52 Stuttgart/Dresden 

electron core potential for europium._ENREF_210 
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• Orthogonal insertion of lanthanide (Gd) and transition metal (Co) atoms 

in metal-organic networks on surfaces (Chapter 5): 

The experiments were perform in a custom designed ultra-high vacuum system that 

hosts a low-temperature STM (LT-STM, see www.lt-stm.com), where the base pressure 

was below 5 × 10-10 mbar.  All STM images were taken in constant-current mode with 

electrochemically etched tungsten tips, applying a bias (Vbias) to the sample and at a 

temperature of ≈ 6 K. The Ag(111) substrate was prepared by standard cycles of Ar+ 

sputtering (800 eV) and subsequent annealing to 723 K for 10 minutes. Deposition of 

metallic or molecular species was done holding the sample at room temperature, if not 

stated otherwise. 2H-TPCN molecules were deposited by organic molecular-beam 

epitaxy (OMBE) from a quartz crucible held at 718 K onto a clean Ag(111) crystal. Gd 

atoms were sublimated by means of electron beam evaporation from an outgassed Gd 

rod (99.9%, MaTecK GmbH, 52428 Jülich, Germany). Co atoms were evaporated from a 

homemade water-cooled cell by resistively heating a W filament enclosing a Co rod of 

high purity.  

 

• Lanthanide (Gd)-carboxylate coordination on surfaces (Chapter 6): 

The experiments were carried out in two distinct custom designed ultra-high vacuum 

systems, where the base pressure was below 5 × 10-10 mbar. Measurements at cryogenic 

conditions (≈ 6 K) were performed in an ultra-high vacuum system that hosts a Createc 

LT-STM. Variable-temperature STM (77 - 393 K) using an Aarhus-150 STM investigations 

were carried out in a unique ultrahigh-vacuum system to allow precise control of surface 

composition. All STM images were taken in constant-current mode with 

electrochemically etched tungsten tips, applying a bias (Vbias) to the sample. The Cu(111) 

substrate was prepared by standard cycles of Ar+ sputtering (800 eV) and subsequent 

annealing to 723 K for 10 minutes. The metal-organic architectures were fabricated 

following a two-step protocol. First, a submonolayer TDA coverage was prepared by 

organic molecular-beam epitaxy (OMBE) from a quartz crucible held at 543 K onto a 

clean Cu(111) crystal at room temperature if not stated otherwise. Subsequently, 

sample was annealed to 423 K and gadolinium (Gd) atoms were sublimated by means of 

http://www.lt-stm.com/
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electron beam evaporation from an outgassed Gd rod (99.9%, MaTecK GmbH, 52428 

Jülich, Germany). 

Simulations: First-principles calculations have been performed using the VASP 

package.268-270 The generalized gradient approximation (GGA) for the exchange-

correlation functional of Perdew, Burke, and Ernzerhof (PBE)271 is employed, with 

dispersion correction using Grimme's DFT-D2 scheme.272  The effective potentials of core 

electrons are described using the projector-augmented wave (PAW) 

pseudopotentials,273,274 as implemented in the VASP code. For Gd, the valency of the 

pseudopotential is 9 and the spatially localized 4f electrons are kept frozen in the core. A 

cutoff energy of 450 eV for the plane wave expansion and a Methfessel-Paxton 

smearing275 of 0.2 eV for the occupation of electronic states are chosen. Geometries are 

optimized with Г-point for Brillouin-zone sampling until all forces are smaller than 0.02 

eV Å-1. Single-point energies are calculated with a 3 × 3 × 1 k-point mesh according to 

the Monkhorst-Pack grid.276 Atomic charges are computed by Bader's topological 

analysis of the electron density (including the core charge)277 using the Bader analysis 

program278 for VASP. The Cu(111) surface is modeled by a four-layer slab separated by ≈ 

11 Å of vacuum in the surface normal direction, and the topmost two layers are allowed 

to relax during geometry optimizations. The binding energies are calculated by directly 

removing the molecule in question from the network whose geometry remains 

unchanged. In order to visualize the charge transfer in the Gd-TDA adlayer in a two-

dimensional presentation, the distribution of the so-called electron density 

displacement field, DF(x,y), is plotted. The electron density difference (Δρ) between the 

combined system (ρGd-TDA/Cu) and the sum of its separated constituents (calculated as 

freestanding neutral species in the frozen geometry) is defined as  Δρ = ρGd-TDA/Cu - (ρGd + 

ρTDA + ρCu). DF(x,y) is calculated by integrating Δρ from the plane dividing the substrate 

and adlayer (zsub) up to vacuum246:  
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