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Chapter 1

Molecular self-assembly at the solid-vacuum interface:
An overview

Detailed understanding of the molecular self-assembly at the solid-vacuum
interface is of great importance for utilizing molecules as a building material in
nanotechnology. The adsorption behaviour of molecules on a surface affects their self-
assembly process. To form supramolecular structures, the molecules undergo both
intermolecular and molecule-substrate interactions. In particular, the subtle interplay
between intermolecular and molecule-substrate interactions facilitates the formation
of supramolecular structures with appropriate complexity and characteristics.
Understanding the mechanisms which govern self-assembly processes on surfaces
will support the construction of supramolecular structures with complexity levels
similar to those in biological systems. In this chapter, the fundamental aspects of self-
assembly at the solid-vacuum interface are briefly outlined covering the mechanisms
which govern molecular adsorption and the principal interactions involved in
arranging adsorbates on surfaces. Examples of supramolecular structures stabilized
by different types of interactions are described, emphasizing the particularities of the
related self-assembly processes.
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1.1 Introduction

Supramolecular chemistry is a domain of chemistry which focuses on molecular
systems constructed from discrete molecular units held together by intermolecular
non-covalent interactions [1,2]. The term supermolecule (or supramolecule) is used to
describe an association of molecules stabilized by non-covalent interactions [3]. The
supermolecules are ubiquitous in biological systems, where they maintain vital
processes such as molecular recognition, catalysis and transport. The importance of
supramolecular chemistry was recognized in 1987 by the Nobel Prize in Chemistry
which was awarded to Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen for
syntheses of supermolecules that mimic important biological processes. The research
topics associated with supramolecular chemistry have gained a lot of interest in the
scientific community due to the possibility of implementing supramolecular
structures in electronic devices.

Molecular self-assembly is a fundamental concept of supramolecular chemistry.
It is defined as “the spontaneous association of molecules under equilibrium
conditions into stable, structurally well-defined aggregates joined by non-covalent
bonds” [4]. In molecular self-assembly, molecules serve as building blocks which
organize themselves into well-defined molecular structures (Figure 1.1). Molecular
organization occurs due to site-specific recognition and binding of the molecules
between each other. Molecular recognition is another fundamental concept of
supramolecular chemistry. The molecules are able to identify each other via non-
covalent interactions. These interactions can be classified in terms of interaction

Figure 1.1: Schematic representation of 1D, 2D and 3D assemblies mediated by molecular
recognition processes (yellow circles) between complementary building blocks (blue and red). The
recognition is translated into 1, 2 and 3 dimensions of space for constructing 1D, 2D and 3D
assemblies, respectively (adapted with permission from Ref. [5]).
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strength, typical bonding length and character. Table 1.1 gives an overview of non-
covalent interactions which are typically involved in self-assembly processes.
Hydrogen bonding and metal-ligand interactions are selective and directional, while
van der Waals and electrostatic interactions are non-selective. More pronounced
selectivity and directionality of non-covalent interactions facilitate better molecular
recognition and result in molecular structures with higher degrees of organizational
complexity [3]. In comparison with covalent interactions, the non-covalent
interactions have weaker bonding strengths which account for their reversible nature.
This feature allows error correction of defective molecular arrangements. However,
the sum of the relatively weak interactions across an entire assembly can lead to
robust structures with self-healing characteristics [6–8].

Type of interaction Strength, eV Bonding length, Å Character

Van der Waals � �a�b r �a� � �� Non-selective

Hydrogen bonding � �a�� r �aU � �a� r ta� Selective, directional

Electrostatic � �a�� r t Up to several nm Non-selective

Dipole-dipole � �a� r �a� � b r t Directional

Metal-ligand � �a�� r t � �a� r ba� Selective, directional

Table 1.1: Types of non-covalent interactions with typical interaction energies and bond
lengths (reproduced with permission from Ref. [9] and [10]).

The specific shape, composition and functional properties of a molecular self-
assembly depend to a great extent on the structural properties of the component
building blocks. In order to create a molecular architecture with desired structure and
functional properties, the molecular units have to be designed properly. The
characteristics of the building blocks such as elemental composition, size, symmetry,
number and positions of recognition sites largely predetermine the structure and
reactivity of the units. For example, by varying the number of recognition sites per
molecule, the dimensionality of the self-assembly can be changed (Figure 1.1).
Thereby, molecular architectures with desired dimensionality, symmetry and
intermolecular bond strength can be realized by tuning the characteristics of the
building blocks [5].

The self-assembly of molecules can occur at various interfaces, for instance, at a
solid-liquid interface [11] or at a solid-vacuum interface [9,12]. The interface as well
as the medium (e.g. solution, vacuum), where molecular self-assembly takes place,
affects the association process of the molecules. It is of great importance to have a
clear understanding of the effects caused by the interface as well as the medium (e.g.
the solution medium at the solid-liquid interface).
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All studies in this thesis were conducted at the solid-vacuum interface. Thus,
only the basic principles of the self-assembly processes at the solid-vacuum interface
will be further explained.

Experiments at the solid-vacuum interface imply deposition of molecules from
the vapour phase onto a solid substrate. Once the molecules are on a surface, a
multitude of processes can occur. The molecules may diffuse over the surface terraces
and interact with each other and with the substrate resulting in nucleation of
aggregates or attachment to already existing self-assembled structures. Due to weak
interactions between the molecular units, non-covalent bonds continuously form and
break until a stable structure is constructed. The structure formation is driven by
competition between kinetics and thermodynamics. To evaluate the kinetics of
structure formation, the ratio between the molecular deposition flux and the surface
diffusivity (a parameter which describes the diffusion of molecules on a surface) is
used [10,12]. If the flux is high and the diffusivity is low, the molecules will have no
time to probe all variations of the potential energy landscape of the surface and will be
trapped in a diffusion-limited state without forming an equilibrium structure [13]. In
this case, the structure formation is determined by kinetics and defined by the term
“self-organization”. If the flux is low and the diffusivity is high, the molecules have
time to explore the potential energy landscape of the surface and form the
thermodynamic equilibrium structure. In this case, the structure formation is
determined by thermodynamics and defined by the term “self-assembly” (Figure 1.2).

In order to elucidate the molecular self-assembly process on a surface,
characteristics must be considered such as the kinetic energy Ekin of the molecule on
the surface, the adsorption energy Eads, the surface diffusion barrier Ediff and the
intermolecular interaction energies Eint [10,12]. The relationship between the
energies involved determines the behaviour of molecules on a surface. For instance,
after molecular deposition, when molecules have already adsorbed on a surface, the
kinetic energy Ekin of these molecules must not exceed the adsorption energy Eads,
otherwise the molecules would desorb from the surface. Once the molecules remain
on the surface, diffusion can take place. In order to move from one site to another on
the substrate atomic lattice, the molecule has to overcome the diffusion barrier Ediff

between these two sites. The heights of the diffusion barrier for a molecule to move
over a surface terrace, along a terrace edge or to cross a terrace edge are different. For
a given material, the heights of different diffusion barriers are correlated with the
atomistic processes of the material [14]. The preference for a particular diffusion
process is dictated by the ability of the molecule to surmount the diffusion barriers.
Diffusion is mostly thermally activated. By changing the temperature of the substrate,
the molecules gain or lose a certain amount of kinetic energy and are able to move if
their kinetic energy Ekin is larger than the diffusion barrier Ediff. The relation between
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Figure 1.2: Schematic illustration of kinetically driven self-organization (left) and
thermodynamically driven self-assembly (right). The adsorbates are blue, the surface is yellow.
Depending on the ratio between the adsorbate deposition rate and the diffusivity of the adsorbate
on the surface either self-organized structures (in the case of a high ratio between flux and
diffusivity) or self-assembled structures (in the case of a low ratio between flux and diffusivity) are
formed. The self-organized structures are kinetically trapped in a local minimum of the potential
energy landscape and can be far from the thermodynamic equilibrium. The self-assembled
structures are in the global minimum of the potential energy landscape and in thermodynamic
equilibrium, (adapted with permission from Ref. [10]).

kinetic energy Ekin and surface diffusion barriers Ediff defines the molecular mobility
on the surface. The intermolecular interaction energies Eint influence the ability of the
molecules to aggregate in ordered structures by forming intermolecular bonds. The
interaction energy Eint has to be sufficient for the molecules to form reversible
intermolecular bonds and to explore the adsorption position at which the equilibrium
self-assembly can be achieved. If the interaction energy Eint is too large with respect to
the kinetic energy Ekin, the molecules will interact irreversibly once they have met,
preventing the formation of an equilibrium structure. If the interaction energy Eint is
small with respect to the kinetic energy Ekin, the molecules will not be able to form a
stable structure. The interaction energy Eint should be equal or slightly larger than the
kinetic energy Ekin. In this case, the molecules will form a stable structure under
equilibrium conditions. Thus, the energy conditions for molecular self-assembly on a
surface can be summarized as: Eads>Eint ≥Ekin>Ediff [10]. A schematic representation of
these conditions is depicted in Figure 1.3. All described energies are determined by
interactions during the molecular self-assembly process on a surface, namely by
lateral intermolecular (molecule-molecule) interactions and molecule-substrate
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Figure 1.3: Schematic representation of the different energies important for molecular
self-assembly on a surface where Eads>Eint≥Ekin>Ediff (adapted with permission from Ref. [10]).

interactions. Tuning these interactions allows the construction of functional molecular
architectures in a controllable manner.

The interactions between molecules and a substrate are a key issue in the
formation of 2-dimensional (2D) supramolecular structures on surfaces. Molecule-
substrate interactions can be characterized either by chemisorption or physisorption.
Chemisorption implies the formation of chemical bonds between the molecules and
the surface with a mutual sharing or transfer of electrons. In some cases, the
electronic structure of the adsorbate can be drastically affected by electrons from the
substrate, which can lead to charge transfer between the substrate and the molecules.
Alternatively, physisorption is associated with relatively weak van der Waals forces
characterized by the polarization of the adsorbed molecules as well as the surface; no
exchange of electrons occurs [15]. The chemisorbed molecules interact stronger with
the surface (the interaction energy � 1 eV) than the physisorbed ones (the interaction
energy � 1 eV) [15].

Molecular adsorption onto the surface confines the molecules in two
dimensions. New features of the molecular self-assembly arise due to the presence of
the solid substrate. The impact of a substrate on molecular self-assembly will be
discussed next. Firstly, the choice of substrate influences the diffusion of the
molecules on the surface which directly affects the self-assembly process. Molecules
with higher diffusion form well-ordered structures easier than those with lower
diffusion. Diffusion of molecules is limited on highly reactive substrates [16]. By
proper selection of the substrate, the diffusion barriers along different lateral surface
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directions can be activated or suppressed. For example, one-dimensional motion can
be promoted by choosing anisotropic surfaces [17,18]. Control over the diffusion can
enable the fabrication of more complex molecular structures as it is realized for metal
nanostructures [13,19–21]. Secondly, the choice of the substrate influences the
adsorption geometry of the molecules including adsorption site, conformation and
orientation with respect to the surface. The conformation of the adsorbed molecules
on a surface is mediated to a large extent by molecule-substrate interactions [22,23].
Thirdly, the substrate can induce a modification of the functional molecular groups as
well as mediate interactions [24]. For example, molecules with hydroxyl groups can
become deprotonated upon deposition on Cu surfaces [25–27] and/or the molecules
with specific terminal groups can form metal-organic coordination networks (MOCNs)
with substrate atoms [28,29]. Molecule-substrate interactions can induce a
rearrangement of the substrate’s atomic lattice. Artificially patterned or reconstructed
surfaces can serve as templates with preferential adsorption sites for molecules, thus
steering their self-assembly [18,30–33]. Due to the substrate symmetry, the molecules
can exhibit template growth along certain symmetry directions [34–36]. Hence,
molecule-substrate interactions considerably influence the molecular self-assembly
process on the surface. They counterbalance intermolecular interactions. Thus, it is of
great importance to understand both intermolecular and molecule-substrate
interactions as well as their interplay in order to build complex molecular
nanostructures.

1.2 Assemblies based on hydrogen bonding

Hydrogen bonding (H-bonding) is defined as “an attractive interaction between
a hydrogen atom from a molecule or a molecular fragment X–H in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different
molecule, in which there is evidence of bond formation” [37]. H-bonding is a very
common type of intermolecular interaction in supramolecular chemistry due to its
selectivity, directionality and reversibility [38]. H-bonding provides the possibility to
control interaction strength by involving different numbers of H-bonds in the self-
assembly process [6]. In biological systems, hydrogen bonds play crucial roles in many
fundamental and vital processes, such as protein folding or expression and transfer of
genetic information. The molecules can be terminated with many different functional
groups in order to participate in H-bonding [38]. Therefore, a large variety of
molecular structures with different shapes can be built from molecules functionalized
to engage in H-bonding.

The self-assembly process on a surface governed by H-bonding is nicely
illustrated with the example of the formation of various structures from trimesic acid
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molecules. Trimesic acid molecules (TMA, C9H6O6) have a planar structure with three-
fold symmetry and are terminated by three carboxylic acid groups (Figure 1.4a, inset).
The molecules of trimesic acid interact with each other through their carboxylic acid
groups. The carboxylic acid group possesses a carbon (C) atom bonded to an oxygen
(=O) atom by a double bond and to a hydroxyl group (−OH) by a single bond. This
functional group is a universal group for H-bonding. It can simultaneously serve as
both the proton donor (−OH group) and the proton acceptor (=O atom) for hydrogen
bonds. On highly ordered pyrolytic graphite (HOPG) under UHV conditions, TMA
forms two different planar structures which co-exist: a honeycomb structure (Figures
1.4a and c) and a flower structure (Figures 1.4b and d) [39]. The honeycomb
structure is stabilized by dimeric H-bonding (see the red lines between the carboxylic
acid groups in Figure 1.4c) while the flower structure is held together by a
combination of dimeric H-bonding and trimeric H-bonding (see the red lines between
carboxylic acid groups in Figure 1.4d). A HOPG substrate is generally considered to
have a weakly interacting surface. Therefore, the self-assembly of TMA on HOPG is
predominantly governed by intermolecular interactions. In the case where

Figure 1.4: Self-assembly of TMA on HOPG. a) STM image of the honeycomb structure
stabilized by dimeric H-bonding. The inset shows the chemical structure of TMA. b) STM image of
the flower structure stabilized by trimeric H-bonding. c) and d) represent the tentative models of
the structures in a) and b), respectively (adapted with permission from Ref. [39]).
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TMA molecules are deposited onto a more reactive substrate, such as Cu(100), the
formation of well-ordered structures is hampered due to the domination of molecule-
substrate interactions. As a result, only highly defective honeycomb structures are
created on Cu(100) [25]. On the less reactive Au(111) substrate, the formation of
many different well-ordered structures held together by H-bonds has been observed.
The structures are stabilized by a combination of dimeric and trimeric H-bonding. The
self-assembled arrangements can be tuned between the two extreme cases of pure
dimeric and pure trimeric H-bonding through varying the molecular coverage [40].
The study in Ref. [40] showed control over the formation of the various self-
assembled networks with desired interpore distances.
Another remarkable example of molecular self-assembly stabilized with H-bonding is
the self-assembly of two molecules having complementary end groups. The molecules
perylene tetracarboxylic diimide (PTCDI, see Figure 1.5a) and 1,3,5-triazine-2,4,6-
triamine (melamine, Figure 1.5b) were employed to form a two–dimensional porous
network on Ag/Si(111) (Figure 1.5d) [41] and on Au(111) [42]. The melamine
molecules exhibiting three-fold symmetry interact with linear PTCDI molecules via
triple H-bonding (Figure 1.5c). Thereby, a hexagonal structure is formed with
melamine molecules located at the vertices and PTCDI molecules situated at the edges.
The self-assembly of PTCDI and melamine molecules demonstrates the successful
realization of a bicomponent structure serving as a template for accommodating guest
molecules. Moreover, it shows the ability to tailor the size and periodicity of the pores
within a porous network by designing complementary building blocks.

Figure 1.5: Self-assembly of PTCDI and melamine on Ag/Si(111). a) and b) Chemical
structures of PTCDI and melamine, respectively. The chemical elements are marked with different
colours. c) Schematic illustration of a PTCDI-melamine junction stabilized by triple H-bonding. d)
STM image of the honeycomb structure formed by PTCDI and melamine molecules. The inset shows
a high-resolution image of the Ag/Si(111)-�t � �t�t�� substrate surface. Both white scale bars
corresponds to 3 nm (adapted with permission from Ref. [41]).
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1.3 Assemblies based on metal-coordination

Metal-coordination arises from the donation of a pair of electrons from an
orbital on a ligand atom (a lone pair) to fill an empty orbital on a metal atom. Upon
metal-coordination, the lone pair originates solely from the ligand atom. This is in
contrast to a covalent bond where each of the two partner atoms donates an electron
to form an electron pair. When the metal-coordination bond is broken, the pair of
electrons remain with the ligand atom [43]. A metal-ligand bond exhibits selective and
directional characters as a H-bond. However, it usually exhibits a stronger interaction
strength compared to a H-bond (Table 1.1). A metal-ligand bond features sufficient
reversibility for the formation of well-ordered structures. Indeed, a large amount of
metal-coordinated structures were created by utilizing ligands of carboxylate, cyano,
pyridyl, thiol, hydroxyl, bipyrimidine, terpyridine and metal atoms of Cu, Fe, Co, Au, Ni,
Mn, Zn, Ce, Gd, Eu on noble metal surfaces of Au, Ag and Cu [44]. During the formation
of metal-coordinated structures on a surface, attention must be paid to the
interactions of both the metal adatoms and the molecules with the surface. The
surface can strongly and irreversibly interact with the adsorbates inducing
modifications of the functional groups [24–27], alloying with the metal adatoms [45–
47] and altering the diffusion properties of both the metal adatoms and the molecular
adsorbates [9,14,20]. MOCNs can be used to pattern surfaces with tuneable
superstructures of metal atom arrays for applications in catalysis, to build up well-
defined cavities in order to control host-guest interactions or to confine molecular
motions as well as to design metal-organic compounds for organic electronics.

MOCNs were systematically studied for carboxylate functionalized molecules.
The formation of a carboxylate complex can be achieved by deprotonation of a
carboxylic acid group adsorbed on a catalytically active surface. In particular, the
deposition of TMA molecules onto Cu(100) results in the formation of carboxylate
complexes coordinated to substrate atoms [25]. The catalytic activity of Cu(100)
induces the deprotonation of the carboxylic acid groups. Studies of deprotonated TMA
molecules on Cu(100) revealed the formation of metal-coordinated Cu(TMA)4 and
Cu2(TMA)6 clusters in the range of 250-300 K [25,48]. In these studies, the Cu
coordination centres were provided from the substrate by detachment of metal atoms
from the atomic steps. Similar studies were conducted with deprotonated TMA
molecules and co-deposited Fe atoms on Cu(100) (Figures 1.6a and b) [49,50]. These
studies showed the formation of chiral Fe(TMA)4 clusters similar to Cu(TMA)4 in Ref.
[48]. Upon annealing at 400 K, the chiral Fe(TMA)4 clusters form a porous network
(Figures 1.6c and d). The cavities of this network can be used for accommodating
other molecular species, e.g. C60 [51].
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Figure 1.6: Self-assembly of TMA and Fe on Cu(100). a) Deposition of TMA and Fe onto
Cu(100) held at 300 K results in the formation of Fe(TMA)4 chiral clusters with mirror-symmetric
configurations S and R. b) Structural models of R and S chiral enantiomers. c) Annealing the
sample at 400 K leads to the formation of homochiral nanocavity domains assembled from
Fe(TMA)4 clusters. d) Structural model of the nanocavity composed from S enantiomers (adapted
with permission from Ref. [50]).

Also cyano-functionalized molecules have been frequently employed to create
metal-coordinated structures [44]. For instance, the dicarbonitrile-polyphenyl linkers
with variable length (NC-Phn-CN with n = 3, 4, 5 and 6) and Co atoms were used on
Ag(111) to create extended regular metal-coordinated honeycomb networks with
different pore dimensions (Figure 1.7) [52,53,55]. The hexagonal networks were
comprised of mononuclear nodes where each Co metal adatom was linked to three
dicarbonitrile ligands in a trigonal fashion (Figures 1.7a1-d1). The experimental
studies showed that the three-fold symmetry of the coordination motif is independent
from the length of the employed linkers. Porous structures with pore dimensions of
up to 6.7 nm could be realized. The reported networks possess long-range order with
single domains extending over µm2 of surface area and exhibit thermal stability up to
room temperature. In order to assess the interactions between the Co centre and the
underlying surface, density functional theory (DFT) calculations were performed for a
Co-carbonitrile node in a free planar configuration and for a four Ag atom cluster
placed underneath the Co-carbonitrile node. The four Ag atom cluster was
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Figure 1.7: Honeycomb metal-coordinated molecular networks comprised of
dicarbonitrile polyphenyl molecules with different lengths and Co adatoms on Ag(111). a-d) STM
images of the Co-directed self-assembly of NC-Phn-CN with n=3, 4, 5 and 6, respectively. a1-d1)
Schematics of the dicarbonitrile molecular linkers and the three-fold Co-coordinated bonding
motif depicted in a-d, respectively (adapted with permission from Ref. [52] and [55]).

an approximation of the underling Ag(111) surface. The comparative calculations
revealed that the Ag substrate atoms play a decisive role in the formation of the Co-
coordinated structures with three-fold symmetry. The four-fold coordination was
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found to be favoured in the free planar configuration while the three-fold coordination
is preferred for the Co-coordinated nodes above the Ag cluster. The tendency of the Co
centres to involve in three-fold coordination with dicarbonitrile molecules on Ag(111)
was associated with the electronic hybridization between Co and Ag atoms [52]. The
Co-carbonitrile networks provide robust templates for positioning co-adsorbed guest
species. Dicarbonitrile molecules with different lengths were trapped inside the
hexagonal pores. Their tip-induced molecular motions were studied with respect to
the size ratio between the pore and the guest molecule [52]. Moreover, the study of
co-deposited Fe and Co atoms onto Co-coordinated networks revealed that the Fe
atoms can selectively decorate either the molecules or the Co coordination nodes by
varying the substrate temperature between 85 and 220 K [54]. The Co atoms prefer to
exclusively decorate the phenyl moieties of the organic ligands in the same
temperature range. Additionally, varying the length of molecular linkers results in a
different distance between the Fe and the Co clusters. Thus, metal-organic
nanostructures with tuneable lattice constants selectively decorated by Fe or Co
clusters possessing different shape and spacing can serve as templates and give rise to
new electronic and magnetic properties.

Self-assemblies based on metal-coordination of pyridyl groups. By
employing molecules with terminal pyridyl groups, various metal-coordinated
structures can be realized on a surface. For instance, 1,3,5-tris(pyridyl)benzene (TPyB)
molecules with Cu adatoms form a variety of coordination networks driven by in-
plane compression on Au(111) (Figures 1.8a-d) [56]. The control over structure
formation was gained by tuning the molecular coverage of the molecules. At coverages
below 0.34 TPyB/nm2, a hexagonal porous network is the most abundant phase.
Increasing the molecular coverage results in nonreversible structural transformations.
Metal-coordinated networks with pentagonal, rhombic, zigzag and triangular
structures sequentially appeared on the surface by gradually increasing the coverage.
Moreover, the change in molecular coverage led to modifications of the coordination
bonding motif: from metal-coordination with two-fold symmetry in the hexagonal,
pentagonal, rhombic and zigzag phases to metal-coordination with three-fold
symmetry in the triangular phase. Thus, the symmetry of the Cu-pyridyl coordination
can be alternated by varying the coverage of the building blocks on the surface.

Functionalizing porphyrin molecules with pyridyl ligands might give new
properties to 2D metal-coordinated structures. The porphyrin macrocycle provides an
additional coordination site for metal atoms or ions [33,57–59]. Long-range ordered
molecular structures with a homogeneous distribution of different metal sites may
have interesting electronic and magnetic properties. A metal-coordinated network
exhibiting an ordered array of metal centres with different oxidation states was
fabricated from 5,10,15,20-tetra(4-pyridyl)porphyrin molecules (2HTPyP) and Cu
adatoms on Au(111) (Figure 1.9). [60]. The porphyrin molecules were found to
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Figure 1.8: Structural transformations of TPyB-Cu networks on Au(111). a) Hexagonal
phase, 0.32 TPyB/nm2 (20×20 nm2). b) Pentagonal phase, 0.32 TPyB/nm2 (20×20 nm2). c)
Rhombic phase, 0.34 TPyB/nm2 (10×10 nm2). d) Zigzag phase, 0.40 TPyB/nm2 (20×20 nm2). e)
Minor phase containing TPyB molecules involved in two and three-fold coordination, 0.47
TPyB/nm2 (10×10 nm2). f) Triangular phase, 0.47 TPyB/nm2 (15×15 nm2). a1-f1) Structural models
of the Cu-coordinated networks depicted in a-f), respectively. Cu is green, C is grey, N is red
(adapted with permission from Ref. [56]).
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Figure 1.9: Self-assembly of 2HTPyP and Cu atoms on Au(111). a) Formation of a Cu-TPyP
structure. b) At 300 K, 2HTPyP and Cu form a metal-coordinated structure where Cu atoms exhibit
an oxidization state 0, Cu(0). c) Annealing at 450 K activates the formation of Cu(II)TPyP
complexes. Depicted porphyrin molecules have different contrast. The dimmer molecules
correspond to the Cu(II)TPyP complexes while the brighter molecules correspond to the 2HTPyP
coordinated to Cu(0). Further annealing results in enlarging the area with dimmer molecules.
Cu(0) is green, Cu(II) is yellow, C is grey, N is blue, H is light grey (adapted with permission from
Ref. [60]).

interact with Cu adatoms via coordination to the pyridyl groups and metalation of the
porphyrin macrocycle (Figure 1.9a). At room temperature, 2HTPyP and Cu form a
metal-organic network where the neutral Cu adatoms possess an oxidization state of 0,
Cu(0), are coordinated to both the pyridyl groups and the inner nitrogen atoms of the
porphyrin macrocycle (Figure 1.9b). Annealing at 450 K activates the
dehydrogenation process of the porphyrin macrocycle and the Cu(0) atoms
underneath the macrocycles are oxidized to Cu(II) via an intermolecular redox
reaction. Hence, Cu-metalation of 2HTPyP molecules leads to the formation
Cu(II)TPyP complexes (Figure 1.9c). Further annealing promotes the formation
Cu(II)TPyP complexes. Above 520 K, the Cu atoms which are coordinated to the
pyridyl groups, diffuse into the substrate and Cu(II)TPyP complexes form a close-
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packed structure stabilized by weak intermolecular interactions. Migration of Cu
atoms into the bulk at higher temperatures and formation of the close-packed phase
was also observed for Zn(II)TPyP molecules on Au(111) [59]. However, the metal-
coordinated structure was recovered by enriching the surface concentration of Cu
atoms. In this way, the reversible transformation of complex supramolecular
structures was achieved.
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