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Abstract  

 

In this chapter, a decade-long series of investigations about aromatic molecules on metallic surfaces has 

been reviewed. The most relevant studies regarding both structural investigation and chemical reactivity of 

aromatic systems on metallic surface is described. A major emphasis has been placed on the investigation 

techniques that allow for a direct visualization of the structural and electronic properties of both isolated and 

extended aromatic systems on surface (e.g. Scanning Tunnelling Microscopy, non contact-Atomic Force 

Microscopy and Kelvin Probe Force Microscopy). The synthesis, imaging and characterization of structure 

such as extended polyaromatic hydrocarbon, 1-D assembly, 2-D network and Graphene Nanoribbons are 

discussed. Among the different types of reactions, surface mediated reactions, such as acetylene 

homocoupling, cyclodehydrogenation, cycloaddition and metal-coordination, have been described. 
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X.1 Introduction 

The deposition of molecules featuring an extended conjugated system in thin-films, self-assembled 

monolayers (SAMs) or as molecularly isolated species, on solid supports has emerged as a valuable tool to 

rationally engineer functional architecture with novel and unprecedented electronic properties.1-8 Despite the 

wide variety of techniques nowadays available to deposit molecules on a surface9-12 (vapor deposition, spin 

and drop-casting, Langmuir-Blodgett films, etc.), the investigation of the intra- and intermolecular 

interaction of molecules deposited on inorganic surfaces remains a very challenging task. In this context, the 

study of interactions between aromatic molecules in thin films and on surfaces covers a broad field of 

applications. Given the multitude of possible interactions and the broad range of associated energies the 

underlying self-assembly processes are largely treated phenomenologically (e.g. 2-D spatial constrain and 

surface-molecule interactions). 

Due to the broad scientific scope and the complexity of self-assembly processes on surfaces, we herein do 

not attempt to provide an exhaustive review of the literature. We will instead focus our attention on the most 

important studies investigating the structural characteristics and the reactivity of extended aromatic systems 

deposited on metal surfaces. 

In the last decades, extensive experimental and theoretical efforts have been dedicated to elucidate the 

interactions of organic molecules with inorganic crystalline solids.13-17 The interface between organic and 

inorganic phases in hybrid materials has shown to be responsible for key functions in many types of 

electronic devices ranging from Organic Light Emitting Diodes (OLED) and Organic Thin Film Transistors 

(OTFT) to Organic Photovoltaics (OPV).18-24 The key advantages for using organic functional materials as 

components in electronic devices lie in their light-weight, high mechanical flexibility and ease of industrial 

processing.  

The nature and properties of the interface between aromatic organic semiconductors and their inorganic 

substrates have been shown to play a significant role in the performance of the device, influencing 

parameters such as the local density of states at the interface or the contact resistance. One of the most 

crucial factors, which dictate the properties of such interfaces, is the nature of the bond formed between the 

molecules and the substrate. The two main types of interactions that can occur during the adsorption process 

at the organic-inorganic interface are chemical (i.e. chemisorption) or physical (i.e. physisorption) 

adsorption. The former is generally defined as an adsorption process in which the forces that bind the 

molecule to the substrate are strong chemical interactions (e.g. covalent, ionic, or strong polar bonding), 

whereas the latter refers to the adsorption of molecules through relatively nonspecific Van der Waals or 

dispersion interactions.25 Due to the lack of strong interactions with the surface, the physisorbed molecule 

will largely conserve its structural integrity and orbital structure upon surface adsorption. On the other hand 



  
during chemisorption, the orbital structure of the adsorbed molecule will be altered by the hybridization with 

the electronic wavefunction of the surface states. 

As a first approximation, this simple model describes the absorption process of small molecules. The 

behaviour and the properties of extended π-conjugated systems on metallic surfaces instead are much less 

understood. Therefore the precise characterization of the structures and electronic properties of organic 

aromatic molecules adsorbed on metal surface is critical to understand this fundamental interaction. Initially, 

this chapter will focus on the most significant developments in the characterization of π-conjugated 

molecular systems on metallic surfaces, with a particular emphasis on their direct structural elucidation. In 

the second part, the focus will be instead shifted to the reactivity of aromatic molecular units on surfaces 

leading to the rational assembly of complex architecture such as covalent 2D-networks, 1-D polymers and 

Graphene Nanoribbons (GNR). 

 
X.2 Structural Investigations of Aromatic Molecules on Surfaces 
 
X.2.1 General Surface Characterization Techniques  

Morphological characterization of a substrate can be achieved using microscopic techniques such as 

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM), which enable the 

acquisition of images with a resolution several orders of magnitude greater than conventional optical 

microscopy. Furthermore, the constant development of Scanning Probe Microscopy (SPM), such as 

Scanning Tunnelling Microscopy (STM) or Atomic Force Microscopy (AFM), has provided the possibility 

to directly visualize the structure of surface immobilized molecules and nanostructures with molecular and 

sometimes even sub-molecular resolution (vide infra). The elemental composition and chemical state of 

material surface are among the most useful and basic information and can be obtained by X-ray 

Photoelectron Spectroscopy (XPS) or Energy Dispersive X-ray spectroscopy (EDX). Both techniques 

exploit the interaction of high energy X-ray radiation with a sample surface in order to obtain information 

about the elemental composition. In particular, XPS spectra can be obtained by exciting the sample with an 

X-ray source in a high vacuum (or ultra-high vacuum) chamber and measuring the kinetic energy of the 

electrons that are emitted from a narrow layer (0–10 nm depth) close to the surface of the material. Through 

XPS, it is possible to obtain important information about the analysed materials, such as elemental 

composition of the material surface (with part per thousand sensitivity), its empirical formula, the chemical 

and electronic states of atoms at the surface and the uniformity of the elemental composition.   

Another important structural characterization technique is Raman spectroscopy. Excitation with a 

monochromatic laser can be used to probe characteristic vibrational modes of a molecule adsorbed on a 

surface. Since these excitations are strictly related to the chemical symmetry and type of bonds present in 



  
the material, Raman spectroscopy has been used as an alternative structural characterization method that 

provides fingerprint spectra by which molecules and materials can be identified. Additionally, having the 

advantage of being a pure diffractive technique, Raman spectroscopy can also be coupled to optical 

microscopy to create confocal Raman microscopy that merges the possibility to perform high magnification 

visualisation of a sample and in situ Raman analysis.  

 
X.2.2 Visualization Techniques with Submolecular Resolution: STHM and nc-AFM 

With the recent expansion of Scanning Probe Microscopy (SPM), adsorption of organic molecules on 

inorganic conductive surfaces (i.e. metallic) has become one of the most valuable approaches to investigate 

their structural, chemical and physical properties. Scanning Tunnelling Microscopy, an imaging technique 

invented by Gerd Binning and coworkers in 1981, was the first type of SPM technique developed that was 

able to image inorganic conductive surfaces with atomic resolution.26 In its classical design, a Scanning 

Tunnelling Microscope (STM) is composed of an atomically sharp metallic probe (generally made of 

tungsten or a platinum-iridium alloy), which is scanned along the xy plane of a conductive surface at a 

distances of few Å, while applying a voltage between the surface and the probe (Figure X.1).27, 28 The 

application of a voltage between two conducting materials, separated by a small insulating gap (typically 

0.3-1.0 nm), leads to a tunnelling current between the probe and the surface. Since the intensity of the 

tunnelling current depends on the tip-sample distance, the applied voltage V and the tip/sample local density 

of states (LDOS), even the slightest variation of the sample surface can be detected using this method.  

 

 
 

Figure X.1 Schematic representation (A) of a Scanning Tunneling Microscope. Tunnelling current between the tip and the metal 

surface depicted in red  (d: distance between tip and sample, It: tunnelling current).28  

 
From the experimental point of view, on-surface investigations can generally be performed using two 

different STM modes. In the first and most intuitive mode, named constant height mode, the tip is held at a 

fixed z-position while scanning across the sample surface at a constant bias voltage. In this setting, the 

variation in the tunnelling current induced by changes in the tip-sample distance is recorded as a function of 

the tip position and can be used to reconstruct a topographic image of the surface. In the second mode, 

called constant current mode, the distance between tip and sample is continuously adjusted electronically by 
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a feedback loop in order to maintain a constant user-defined tunnelling current. The final STM image is then 

reconstructed from the feedback signal.   

From the time of its invention, Scanning Tunnelling Microscopy has been used to investigate the structure 

and properties of a wide range of molecules and materials such as isolated organic and bio-molecules, 

supramolecular systems and 2-D inorganic crystals. 29-33 However, although atomic resolution has been 

obtained for a wide range of crystalline surfaces, atomic resolution on molecules adsorbed on metallic 

surface has only been achieved very recently. Two SPM techniques able to achieve such kind of spatial 

resolution are Scanning Tunnelling Hydrogen Microscopy (STHM) and Non-Contact Atomic Force 

Microscopy (nc-AFM).33 In both cases, the key to enable the direct visualization of individual bonds and 

atoms in individual molecules is the functionalization of the probe with diatomic molecules, such as 

dihydrogen or carbon monoxide for STHM and nc-AFM, respectively. 

 

 
 

Figure X.2. Schematic representation (A) of the STHM set-up. Molecular structure (B) of the PTDCA molecule (Grey: Carbon, 

White: Hydrogen, Red: Oxygen). STHM image of PTCDA molecule (C,D) on Au(111) in its herringbone phase  (image size 2.5 

nm × 2.5 nm) (Reproduced from ref. 35 with permission from The American Chemical Society). Molecular model (F) of 

pentacene (Grey: Carbon, White: Hydrogen). Constant current mode STM (G) and CO tip functionalized nc-AFM images (H-I) of 

pentacene on Cu(111) (Reproduced from ref. 38 with permission from the American Association for the Advancement of 

Science). 

 
The first technique, STHM, was developed by Tamirov and co-workers.34, 35 Atomic resolution on isolated 

flat aromatic molecules was obtained when the STM chamber was flooded with molecular dihydrogen or 

dideuterium (Figure X.2A). High sensitivity of the STM tunnelling junction with molecular hydrogen was 

achieved by leaking ultrapure hydrogen (99.9999 %) into the LT-STM (low temperature STM) chamber at a 

pressure varying between 10-9 and 10-7 mbar. Using this technique Tamirov et al. were able to obtain sub-

molecular resolution images of aromatic molecules such as tetracene and 3,4,9,10-perylene-tetracarboxylic-

dianhydride, PTCDA, (Figure X.2B). Some representative images of PTDCA as imaged through STHM 

showing the high level of accuracy are depicted in Figure X.2C-D. The imaging mechanism of STHM is 
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Abstract: Local, noncovalent intermolecular interactions in organic
monolayers have been directly imaged using scanning tunneling
hydrogen microscopy (STHM). Unprecedented spatial resolution
directly reveals the relation between the intermolecular interactions,
the molecular chemical structure, and the ordering in the film.

Molecular layers at surfaces form the basis of surface functional-
ization. It is therefore important to understand the principles behind
their structural organization.1 Molecular ordering at surfaces is
controlled by the balance between molecule-substrate and intermo-
lecular interactions. To allow tuning structures and functionalities, both
types of interactions need to be understood. Molecule-substrate effects,
such as covalent bonding, hybridization of molecular orbitals with
substrate states, or charge transfer, can be studied spectroscopically,
both on ensembles2 and at the single molecule level.3 In contrast, local
intermolecular interactions, such as hydrogen bonding, are usually
weaker and therefore more difficult to pinpoint. Nevertheless, their
important role can be concluded indirectly from their profound
influence on the lateral structure of molecular layers.4 Unfortunately,
such indirect arguments often leave ambiguities, and it is therefore
desirable to find more direct evidence for the presence of local
intermolecular bonds in molecular layers at surfaces.

In this communication we present images of molecular layers in
which local intermolecular bonds appear directly and with remarkable
clarity. The images have been recorded by scanning tunneling hydrogen
microscopy (STHM). STHM is a special operation mode of a
conventional low temperature scanning tunneling microscope in which
molecular hydrogen or deuterium is condensed in the tunneling
junction. It yields images corresponding more closely to the atomic
structure of molecules, instead of their electronic structure.5,6

We have performed our experiments on various phases of the
functionalized aromatic hydrocarbon molecule 3,4,9,10-perylene-
tetracarboxylic-dianhydride (PTCDA) on Au(111). A model of the
most stable phase, the so-called herringbone phase,7,8 is shown in
Figure 1a. Looking at the structure of the herringbone layer, it is clear
that it is favored by the electrostatic interaction between the global
quadrupole moments of neighboring molecules.9 The presence or
absence of hydrogen bonds, however, is not a priori clear.

Figure 1b shows an STM image of the herringbone phase. The
molecules occur as bright and unstructured protrusions. In contrast,
the STHM image (Figure 1c) reveals the atomic structure of the
molecule, with the five rings of the perylene core appearing bright
and the C5O heterorings slightly darker.5,6 Most importantly in the
present context, a clear tile pattern which does not belong to the
substrate is observed in the space between the molecules. Comparing
this pattern with the molecular arrangement, we observe a remarkable
coincidence between the tiles and the lines that connect oxygen atoms
on one molecule to adjacent hydrogen atoms on neighboring molecules
(Figure 1d). These are the positions at which one would expect
hydrogen bonds. The number and location of the H-bonds identified

in Figure 1d correspond well to those found in a systematic theoretical
search,10 with one exception: the bonds involving the bridge oxygens.

The distances between oxygen atoms and closest hydrogen atoms
on adjacent molecules in Figure 1d range from 1.9 to 2.6 Å, indicating
rather weak O · ·H-C bonds of mainly an electrostatic nature.11

Regardless of the physical origin of the contrast in Figure 1c, the image
clearly indicates local interactions between the PTCDA molecules in
the herringbone phase. Such local interactions are also expected
independently of the present data from spectroscopic and structural
evidence.3,4,12

We now turn to a second example for the remarkable STHM
imaging capability regarding local interactions. Doping a sample of
PTCDA on Au(111) with potassium leads to a partial reordering of
the molecular layer from the herringbone to a square phase. Figure
2a, recorded on a sample with a 1:1 ratio of square and herringbone,
shows the K-induced square structure, but no direct evidence for the
presence of the dopant atoms is found in this STM image. Indeed, the
image of the K-doped square phase (Figure 2a) is virtually identical
to the image of the square phase of pure PTCDA on Au(111) (Figure
2d) that is occasionally found in small islands within the herringbone
phase.13 STM thus does not reveal where potassium is located in the
potassium-induced structure, and consequently we cannot obtain any
information from STM about the K-PTCDA interaction that stabilizes
the K-doped square phase, thereby dramatically increasing its abun-
dance compared to the pure square phase.

† Forschungszentrum Jülich.
‡ JARA.

Figure 1. (a-d) Herringbone phase of PTCDA molecules on Au(111). (a)
Structure model, lattice constants (12.3 × 19.2 Å2) taken from ref 7, molecular
orientation and structure in analogy to bulk !-PTCDA.17 The molecular
quadrupole moment and the unit cell are indicated. (b) Conventional STM image
in constant height mode. (c) STHM image. A two-color palette has been used.
(d) Superposition of the image from (c) with the structure of the herringbone
phase in (a). White lines mark possible hydrogen bonds. Image parameters:
(b) 25 × 25 Å2, const. height, V ) 200 mV; (c and d) 25 × 25 Å2, const.
height, V ) -2 mV.
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A= 0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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Abstract: Local, noncovalent intermolecular interactions in organic
monolayers have been directly imaged using scanning tunneling
hydrogen microscopy (STHM). Unprecedented spatial resolution
directly reveals the relation between the intermolecular interactions,
the molecular chemical structure, and the ordering in the film.

Molecular layers at surfaces form the basis of surface functional-
ization. It is therefore important to understand the principles behind
their structural organization.1 Molecular ordering at surfaces is
controlled by the balance between molecule-substrate and intermo-
lecular interactions. To allow tuning structures and functionalities, both
types of interactions need to be understood. Molecule-substrate effects,
such as covalent bonding, hybridization of molecular orbitals with
substrate states, or charge transfer, can be studied spectroscopically,
both on ensembles2 and at the single molecule level.3 In contrast, local
intermolecular interactions, such as hydrogen bonding, are usually
weaker and therefore more difficult to pinpoint. Nevertheless, their
important role can be concluded indirectly from their profound
influence on the lateral structure of molecular layers.4 Unfortunately,
such indirect arguments often leave ambiguities, and it is therefore
desirable to find more direct evidence for the presence of local
intermolecular bonds in molecular layers at surfaces.

In this communication we present images of molecular layers in
which local intermolecular bonds appear directly and with remarkable
clarity. The images have been recorded by scanning tunneling hydrogen
microscopy (STHM). STHM is a special operation mode of a
conventional low temperature scanning tunneling microscope in which
molecular hydrogen or deuterium is condensed in the tunneling
junction. It yields images corresponding more closely to the atomic
structure of molecules, instead of their electronic structure.5,6

We have performed our experiments on various phases of the
functionalized aromatic hydrocarbon molecule 3,4,9,10-perylene-
tetracarboxylic-dianhydride (PTCDA) on Au(111). A model of the
most stable phase, the so-called herringbone phase,7,8 is shown in
Figure 1a. Looking at the structure of the herringbone layer, it is clear
that it is favored by the electrostatic interaction between the global
quadrupole moments of neighboring molecules.9 The presence or
absence of hydrogen bonds, however, is not a priori clear.

Figure 1b shows an STM image of the herringbone phase. The
molecules occur as bright and unstructured protrusions. In contrast,
the STHM image (Figure 1c) reveals the atomic structure of the
molecule, with the five rings of the perylene core appearing bright
and the C5O heterorings slightly darker.5,6 Most importantly in the
present context, a clear tile pattern which does not belong to the
substrate is observed in the space between the molecules. Comparing
this pattern with the molecular arrangement, we observe a remarkable
coincidence between the tiles and the lines that connect oxygen atoms
on one molecule to adjacent hydrogen atoms on neighboring molecules
(Figure 1d). These are the positions at which one would expect
hydrogen bonds. The number and location of the H-bonds identified

in Figure 1d correspond well to those found in a systematic theoretical
search,10 with one exception: the bonds involving the bridge oxygens.

The distances between oxygen atoms and closest hydrogen atoms
on adjacent molecules in Figure 1d range from 1.9 to 2.6 Å, indicating
rather weak O · ·H-C bonds of mainly an electrostatic nature.11

Regardless of the physical origin of the contrast in Figure 1c, the image
clearly indicates local interactions between the PTCDA molecules in
the herringbone phase. Such local interactions are also expected
independently of the present data from spectroscopic and structural
evidence.3,4,12

We now turn to a second example for the remarkable STHM
imaging capability regarding local interactions. Doping a sample of
PTCDA on Au(111) with potassium leads to a partial reordering of
the molecular layer from the herringbone to a square phase. Figure
2a, recorded on a sample with a 1:1 ratio of square and herringbone,
shows the K-induced square structure, but no direct evidence for the
presence of the dopant atoms is found in this STM image. Indeed, the
image of the K-doped square phase (Figure 2a) is virtually identical
to the image of the square phase of pure PTCDA on Au(111) (Figure
2d) that is occasionally found in small islands within the herringbone
phase.13 STM thus does not reveal where potassium is located in the
potassium-induced structure, and consequently we cannot obtain any
information from STM about the K-PTCDA interaction that stabilizes
the K-doped square phase, thereby dramatically increasing its abun-
dance compared to the pure square phase.

† Forschungszentrum Jülich.
‡ JARA.

Figure 1. (a-d) Herringbone phase of PTCDA molecules on Au(111). (a)
Structure model, lattice constants (12.3 × 19.2 Å2) taken from ref 7, molecular
orientation and structure in analogy to bulk !-PTCDA.17 The molecular
quadrupole moment and the unit cell are indicated. (b) Conventional STM image
in constant height mode. (c) STHM image. A two-color palette has been used.
(d) Superposition of the image from (c) with the structure of the herringbone
phase in (a). White lines mark possible hydrogen bonds. Image parameters:
(b) 25 × 25 Å2, const. height, V ) 200 mV; (c and d) 25 × 25 Å2, const.
height, V ) -2 mV.
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A= 0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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atomic composition and the geometry of the tip,
as well as the relatively low stability of the sys-
tem, which can result in unintentional lateral or
vertical manipulation of the molecule during
imaging. As will be shown below, both problems
can be solved by preparing a well-defined tip by
deliberately picking up different atoms andmole-
cules with the tip apex. The exact knowledge of
the tip termination also facilitates quantitative com-
parison with first-principles calculations, which
is essential for understanding the nature of the
tip-sample interaction.

To benchmark AFM resolution on molecules,
we investigated pentacene (C22H14, Fig. 1A), a
well-studied linear polycyclic hydrocarbon con-
sisting of five fused benzene rings. State-of-the-
art scanning tunneling microscopy (STM) studies
of pentacene on metal, such as Cu(111) (10), and
thin-film insulators, such as NaCl on Cu(111)
(11, 12), have been performed recently. On in-
sulating films, STM was used to image the mo-
lecular orbitals near the Fermi level, EF, whereas
on metals the molecular orbitals were broadened
and distorted because of coupling to the elec-
tronic states of the substrate. STM is sensitive to
the density of states near EF, which extends over
the entire molecule. This prevents the direct im-
aging of the atomic positions (or core electrons)
in such planar aromatic molecules by STM. In
this work, we present atomically resolved AFM
measurements of pentacene both on a Cu(111)
substrate and on a NaCl insulating film.

For atomic resolution with the AFM, it is
necessary to operate in the short-range regime of
forces, where chemical interactions give substan-
tial contributions. In this force regime, it is de-
sirable to work with a cantilever of high stiffness
with oscillation amplitudes on the order of 1Å, as
pointed out byGiessibl (13). Our low-temperature
STM/AFM has its basis in a qPlus sensor design
(14) and is operated in an ultrahigh vacuum at a
temperature of 5 K. The high stiffness of the
tuning fork [spring constant k0 ≈ 1.8 × 103 N/m
(15), resonance frequency f0 = 23,165 Hz, and
quality factor Q ≈ 5 × 104] allows stable opera-
tion at oscillation amplitudes down to 0.2 Å. A
metal tip (16) was mounted on the free prong of
the tuning fork, and a separate tip wire (which is
insulated from the electrodes of the tuning fork)
was attached tomeasure the tunneling current (17).
The bias voltage V was applied to the sample.

Modification of the STM tip apex is known
to have a profound influence on the achievable
image resolution (10, 11, 18, 19). We explored
the effects of controlled atomic-scale modifica-
tion of the AFM tip and show that suitable tip
termination results in dramatically enhanced atomic
scale contrast in NC-AFM imaging. We imaged
pentacene molecules (Fig. 1A) in STM (Fig. 1B)
andAFM (Fig. 1, C andD)modes on Cu(111) by
using a CO-terminated tip. For these measure-
ments, a COmolecule was deliberately picked up
with the tip (16), which led to an increased resolu-
tion in the AFMmode (see below). From previous
investigations, it is known that the CO molecule is

adsorbed with the carbon atom toward the metal
tip (18, 19).

The CO molecule slightly affects the STM
image, and several faint maxima and minima
are visible because of the interaction of the CO
with the pentacene orbitals, similar to the effect
of a pentacene-modified tip (10). The AFM im-
ages (Fig. 1, C and D) were recorded in constant-
height mode; that is, the tip was scanned without
z feedback parallel to the surface while the
frequency shift Df was being recorded (16). In
this and all of the following measurements, the
tip height z is always given with respect to the
STM set point over the substrate. The use of
constant-height operation was critical because it
allowed stable imaging in the region where Df is a
nonmonotonic function of z. In the AFM images
(Fig. 1, C andD), the five hexagonal carbon rings
of each pentacene molecule are clearly resolved.

We observed local maxima of Df(x, y) above the
edges of the hexagons, near the carbon atom
positions, and minima above the centers of the
carbon rings (hollow sites), in concordance to the
measurements on SWNTs (7). Even the carbon-
hydrogen bonds are imaged, indicating the posi-
tions of the hydrogen atoms within the pentacene
molecule. Additionally, each molecule is sur-
rounded by a dark halo.

To demonstrate that imaging conditions are
also stable for the case of organic molecules
on insulators, we used a thin insulating layer
[NaCl(2 ML)/Cu(111), that is, two atomic layers
of NaCl on Cu(111)] as substrate (Fig. 2). Fur-
thermore, to study the influence of the tip
termination, we performed measurements with
different atomic modifications of the tip apex. In
addition to the Ag- (Fig. 2A) and CO-terminated
(Fig. 2B) tips, we also recorded Df images with
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Fig. 1. STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the pentacene
molecule. (B) Constant-current STM and (C and D) constant-height AFM images of pentacene acquired
with a CO-modified tip. Imaging parameters are as follows: (B) set point I = 110 pA, V = 170 mV; (C) tip
height z = –0.1 Å [with respect to the STM set point above Cu(111)], oscillation amplitude A = 0.2 Å; and
(D) z = 0.0 Å, A = 0.8 Å. The asymmetry in the molecular imaging in (D) (showing a “shadow” only on the
left side of the molecules) is probably caused by asymmetric adsorption geometry of the CO molecule at
the tip apex.
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Fig. 2. Constant-height AFM images of pentacene on NaCl(2ML)/Cu(111) using different tip modifications
(16). (A) Ag tip, z= –0.7 Å, A= 0.6 Å; (B) CO tip, z=+1.3 Å, A= 0.7 Å; (C) Cl tip, z= –1.0 Å, A= 0.7 Å; and
(D) pentacene tip, z=+0.6 Å, A=0.5 Å. The z values are given with respect to a STM set point of I=2 pA, V=
200 mV above the NaCl(2 ML)/Cu(111) substrate.
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strictly related to the chemical structure of the molecule itself rather than its electronic molecular states as in 

conventional STM.  The short diatomic molecules (hydrogen or deuterium) act as sensors for short range 

Pauli repulsion from the surface behaving as transducers and transforming these forces into a variation of 

the tunnelling current. The hydrogen/deuterium probe is therefore responsible for a modulation of the 

tunnelling current over the conventional LDOS contrast. 

The second technique is nc-AFM, a powerful method to achieve atomic resolution of organic molecules on 

surface.36 Contrary to STM, which probes the LDOS of the sample for given energies, non-contact Atomic 

Force Microscopy probes the force between the probe and the sample during scanning. A sharp probe 

attached to a piezoelectric quartz crystal resonator is raster-scanned over the sample. The AFM image is 

then reconstructed measuring either the change in amplitude at a constant frequency (amplitude modulation 

mode) or measuring the change in resonant frequency at constant resonance amplitude (frequency 

modulation mode). Atomic resolution can be achieved at low temperatures (~5 K) in UHV (ultra-high 

vacuum) using a nc-AFM equipped with a qPlus® sensor.37 The qPlus® system is composed of a quartz 

tuning fork fixed to a support by one of its prongs while the free standing prong holds the probe tip. The 

fork operates in frequency-modulation mode, at high resonance frequency (approx. 30 kHz), and the signal 

measured is the shift of the resonance frequency Δf caused by the interaction between tip and sample.  As 

for the STHM case, submolecular resolution can be achieved when the AFM tip is functionalized with a 

diatomic CO molecule.  

Using this technique Gross and coworkers were able for the first time to image with atomic resolution the 

structure of a planar aromatic molecule deposited on a metallic surface.38 The functionalization of the AFM 

tip with a CO molecule enables atomic resolution images of individual pentacene molecules, as deposited on 

both conductive (i.e. Cu(111)) and non-conductive (i.e. on a NaCl bilayer on Cu(111)) surfaces (Figure 

X.2F-I).  Generally, without tip functionalization, single molecule visualization with AFM is extremely 

challenging due to the relatively low stability of the system, which is strongly affected by different factors 

such as the tip structure (e.g. its atomic composition and geometrical features) and the occurrence of 

unintentional molecular manipulation. For this reason, functionalization of the AFM tip apex with a stable 

molecule adopting a known structure and geometrical orientation (CO is known to bind to the AFM tip by 

its carbon atom) can both increase the final imaging resolution and facilitate the comparison between 

experimental results and theoretical calculations. The nc-AFM images of pentacene were obtained using 

constant height mode while the frequency shift Δf was recorded. Interestingly, all the molecules deposited 

on Cu(111) displayed local Δf maxima at the edges of the terminal rings near the carbon atom positions and 

a minima above the central rings of pentacene together with a dark halo completely surrounding their 

structures (Figure X.2H-I). The origin of this contrast could be explained using DFT simulations that 



  
assigned the high contrast to the Pauli repulsion while the long range van der Waals and electrostatic forces 

contribute only an attractive background force leading to the characteristic dark halo surrounding the 

molecule.38, 39  

 

Figure X.3. Molecular structure (A) of a fluorinated derivative OFOPE and its measured constant-height frequency shift Δf 

image (B) (Reproduced from ref. 40 with permission from the American Chemical Society). (C) Molecular structure of C60, 

showing the different h (fusing two six-membered rings) and p (fusing a six and a five-membered ring) bonds. Laplace filtered 

NC-AFM image (D) of C60 obtained with a CO functionalized tip at Z=3.3 Å (Reproduced from ref. 41 with permission from 

American Association for the Advancement of Science). Molecular structure (E) of naphthalocyanine. Schematic representation 

(F) of KPFM measurements method on naphthalocyanine: at each point of the grid (marked with the red points) frequency shifts 

are recorded as a function of the applied Voltage (inset). LCPD mapping of naphthalocyanine as deposited on a NaCl/Cu(111) 

before (G) and after (I) current induced tautomerisation (scale bars= 0.5 nm). Image obtained after subtracting I to G (H) and DFT 

calculated asymmetry of the z-component of the electric field at 0.5 nm above the naphthalocyanine (J) (Reproduced from ref. 44 

with permission from the Nature Publishing Group). 

 
Following the development and consolidation of this technique, Moll and co-workers used nc-AFM with 

CO-tip to explore the structure of different types of molecules on metallic surfaces. In recent work, they 

investigate the image distortion characteristic of CO terminated tips and the visualization features of 

aromatic rings possessing different electronic density.40 In order to do so, a partially fluorinated oligo-

phenylene ethynylene (OFOPE) was imaged via nc-AFM using a CO functionalized tip (Figure X.3A,B). 

This molecule is comprised of two different subsections featuring hydrogen and fluorine substituted phenyl 

rings. When imaged by AFM, the fluorinated rings appear to have a considerably smaller diameter when 

compared to the non-fluorinated phenyl rings. Kelvin Probe Force Microscopy, STM and nc-AFM, in 

Bond-Order Discrimination by
Atomic Force Microscopy
Leo Gross,1 * Fabian Mohn,1 Nikolaj Moll,1 Bruno Schuler,1 Alejandro Criado,2
Enrique Guitián,2 Diego Peña,2 André Gourdon,3 Gerhard Meyer1

We show that the different bond orders of individual carbon-carbon bonds in polycyclic aromatic
hydrocarbons and fullerenes can be distinguished by noncontact atomic force microscopy (AFM)
with a carbon monoxide (CO)–functionalized tip. We found two different contrast mechanisms,
which were corroborated by density functional theory calculations: The greater electron density in
bonds of higher bond order led to a stronger Pauli repulsion, which enhanced the brightness of
these bonds in high-resolution AFM images. The apparent bond length in the AFM images
decreased with increasing bond order because of tilting of the CO molecule at the tip apex.

Bond order is an important concept to pre-
dict geometry, stability, aromaticity, reac-
tivity, and electronic structure of covalently

bonded molecules. The bond order is closely
related to the bond length, which, in general,
decreases with increasing Pauling bond order
(1, 2). If single crystals are available, the bond

length can be determined experimentally with high
accuracy using diffraction methods, which—for
instance, in the case of fullerenes (C60), as pre-
dicted by Clar’s sextet theory—showed two kinds
of bonds of different lengths (3–6). In contrast to
diffraction-based techniques, which yield values
averaged over large ensembles of molecules,

scanning probe microscopy offers the possibility
of studying single bonds in individual molecules.

Recently, rapid progress has been reported in
the field of noncontact atomic force microscopy
(NC-AFM), including the chemical identification
of individual surface atoms (7), atomic resolution
of carbon nanotubes (8), C60 (9), and planar or-
ganic molecules (10). For molecules, not only the
chemical species of their constituent atoms can
differ, but also the coordination number of atoms,
the bond angles, bond order, and bond length. In
polycyclic aromatic hydrocarbons (PAHs), the
differences in bond order and length are subtle,
but detecting these differences is useful for ra-
tionalizing aromaticity and reactivity of suchmol-
ecules (11). AFM offers the possibility of studying
systems in which single crystals needed for dif-
fraction methods cannot be grown. Moreover,

1IBMResearch - Zurich, CH-8803 Rüschlikon, Switzerland. 2CIQUS,
Universidade de Santiago de Compostela, E-15782 Santiago
de Compostela, Spain. 3CEMES-CNRS, F-31055 Toulouse Cedex,
France.

*To whom correspondence should be addressed. E-mail:
lgr@zurich.ibm.com

Fig. 1. Measurements on C60. (A) C60 model. The
bonds fusing a pentagon and a hexagon (p) are of
smaller bond order compared with the bonds fusing
two hexagons (h). (Inset) STM image (sample bias
V = 0.2 V, current I = 2 pA, size 24 by 24 Å2). The
molecule and tip are identical to those in (B) to (F).
(B to E) AFM measurements showing Df at different
tip heights z (27) above C60/Cu(111) using a CO-
functionalized tip. Image size 10 by 10 Å2, oscillation
amplitude A = 0.36 Å, V = 0 V. (F) Laplace-filtered
and flattened image of (E), used to measure the
apparent bond length L′ (22). (G) Line profiles Df(x)
across a p and h bond extracted from a three-
dimensional (3D) force map (24). The position of the
line profiles is indicated in the inset, showing amap of
Df at z = 3.6 Å, extracted from the same 3D force
map. The apparent positions of the p and h bonds are
indicated by the dotted lines. The x = 0 position
corresponds to the molecular center, determined by
the minimum of Df(x) at z = 4.8 Å. Note that p is
located at a smaller absolute value of x than h and that
Df(xp) is smaller than Df(xh) for all plotted values of z,
with the maximum difference for z = 3.7 Å.
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difference image in Fig. 2d. This leads us to the conclusion that
the submolecular resolution in the LCPD images reflects the
total charge distribution within the molecule (a justification
for the distances used for comparing the calculated electric fields
with the experimental LCPD images can be found in the
Supplementary Information).

Functionalizing a scanning probe tip with a single CO molecule
is known to lead to enhanced resolution both in STM and AFM
images5,26,27. However, the combination of KPFM and controlled
tip functionalization has not been demonstrated until now. We
have found that the CO-terminated tip also enables KPFM
imaging with dramatically enhanced resolution compared to
imaging with metal tips. The contrast in the CO-tip images of the
LCPD was found to strongly depend on the height at which they
were recorded, as shown in Fig. 3a–h. At distances further away
from the molecule, the LCPD images recorded with the CO tip
resemble those recorded with the copper tip (Fig. 3a,b). However,
as the tip–sample distance was decreased, a more pronounced
intramolecular contrast gradually evolved (Fig. 3c–h). In Fig. 3i, a
high-resolution LCPD image for the closest tip–sample distance
investigated is shown. Pronounced features with greater values of
V* are observed above the outermost C6 rings and in the vicinity
of the four outer N atoms, as well as a distinct asymmetry
between the five-membered C4N rings in the H-lobes and the N-
lobes. These features are absent from the simultaneously recorded
Df* and current images (see Supplementary Information), which
confirms that the LCPD signal is independent of these other chan-
nels. We attribute the different appearance of the lower left lobe and
the upper right lobe in Fig. 3i to an asymmetry of the AFM tip or a
slope in the background LCPD of the substrate, because in another
measurement, such a feature was not found to switch with the tau-
tomerization state of the molecule (see Supplementary
Information). Other than this, the features in the LCPD image are

well reproduced in the calculated electric field distribution in a
plane above the free naphthalocyanine molecule (Fig. 3j). This
further supports our interpretation that the submolecular resolution
in our LCPD images reflects the distribution of charge within the
molecule. The picture underlying this interpretation is in fact very
intuitive: when the naphthalocyanine molecule is placed between
the tip and the substrate, a locally varying contribution to the elec-
tric field arises due to the inhomogeneous charge distribution
within the molecule. Compensating the total electric field during
the KPFM measurement then results in a variation of V* that
reflects the intramolecular charge distribution (longer-ranging con-
tributions to the electrostatic interaction between tip and sample will
only give an additional background that does not vary on the sub-
molecular scale). We attribute the high resolution in our KPFM
images to the close tip–sample distances and the small oscillation
amplitudes (below 50 pm) used in our experiments. These features
will both enhance the sensitivity to the short-ranging electric field
generated by charge variation on the submolecular scale.
Additional effects that could be imagined to affect the KPFM con-
trast include possible relaxations of the tip or the probed molecule,
finite polarizability of the tip and polarization of the probed mol-
ecule under application of an electric field21 or due to chemical
interactions19. However, we have found that the measured KPFM
signal appears to be completely independent of the current and fre-
quency shift signals (a bending of the tip molecule, for example,
should also affect the tunnelling current). Together with the fact
that the calculated electric field is already sufficient for a good quali-
tative description of our images, this leads us to the conclusion that
the distribution of charge within the probed molecule (and the elec-
tric field generated thereby) is primarily responsible for the observed
submolecular KPFM contrast.

In summary, we have imaged a single naphthalocyanine mol-
ecule with STM, AFM and KPFM. Whereas STM is sensitive only
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Figure 2 | LCPD images of the tautomerization switching of naphthalocyanine. a, Schematic of the measurement principle. At each tip position, the
frequency shift is recorded as a function of the sample bias voltage (inset, red circles). The maximum of the fitted parabola (inset, solid black line) yields V*
and Df* for that position. b,c, LCPD images of naphthalocyanine on NaCl(2 ML)/Cu(111) before (b) and after (c) switching the tautomerization state of the
molecule. The images were recorded with a copper-terminated tip on a 64 × 64 lateral grid at constant height (z¼0.1 nm above the height determined by
the STM set point (I¼ 3 pA, V¼0.2 V) over the substrate). d, Difference image obtained by subtracting c from b. e, DFT-calculated asymmetry of the
z-component of the electric field above a free naphthalocyanine molecule at a distance d¼0.5 nm from the molecular plane. All scale bars: 0.5 nm. The
DFT-calculated atomic positions are overlaid in the upper halves of b–e. Carbon, hydrogen and nitrogen atoms are in grey, white and blue, respectively.
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dimensional force map, obtained using Δf (z) spectroscopy on
a grid.22

To determine the orientation of the molecule we employed
Kelvin probe force microscopy (KPFM). Here we used a Cu-
terminated tip, obtained by controlled contact of the tip with
the Cu surface. We recorded a map of the local contact
potential difference (LCPD) of the FFPB molecule on NaCl(2
ML)/Cu(111) using Δf(V) spectroscopy at constant
height,12,23 shown in Figure 2a. The LCPD contrast can be
qualitatively compared to the z-component of the electrostatic
field E,23,24 which we calculated for the free FFPB molecule,
shown in Figure 2b. The qualitatively different contrast
obtained on the H- and F-terminated rings and the good
qualitative agreement with the calculations provide us with the
molecular orientation. Making use of this information obtained
by KPFM we assigned the H-rings (left) and F-rings (right) in
Figures 1 and 2 as displayed in the model in Figure 1a. In
Figure 1b, the H-rings appear with a larger diameter than the F-
rings of the FFPB molecule. The halo, that is, the region of
minimal frequency shift surrounding the molecule, is less
pronounced around the H-rings than around the F-rings.
We also determined the adsorption height and geometry of

the FFPB molecule on the substrate using AFM.9 We
subtracted the background forces corresponding to the
underlying substrate and used z*, that is, the tip height at
minimal frequency, as measure for the adsorption height. The
FFPB molecule adsorbs along a row of Na surface atoms, which

is in agreement with the calculations. We use the calculations
(as described later) to calibrate the tip height and set the tip
height with minimal frequency z* at the center of the outer H-
ring to z* = 3.93 Å. Note that we subtracted the background
forces corresponding to the underlying substrate for the
experimental determination of z*.9 For the center of the
outer F-ring, we measured z* = 4.03 Å. In conclusion, the AFM
measurements yield that the outer F-ring relaxes outward by
0.10 Å compared to the outer H-ring, which matches the
calculated height difference of 0.09 Å very well. These results
indicate that the adsorption geometry of the FFPB molecule on
the substrate is very well described by the calculations with
respect to the experiment. Differences in the adsorption height
can lead to different apparent bond length and thus different
apparent ring sizes as recently shown.4 The similar adsorption
heights of the different rings, which we found by experiment
and theory, indicate that for the FFPB molecule this effect will
be small and other reasons must be responsible for the smaller
appearance of F-rings compared to H-rings.
Next, we computationally investigated the mechanisms for

the distortion of the AFM images obtained with CO-
functionalized tips. To calculate the frequency shift spectra,
we removed the underlying substrate but kept the atomic
positions of the FFPB molecule fixed. Otherwise, the
computational time would be prohibitively long. We calculated
the total energy of the FFPB molecule interacting with a
vertical Cu-dimer tip functionalized with a CO.6 We used the
Cu-dimer as the metallic part of the tip in our calculations,
because its spring constant of 0.49 N/m seems to be similar to
that of the experiment,25 it shows spherical symmetry, and the
small number of atoms reduces the computational costs. To
obtain the frequency shift we took the second derivative with
respect to the z-direction. We found that the tip height with
minimal frequency z* is 3.93 Å for the center of the outer H-
ring (used for the calibration of the tip height z* in the
experiment) and 4.05 Å for the center of the outer F-ring.
First, to quantify the larger appearance of the rings in the

AFM images, we looked at the lateral position ybond of the
molecular bond indicated by the green crosses in Figure 1a with

Figure 1. (a) The chemical structure of the FFPB molecule. Green
crosses indicate the lateral positions ybond that are compared to
quantify the distortions, and blue arrows indicate the lateral positions
of the linescans. (b) Measured constant-height frequency shift Δf
image. The lateral forces extracted from a three-dimensional force
map: (c) Fx in the x-direction and (d) Fy in the y-direction.
Measurements (b−d) correspond to a tip height of z = 3.55 Å.

Figure 2. (a) The LCPD measured by KPFM using a Cu tip. (b) The
z-component of the electric field E of the FFPB molecule at z = 5.07
Å.
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Bond-Order Discrimination by
Atomic Force Microscopy
Leo Gross,1 * Fabian Mohn,1 Nikolaj Moll,1 Bruno Schuler,1 Alejandro Criado,2
Enrique Guitián,2 Diego Peña,2 André Gourdon,3 Gerhard Meyer1

We show that the different bond orders of individual carbon-carbon bonds in polycyclic aromatic
hydrocarbons and fullerenes can be distinguished by noncontact atomic force microscopy (AFM)
with a carbon monoxide (CO)–functionalized tip. We found two different contrast mechanisms,
which were corroborated by density functional theory calculations: The greater electron density in
bonds of higher bond order led to a stronger Pauli repulsion, which enhanced the brightness of
these bonds in high-resolution AFM images. The apparent bond length in the AFM images
decreased with increasing bond order because of tilting of the CO molecule at the tip apex.

Bond order is an important concept to pre-
dict geometry, stability, aromaticity, reac-
tivity, and electronic structure of covalently

bonded molecules. The bond order is closely
related to the bond length, which, in general,
decreases with increasing Pauling bond order
(1, 2). If single crystals are available, the bond

length can be determined experimentally with high
accuracy using diffraction methods, which—for
instance, in the case of fullerenes (C60), as pre-
dicted by Clar’s sextet theory—showed two kinds
of bonds of different lengths (3–6). In contrast to
diffraction-based techniques, which yield values
averaged over large ensembles of molecules,

scanning probe microscopy offers the possibility
of studying single bonds in individual molecules.

Recently, rapid progress has been reported in
the field of noncontact atomic force microscopy
(NC-AFM), including the chemical identification
of individual surface atoms (7), atomic resolution
of carbon nanotubes (8), C60 (9), and planar or-
ganic molecules (10). For molecules, not only the
chemical species of their constituent atoms can
differ, but also the coordination number of atoms,
the bond angles, bond order, and bond length. In
polycyclic aromatic hydrocarbons (PAHs), the
differences in bond order and length are subtle,
but detecting these differences is useful for ra-
tionalizing aromaticity and reactivity of suchmol-
ecules (11). AFM offers the possibility of studying
systems in which single crystals needed for dif-
fraction methods cannot be grown. Moreover,

1IBMResearch - Zurich, CH-8803 Rüschlikon, Switzerland. 2CIQUS,
Universidade de Santiago de Compostela, E-15782 Santiago
de Compostela, Spain. 3CEMES-CNRS, F-31055 Toulouse Cedex,
France.

*To whom correspondence should be addressed. E-mail:
lgr@zurich.ibm.com

Fig. 1. Measurements on C60. (A) C60 model. The
bonds fusing a pentagon and a hexagon (p) are of
smaller bond order compared with the bonds fusing
two hexagons (h). (Inset) STM image (sample bias
V = 0.2 V, current I = 2 pA, size 24 by 24 Å2). The
molecule and tip are identical to those in (B) to (F).
(B to E) AFM measurements showing Df at different
tip heights z (27) above C60/Cu(111) using a CO-
functionalized tip. Image size 10 by 10 Å2, oscillation
amplitude A = 0.36 Å, V = 0 V. (F) Laplace-filtered
and flattened image of (E), used to measure the
apparent bond length L′ (22). (G) Line profiles Df(x)
across a p and h bond extracted from a three-
dimensional (3D) force map (24). The position of the
line profiles is indicated in the inset, showing amap of
Df at z = 3.6 Å, extracted from the same 3D force
map. The apparent positions of the p and h bonds are
indicated by the dotted lines. The x = 0 position
corresponds to the molecular center, determined by
the minimum of Df(x) at z = 4.8 Å. Note that p is
located at a smaller absolute value of x than h and that
Df(xp) is smaller than Df(xh) for all plotted values of z,
with the maximum difference for z = 3.7 Å.
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Leo Gross,1 * Fabian Mohn,1 Nikolaj Moll,1 Bruno Schuler,1 Alejandro Criado,2
Enrique Guitián,2 Diego Peña,2 André Gourdon,3 Gerhard Meyer1

We show that the different bond orders of individual carbon-carbon bonds in polycyclic aromatic
hydrocarbons and fullerenes can be distinguished by noncontact atomic force microscopy (AFM)
with a carbon monoxide (CO)–functionalized tip. We found two different contrast mechanisms,
which were corroborated by density functional theory calculations: The greater electron density in
bonds of higher bond order led to a stronger Pauli repulsion, which enhanced the brightness of
these bonds in high-resolution AFM images. The apparent bond length in the AFM images
decreased with increasing bond order because of tilting of the CO molecule at the tip apex.

Bond order is an important concept to pre-
dict geometry, stability, aromaticity, reac-
tivity, and electronic structure of covalently

bonded molecules. The bond order is closely
related to the bond length, which, in general,
decreases with increasing Pauling bond order
(1, 2). If single crystals are available, the bond

length can be determined experimentally with high
accuracy using diffraction methods, which—for
instance, in the case of fullerenes (C60), as pre-
dicted by Clar’s sextet theory—showed two kinds
of bonds of different lengths (3–6). In contrast to
diffraction-based techniques, which yield values
averaged over large ensembles of molecules,

scanning probe microscopy offers the possibility
of studying single bonds in individual molecules.

Recently, rapid progress has been reported in
the field of noncontact atomic force microscopy
(NC-AFM), including the chemical identification
of individual surface atoms (7), atomic resolution
of carbon nanotubes (8), C60 (9), and planar or-
ganic molecules (10). For molecules, not only the
chemical species of their constituent atoms can
differ, but also the coordination number of atoms,
the bond angles, bond order, and bond length. In
polycyclic aromatic hydrocarbons (PAHs), the
differences in bond order and length are subtle,
but detecting these differences is useful for ra-
tionalizing aromaticity and reactivity of suchmol-
ecules (11). AFM offers the possibility of studying
systems in which single crystals needed for dif-
fraction methods cannot be grown. Moreover,
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Fig. 1. Measurements on C60. (A) C60 model. The
bonds fusing a pentagon and a hexagon (p) are of
smaller bond order compared with the bonds fusing
two hexagons (h). (Inset) STM image (sample bias
V = 0.2 V, current I = 2 pA, size 24 by 24 Å2). The
molecule and tip are identical to those in (B) to (F).
(B to E) AFM measurements showing Df at different
tip heights z (27) above C60/Cu(111) using a CO-
functionalized tip. Image size 10 by 10 Å2, oscillation
amplitude A = 0.36 Å, V = 0 V. (F) Laplace-filtered
and flattened image of (E), used to measure the
apparent bond length L′ (22). (G) Line profiles Df(x)
across a p and h bond extracted from a three-
dimensional (3D) force map (24). The position of the
line profiles is indicated in the inset, showing amap of
Df at z = 3.6 Å, extracted from the same 3D force
map. The apparent positions of the p and h bonds are
indicated by the dotted lines. The x = 0 position
corresponds to the molecular center, determined by
the minimum of Df(x) at z = 4.8 Å. Note that p is
located at a smaller absolute value of x than h and that
Df(xp) is smaller than Df(xh) for all plotted values of z,
with the maximum difference for z = 3.7 Å.
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combination with first principle calculations, revealed that the image distortion of the fluorinated rings can 

be attributed to their lower charge density in comparison to the hydrogenated ones (a factor 2 smaller as 

calculated by DFT). This can be rationalized as a consequence of the high electronegativity of the Fluorine 

atoms that seems to influence the π-electrons of the aromatic rings. Additionally the molecule also appears 

distorted due to the presence of attractive van der Waals interactions and for low tip height both Pauli 

repulsion and van der Waals forces tilt the CO probe in a manner that the bonds of OFOPE appear much 

shaper.  

The group of Gross was also able to show that different bond orders of individual carbon-carbon bonds in 

planar and non-planar polycyclic hydrocarbons can be visualized and characterized using nc-AFM with CO 

functionalized tips. Determination of bond order, angle and length can potentially be very useful to predict 

reactivity, stability and aromatic character of molecules adsorbed on a surface. In their study, Gross and co-

workers elucidated the bond order of three molecules: two extended polycylic aromatic hydrocarbons (PAH) 

(namely hexabenzocoronene, HBC, and dibenzo(cd,n)naphtho(3,2,1,8-pqra)perylene, DBNP) and C60 

fullerene.41 In the case of C60 the bonds fusing two hexagons (h) are structurally different from the bonds 

fusing a pentagon and a hexagon (p) (Figure X.3C). Indeed, both theoretical and experimental investigations 

by means of neutron, electron and X-ray diffraction have shown that the bond h is ~ 5% shorter than the 

bond p.42, 43 The difference in bond order for p and h is reflected in the constant height AFM with CO 

functionalized tip illustrated by a characteristic bond length alteration corresponding to the cyclohexatriene 

motif of the C60 structure (Figure X.3D). Two main factors could be deducted. First the local frequency shift 

Δf is greater at a position above the h bonds. Second the h bond length appears shorter than the 

corresponding p bond. The increase of contrast localized around the h bond can be interpreted as a 

consequence of the higher local electron density associated with this bond, which induces a greater Pauli 

repulsion. Using Laplace filtered images it was possible to determine the apparent bond length of L′h = 2.0 Å 

and L′p = 2.7 Å. Notably, both bonds appear to be much longer than what was previously measured by 

diffraction techniques with a difference of ~30% in the bond lengths as determined by AFM. DFT 

simulations indicate that the possible reason for the discrepancy between real and observed bond lengths can 

be attributed to the tilting of the CO molecule on the AFM tip, which makes the h bond appear shifted 

further away from the molecular center than the p ones. Constant height AFM analysis of the other two 

hydrocarbons HBC and DBNP qualitatively corroborated the bond order related contrast observed in the 

case of the C60 analysis. It is important to point out that the bond length amplification originating from CO 

tilting is also the factor that enables the detection of different bond orders, which would be otherwise not 

visible within the accuracy of the AFM instrument.   

Non contact-AFM and STM imaging have also been used in combination with other techniques in order to 

obtain information about both structure and electronic properties of molecules on surface. Kelvin Probe 



  
Force Microscopy (KPFM) for example has been utilized to probe the charge distribution on an isolated 

naphthalocyanine molecule (Figure X.3E).44 This technique can be used to measure the local contact 

potential difference (LCPD) between the tip and the sample, as a function of the charge distribution on the 

surface. The investigated naphthalocyanine was deposited on a Cu(111) crystal covered with  two 

monolayers (2ML) of a NaCl island at (5 K). Free base naphthalocyanine can be adsorbed on the surface as 

two tautomeric forms (depending on the position of the N–H). The interconversion between the two 

tautomers (representing a switch) can be triggered by a current pulse. A schematic representation of the 

KPFM measurement as performed on the naphthalocyanine is depicted in Figure X.3F. In this method, a 

metal terminated AFM tip is scanned along a grid above the molecule and at each intersection of the grid a 

Δf (V) spectrum is recorded. The position of the maximum of the parabola gave the LCPD value and the 

frequency shift at compensated LCPD(Δf) for that point. Upon performing this measurement, Mohn and 

coworkers observed a striking asymmetry between the lobe parallel (H-lobes) and perpendicular (N-Lobes) 

to the inner hydrogen atoms, which it is remarkably clear when subtracting the LCPD data from the initial 

state and the switched configuration (Figure X.3G-J). Comparison of the electric field generated by the 

distribution of the total charge to the LCPD has also been performed using DFT simulations. The calculated 

electric field asymmetry exhibits a similarity to the experimental data obtained by KPFM, leading to the 

conclusion that the LCPD was indeed reflecting the submolecular charge distribution. In the same work a 

further increase of the image resolution was obtained by functionalizing the AFM tip with a CO molecule. 

The contrast of the images in this context was affected strongly by the tip height (z) and as the tip sample 

distance was decreased, the intramolecular contrast gradually increased. Such drastic increase of resolution 

in KPFM was ascribed to the close proximity between the tip and the sample. The small oscillation 

amplitude also contributes to enhance the ability to sense short-range electric fields originating from local 

charge variations. 

Finally, molecular structure resolution using nc-AFM was also recently employed to identify the different 

components of a very complex mixture of hydrocarbons.45 Due to its high importance in industry and to its 

incredible chemical complexity, Asphaltene was chosen as a target mixture. In this context, nc-AFM offers 

the unique capability to identify and characterize isolated units of a very complex mixture, providing 

precious insight into the interatomic connectivity. For this experiment, a small coverage (<5 % Monolayer, 

ML) of Asphaltene molecules was obtained on a Cu(111) crystal partially covered with NaCl islands (2ML) 

by flash-heating a sample of Asphaltene from a silicon wafer.  

 



  

 
 

Figure X.4. Laplace filtered nc-AFM images (a-w) of different molecular components observed by depositing coal-derived 

asphaltenes on Cu(111) or on NaCl(2ML)/Cu(111) (Reproduced from ref. 45 with permission from the American Chemical 

Society). 

 
Using a combination of STM and nc-AFM investigations, the authors found that the main components of 

Asphaltenes are different types of PAHs bearing peripheral alkyl chains. nc-AFM was able to elucidate the 

structure and the atomic connectivity of a wide range of Asphaltene components (Figure X.4). Upon 

focusing their attention on asphaltenes of different origins (coal, and petroleum Asphaltenes), the authors 

were able to identify structural differences between their respective components.  

 
X.3 Reactivity of Aromatic Molecules on Metallic Surfaces  
 
The incorporation of functional organic aromatic nanomaterials into electronic devices requires the 

development of tools to assemble highly extended molecular systems with long-range order and atomic 

precision. Despite the continuous progress in the field, the synthesis of extended nanomaterials based on 

traditional solution chemistry presents several challenges and limitations. Indeed, PAH featuring extended 

surface areas and high molecular weight are often characterized by extremely low solubility and 

processability, which can affect the reaction yield, purification and characterization. Additionally, even in 

the case of a successful synthesis, complicated transfer protocols are usually necessary during the device 

fabrication process to deposit these compounds on a substrate support. In this context, the exploitation of 

surface mediated reactions for the construction of extended organic architectures from reactive small 

■ RESULTS AND DISCUSSION
The combined use of AFM and STM for structure
identification is demonstrated in Figure 1b−f. AFM is used to
propose a hypothesis of the molecular structure, including
some side groups. If molecular orbitals are accessible by STM,
they can corroborate or refute the hypothesis. In Figure 1b−d,
AFM measurements of the CA molecule CA1 on NaCl(2
ML)/Cu(111) are shown. With decreasing tip height, the
molecular structure that appears as repulsive (bright) contrast
becomes more pronounced. This specific specimen has eight
fused benzene rings with a small side-group attached at the
topmost ring that we identified as CH3 (see the Supporting
Information). The rings appear distorted because the CO at the
tip is tilting due to lateral forces.23,36 From the STM orbital
image shown in Figure 1f, we can learn about the electronic
structure of CA1. The insulating NaCl layer decouples the
molecule from the metallic substrate and allows us to tunnel
into the substrate via the molecular orbital, if the latter lies in
the applied bias window.30 At the bias corresponding to the
negative ion resonance (NIR), presented in Figure 1f, the STM
topography resembles the lowest unoccupied molecular orbital
(LUMO). This is confirmed by a density functional theory
(DFT) calculation of the LUMO, using the structure
hypothesis from AFM, as shown in Figure 1g.
The molecule CA2 (Figure 2a−d) consists of eight fused

benzene rings, subdivided into two aromatic parts: a pyrene and
a methyl-substituted benzo[c]phenantrene moiety connected
by a central five-membered ring. For this molecule, LUMO
(Figure 2c) and the highest occupied molecular orbital
(HOMO; Figure 2d) were accessible. They are in reasonable

agreement with the calculated orbitals (see Figure S5), which
are based on our structure hypothesis from AFM. In Figure 2e,
an AFM image of CA3 is shown. In regions where the contrast
is weak, a Laplace-filtered image (Figure 2f) reveals additional
details. The orbital images of the LUMO and HOMO (Figure
2g,h) were used to further elucidate the molecular structure
(see Figure S6). Importantly, structural information mediated
by orbital imaging is accessible in many cases where AFM
cannot resolve the structure directly. CA3 comprises other
structural motifs, such as a fluorene moiety featuring a
methylene bridge and a seven-membered ring.
In some cases (although in minor quantities), we also find

CAs that have several (up to four) PAH islands connected by
single covalent bonds. CA4 , presented in Figure 2i−k,
comprising two nonresonant PAHs, is such an example.
Consequently, the LUMO (Figure 2k) is delocalized only
over one side of the molecule. Another clear example of a
molecule featuring two PAHs connected by a single bond is
CA16 in Figure 3l. This is a direct detection of the
“archipelago”-type architecture reported in other publications.13

However, in contrast to previous suggestions, we never
observed PAHs that were connected by chains longer than a
single bond.
Orbital imaging is in general an expedient complement to the

atomic-resolution AFM images. It provides information about
the delocalization of electrons in the frontier molecular orbitals,
hence the degree of conjugation of the PAH core, and an
independent cross-check for testing a structure hypothesis from
AFM. The HOMO−LUMO gap, which is closely related to the
difference between the NIR and the positive ion resonance

Figure 3. Coal-derived asphaltenes CA5-CA27. (a−w) Laplace-filtered AFM images of different CAs on Cu(111) or NaCl(2 ML)/Cu(111). In (g)
and (t), a small patch of third-layer NaCl is also imaged. The AFM raw data and orbital images for some molecules are available in Figures S1 and S2,
respectively.
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molecules is a promising approach.46-49 This bottom-up method generally sees the deposition of an 

appropriate molecular precursor on a metallic surface in UHV and its subsequent inter- or intramolecular 

reaction is achieved by the application of a secondary stimulus (e.g. temperature gradient, light irradiation or 

electrical stimulation). This strategy possesses several advantages when compared with conventional 

solution synthesis. The absence of a solvent not only alleviates solubility requirements, but also allows the 

use of a wider temperature range (from 5 to 600 K) permitting the investigation of reactivity pathways that 

are not accessible to classical wet chemistry. Furthermore, the metallic surfaces themselves can participate 

as a catalyst during the chemical reaction. In this section we will discuss the most important types of 

surface-mediated reactions that have been used so far to construct complex organic architectures starting 

from aromatic building blocks, highlighting some of the most relevant examples for each specific reaction 

class.  

 
X.3.1 Surface Mediated Polymerization 
 
X.3.1.1 Polymerization via Terminal Acetylene Coupling 

Reactions involving the exploitation of the intrinsic chemical reactivity of terminal alkyne groups are among 

the most exploited synthetic tools for the construction of both 1-D and 2-D extended organic structures on 

surfaces.50, 51 Fischer and Crommie recently demonstrated the use of this strategy to assemble a fully 

conjugated polymer derived from polyacetylene on a metallic substrate.52 The thermally induced “enediyne 

cyclization” of a 1,2-bis(2-ethynylphenyl)ethyne precursor 1 gave a diradical intermediate 2, that 

polymerizes on the surface via a radical step-growth mechanism (Figure X.5A). Deposition of 1 on a 

Au(111) surface in UHV at room temperature and subsequent thermal annealing at 160 °C induces two C1-

C5 radical cyclization reactions as well as the intermolecular radical recombination that leads to the oligo-

(E)-1,1’-bi(indenylidene) derivative 3. Using a combination of nc-AFM, STM and STS on individual 

oligomeric chain, it was possible to shed light on both the structure and the electronic properties of each 

unit. The molecular connectivity of the oligomer was resolved by nc-AFM  (Figure X.5B). Theoretical 

simulations and dI/dV mapping of the oligomers highlighted the presence of an extended electronic state 

localized along the center of the conjugated polymer backbone (Figure X.5C-D). This electronic structure 

can be rationalized taking in consideration the electron spatial delocalization caused by the formation of 

highly extended π-system along the polymer backbone. 



  

 
 

Figure X.5. The C1-C5 cyclization (A) reaction leading to the formation of the diradical intermediate 2 and its oligomers 3 from 

polyacetylene precursor 1. nc-AFM (B), dI/dV mapping (C) and theoretical simulation (D) of the electronic structure of 3, 

showing its atomic connectivity and the presence of an extended electronic state, respectively. (Reproduced from ref. 52 with 

permission from the American Chemical Society). (E) Surface mediated alkyne dimerization reaction  (Top) and structure of the 

trialkyne precursor 4 (Bottom).  STM image (F) of the 2-D network formed by polymerization of 4 on a Ag(111) surface, inset: 3-

D model of the network overlayed to the STM image. (Reproduced from ref. 55 with permission from Nature Publishing Group). 

Surface mediated “Huisgen type” cyclization (G) leading to oligomerization of 5 (in red the functional groups involved into the 

formation of the triazole ring are evidenced) LT-STM image (H) showing the morphology of the oligomers and their 3D models 

(inset). (Reproduced from ref. 58 with permission from the American Chemical Society). 

 
Another successful strategy for the preparation of 1-D and 2-D extended aromatic systems in UHV involves 

the exploitation of the selective reaction of the metallic substrate with functional groups at the Metal-

Vacuum interface. This strategy is inspired by the extensive work performed on transition-metal mediated 

cross-coupling reactions in solution.53, 54 A representative example is the polymerization of molecular units 

bearing terminal alkynes. Using this approach, Zhang et al. were able to polymerize molecular precursors 

such as 1,3,5-triethynyl-benzene and 1,3,5-tris(4-ethynylphenyl)benzene 4 through a surface mediated 

alkyne homocoupling (Figure X.5E).55 The polymerization of these tritopic precursors was performed by 

evaporating the isolated molecules onto a Ag(111) surface, followed by thermal annealing at 300 K. This 

procedure resulted in the highly selective formation of a new C(sp)-C(sp) single bond between the terminal 

atoms of the alkyne functionality, leading to covalently bonded dimers or highly extended reticular 

networks. The extended porous network formed via this route was composed of a heterogeneous distribution 

of pores featuring different sizes and shapes (i.e. pentagon, hexagon, heptagon, Figure X.5F). Such 

observation can be attributed to the inherent flexibility of the molecular precursors and to the irreversibility 
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observed and carefully checked by STM. Note that the
thermal azide!alkyne cycloaddition in the absence of
a Cu catalyst generally requires high temperatures
resulting in a mixture of 1,4- and 1,5-triazoles.24 If the
cycloaddition products were formed in the crucible
during the heating process prior to the deposition and
subsequently deposited on the surface, a mixture of
both regioisomers is to be expected in the STM
observations. Therefore, the observed complete re-
gioselectivity strongly points toward an on-surface
reaction. It is likely that the Au substrate used in our
experiments somehow lowers the activation energy
and also steers the regioselectivity of the [3 þ 2]
cycloaddition reaction (mechanistic studies will be
discussed below).

To exclude the possibility of the reaction occurring
during the heating process in the crucible rather than
at the Au(111) surface, we conducted two experiments
separately. First, mass spectrometry analysis was

performed to investigate the reactivity of monomer 1
toward the thermal cycloaddition (see Figures S2!S4).
A stable signal corresponding to the sublimatedmono-
mer 1 was detected in a temperature range from 80 to
180 !C, andmass signals corresponding to the dimer 2,
trimers, and/or higher order structures were not de-
tected. Second, dimers 2 were synthesized ex situ and
sublimated toward the Au(111) surface with the same
deposition parameters as with monomer 1. Mass spec-
trometry analysis of the heating process and careful
inspection of the surface with the STM after the
deposition did not show dimers 2 sublimated from
the crucible or deposited on the surface (see details in
the Supporting Information). Therefore, we exclude
the possibility of dimerization during the heating
period in the crucible, confirming that the observed
dimers 2 and trimers derive from the successful on-
surface “click” reactions of 1 on Au(111) under ambient
conditions (rt).

Controlled STM Manipulation of the Reacted Oligomers. To
confirm the covalent linkage of the reactants, extensive
controlledmanipulations with the STM tipwere carried
out on the dimers and the trimers. Figure 2A shows an
arrangement of a dimer 2 and two trimers. After a
successful manipulation, the dimer was partially de-
tached from the two linear trimers (see Figure 2B). As
shown in Figure 2B,C, consecutivemanipulations led to
a complete separation of the dimer from the two
trimers. Importantly, the structure of 2 remained intact
after the STM tip manipulations, which proves the
covalent nature of the linkage of the two monomers
for buildup of the dimeric structure 2. The amide
functionality between the phenyl rings combined with
the triazole group in the dimer provides the product
large torsional freedom. The trimers could also be
successfully manipulated (see Figures S5!S7), although
a complete detachment from the adjacent molecules
was a challenging task. This can be attributed to the
stronger van der Waals forces and probably also to the
larger number of hydrogen bonds (between amide
bonds) between the linear structures upon switching
from the dimer to trimer. These STM manipulations
also revealed that AEB dimers 2 and the correspond-
ing trimers display high mechanical stability at the
Au(111), which is a typical feature of covalently bonded
chemical structures.

Self-Assembly of the Monomers and Reactivity. For the
successful on-surface reaction to proceed, two mono-
mers have to diffuse toward each other so that the
reactive alkyne and azide functionalities are close
enough for successful cycloaddition. Therefore, the
self-assembled structure obtained after initial deposi-
tion must somehow relate to the reactivity. For exam-
ple, if the self-assembled structure is in a stable
configuration on the surface and as a direct conse-
quence diffusion is too limited, the reaction should
be slow or be even suppressed. In our experimental

Figure 1. STM images of AEB monomers deposition on
Au(111) at room temperature. (A) Large coverage deposi-
tion: 50 # 50 nm2; V = 600 mV; I = 75 pA; T e 78 K. (B)
Arrangement of monomers and dimers: 13 #17 nm2; V =
600mV; I=75pA; Te 78K. (C) Dimers and trimers formed as
a result of the successful azide!alkyne “click” reaction:
3.5# 7 nm2; V = 600 mV; I = 50 pA; Te 5 K. Inset: molecular
structure of the 1,4-triazole dimer 2.
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sample distance used to obtain the image in Figure 2a (a
discussion of bond length measurement and associated bond
length variation with tip height can be found in the Supporting
Information (SI), see Figure S3). It is important to note that
while our nc-AFM measurement correctly identifies alternating
trends in bond lengths, the magnitude of this effect is greatly
exaggerated by this imaging technique27 (see SI). Bonds within
the five-membered rings are also seen to exhibit a bond length
modulation. In particular, the double bonds in indenyl end-
groups show a distinctive deviation compared to indenyl groups
along the extended oligomer chain (Figure 2a).
Our STM spectroscopy of oligo-(E)-1,1′-bi(indenylidene)

reveals that the electronic structure of the covalently linked
oligomer chains exhibits extended-state behavior (Figure 3). An
AFM image of a representative oligomer chain on the Au(111)
surface is depicted in Figure 3a along with the STM dI/dV
spectrum (Figure 3d) measured at one point along the

backbone of the oligomer chain (dI/dV measurement reflects
the electronic local density of states (LDOS) at the energy
selected by the tip−sample bias; spectra taken at different
points on the oligomer differ only in the intensity of the
observed resonance). A well-defined electronic resonance is
observed at an energy approximately 0.125 V above EF (blue
arrow) compared to the dI/dV spectrum on bare Au(111). A
dI/dV spatial map of the oligomer chain at a tip bias of 0.125 V
(Figure 3b) reveals that the intensity of this state is localized
along the oligomer backbone and extends continuously along
the full length of the π-conjugated chain (excluding the ends,
which are often composed of different types of monomer
subunits). This extended-state spatial distribution was observed
for oligomer chains of different lengths composed of monomer
units 2 (see Figure S4).
Isolated monomer building blocks 2 not incorporated into

oligomeric structures were observed to coexist with the chains
on the Au(111) surface. These monomers account for a few
percent of the material on the surface (other monomer
structures have also been observed). Figure 4a depicts a nc-
AFM image of an isolated (E)-1,1′-bi(indenylidene) monomer.
Isolated monomer building blocks 2 exhibit a geometry that
resembles the indenyl end-groups in oligomer chains (Figure
2a, bottom), including the presence of highly distorted five-
membered rings (such distortion might arise due to the

Figure 3. Electronic structure of an individual oligomer. (a) nc-AFM
image of oligomer chain (tip height corresponds to tunnel current set
point Vs = 50 mV and I = 20 pA above Au(111)). (b) Experimental
STM dI/dV map (constant height) at Vs = 0.125 V reveals an
extended electronic state along the conjugated backbone of oligomer
shown in a. (c) GW calculation of electronic local density of states of
the LUMO for a free-standing oligomer chain containing four
monomer 2 subunits (n = 4). Orange overlays in a−c show the
chemical structure of two units of the n = 4 oligomer chain used in the
calculation. (d) STM dI/dV point spectroscopy of oligomer chain
shown in a at the position indicated by the yellow cross reveals an
electronic resonance at Vs ≈ 0.13 V (blue arrow) compared to a
reference spectrum on bare Au(111) (spectra are normalized by their
respective values at Vs = 0.6 V, open feedback spectroscopy starting
parameters Vs = 0.6 V, I = 0.8 nA, T = 4 K).

Figure 4. Isolated monomer building block 2: (a) nc-AFM image of an
isolated monomer 2 on Au(111) (T = 4 K, tip height corresponds to
tunnel current set point Vs = 50 mV and I = 35 pA above Au(111)).
(b) Experimental constant-height dI/dV map of monomer 2 shown in
a at Vs = 1.2 V depicts the spatial distribution of the monomer LUMO.
(c) GW calculation of the local density of states of the LUMO for a
free-standing monomer 2 . (d) STM dI/dV point spectroscopy
performed on the monomer shown in a at the position indicated by
the yellow cross reveals the monomer LUMO at Vs ≈ 1.2 V (blue
arrow) compared to a reference spectrum on bare Au(111) (spectra
are normalized by their respective values at Vs = 0.6 V, open feedback
spectroscopy starting parameters Vs = 1.5 V, I = 0.5 nA, T = 4 K).
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of the homocoupling reaction. Interestingly, when a similar experiment was performed by the group of Fasel 

using an Au(111) surface a drastic change in reactivity of the terminal acetylene functionality was observed. 

Rather than undergoing homocoupling reactions the terminal alkynes underwent a [2+2+2] 

cyclotrimerization to form 2-D networks.56 Further investigations on the reactivity of terminal acetylene, 

showed the possibility to use this group as partner in a [3+2] cycloaddition reaction with appropriately 

functionalized azide derivatives.57, 58 Due to the possibility to perform heteromolecular coupling on surface, 

this discovery strongly increases the applicability of these systems, extending the use of this chemistry to the 

construction of more complex architecture formed by different functional and structural units. Fuchs and co-

workers were able to induce the oligomerization of monomer 5 at room temperature by depositing it on a 

Au(111).58 Exploiting the interaction with the surface the triple bonds and the azide functionality of 5 

reacted in a 1,3-dipolar cycloaddition leading to the exclusive formation of the 1,4-substituted triazoles 

(Figure X.5G-H). The success of the coupling reaction and the formation of oligomeric species was 

confirmed by STM (Figure X.5H) and showed the structure and connectivity of single oligomeric chain. 

 
X.3.1.2 Polymerization of Halogenated Precursors 

One of the most common strategies used to assemble extended aromatic systems from small molecular 

precursor relies on the use of halogenated molecular precursors.59-63 The coupling of these molecular units is 

achieved by deposition of the halogenated precursor on a metallic surface followed by subsequent heating of 

the underlying substrate. The thermal annealing of the surface induces reactions (e.g. surface mediated 

Ullmann coupling) that link isolated molecules into higher ordered 2-D structures.  

One of the most important parameters dictating the reactivity of molecular precursors on surfaces is the type 

of halogen substituent. Differences in the bond dissociation energies (BDE) of the C–X bond (336 kJ mol-1 

for Br–C6H5 and 272 kJ mol-1 for I–C6H5  in the gas phase)64 are reflected in the reactivity of these groups 

on surfaces. During the thermal annealing process, iodinated precursors have been shown to react at lower 

temperatures than brominated analogues. In their pioneering work, Grill and co-workers were able to exploit 

the difference in reactivity between C–I and C–Br bonds with the goal to produce multiple nanostructures in 

a hierarchical manner from a tetra-halogenated porphyrin 6, which bears two iodophenyl and two 

bromophenyl substituents in the 5, 15 and 10, 20 positions, respectively (Figure X.6A).65 Deposition of the 

monomer on a Au(111) surface held at 80 K resulted in the adsorption of intact molecular units containing 

both iodine and bromine atoms. Thermal annealing of 6 at room temperature induced the cleavage of the C–

I bond and a radical recombination to give covalently linked dimers of 6. Further annealing to 120 °C 

induced an efficient polymerization of 6 by selective and complete activation of the residual C–I bonds. Due 

to the “trans-like” arrangement of the iodine atoms, the polymerization reaction leads to the formation of 

linear oligomer chains (Figure X.6B). The substantially lower activation temperature of the C–I bond in 



  
respect to the C–Br bond, allowed the complete preservation of the bromine atoms on the oligomers 

allowing further growth of this structure. Annealing of the oligomers at 250°C, induces the dissociation of 

the C–Br bond leading to the growth of a highly regular 2D architecture (Figure X.6C). The same principle 

has been demonstrated to grow heterogeneous networks formed by multiple types of units. Introduction of a 

secondary component in the system (i.e. a dibrominated oligofluorene) has been shown via STM to lead to 

the formation of hybrid structures composed of interconnected porphyrin and fluorene oligomers 

. 

 
 
Figure X.6. Schematic representation (A) of the hierarchic construction of 1-D and 2-D nanostructure starting from the 

tetrahalogenated porphyrin 6.  Upon selective activation of C-I bond at 120°C the 1-D polymerization of molecule 6 can be 

triggered. Further increase of the temperature to 250°C induces the activation of the C-Br bonds and the interconversion of the 1-

D nanostructures into extended 2-D networks.  LT-STM images of the 1-D oligomers (B) and of the 2-D networks (C) 

(Reproduced from ref. 65 with permission from Nature Publishing Group). LT-STM image of molecular precursor 7 as deposited 

on a BN surface (inset: molecular structure of 7). Generic representation (E) of the structures obtained by the coupling of 7, and 

corresponding LT-STM (F) of some of the networks obtained (Reproduced from ref. 66 with permission from The American 

Chemical Society). 

 
A further advancement on this technique has been recently demonstrated by the group of Gröning and  

Dienel, which showed the possibility to perform this coupling on an insulating surface.66 Since non-

conductive surfaces are required as support material for electronic devices, the investigation of the reactivity 

of isolated molecules on insulating surface remains an important challenge in nanoscience. In their 

experiments, Gröning and coworkers used an isolating Boron Nitride (BN) monolayer supported on a 

Rh(111) surface (Figure X.6D). The reactivity of hexaiodinated precursor 7 on the highly corrugated BN 

surface during thermal annealing showed a wide temperature range from the start of the dehalogenation 

process (500 K) to the full dehalogenation and coupling of the isolated molecules (800 K) (Figure X.6E-F). 

This observation is distinctive from the results commonly observed on metallic surfaces and the behaviour 

of the same molecule in the gas-phase. A combination of STM investigation and DFT simulation showed 

that the interaction of the BN with the molecule itself governs the dehalogenation process. 
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appearance along the whole structure originate not
only from steric hindrance induced by the included
iodine atoms but also from bending across the wire
region of the corrugation. Only at annealing tem-
peratures of 850 K was it possible to produce iodine-
free oligomers, as shown in Figure 5d, where a
chain of five connected CHP macrocycles can be
seen (cf. Figure 5e for structure of the CHP core).
The fact that the structure bridges a wide area that
exhibits strong variations of the surface potential22

might contribute to the peculiar contrast in STM
topography at the borders of the structure. The
reason is that the locally varying surface potential
can lead to an asymmetric shape of the frontier
orbitals whose influence on the STM becomes im-
portant when scanning at high biases on insulating
substrates.32!34

CONCLUSION

In-depth understanding of on-surface chemical re-
actions betweenmolecular species and the underlying
catalytic substrate with submolecular resolution is vital
to the synthesis of active nanostructures for organic
electronics. This is particularly the case for insulating
substrates, which are technologically highly relevant
but have not been widely investigated in this context.
With the results presented here, we can directly corre-
late the adsorption position of the molecule and the
possibility to produce the dehalogenated species

necessary for the aryl!aryl coupling. The registry and
unexpectedly strong interaction between the sub-
strate and the molecules impose specific stable deha-
logenated radical configurations. In the case of the I6-
CHP on the corrugated h-BN on Rh(111), this yields a
large span in temperatures from the onset of dehalo-
genation at 500 K to full dehalogenation and coupling
at 800 K. This is in strong contrast tometallic substrates
like copper, silver, or gold where full dehalogenation
occurs already at room temperature and also to the
molecule in the gas phase, where the dehalogenation
sequence of the I6-CHP is fully uncorrelated. In this
respect, it would be too simple to picture the effects of
the h-BN only as an isotropic, reduced catalytic activity.
We have shown that the interaction of the radical with
the h-BN substrate is highly site-specific and governs
the dehalogenation sequence of the molecule. This
poses a challenge for the controlled coupling. The
imposed site selectivity could be of use for spatially
precise dissociations toward dedicated reaction path-
ways. This, in turn, needs the precise matching be-
tween the molecule's sites of interest and the lattice
constant of the h-BN. This substrate itself remains quite
unaffected during the reactions and only provides
the required bonding sites to stabilize the intermediate
molecular species prior to subsequent reactions. Final-
ly, the aryl!aryl coupling;similar to the metal-
mediated Ullmann coupling;was demonstrated on
the insulating substrate. The understanding of these

Figure 5. Covalent coupling of CHP species at different temperatures. (a) STM image (!1.5 V, 30 pA) of a high
coverage sample (approximately 1 ML) after treatment at 550 K for 20 min. Not only the expected I3-CHP molecules
have formed but various dimers with different iodine terminations are visible. (b) STM image (!1.5 V, 30 pA) after
treatment at 800 K for 30 min. Dimers and larger aggregates (light blue outline) have formed but, despite the
high temperature, still contain a notable number of iodine atoms. (c) Illustrative sketch of two exemplary dimers
observed in (a) and (b) (iodine atoms are shown in green, protrusion by tilted phenyl rings are highlighted in red). (d)
STM image (2.2 V, 20 pA) of a CHP oligomer coupled by high-temperature treatment at 850 K for 30 min. The chain of
coupled rings lies across two dents of the h-BN corrugation. (e) Molecular structure of the CHP-based core of the
oligomer shown in (d).
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2"D$NETWORK$When conducting STM measurements at elevated temperatures,
which are required for the polymerization process, the mobility and
steric flexibility of single polymers can be directly imaged. Figure 2f
depicts such a case, where a single chain, hooked at one end, con-
tinuously moves at the free end during imaging at a temperature
of 90 8C, causing a ‘Christmas tree’ appearance of the moving
chain. Probably in combination with this molecular flexibility, the
equivalent structure of all molecular TPP chains leads to an impor-
tant consequence in relation to two-dimensional growth: as soon as
the first bond between two adjacent polymers chains is formed, they
are automatically in a suitable arrangement for the formation of
further bonds between them, because all activated sites are equally
spaced along each chain. It is thus reasonable to expect that these
covalently bound networks, sequentially linked in a hierarchical
manner, exhibit less defects than those from a one-step growth pro-
cedure. Indeed, we find that the number of incorrectly connected
molecular building blocks (for example, triangular instead of rec-
tangular structures) is lower when using trans-Br2 I2 TPP, improving
their regularity (see Supplementary Information). For instance, the
number of triangular defects is significantly reduced by a factor of
!3. As a consequence of the reduced number of defects, the size
of the regular networks is increased. Indeed, a detailed analysis
for equivalent preparations also revealed larger networks for
sequential activation (trans-Br2 I2 TPP monomers; Fig. 3b) com-
pared to one-step growth (Br4 TPP monomers; Fig. 3a). An interest-
ing observation is that, as a result of the hierarchical mechanism, the
nanostructures are found to be more elongated for trans-Br2 I2 TPP
(in particular at small coverage) because polymers are linked in the
second activation step, in comparison to the more uniform side
lengths of networks achieved from Br4 TPP building blocks. Note
that once connections have been formed, no self-repair of defects
is possible, due to the irreversible nature of the covalent bonds.

Heterogeneous networks with high selectivity. The ability to
sequentially activate specific groups within individual molecules
paves the way towards the growth of heterogeneous molecular
assemblies. Covalent assembly of different molecules on a metal
surface under vacuum conditions has already been achieved by
using two unequal species that can only couple to their
complementary reaction partner, but in these one-step processes

the final architecture is limited to a strict alternation of the two
building blocks13,17,30,32. Alternatively, a random distribution of
molecular assemblies would be formed in such a two-component
system if all kinds of linking reactions were allowed in a one-step
process. However, in both cases, there is no kinetic control over
the process as the system always follows all reaction pathways.
In the following, we show that it is possible to avoid a random
distribution and indeed control the architecture, thus obtaining
heterogeneous networks where the hierarchical process
determines the final structure.

To achieve this goal, we used trans-Br2 I2 TPP in combination with
dibromoterfluorene (DBTF) (Fig. 4a). The two species have an
arrangement of iodine and bromine substituents that provide reactive
sites at different activation temperatures. When depositing both types
of molecules on the Au(111) surface and raising the sample tempera-
ture to 250 8C, the two reactions set in sequentially. First, the iodine
substituents dissociate from the trans-Br2 I2 TPP molecules and the
TPP molecules form chains. At this stage, the bromine substituents,
because of their higher bond energy, are still intact and protect the
potentially reactive sites in both types of molecules. Second, the
bromine sites are activated and the DBTF molecules form chains
that are attached to the porphyrin building blocks at the bromine
sites (Fig. 4b). Although the chemical structures of DBTF and TPP
are considerably different, coupling between the two species is not
suppressed as in other cases3, thus enabling the realization of the
desired two-component architecture.

A detailed analysis of the covalent connections formed in these
networks (Fig. 4c) reveals the very high selectivity of this process,
with 98% of the former iodine sites at the porphyrin building
blocks being used for connection to other porphyrin building
blocks, and only 2% having fluorene molecules incorrectly attached.
In contrast, at the bromine sites of the porphyrin building blocks,
fluorene molecules are dominantly attached as a result of the
second growth step. Binding of adjacent porphyrin chains to two-
dimensional networks also occurs, giving rise to 30% of porphyrin
molecules being attached at porphyrin bromine sites. The
copolymers are thus formed with remarkable selectivity and the
hierarchical concept seems very promising for the construction
of more complex, heterogeneous architectures. Note that such
kinetic control cannot be achieved without sequential activation,
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Figure 2 | Hierarchical growth following sequential thermal activation. a, Scheme of the sequential activation mechanism. Green arrows indicate the
different growth directions of the two sequential steps. b–d, STM images (8× 8 nm2, b,c; 10× 10 nm2, d) of trans-Br2I2TPP molecules on Au(111): after
deposition (at 80 K, b), after heating to 120 8C (c, Step 1), and after further heating to 250 8C (d, Step 2) (imaging at 180 8C). The corresponding chemical
structures are indicated (for overview images, see Supplementary Information). The covalent nature of the created bonds is proven for all reaction steps.
e, STM image (10× 10 nm2) of a close-packed polymer island after the first heating step. f, STM image (12 × 10 nm2) of a TPP chain that is fixed at the left
end and moving at the right end (indicated by arrows) due to the elevated sample temperature of 90 8C. This motion results in a ‘Christmas tree’
appearance, because molecular motion is faster than scanning (!10 s/image).
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When conducting STM measurements at elevated temperatures,
which are required for the polymerization process, the mobility and
steric flexibility of single polymers can be directly imaged. Figure 2f
depicts such a case, where a single chain, hooked at one end, con-
tinuously moves at the free end during imaging at a temperature
of 90 8C, causing a ‘Christmas tree’ appearance of the moving
chain. Probably in combination with this molecular flexibility, the
equivalent structure of all molecular TPP chains leads to an impor-
tant consequence in relation to two-dimensional growth: as soon as
the first bond between two adjacent polymers chains is formed, they
are automatically in a suitable arrangement for the formation of
further bonds between them, because all activated sites are equally
spaced along each chain. It is thus reasonable to expect that these
covalently bound networks, sequentially linked in a hierarchical
manner, exhibit less defects than those from a one-step growth pro-
cedure. Indeed, we find that the number of incorrectly connected
molecular building blocks (for example, triangular instead of rec-
tangular structures) is lower when using trans-Br2 I2 TPP, improving
their regularity (see Supplementary Information). For instance, the
number of triangular defects is significantly reduced by a factor of
!3. As a consequence of the reduced number of defects, the size
of the regular networks is increased. Indeed, a detailed analysis
for equivalent preparations also revealed larger networks for
sequential activation (trans-Br2 I2 TPP monomers; Fig. 3b) com-
pared to one-step growth (Br4 TPP monomers; Fig. 3a). An interest-
ing observation is that, as a result of the hierarchical mechanism, the
nanostructures are found to be more elongated for trans-Br2 I2 TPP
(in particular at small coverage) because polymers are linked in the
second activation step, in comparison to the more uniform side
lengths of networks achieved from Br4 TPP building blocks. Note
that once connections have been formed, no self-repair of defects
is possible, due to the irreversible nature of the covalent bonds.

Heterogeneous networks with high selectivity. The ability to
sequentially activate specific groups within individual molecules
paves the way towards the growth of heterogeneous molecular
assemblies. Covalent assembly of different molecules on a metal
surface under vacuum conditions has already been achieved by
using two unequal species that can only couple to their
complementary reaction partner, but in these one-step processes

the final architecture is limited to a strict alternation of the two
building blocks13,17,30,32. Alternatively, a random distribution of
molecular assemblies would be formed in such a two-component
system if all kinds of linking reactions were allowed in a one-step
process. However, in both cases, there is no kinetic control over
the process as the system always follows all reaction pathways.
In the following, we show that it is possible to avoid a random
distribution and indeed control the architecture, thus obtaining
heterogeneous networks where the hierarchical process
determines the final structure.

To achieve this goal, we used trans-Br2 I2 TPP in combination with
dibromoterfluorene (DBTF) (Fig. 4a). The two species have an
arrangement of iodine and bromine substituents that provide reactive
sites at different activation temperatures. When depositing both types
of molecules on the Au(111) surface and raising the sample tempera-
ture to 250 8C, the two reactions set in sequentially. First, the iodine
substituents dissociate from the trans-Br2 I2 TPP molecules and the
TPP molecules form chains. At this stage, the bromine substituents,
because of their higher bond energy, are still intact and protect the
potentially reactive sites in both types of molecules. Second, the
bromine sites are activated and the DBTF molecules form chains
that are attached to the porphyrin building blocks at the bromine
sites (Fig. 4b). Although the chemical structures of DBTF and TPP
are considerably different, coupling between the two species is not
suppressed as in other cases3, thus enabling the realization of the
desired two-component architecture.

A detailed analysis of the covalent connections formed in these
networks (Fig. 4c) reveals the very high selectivity of this process,
with 98% of the former iodine sites at the porphyrin building
blocks being used for connection to other porphyrin building
blocks, and only 2% having fluorene molecules incorrectly attached.
In contrast, at the bromine sites of the porphyrin building blocks,
fluorene molecules are dominantly attached as a result of the
second growth step. Binding of adjacent porphyrin chains to two-
dimensional networks also occurs, giving rise to 30% of porphyrin
molecules being attached at porphyrin bromine sites. The
copolymers are thus formed with remarkable selectivity and the
hierarchical concept seems very promising for the construction
of more complex, heterogeneous architectures. Note that such
kinetic control cannot be achieved without sequential activation,
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Figure 2 | Hierarchical growth following sequential thermal activation. a, Scheme of the sequential activation mechanism. Green arrows indicate the
different growth directions of the two sequential steps. b–d, STM images (8× 8 nm2, b,c; 10× 10 nm2, d) of trans-Br2I2TPP molecules on Au(111): after
deposition (at 80 K, b), after heating to 120 8C (c, Step 1), and after further heating to 250 8C (d, Step 2) (imaging at 180 8C). The corresponding chemical
structures are indicated (for overview images, see Supplementary Information). The covalent nature of the created bonds is proven for all reaction steps.
e, STM image (10× 10 nm2) of a close-packed polymer island after the first heating step. f, STM image (12 × 10 nm2) of a TPP chain that is fixed at the left
end and moving at the right end (indicated by arrows) due to the elevated sample temperature of 90 8C. This motion results in a ‘Christmas tree’
appearance, because molecular motion is faster than scanning (!10 s/image).
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systems.7!9 A widely used reaction in this context is
derived fromUllmann coupling,10,11 where the reactive
partners are created by dehalogenation of aryl halide
precursors, which subsequently undergo aryl!aryl
coupling.12 Recent examples of this are the forma-
tion of graphene nanoribbons and porous graphene
on metal substrates.13!15 The synthesis of porous
graphene is based on the molecular precursor
5,50,500,5000,50000,50000 0-hexaiodocyclohexa-m-phenylene
(I6-CHP, cf. inset in Figure 1a for chemical structure),
which dissociates all its iodine atoms on Cu(111),
Ag(111), and even Au(111) already at room tem-
perature.15 The catalytic activity is so high that
site-specific effects are difficult to study and do not
seem relevant for the synthesis process. This situ-
ation can be expected to be different for a surface-
supported ultrathin insulating spacer layer like
monolayer h-BN, in analogy to graphene sometimes
referred to as boronitrene.16 The lack of electronic
states close to the Fermi level will reduce the cata-
lytic activity, whereas the ultimate thinness still
allows the dehalogenation process to be studied
by scanning tunneling microscopy (STM). Further-
more, the interaction between the metal and h-BN
layer generates distinct superstructures that can be
adjusted by a variation of the underlying metal (Ni,17

Pt,18 Cu,19 Rh and Ru,18,20!26 and Fe and Cr27,28). On
Rh(111), the h-BN forms a highly corrugated “nano-
mesh” consisting of regions with strong bonding,
dents (usually referred to as pores), separated by

suspended wire regions, where the h-BN!Rh(111)
interaction is weaker.18,23,26,29!31 Consequently, the
structure of the corrugated h-BN is a superposition
of the 0.25 nm BN lattice and the network of dents
with a lattice constant of 3.2 nm.
As we will show in the following, deposition of I6-

CHP on the corrugated h-BN leads to a distinct adsorp-
tion geometry imposing a non-equivalency on the six
iodine sites of themolecule, which is not intrinsic to the
free I6-CHP. The adsorption geometry, sequential de-
halogenation, and the subsequent coupling of Ix-CHP
species are analyzed by low-temperature (LT) STM at
5.5 K and density functional theory (DFT). Our experi-
mental and theoretical findings show that the dehalo-
genation process is surprisingly strongly influenced by
the substrate, and they shed light on the challenges of
growing bottom-up designed nanostructures directly
on an insulating substrate, being indispensable for
efficient application in electronic, optic, and spintronic
devices.

RESULTS AND DISCUSSION

Nanoscale Petri Dish for Molecules. Figure 1a displays an
UHV LT-STM image with low coverage (approximately
0.15ML) of I6-CHP deposited onto the corrugated h-BN
(kept at room temperature during deposition). Empty
dents are imaged as dark depressions.18,23 while the
adsorbed molecules exhibit a six-petal flowerlike ap-
pearance originating from the apparent D6 symmetric
structure of a single I6-CHP. All molecules occupy single

Figure 1. Molecule I6-CHP and the corrugated h-BN. (a) STM image (!1.70 V, 40 pA) of I6-CHP molecules occupying some of
the dents of the corrugated h-BN (low coverage of 0.15 ML, height scale: Δz = 170 pm, inset: molecular structure). (b) High-
resolution STM image (!1.2 V, 32 pA, height scale:Δz = 170 pm) of a single molecule, revealing internal contrast of the h-BN
layer and submolecular contrast of themolecule. (c) Ball and stickmodel of theDFT-derived position and orientation of the I6-
CHP in the dents of the corrugation (boron atoms of h-BN lattice enlarged; dent indicated by color coding; black dots indicate
top layer of rhodiumatoms). The two insets show the different registries for the carbon!iodinebond: hollowposition=A site;
on top boron = B site (rhodium atoms are omitted for clarity reasons).
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X.3.1.2 Polymerization through Dynamic Covalent Chemistry 

In recent years the concepts of dynamic covalent chemistry (DCC) using aromatic building blocks have been 

successfully applied to the creation of organic architectures on a variety of surfaces.67-72 As opposed to the 

previous examples the intrinsic nature of the interactions exploited (e.g. high reversibility, high thermal 

stability and slower kinetics of bond cleavage/formation), the structures formed under these conditions are 

mainly guided by the thermodynamics of the process. The thermodynamic driving force combined with the 

reversible covalent nature of the interaction paves the way for the assembly of architectures featuring long-

range order and higher stability when compared to non-covalent interactions. Among the different reactions 

that have been developed in this field, imine condensation and the esterification of boronic acid have been 

exploited the most for the creation of organized networks on surfaces.73-76   

 

 
 

Figure X.7. (A) The imine condensation reaction (top) and the tetramino porphyrin 8 with the partner dialdehydes 9-11 (bottom). 

Representative STM images (B-D) of 2-D networks formed by the condensation of 8 with 9, 10 and 11. (Reproduced from ref. 77 

with permission from the American Chemical Society). Esterification of boronic esters (E) and their self-condensation into 

boroxines. Triphenylene derivative 12 and diboronic acids 13-17. STM image (G) of 2D networks formed by self-condensation of 

13 on Ag(111) surface and with triphenylene derivative 12 as obtained by Abel and coworkers (inset: network structure as 

obtained from DFT) (Reproduced from ref. 78 with permission from the American Chemical Society). Representative STM 

images (I and J) of isoreticular networks that can be formed using different diboronic acids (13-17) on HOPG, in particular 

network obtained by self-condensation of 14 (I) and 15 (J) are depicted. (Reproduced from ref. 79 with permission from the 

American Chemical Society). 

 
One example of the use of imine condensation for the creation of 2-D aromatic macrostructures on surfaces 

is shown in Figure X.7A-D. Kunitake and coworkers were able to prepare a variety of organic networks by 
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amazing superbenzene architecture, aer deposition of 4,40 0-
dibromo-m-terphenyl (DMTP, Fig. 7a) onto Cu(111) held at 550
K in ultrahigh vacuum.49 With a robust hexagonal ring feature
in the high resolution STM image (Fig. 7b), the hyperbenzene is
composed of 18 phenylene units and built up by six DMTP
fragments. The detailed measurements have shown that the
ring diameter is 21.3 Å and the corner-to-corner distance is 12.3
Å, which are in agreement with the results of DFT calculations
as shown in Fig. 7c. These data are both smaller than that in the
zigzag Cu-coordinated structure before annealing, showing an
obvious contraction and C–C coupling aer thermal treatment.
All these phenomena demonstrated that the Ullmann coupling
reactions indeed happen and by which the superbenzene frag-
ment is synthesized directly on the Cu surface. However, there
are no C–C bonds between the rings since the distance between

the edges of two adjacent hyperbenzene molecules is 9.3 Å.
Driven by van der Waals interactions, the newly formed hyper-
benzene aggregates to ordered arrays with a hexagonal unit cell,
which makes it an interesting candidate for a nanotrough that
may enclose a wide range of quantum dots, such as metal and
semiconductor particles or large organic molecules.

3 On-surface synthesis of polymers
3.1 Polymeric diacetylenes

The polymeric diacetylenes (PDAs) are the perfect covalent
conjugated systems composed of alternating double and triple
bonds, which provide the possibility to act as conductive
materials with potential applications in biosensors, pathogenic
agents, optical and electrical devices.50–54 Especially, the PDAs
themselves are the most promising candidates for preparing
Langmuir–Blodgett (L–B) lms, due to their good capability to
form large scaled and well-ordered self-assembled monolayers
on various substrates. It was well-known that such PDAs can be
directly transformed by UV light irradiation aer the mono-
meric diacetylenes (DAs) have self-assembled into ordered layer
structures. At the same time, it has been well demonstrated that
diacetylene polymerization oen undergoes a mechanism of
solid-state polymerization or 1,4-topochemical polymerization,
which has been attributed to a chain reaction initiated by the
formation of a diradical in the diacetylene unit. There, it
requires an optimal packing of the diacetylene units to allow

Fig. 6 (a) General reaction scheme of imine condensation reaction. (b) Chemical
structures of the TAPP, TPA, TCA and BCA precursors. (c–e) STM images of the
structures for the covalently bonded TAPP–TPA, TAPP–TCA and TAPP–BCA,
respectively. (f–h) Molecular models which correspond to the observed structures
in (c), (d) and (h). (Reprinted with permission from ref. 45. Copyright 2011,
American Chemical Society.)

Fig. 7 (a) Surface-assisted Ullmann coupling reaction of DMTP (1) forming the
hyperbenzene molecules (2) at 550 K on Cu(111). (b) Magnified view of a
hyperbenzene island with several defects and inclusions in the central cavities.
Molecular models and a unit cell are overlaid. V ¼ "3.6 V, I ¼ 0.01 nA. (c) DFT-
calculated STM images for V ¼ "3.6 V, I ¼ 0.01 nA with an overlaid model of the
relaxed computed structure. (Reprinted with permission from ref. 49. Copyright
2013, John Wiley & Sons, Inc.)
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amazing superbenzene architecture, aer deposition of 4,40 0-
dibromo-m-terphenyl (DMTP, Fig. 7a) onto Cu(111) held at 550
K in ultrahigh vacuum.49 With a robust hexagonal ring feature
in the high resolution STM image (Fig. 7b), the hyperbenzene is
composed of 18 phenylene units and built up by six DMTP
fragments. The detailed measurements have shown that the
ring diameter is 21.3 Å and the corner-to-corner distance is 12.3
Å, which are in agreement with the results of DFT calculations
as shown in Fig. 7c. These data are both smaller than that in the
zigzag Cu-coordinated structure before annealing, showing an
obvious contraction and C–C coupling aer thermal treatment.
All these phenomena demonstrated that the Ullmann coupling
reactions indeed happen and by which the superbenzene frag-
ment is synthesized directly on the Cu surface. However, there
are no C–C bonds between the rings since the distance between

the edges of two adjacent hyperbenzene molecules is 9.3 Å.
Driven by van der Waals interactions, the newly formed hyper-
benzene aggregates to ordered arrays with a hexagonal unit cell,
which makes it an interesting candidate for a nanotrough that
may enclose a wide range of quantum dots, such as metal and
semiconductor particles or large organic molecules.

3 On-surface synthesis of polymers
3.1 Polymeric diacetylenes

The polymeric diacetylenes (PDAs) are the perfect covalent
conjugated systems composed of alternating double and triple
bonds, which provide the possibility to act as conductive
materials with potential applications in biosensors, pathogenic
agents, optical and electrical devices.50–54 Especially, the PDAs
themselves are the most promising candidates for preparing
Langmuir–Blodgett (L–B) lms, due to their good capability to
form large scaled and well-ordered self-assembled monolayers
on various substrates. It was well-known that such PDAs can be
directly transformed by UV light irradiation aer the mono-
meric diacetylenes (DAs) have self-assembled into ordered layer
structures. At the same time, it has been well demonstrated that
diacetylene polymerization oen undergoes a mechanism of
solid-state polymerization or 1,4-topochemical polymerization,
which has been attributed to a chain reaction initiated by the
formation of a diradical in the diacetylene unit. There, it
requires an optimal packing of the diacetylene units to allow

Fig. 6 (a) General reaction scheme of imine condensation reaction. (b) Chemical
structures of the TAPP, TPA, TCA and BCA precursors. (c–e) STM images of the
structures for the covalently bonded TAPP–TPA, TAPP–TCA and TAPP–BCA,
respectively. (f–h) Molecular models which correspond to the observed structures
in (c), (d) and (h). (Reprinted with permission from ref. 45. Copyright 2011,
American Chemical Society.)

Fig. 7 (a) Surface-assisted Ullmann coupling reaction of DMTP (1) forming the
hyperbenzene molecules (2) at 550 K on Cu(111). (b) Magnified view of a
hyperbenzene island with several defects and inclusions in the central cavities.
Molecular models and a unit cell are overlaid. V ¼ "3.6 V, I ¼ 0.01 nA. (c) DFT-
calculated STM images for V ¼ "3.6 V, I ¼ 0.01 nA with an overlaid model of the
relaxed computed structure. (Reprinted with permission from ref. 49. Copyright
2013, John Wiley & Sons, Inc.)
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monolayers aer several different reaction steps, such as
breaking up of hydrogen-bonded aggregates, surface diffusion,
reorientation, and possibly desorption. As illustrated in the
STM images of Fig. 5e–h, the self-condensation reactions of 3–5
can yield 2D COFs with p 6mm symmetry. The experimental
lattice parameters of these isoreticular networks are 2.1 ! 0.3
nm (3), 2.9 ! 0.2 nm (4), 3.5 ! 0.3 nm (5), and 2.1 ! 0.1 nm (6),
which are consistent with their theoretical values. However, it
should be noted that only 3 can assemble into long-range
ordered monolayers upon room-temperature deposition on
graphite, and the self-assembled structures for 4 and 5 are
poorly ordered. By means of additional studies with varying
activation temperature for these three monomers, they found
that the temperature threshold for the onset of condensation
increases with the size of the organic backbone. This interesting
phenomena will boost people to reveal the condensation
mechanism at the single molecule scale and realize the
construction of novel anticipate COFs.

Another type of condensation-induced COFs is the imine-
based type formed via an equilibrium co-condensation reaction
of aldehydes and amines. Utilizing thermodynamic control of
equilibrium imine condensation reactions, Tanoue et al.
prepared several p-conjugated aromatic COFs on Au(111)
surface in aqueous solution.45 Terephthaldicarboxaldehyde
(TPA), 2,5-thiophenedicarboxaldehyde (TCA) and a bis-thio-
phenedicarboxaldehyde (BCA) are chosen as aldehyde units,
while 5,10,15,20-tetrakis(4-aminophenyl) porphyrin (TAPP),

which provides four possible linkages to other molecules, is
used as the active amine precursor to combine with these
bi-functional connector molecules. Upon addition of the mixed
solution containing two functional precursor monomers into
the Au(111) surface, various congurations of 2-D macromo-
lecular mesh frameworks, including square, distorted square,
and an argyle pattern, are generated and characterized by in situ
STM as shown in Fig. 6. The structural variations within these
COFs were seen to depend on both the chemical structure of
connecting molecules as well as linkage conformations,
although the submolecular resolved structures in each case
clearly revealed that the individual TAPP units are inter-
connected via molecular linkers through p-conjugated covalent
bonds. Among these three kinds of COFs, only the TAPP–BCA
system consistently exhibited a square mesh topology, whereas
the TAPP–TPA and TAPP–TCA systems both appear as co-exis-
tence of square and parallelogram networks, which may be
contributed to the exibility in the structural frameworks
despite their covalently bonded. Therefore, it can be concluded
the more rigid the precursor, the more robust the covalently
bonded frame is. This paves a potentially comprehensive way to
construct 2D COFs with different properties and applications.

The third class is the Ullmann coupling-induced COFs. Ull-
mann reaction,46 a C–C coupling between haloarene molecules
by means of metallic Cu, has recently been employed in
attempts to prepare 2D COF onmetal single-crystal surfaces.47,48

In a typical Ullmann coupling system, Fan et al. synthesized an

Fig. 5 (a) Molecular structures of boronic acid monomers: 1, 1,4-benzenediboronic acid (BDBA); 2, 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP); 3, biphenyldi-
boronic acid; 4, terphenyldiboronic acid; 5, quaterphenyldiboronic acid; 6, pyrene-2,7-diboronic acid. (b) General reaction scheme of diboronic acid self-condensation
into hexagonal 2D COFs. (c) STM image of the monomer 1 on Ag(111) surface, The inset shows the overlaid chemical structure obtained by DFT calculation. (d) STM
images of the hexagonal COF network derived from the co-condensation of monomers 1 and 2 on Ag(111). (e–h) STM images of 2D COFs on HOPG derived from
polycondensation of the monomers: (e) 3, (f) 4, (g) 5, and (h) 6. (Reprinted with permission from ref. 40 and 43. Copyright 2008, 2012, American Chemical Society.)
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amazing superbenzene architecture, aer deposition of 4,40 0-
dibromo-m-terphenyl (DMTP, Fig. 7a) onto Cu(111) held at 550
K in ultrahigh vacuum.49 With a robust hexagonal ring feature
in the high resolution STM image (Fig. 7b), the hyperbenzene is
composed of 18 phenylene units and built up by six DMTP
fragments. The detailed measurements have shown that the
ring diameter is 21.3 Å and the corner-to-corner distance is 12.3
Å, which are in agreement with the results of DFT calculations
as shown in Fig. 7c. These data are both smaller than that in the
zigzag Cu-coordinated structure before annealing, showing an
obvious contraction and C–C coupling aer thermal treatment.
All these phenomena demonstrated that the Ullmann coupling
reactions indeed happen and by which the superbenzene frag-
ment is synthesized directly on the Cu surface. However, there
are no C–C bonds between the rings since the distance between

the edges of two adjacent hyperbenzene molecules is 9.3 Å.
Driven by van der Waals interactions, the newly formed hyper-
benzene aggregates to ordered arrays with a hexagonal unit cell,
which makes it an interesting candidate for a nanotrough that
may enclose a wide range of quantum dots, such as metal and
semiconductor particles or large organic molecules.

3 On-surface synthesis of polymers
3.1 Polymeric diacetylenes

The polymeric diacetylenes (PDAs) are the perfect covalent
conjugated systems composed of alternating double and triple
bonds, which provide the possibility to act as conductive
materials with potential applications in biosensors, pathogenic
agents, optical and electrical devices.50–54 Especially, the PDAs
themselves are the most promising candidates for preparing
Langmuir–Blodgett (L–B) lms, due to their good capability to
form large scaled and well-ordered self-assembled monolayers
on various substrates. It was well-known that such PDAs can be
directly transformed by UV light irradiation aer the mono-
meric diacetylenes (DAs) have self-assembled into ordered layer
structures. At the same time, it has been well demonstrated that
diacetylene polymerization oen undergoes a mechanism of
solid-state polymerization or 1,4-topochemical polymerization,
which has been attributed to a chain reaction initiated by the
formation of a diradical in the diacetylene unit. There, it
requires an optimal packing of the diacetylene units to allow

Fig. 6 (a) General reaction scheme of imine condensation reaction. (b) Chemical
structures of the TAPP, TPA, TCA and BCA precursors. (c–e) STM images of the
structures for the covalently bonded TAPP–TPA, TAPP–TCA and TAPP–BCA,
respectively. (f–h) Molecular models which correspond to the observed structures
in (c), (d) and (h). (Reprinted with permission from ref. 45. Copyright 2011,
American Chemical Society.)

Fig. 7 (a) Surface-assisted Ullmann coupling reaction of DMTP (1) forming the
hyperbenzene molecules (2) at 550 K on Cu(111). (b) Magnified view of a
hyperbenzene island with several defects and inclusions in the central cavities.
Molecular models and a unit cell are overlaid. V ¼ "3.6 V, I ¼ 0.01 nA. (c) DFT-
calculated STM images for V ¼ "3.6 V, I ¼ 0.01 nA with an overlaid model of the
relaxed computed structure. (Reprinted with permission from ref. 49. Copyright
2013, John Wiley & Sons, Inc.)
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exploiting the condensation reaction between the tetraminoporphyrin 8 and a library of linear dialdehydes 9-

11 (Figure X.7A).77 Simple mixing of molecule 8 (which presents a disposition of its amino group at 90° 

one from each other) with the appropriate linear dialdehyde under thermodynamic control leads to the 

formation of various extended networks. Deposition of this aqueous solution onto a Au(111) surface and in 

situ STM indicated the formation of 2-D frameworks with different geometries and pore sizes, strictly 

dependent on the structural parameters and the configuration of the dialdehyde used (Figure X.7B-D).  

Another tool that has been exploited for the assembly of 2-D covalent architectures on surface is the 

chemistry of boronic acids. To date both the reversible formation of boronic esters and cyclic anhydrides 

(boroxine) have also been used to create extended porous aromatic frameworks on surfaces.  In the 

particular case of boroxine, the general reaction scheme involves the participation of three molecules of 

boronic acid which upon condensation and elimination of three H2O molecules, form a very stable six-

membered ring characterized by alternating boron and oxygen atoms (Figure X.7E).  

This approach has been successfully used by Abel and coworkers to prepare extended 2-D networks starting 

from the commercially available 1,4-benzenediboronic acid 13.78 Upon sublimation of benzenediboronic 

acid under ultrahigh vacuum (UHV) conditions onto a clean Ag(111) surface (kept either at room 

temperature or at 400 K),  2-D extended hexagonal networks were formed (Figure X.7G). The same 

principle has been used by the authors to couple different types of molecule through an esterification 

reaction. Indeed, when 1,4-benzenediboronic acid was co-sublimed together with triphenylene derivative 12 

on Ag(111), the formation of another 2-D hexagonal network with pores consistently larger than the 

previous one (29.8 Å versus 15.25 Å) was observed. Additionally, the comparison between the two 

networks shows the presence of fewer local defects in the last one. This can be rationalized considering that 

the boronic acid esterification is a bimolecular reaction and therefore follows a more favourable kinetic 

pathway in comparison with the trimolecular boronic acid self-condensation. 

A further example that shows the multivalent application of boronic acids on surface is the work of 

Lackinger and co-workers, which were able to obtain a series of isoreticular networks inducing the 

dehydration of aromatic diboronic acids featuring different lengths on HOPG.79 By employing a library of 

diboronic phenyl acids featuring different lengths and structures (diacids 13-17, Figure X.7F), the authors 

were able to prepare a series of 2-D covalent frameworks in which the lattice parameters and pore sizes 

could rationally be designed by using the desired type of acid (Figure X.7I,J). 

 
 
 
X.3.2 Cyclodehydrogenation Reactions 

Cyclodehydrogenation reactions have been extensively used in the last decades in order to obtain synthetic 

access to extended PAH using solution-based chemistry. Among the different sets of conditions, Scholl and 



  
Kovacic reactions, which use Lewis acids/oxidants combinations (such as for example FeCl3, AlCl3, 

Sc(TfO)3, or TfOH), have proven to be very efficient to induce intramolecular cyclodehydrogenation 

process.80-83 Unfortunately, due to the harsh conditions used, these reactions are generally characterized by a 

low degree of functional group tolerance and by the presence of undesired side reactions (e.g. chlorination, 

intermolecular coupling and transposition reactions).81, 84-87 

With the advent of STM as a characterization technique, the possibility to induce the cyclodehydrogenation 

reaction on a metallic surface has also been thoroughly investigated. Over the years different protocols have 

been established in order to prepare extended aromatic structures on surfaces, the conditions of which are 

strictly dependent on the type of metal surface and molecular unit used. One of the most reliable approaches 

involves the deposition of a geometrically pre-organized molecular precursor on a metallic surface followed 

by thermal annealing of the substrate at temperatures in the range between 300-400°C. An in-depth 

investigation of the cyclodehydrogenation process on metal surface was performed by Fasel in 2011.88 In 

this study, triangular oligophenylene 18 was deposited on a Cu(111) surface and gradually annealed to 200 

°C. Through the combined use of STM and ab initio DFT simulations, it was possible to identify and 

characterize the intermediate states leading to the formation of the fully cyclized nanographene 19 (Figure 

X.8A-C). In total, a six step mechanism featuring five different intermediates was found to be necessary for 

the complete cyclodehydrogenation of 18. The authors conceptualize this complex mechanism by dividing it 

into three consecutive simpler processes: (i) Cu mediated radical C–H bond breaking, (ii) rotation of the p-

phenylene towards the neighbouring unit and formation of a new C–C bond by radical addition with 

consequent loss of the H atom and (iii) recombination of the H atoms. Two of the intermediates composing 

this mechanism were stabilized by the interaction with the surface and their structural characterization was 

performed via STM. As evidenced by this work, one of the most important advantages of surface mediated 

intramolecular cyclodehydrogenation consists of the ability to precisely control the atomic connectivity and 

the edge structure of the resulting nanostructure by appropriate design the molecular precursor. 

Following the same approach, Fischer and Crommie were able to synthesize peripentacene (21), using a 

thermally induced cyclodehydrogenation reaction on Au(111).89 From the structural point of view, 

peripentacene, which belongs to the class of molecules known as n-periacenes, consists of two linear 

pentacene units fused at the peri-position in a rectangular PAH. 

 



  

 
 

Figure X.8 Cyclodehydrogenation reaction (A) of 18, leading to the triangular nanographene 19. STM images of 18 as deposited 

on Cu(111) (B) and after heating at 200°C (C), showing the increase of planarity in the molecule (Reproduced from ref. 88 with 

permission from The Nature Publishing Group). Cyclodehydrogenation process (D) used to obtain peripentacene 21 from 6,6’-

bipentacene 20. LT-STM images of a Au(111) surface showing  6,6’-bipentacene (E) and peripentacenes (F) as obtained from the 

thermal cyclodehydrogenation reaction. nc-AFM (G) image of a single peripentacene molecule (Reproduced from ref. 89 with 

permission from Wiley-Verlag GMBH). Cyclodehydrogenation (H) leading to the formation of triazafullerene from molecular 

precursor 22. STM image (I) of 22 as deposited on the Pt(111) surface, with its molecular structure superimposed and after 

annealing (J) the surface at 750 K. (Reproduced from ref. 94 with permission from The Nature Publishing Group) 

 
Its characteristic structure exhibits two parallel long edges with zig-zag configuration and two short 

armchair edges. Despite several attempts to synthesize this molecule using traditional solution based 

chemistry, fully cyclized peripentacene has been an elusive target and could never be isolated.90, 91 The great 

difficulty related to its synthesis is strictly connected to a combination of factors, such as its low solubility, 

its thermal and photochemical instability, and its predicted antiferromagnetic ground state.92, 93 Fischer and 

Crommie employed a strategy that exploits the direct on-surface-synthesis of peripentacene from the 

molecular precursor 6,6’-bispentacene 20 via a thermally induced cyclodehydrogenation reaction.  Precursor 

20 is constituted by two pentacene subunits linked at the C6 position arranged in an orthogonal 

conformation. Full cyclization into peripentacene 21 from 20 was obtained by thermal annealing at 200°C 

on a Au(111) surface (Figure X.8D). LT-STM (7K) showed the formation of a submonolayer of isolated 

molecular entities featuring rectangular structures with width, length and height comparable to the expected 

dimensions of peripentacene (Figure X.8E-F). The unambiguous structural identification of peripentacene 

was confirmed by nc-AFM (Figure X.8G), indicating the efficacy of this method to provide access to exotic 

aromatic compounds that remain inaccessible through conventional solution chemistry. 

Surface mediated cyclodehydrogenation can also be exploited for the construction of 3-D hydrocarbon 

structure. One of the most remarkable examples in this context is the work performed by Otero and co-

(XPS) and thermal programmed desorption (TPD) in an ultrahigh
vacuum (UHV) environment. Figure 2a shows an STM image of 1
deposited on a platinum (111) surface with the ball-and-stick model
of the adsorbed molecule superimposed. The size and topology of the
STM image, with three wings characterizing the molecular shape,
confirm that the molecules do not fragment, but retain their planar
structure upon adsorption. A more intense protrusion (lobe) is
imaged in each of the wings. These lobes are not centred; rather, their
positions correspond to those of the hexagonal external rings, as can
be seen by comparing the superimposed molecule with the STM
image in Fig. 2a.

In a first approximation, we might speculate that the lobes corre-
spond to the molecular orbitals of the free molecule. However, the
detailed relaxed geometry is far from that of the isolated molecule:
our ab initio calculations on a large 10 3 10 unit cell show that the
interaction with the platinum surface is strong enough to deform the
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and confirms that after annealing, nitrogen is present on the surface
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state of the nitrogen atoms is obtained from a core-level line-shape
analysis of the nitrogen 1s spectrum, with its two peaks. The binding
energy of the main peak at 400.6 eV corresponds to substitutional
nitrogen in a graphite sheet, as reported for nitrogen bonded to carbon
atoms in sp2 hybridization17. This is the nitrogen coordination in the
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atoms in the fullerene cage interacting with the platinum surface. This
core-level analysis thus indicates that about one-third of the nitrogen
atoms of the triazafullerene C57N3 interact with the surface, whereas,
as a consequence of the heterofullerene curvature (see Fig. 1c), the rest
are not in contact with the surface. The XPS observations also confirm
the 100% efficiency of the cyclodehydrogenation process because the
nitrogen 1s intensity does not change significantly after annealing,
indicating that all the deposited molecules have cyclized
(Supplementary Information, section 2.5).

The strong covalent interaction between the precursor molecules
and the platinum surface appears important for the efficiency of the
process. To test this idea, we evaporate 1 and 2 on a gold (111) surface
that is quite inert and does not promote the cyclization reaction. The
molecule–substrate interaction is negligible on this surface and, con-
sequently, molecular diffusion at room temperature is enhanced,
inhibiting the dehydrogenation process. The cyclization efficiency
is reduced in this case to about 1%, with most of the molecules
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Figure 2 | STM images of the cyclization process. a, The C57H33N3

molecule deposited on the platinum (111) surface, with the atomic structure
superimposed following the calculations. b, 10 3 10 nm2 image of the
platinum (111) surface after evaporation of about 0.2 monolayers of
C57H33N3 molecules. c, An isolated C57N3 molecule obtained after annealing
the surface at 750 K. The cyclization process is inferred from the appearance
of different molecular orbitals and changes in the shape and size of the
imaged molecule. d, 10 3 10 nm2 image of the surface shown in b, but after
annealing at 750 K. Inset, XPS spectrum of about 0.8 monolayers of
C57H33N3 molecules after annealing at 750 K. The best-fit curve of the
spectrum, together with the different components used in the fit, is also
shown.
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Graphite vaporization provides an uncontrolled yet efficient
means of producing fullerene molecules. However, some fullerene
derivatives or unusual fullerene species might only be accessible
through rational and controlled synthesis methods. Recently, such
an approach has been used1 to produce isolable amounts of the
fullerene C60 from commercially available starting materials. But
the overall process required 11 steps to generate a suitable poly-
cyclic aromatic precursor molecule, which was then dehydro-
genated in the gas phase with a yield of only about one per cent.
Here we report the formation of C60 and the triazafullerene C57N3

from aromatic precursors using a highly efficient surface-
catalysed cyclodehydrogenation process. We find that after depos-
ition onto a platinum (111) surface and heating to 750 K, the
precursors are transformed into the corresponding fullerene and
triazafullerene molecules with about 100 per cent yield. We expect
that this approach will allow the production of a range of other
fullerenes and heterofullerenes2,3 , once suitable precursors are
available. Also, if the process is carried out in an atmosphere con-
taining guest species, it might even allow the encapsulation of
atoms or small molecules to form endohedral fullerenes4,5.

The surface-catalysed cyclodehydrogenation process we use to
transform complex organic polyaromatic precursors of suitable
topology into targeted fullerene species is sketched in Fig. 1 (see also
Supplementary Fig. 1). Through vacuum thermal evaporation, we
first deposit the precursor (C57H33N3 (1) in the case of triazafullerene
and C60H30 (2) in the case of fullerene) on a catalytically active metal
surface. Subsequent annealing of the sample at 750 K induces a sur-
face reaction that produces the corresponding closed molecule.

The syntheses of the planar precursors used in this work follow a
previously published methodology6–8 (see also Supplementary
Information, section 1.1). Their molecular structures are optimized
using two different ab initio total-energy methods9,10 (Supplementary
Information, Section 1.2); Fig. 1a shows a ball-and-stick model of
the optimized geometry we obtain for 1. Compounds 1 and 2 are
markedly twisted, with each of the three lobes adopting a helical
shape because steric congestion of their bay positions forces the outer
aromatic ring of each lobe to flip up with respect to the plane of the
central ring. The twisted conformation can be described by the dis-
tance the most external carbon atom is placed above the plane of the
central aromatic ring (Dz), and by the twisting angle of each molecu-
lar branch. These values are respectively found to be 0.08 nm and
20.5u for 1 and 0.09 nm and 30.5u for 2.

We have probed the cyclodehydrogenation process using scanning
tunnelling microscopy (STM), X-ray photoemission spectroscopy
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Figure 1 | Optimized geometrical structure of the C57H33N3 molecule at the
different stages of the process. a, Representation of the optimized
molecular structure of the C57H33N3 molecule. The wings of the molecule
display a noticeable helicoidal twist. b, The same molecule adsorbed at room
temperature (300 K) on the platinum (111) surface. The final relaxed
configuration strongly depends on the adsorption site. The structure shown
corresponds to one of the most energetically favourable sites, where the
interaction with the metal substrate removes the twist and favours a
markedly planar configuration for the molecule. c, The optimized structure
for the C57N3 triazafullerene formed after the cyclodehydrogenation process
at 750 K. Blue balls represent the nitrogen atoms in the structure.
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with the data available in the literature. Data for the dehydrogena-
tion of benzene on Cu(111) reveal an activation barrier of 2.2 eV
(ref. 29,30), too high for our experimental observations. Moreover,
no data are available with which to estimate the difference in acti-
vation energy for the removal of a p-H or an o-H hydrogen atom.
To clarify this point we computed the dehydrogenation energy
barrier for a single p-H (pointing towards the copped surface)

and o-H, respectively, using the nudged elastic band method
(NEB)31 as described in the Methods. Barriers of 1.4 and 1.8 eV
were found for the removal of p-H and o-H hydrogens, respectively.
This significant difference of 0.4 eV is mainly due to van der Waals
forces: the surface–molecule interaction favours planar confor-
mations for the molecule. To catalytically remove an o-H or a
p-H, the corresponding part of the molecule has to bend towards
the surface, which is energetically much more costly for the o-phe-
nylene than for the p-phenylene groups, which can rotate freely
around their interring s-bonds. For the o-phenylene group, which
is almost parallel to the underlying substrate surface, the only way
to bring its hydrogen atoms into close proximity with the copper
surface involves a tilt of the entire molecule and thus a considerable
loss of van der Waals interaction energy with the substrate.
Therefore, loss of an o-H is strongly unfavoured with respect to
detachment of p-H. Although van der Waals interactions lower
the dehydrogenation barrier and boost the selectivity of p-H
versus o-H, the main reason for the low dehydrogenation barriers
is the catalytic role of the copper substrate: the transition state cor-
responds to a geometry in which the detached hydrogen atom and
the corresponding carbon atom are bound to a surface copper atom
(Supplementary Fig. S2).

Reaction pathway. Based on a full DFT treatment of the system,
combining constrained geometry optimizations and NEB
calculations, we derived a simple mechanism for the complete
dehydrogenation that is catalytically activated and enhanced by
adsorbate–substrate van der Waals interactions. As shown in
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Figure 3 | High-resolution STM images of reactant, intermediates and final product on Cu(111). a–d, Triangles and circles are used to highlight
individual molecules and intramolecular features, respectively. Scale bars, 1 nm. Side lengths of the triangles, 1.5 nm. Unreacted CHP molecules
(a, Vs¼20.5 V, I¼ 20 pA, 77 K), with three protrusions (highlighted by black/grey circles) discernable per molecule, and with an overall triangular
appearance. The two black protrusions are of about equal height and appear higher than the third/grey protrusion. First surface-stabilized reaction
intermediates (b) within self-assembled hexagonal superstructures (Vs¼20.5 V, I¼ 20 pA, 77 K). This intermediate is characterized by only one elliptical
protrusion along one of the edges (highlighted by a black ellipse). Dimer of second surface-stable reaction intermediates (c, Vs¼ 0.5 V, I¼ 100 pA, 5 K).
The dashed line highlights the inwards-bent appearance of one of the molecular sides. Two fully reacted product molecules (d, Vs¼20.6 V, I¼ 50 pA, 5 K).
e–h, Structural models (top views) of the adsorbate species corresponding to the STM images directly above. Coloured triangles have a side length of 1.5 nm.
Circles in e are centred over the p-phenylene units giving rise to the protrusions in the STM image. Black circles are associated with the two p-phenylenes
standing more ‘upright’ with respect to the surface than the third one, which is more coplanar with the substrate (grey circle). The ellipse in f highlights the
p-phenylene unit that gives rise to the particular contrast in the corresponding STM image. i–l, Structural models (side views) of the different
adsorbate species.
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Figure 4 | Relaxed geometry of CHP on Cu(111). Carbon and hydrogen
atoms involved in the successive reaction steps are numbered 1 to 6. o-H
and p-H designate hydrogen atoms at ortho- and para-phenylene units,
respectively.
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molecules is 2.6⌃ 0.1 ä (Supporting Information, Figure S5)
with respect to the gold substrate. We associate this perio-
dicity with the preferred dihedral angle adopted between two
pentacene subunits in 3 when adsorbed onto the surface (see
inset in Figure 4A).

Annealing samples of 3 on Au(111) at 200 88C for 30 min
induces a thermal cyclodehydrogenation of all peri-positions
to form the fully cyclized peripentacene (2). STM images
(7 K) of 2 reveal a sub-monolayer coverage of the surface
with uniform discrete rectangular structures (Figure 4B). The
apparent length, width, and height, 1.75⌃ 0.04 nm, 1.25⌃
0.04 nm, and 0.21⌃ 0.01 nm respectively, match the expected
molecular dimensions of peripentacene 2 (Supporting Infor-
mation, Figures S6, S7). Figure 4B shows a typical STM
image illustrating the high yield and remarkable selectivity of
the thermally induced cyclodehydrogenation reaction. Fewer
than 5% of the adsorbed molecules deviate from the
expected rectangular shape (a large area image is shown in
the Supporting Information, Figure S8). Scanning tunneling
spectroscopy (STS) performed on fully cyclized peripenta-
cene 2 on Au(111) does not reveal distinctive features within
a bias range from ˇ0.6 V to 0.5 V (Supporting Information,
Figure S9).

To unequivocally assign the structure of the cyclization
product 2 we performed subnanometer-resolved ncAFM
imaging using a low-temperature qPlus-equipped commercial
Omicron LT-STM/AFM at T= 4.5 K (Figure 5B).[13, 14] The
apex of the gold-coated tungsten STM tip was functionalized
with a single CO molecule prior to imaging. Contrast in nc-
AFM images arises from the frequency shift of the qPlus
resonator while scanning over the molecule in constant height
mode. Samples of molecule-decorated Au(111) surfaces were
prepared following the deposition/annealing sequence out-
lined above. Unlike the diffuse STM topographic image
(Figure 5A), which reflects frontier orbital local density of
states, the ncAFM image (Figure 5B) reveals not only the
exact position of carbon atoms but also the intramolecular
bonds forming the aromatic carbon skeleton of 2. Figure 5B

clearly shows the two parallel-aligned zig-zag edges of 2 that
are predicted to lead to exotic electronic/magnetic behavior in
extended periacenes. The interaction of peripentacene with
the free valences of the Au(111) surface stabilize this highly
reactive molecule and prevent undesired radical side reac-
tions that have thus far prevented the isolation of 2 from
solution-based reactions.

In summary, we report the first successful preparation of
peripentacene (2) and its detailed characterization by STM
and subnanometer-resolved ncAFM. The synthetic strategy
makes use of a Staudinger-type diazo-thioketone coupling,
followed by a late-stage aromatization to give the metastable
intermediate 6,6-bipentacene. Surface-assisted cyclodehydro-
genation produces the peripentacene in excellent yields and
high selectivity. This synthetic method has the potential to
provide access to the experimental investigation of extended
acenes predicted to exhibit exotic ground-state electronic
configurations. Periacenes and related materials, long the
subject of only theoretical investigation, are now more
accessible for practical study and application.
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Figure 4. STM images of a Au(111) surface decorated with islands of
6,6’-bipentacene (3) and peripentacenes (2) following thermally
induced cyclodehydrogenation. (A) Constant-current STM image of 3
as deposited on Au(111) (I= 10 pA, V =0.80 V, T =7 K). (B) Constant-
current STM image of 2 on Au(111) after annealing at 473 K for
30 min (I = 10 pA, V =0.80 V, T =7 K). Molecular models are shown in
insets.

Figure 5. STM and nc-AFM images of a single peripentacene (2) on
Au(111). (A) Constant-current STM image of 2 (I =100 pA, V = 0.55 V,
T = 7 K). (B) nc-AFM image of 2 (qPlus resonance frequen-
cy = 28.73 kHz, Q-value =8 î 104, oscillation amplitude =50 pm).
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with respect to the gold substrate. We associate this perio-
dicity with the preferred dihedral angle adopted between two
pentacene subunits in 3 when adsorbed onto the surface (see
inset in Figure 4A).
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than 5% of the adsorbed molecules deviate from the
expected rectangular shape (a large area image is shown in
the Supporting Information, Figure S8). Scanning tunneling
spectroscopy (STS) performed on fully cyclized peripenta-
cene 2 on Au(111) does not reveal distinctive features within
a bias range from ˇ0.6 V to 0.5 V (Supporting Information,
Figure S9).

To unequivocally assign the structure of the cyclization
product 2 we performed subnanometer-resolved ncAFM
imaging using a low-temperature qPlus-equipped commercial
Omicron LT-STM/AFM at T= 4.5 K (Figure 5B).[13, 14] The
apex of the gold-coated tungsten STM tip was functionalized
with a single CO molecule prior to imaging. Contrast in nc-
AFM images arises from the frequency shift of the qPlus
resonator while scanning over the molecule in constant height
mode. Samples of molecule-decorated Au(111) surfaces were
prepared following the deposition/annealing sequence out-
lined above. Unlike the diffuse STM topographic image
(Figure 5A), which reflects frontier orbital local density of
states, the ncAFM image (Figure 5B) reveals not only the
exact position of carbon atoms but also the intramolecular
bonds forming the aromatic carbon skeleton of 2. Figure 5B

clearly shows the two parallel-aligned zig-zag edges of 2 that
are predicted to lead to exotic electronic/magnetic behavior in
extended periacenes. The interaction of peripentacene with
the free valences of the Au(111) surface stabilize this highly
reactive molecule and prevent undesired radical side reac-
tions that have thus far prevented the isolation of 2 from
solution-based reactions.

In summary, we report the first successful preparation of
peripentacene (2) and its detailed characterization by STM
and subnanometer-resolved ncAFM. The synthetic strategy
makes use of a Staudinger-type diazo-thioketone coupling,
followed by a late-stage aromatization to give the metastable
intermediate 6,6-bipentacene. Surface-assisted cyclodehydro-
genation produces the peripentacene in excellent yields and
high selectivity. This synthetic method has the potential to
provide access to the experimental investigation of extended
acenes predicted to exhibit exotic ground-state electronic
configurations. Periacenes and related materials, long the
subject of only theoretical investigation, are now more
accessible for practical study and application.
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Figure 4. STM images of a Au(111) surface decorated with islands of
6,6’-bipentacene (3) and peripentacenes (2) following thermally
induced cyclodehydrogenation. (A) Constant-current STM image of 3
as deposited on Au(111) (I= 10 pA, V =0.80 V, T = 7 K). (B) Constant-
current STM image of 2 on Au(111) after annealing at 473 K for
30 min (I = 10 pA, V =0.80 V, T =7 K). Molecular models are shown in
insets.

Figure 5. STM and nc-AFM images of a single peripentacene (2) on
Au(111). (A) Constant-current STM image of 2 (I =100 pA, V = 0.55 V,
T = 7 K). (B) nc-AFM image of 2 (qPlus resonance frequen-
cy = 28.73 kHz, Q-value =8 î 104, oscillation amplitude =50 pm).
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(XPS) and thermal programmed desorption (TPD) in an ultrahigh
vacuum (UHV) environment. Figure 2a shows an STM image of 1
deposited on a platinum (111) surface with the ball-and-stick model
of the adsorbed molecule superimposed. The size and topology of the
STM image, with three wings characterizing the molecular shape,
confirm that the molecules do not fragment, but retain their planar
structure upon adsorption. A more intense protrusion (lobe) is
imaged in each of the wings. These lobes are not centred; rather, their
positions correspond to those of the hexagonal external rings, as can
be seen by comparing the superimposed molecule with the STM
image in Fig. 2a.

In a first approximation, we might speculate that the lobes corre-
spond to the molecular orbitals of the free molecule. However, the
detailed relaxed geometry is far from that of the isolated molecule:
our ab initio calculations on a large 10 3 10 unit cell show that the
interaction with the platinum surface is strong enough to deform the
structure of the molecule. The competition between the p bonding of
the rings with the surface and the energetic costs of the sterically
induced molecular deformations results in a very complicated energy
landscape, with barriers between local minima determined by the
adsorption geometry. The general trend is a reduction of the molecu-
lar buckling (for example, Dz is reduced from 0.08 nm to 0.02 nm for
1) as the molecular wings approach the surface to maximize the
number of bonds with the surface (see also the relaxed configuration
shown in Fig. 1b). The effect brings the hydrogen atoms on the wings
closer to the surface, and thus plays an important role in the tem-
perature-induced fullerene formation by surface-catalysed dehydro-
genation. The strong molecule–surface interaction suggested by
the calculations can also explain why we fail to observe long-range
ordering of adsorbed molecules or preferential adsorption at step
edges (which would require mobility of the molecule on the platinum
surface). Similarly, the observation that in some imaged molecules

the different lobes have different apparent heights is consistent with
our calculations, which indicate that the final molecular geometry
strongly depends on the adsorption site.

As deposited on the platinum (111) surface (Fig. 2a), the hetero-
polyarene 1 (and similarly the polyarene 2) presents a total apparent
height in the STM images of about 0.14 nm, with no significant
dependence on bias voltage. The triangular base length of the mole-
cule is about 2.2 nm. Upon annealing the sample at 750 K, a surface
reaction takes place and the triangular molecules imaged on the
surface transform into round molecules with an apparent height of
about 0.38 nm and a diameter of 1.5 nm (Fig. 2c). Evaporation of
commercial C60 on a platinum surface and imaging under the same
experimental conditions results in very similar STM images for the
adsorbed fullerenes (Supplementary Fig. 2). A height of about 0.4 nm
and a diameter of about 1.35 nm have been reported for C60 depos-
ited on a platinum (110) surface11, and a height of about 0.31 nm for
C60 deposited on a palladium (110) surface12. In both these cases, the
low height appears after surface annealing and suggests strong bond-
ing of the molecule to the surface, in agreement with suggestions that
the interaction of a fullerene with a platinum surface is strongly
covalent and that the molecule tries to maximize the number of
surface bonds13. We also note that the molecular orbitals visible in
the STM images are similar to those reported for C60 on platinum14,
silicon15 and gold16 surfaces and are fairly well reproduced by our
calculations (Supplementary Information, section 2.2); they might
thus be considered as a indicator of fullerene formation.

The cyclization process shows efficiency close to 100%; that is, all
the adsorbed molecules are transformed into fullerenes
(Supplementary Information, section 2.3). This is illustrated by the
images in Figs 2b, d of the surface covered with about 0.2 monolayers
of precursor before and after annealing, respectively: the molecular
coverage does not change as a result of the temperature-induced
reaction, with all of the triangular molecules converted into round
fullerenes.

Further evidence for the thermally induced cyclization of 1 is pro-
vided by XPS spectra of the surface covered with about 0.8 monolayers
of precursor (Fig. 2d inset). Even thought this corresponds to a nitro-
gen coverage of only about 0.04 monolayers with respect to the plat-
inum surface, weak emission from the nitrogen 1s core level is detected
and confirms that after annealing, nitrogen is present on the surface
(and is presumably associated with the unique topographic STM sur-
face features, the fullerene molecules). Information on the chemical
state of the nitrogen atoms is obtained from a core-level line-shape
analysis of the nitrogen 1s spectrum, with its two peaks. The binding
energy of the main peak at 400.6 eV corresponds to substitutional
nitrogen in a graphite sheet, as reported for nitrogen bonded to carbon
atoms in sp2 hybridization17. This is the nitrogen coordination in the
triazafullerene we have formed. The binding energy of the small peak
at 398.2 eV is related to PtNx compounds, in which nitrogen is che-
misorbed18. Therefore, the smaller peak can be attributed to nitrogen
atoms in the fullerene cage interacting with the platinum surface. This
core-level analysis thus indicates that about one-third of the nitrogen
atoms of the triazafullerene C57N3 interact with the surface, whereas,
as a consequence of the heterofullerene curvature (see Fig. 1c), the rest
are not in contact with the surface. The XPS observations also confirm
the 100% efficiency of the cyclodehydrogenation process because the
nitrogen 1s intensity does not change significantly after annealing,
indicating that all the deposited molecules have cyclized
(Supplementary Information, section 2.5).

The strong covalent interaction between the precursor molecules
and the platinum surface appears important for the efficiency of the
process. To test this idea, we evaporate 1 and 2 on a gold (111) surface
that is quite inert and does not promote the cyclization reaction. The
molecule–substrate interaction is negligible on this surface and, con-
sequently, molecular diffusion at room temperature is enhanced,
inhibiting the dehydrogenation process. The cyclization efficiency
is reduced in this case to about 1%, with most of the molecules

 750 K

1.5 nm 

2.2 nm 

405 400 395
 Binding energy (eV)

b d

a c

Figure 2 | STM images of the cyclization process. a, The C57H33N3

molecule deposited on the platinum (111) surface, with the atomic structure
superimposed following the calculations. b, 10 3 10 nm2 image of the
platinum (111) surface after evaporation of about 0.2 monolayers of
C57H33N3 molecules. c, An isolated C57N3 molecule obtained after annealing
the surface at 750 K. The cyclization process is inferred from the appearance
of different molecular orbitals and changes in the shape and size of the
imaged molecule. d, 10 3 10 nm2 image of the surface shown in b, but after
annealing at 750 K. Inset, XPS spectrum of about 0.8 monolayers of
C57H33N3 molecules after annealing at 750 K. The best-fit curve of the
spectrum, together with the different components used in the fit, is also
shown.
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workers on the synthesis of C60 and N-Doped C60 from molecular precursors.94, 95 In a typical example, 

deposition of precursor 22 on a Pt(111) surface followed by subsequent sample annealing at 450 °C induced 

the surface reaction which yields the corresponding triazafullerene (Figure X.8H). STM analysis of 

precursor 22 shows a triangular shape and a total apparent height of about 0.14 nm (Figure X.8I). Following 

annealing of the substrate to 450°C, a drastic change in the morphology of the adsorbate is observed 

showing the formation of spherical molecules with a height of 0.38 nm and a diameter of 1.5 nm (Figure 

X.8J). The reduced height of the cyclized compound in combination with XPS data showing a 

chemisorption process directed by a N–Pt bond indicated a very strong interaction between the fullerene and 

the Pt(111) which could be at the origin of the high efficiency of this cyclization process. 

  
X.3.3 Metal-Coordination Reactions 
 
Metal coordination reactions are a powerful tool to organize organic aromatic molecules into complex 

architecture on surface. A pivotal prerequisite for the construction of ordered architecture on a metal surface 

is an appropriate molecular design of the precursor which among other things should take in consideration 

the type of metal, the binding geometry and the type of ligand to be used. The types of ligands that have 

been used most extensively so far to construct metal-organic architectures on surfaces are hydroxyl groups, 

carboxylates, carbonitriles and pyridine moieties.  Combination of these functionalities with the appropriate 

metal centres (generally Cu, Co, Au or Fe), the proper control of the environment conditions and of the 

surface used, has originated a wide plethora of 1-D and 2D nanostructures on surfaces.96-98  

 

 
 
Figure X.9. Chemical structure (A) of benzoic acid derivative 23 (H, white; C, gray; O, red). Representative STM images (B, C) 

of the 23-Fe MOCNs on Au(111). Structural node (B) with the central di-iron binding motif represented and large-scale image (C) 

showing the different polygonal assemblies composing the network (Reproduced from ref. 99 with permission from the American 

Chemical Society). STM image (D top) of a straight segment of the coordination polymer formed by porphyrin 24 on Cu(111). 

Graphic representation (D bottom) of the linear pyridyl-Cu-pyridyl arrangement connecting two porphyrins 24 (Reproduced from 

ref. 107 with permission from the American Chemical Society). Representative STM (E) images showing the variety of linear 
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to N!H bond scission and incorporation of the metal into the
center of the porphyrin ring, as reported in a related system.10 As
expected, there is no corresponding metalation-induced hydrogen
evolution in this temperature range for the Zinc(II) diphenyl
porphyrin, Figure 2a(i). When both diphenyl porphyrin systems
are further heated up to between 420 and 590 K, evolution of
hydrogen is observed across this temperature range, culminating in
the long chain structures observed in the STM data shown in
Figure 1c,d. Above 600 K, decomposition of the molecule
commences. Turning to the H2!porphyrin and copper(II)!
porphyrin systems, it can be seen that Cu metalation of the
porphyrin core is also observed for the former at 360!420 K,
accompanied by H2 evolution in the TPD. As expected, the
copper(II)!porphyrin system shows no hydrogen evolution in
this temperature range. Further heating to between 600 and 670 K
is accompanied by hydrogen evolution that leaves Cu!porphyrin
macromolecular chains at the surface for both systems.

There are two main facts that emerge from the TPD data.
First, for both free base porphyrins, N!H bond scission and
metalation of the porphyrin core occurs during the heating
process at between 360 and 410 K. However, no coupling of
themolecules is observed at this stage. Instead, coupling occurs at
much higher temperatures (between 420 and 590 K for the
diphenyl porphyrins and between 600 and 670 K for the native
porphyrins) and is associated with further hydrogen evolution,
which must correspond to C!H bond scission. Given that the
site of the coupling can be identified to be at the edges of the
porphyrins, twomain possibilitiesmay be suggested, namely, that
coupling occurs via a direct C!C covalent linking of the

macrocycles, or that it occurs via an organometallic coupling
forming a C!Cu!C link. These two possibilities can be easily
distinguished by measuring the distances between the coupled
porphyrin cores, with the distances calculated for a gas-phase
C!C covalently coupled oligomer to be 8.9 Å while an organo-
metallic coupling would yield a distance of 10.9 Å. It is clear that
our experimentally measured core-to-core distance of 10.8 Å
agrees very closely with the formation of organometallic por-
phyrin!Cu chains. Thus, the observed macromolecular chains
can be rationalized in terms of C!Cu!C coupling, and a
number of connections can be postulated involving the forma-
tion of one, two, or three organometallic bonds at the 3, 5, and 7
positions of the porphyrin core that would link the peripheries of
the molecules in the manner observed experimentally, as de-
picted in Figure 2b,c.

The copper incorporation into the cores of the porphyrin and
diphenyl porphyrin systems takes place at a similar temperature
presumably because the reactivity of the nitrogen atoms remains
unaffected by the diphenyl substitution. This behavior is con-
sistent with work showing that the electron density in the
HOMO of the two macrocycles at these positions is similar.41

In contrast, our experimental data shows that the reactivity of the
C!H groups at the meso and beta positions of the porphyrins is
enhanced by the diphenyl substituents, with C!H bond scission
occurring at a lower temperature. This may be attributed to the
fact that the incorporation of phenyl substituents onto the
porphyrin core modifies the electronic properties of the
macrocycle.41!43 Further, there is no observation of phenyl
group reactivity for the diphenyl porphyrins and this may be

Figure 3. STM images showing that a variety of porphyrin!Cu!porphyrin connections are observed at the onset of the coupling reaction. Schematic
models are shown for a range of observed connections that should generate 1D oriented organometallic oligomers. (a) Cu!porphyrin on Cu(110):
(left) large area STM 15.0 nm " 11.5 nm (Vt = !0.82 V, It = 0.3 nA) showing a variety of coupled Cu!porphyrin entities at the surface following
annealing treatment to∼620 K, with (right) examples of the 0 , 1a, 1b, 2a, and 3 connections shown in detail alongside. The crystallographic directions
shown in the main picture apply to the other images. (b) Diphenyl porphyrin on Cu(110): (left) large area STM 10 nm" 8 nm (Vt = +0.17 V, It = 0.23
nA) showing a variety of coupled diphenyl porphyrin entities at the surface following annealing treatment to 460K, with (right) examples of the 0 , 1a, 1b,
2a, 2b, and 3 connections shown in detail alongside. The crystallographic directions shown in the main picture apply to the other images.

possible orientations of each enantiomer on the surface. In each
t-Bu2Ph substituent, one t-Bu group appears brighter than the
other. The PhCtCPyr functions form an angle of -15° or +15°
(enantiomer R and !, respectively) with respect to the dense-
packed directions of the substrate and, consequently, with respect
to the double-lobed features corresponding to the t-Bu2Ph
substituents. The likely origin of this nonparallel alignment of
the PhCtCPyr functions and the double-lobed t-Bu2Ph features
are detailed in the Supporting Information (Figure S1). As a
result of the existence of two enantiomers and three equivalent
orientations per enantiomer, there exists a set of different
chain-connector motifs (cf. Supporting Information, Figure S3),
the sequence of which decides chain morphology, allowing even
the existence of 1D supramolecular isomeric segments.

By a detailed analysis, checking the orientation of the
PhCtCPyr functions and the different apparent heights of the
t-Bu2Ph decorations, we observe that straight chains are formed
by the same enantiomer (R or !, Figure 3, panels g-i) while
zig-zag chains are constituted by an alternate sequence of R
and ! enantiomers (Figure 3, panels j-l).

In nice agreement with the corridor of the autocorrelation
plot depicted in Figure 1a, the mean orientation of the straight
chains is either -15° (consisting of enantiomers R, chain
segment in Figure 3, panels g and h) or +15° (consisting of
enantiomers !, not shown here) with respect to the close-packed
directions of the Cu(111) surface; whereas the zig-zag segments
are just parallel to them. Representing the extreme case for
curved chain segments, U-turns seem to be constituted by the
same enantiomer (R or !), but with adjacent linker units ‘locked-
in’ to a different (and consecutive) dense-packed direction of
the substrate. Panels m-o of Figure 3 nicely show the molecular
structure of a U-turn: starting from left to right, the first molecule
is ‘locked-in’ a high-symmetry direction followed by three
molecules that are each rotated by 60° with respect to their
respective consecutive neighbors. The fourth molecule in the
chain ends up having an orientation the same as that of the first
one, thus completing the U-turn. In addition, U-turns formed
by three molecules were also very rarely observed. In this

Figure 2. (a) High-resolution STM image of a straight coordination chain
segment of porphyrin derivative 1 on Cu(111) (V ) -1.0 V, I ) 77 pA).
(b) Schematic plot of the pyridyl-Cu-pyridyl linear chaining arrangement
(3D view). (c) Top-view model for the pyridyl-Cu-pyridyl coupling motif.
(d) Three-dimensional view and Hyperchem model of (a), displaying a string
consisting only of one surface enantiomer.

Figure 3. (a, b) STM images of the two conformational isomers R and !
of porphyrin derivative 1 on Cu(111). (c, d) Images (a and b) reproduced
in enhanced contrast to visualize the different apparent heights of the t-Bu
groups (cf. Chart 1b,c). The vertical line represents a dense-packed substrate
direction and thus a projection of the mirror plane. (e, f) Schematic
representation of both isomers. (g-i) Portion of straight chain constituted
only by R enantiomers. The chain direction includes an angle of 15° with
a dense-packed Cu(111) direction (red vertical line, the red star indicates
all dense-packed directions. (j-l) Zig-zag chains constituted by alternating
enantiomers; the overall segment orientation is aligned with a dense-packed
Cu(111) direction. (m-o) Example of a U-turn. Tunneling parameters:
(a-d), (g), (h), (j), (k): V ) 1.0 V, I ) 0.2 nA; (m and n): V ) 0.94 V,
I ) 0.36 nA.
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molecular charging on an ultrathin oxide film, resulting in a
modified molecular appearance53), resulting in a shift of
molecular orbital energies. However, since the molecules
were not repelling each other, as would be expected for
charged molecules,54 the spectral shift appears to have a
different origin that might be related to gold atoms on the
surface.
To test this adatom hypothesis, we have done DFT

calculations that compare different cases (Figure 2). The
lowest energy configuration with a gold adatom corresponds to
an adatom attached underneath a saddle-shaped molecular
conformation (Figure 2c; other adatom positions with respect
to the molecule are shown in Supporting Information, Figure
S2). This configuration also yields the best agreement between
the calculated STM images and density of states around the
Fermi level and our experimental results for the b-TPP (see
corresponding STM images in Figure 1).
On the other hand, the appearances of the two dark

molecules (Figure 1d) agree well with the calculated STM
images of the two states saddle A and saddle B (Figure 2a,b),
and these states can therefore be assigned to two tautomers of a

saddle-shaped adsorption geometry without adatom (see Figure
S2 for details). Furthermore, the energy gain of the formation
of the adatom A molecular state from a saddle molecular state
and the adatom state is about 0.6 eV (see Supporting
Information). This energy gain is due to the formation of a
coordination bond between one of the N atoms in the molecule
and the Au adatom with a bond distance of 2.34 Å, close to the
calculated Au−N distance of 2.39 Å in Au-pyridine.55 No such
bonds are formed in the absence of the adatom since these
distances are then larger than 3.7 Å.
More detailed information about the different molecular

configurations on the surface is obtained from the calculated
electronic density of states (DOS). The overall DOS does not
change significantly for the different saddle and cis
conformations of the molecule (Supporting Information, Figure
S3). However, our results show very clearly that the Au adatom
underneath the molecule induces a substantial energy shift of
the DOS with about 0.4 eV toward positive tip voltages (i.e.,
toward occupied states) (Figure 2d).
This behavior is in good agreement with our experimental

result (Figure 2e) where an energy shift of the entire spectrum
of about 0.5 V was found. Hence, we assign the adsorbed b-
TPP molecule to the attachment of a gold adatom underneath a
TPP molecule having a saddle-shaped conformation. It should
be noted that this phenomenon is only visible in a particular
window of bias voltages (see Figure 1) and is therefore not
visible in STM images taken at other bias voltages. It should be
mentioned that such a phenomenon could also occur for other
molecule−metal systems, and the role of adatoms should
therefore be considered when interpreting STM data, since the
molecular appearance and the measured electronic structure are
possibly not only determined by the ideal system of a molecule
on a flat surface.
The adatoms probably detach from the step edges56 since no

modification of the Au(111) herringbone reconstruction is
observed, in contrast to the formation of self-assembled
chemisorbed monolayers involving covalent bonding between
thiolate species and individual gold atoms, which are removed
from the surface and consequently lift the surface reconstruc-
tion.23,24 Following our interpretation, we find that at low
temperatures 17 ± 3% of the molecules have an adatom
underneath (each molecule covers about 50 surface atoms).
Our DFT calculations also provide an understanding of the

origin of the observed spectral shift between the b-TPP and d-
TPP molecules. Due to the Smoluchowski effect,57 the Au
adatom is not completely screened by the conduction electrons
resulting in an attractive electrostatic potential and a downward
and essentially rigid shift in energy of the molecular-induced
states, corresponding to an upward shift of the states in tip bias.
This effect is clearly seen for the calculated projected density of
states on the frontier molecular orbitals of the free molecule
except for the projection on HOMO−2 for the b- and d-TPP
molecules in Figure 3. Furthermore, the projection on the Au
atom states show that there are no adatom-induced changes in
the electronic states between −3 and +1 V tip bias (εF − 1 eV <
ε < εF + 3 eV), Thus, the molecule-induced states in this energy
range are not directly influenced by the presence of the adatom,
and the STM contrast will be similar when sampling the states
around the Fermi level. However, above +1 V tip bias (ε <
εF − 1 eV), molecule-induced states, involving the lone-pair
orbital of an N atom, have some overlap with adatom-induced
states. This overlap is evident from the splitting of the state
originating from HOMO−2 in Figure 3.

Figure 2. (a−c) Calculated adsorption geometries and simulated STM
images of various configurations of TPP on Au(111). (d) Calculated
local density of states and (e) dI/dV spectra from Figure 1b. The two
trans tautomers of the saddle conformations in (a) and (b) correspond
to the two dark states (d-TPP), and the saddle shape conformation
with an Au adatom attached underneath in (c) corresponds to the
bright state (b-TPP). The rigid shift of about 0.5 V of the dI/dV
spectra is well reproduced in the calculations.

Journal of the American Chemical Society Article
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constant current mode after the sample was cooled to room
temperature or 5 K, respectively. A detailed description of the
preparation procedure is given in the Supporting Information (SI).
Figure 2a,c depicts two representative STM images with 2D-

MOCNs on Au(111) and Ag(100) surfaces, respectively. The
network formation is controlled by the metal-to-molecule
concentration ratio (see SI). At the employed Fe:BDBA ratio of
1:1, fully reticulated network structures form comprising iron
dimers at the network nodes as demonstrated in Figure 2b. At
each network node four BDBA molecules coordinate with their
carboxylate groups to Fe adatoms in two different modes. Two
BDBA molecules bridge the diiron unit symmetrically while
each of the other two axial ligands forms bidentate bonds to
one Fe atom of the dimer. An asymmetric configuration with
monodendate axial ligands was also observed.
Similar networks and binding motifs were reported in previous

works on Fe-carboxylate coordination systems.22−25 However, in
contrast to previous findings the orientation of the Fe dimers
shows a mixed phase of parallel and alternating arrangements with
no strict periodicity. Apart from the similarities of the local
structural details of the networks with other Fe-carboxylate
systems, the BDBA-Fe MOCNs exhibit a high insensitivity to step
edges of various shapes and orientations, i.e., the network extends
over surface steps without breaking the network integrity. At the
step edges, BDBA-Fe domains originating from adjacent surface
terraces mutually adapt in-phase resulting in the extension of the
network structure over multiple surface steps (cf. Figure 2a,c).
The Fe dimer orientation, spacing, and local ligand

arrangement exhibit a broad range of geometries that becomes
apparent in Figure 2b. The BDBA is capable of undergoing
internal conformational changes as demonstrated in the middle
and right image of Figure 2b. Here, several ligands are strongly
bent while coordinating to iron atoms in the network. In
addition, network triangles and pentagons can be identified at
the domain interfaces. The strong variations of the ligand
adsorption geometry deviating from the high-symmetry
directions of the underlying surface are accompanied by a
high degree of flexibility at the coordination centers of the
network.8 These highly irregular transition structures of the
ligand as well as the flexibility of the coordination bonding
enable the mutual adaptation of BDBA-Fe domains growing on
the same terrace with different orientations. Both, the flexibility
of the metal−ligand bond and the conformational freedom of
the molecules result in an overall fully reticulated network that
lacks strict 2D periodicity. In contrast to the metal−ligand bond
flexibility found in heteroleptic MOCNs8 the error tolerance
and adaptability of the presented homoleptic network are a
consequence of the high flexibility of the chemisorbed ligands
and shows, in contrast to former works, also high insensitivity
to step edges as presented in the following.8,22−24

Figure 3 demonstrates in more detail the flexibility and
adaptability of the BDBA molecules at Au(111) and Ag(100)
step edges. Figure 3a shows an MOCN extending over a step
edge. BDBA decorates the step edge with its long axis oriented
along the step direction at the lower side of the step. Ligand
molecules of adjacent terraces point to a common network
node across the step edge with the upper ligand apparently
extending over the step. The variations in the apparent heights
of the ligands in the STM images in Figure 3a,c indicate that
the step molecules can adopt different configurations. We
interpret this observation as the molecules' ability to reside flat
at the lower side of the step or, when closer to the step, to
adopt a tilted or bent configuration. Figure 3b illustrates the

ability to form continuous networks on a rugged Ag(100)
surface. A fully reticulated MOCN extending over multiple
steps was observed. However, it is likely that during the

Figure 2. Representative STM images of BDBA-Fe MOCNs. The
close-packed substrate directions are indicated by blue crosses. (a)
Au(111). Individual network domains adapt both at surface steps and
on terraces. (b) The left image shows a regular network with the
central di-iron binding motif. The middle image shows ligands in a
bent configuration. The right image shows the mutual adaptation of
two domains on the same terrace. The conformational adaptation of
the molecules and the formation of irregular triangular and
pentagonal network structures can be observed (Au(111), 5 K,
−0.6 V, 0.3 nA). (c) Ag(100). The MOCN is formed over multiple
step edges of various shapes and adapts to subtle substrate variations
(297 K, −0.9 V, 0.08 nA).
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constant current mode after the sample was cooled to room
temperature or 5 K, respectively. A detailed description of the
preparation procedure is given in the Supporting Information (SI).
Figure 2a,c depicts two representative STM images with 2D-

MOCNs on Au(111) and Ag(100) surfaces, respectively. The
network formation is controlled by the metal-to-molecule
concentration ratio (see SI). At the employed Fe:BDBA ratio of
1:1, fully reticulated network structures form comprising iron
dimers at the network nodes as demonstrated in Figure 2b. At
each network node four BDBA molecules coordinate with their
carboxylate groups to Fe adatoms in two different modes. Two
BDBA molecules bridge the diiron unit symmetrically while
each of the other two axial ligands forms bidentate bonds to
one Fe atom of the dimer. An asymmetric configuration with
monodendate axial ligands was also observed.
Similar networks and binding motifs were reported in previous

works on Fe-carboxylate coordination systems.22−25 However, in
contrast to previous findings the orientation of the Fe dimers
shows a mixed phase of parallel and alternating arrangements with
no strict periodicity. Apart from the similarities of the local
structural details of the networks with other Fe-carboxylate
systems, the BDBA-Fe MOCNs exhibit a high insensitivity to step
edges of various shapes and orientations, i.e., the network extends
over surface steps without breaking the network integrity. At the
step edges, BDBA-Fe domains originating from adjacent surface
terraces mutually adapt in-phase resulting in the extension of the
network structure over multiple surface steps (cf. Figure 2a,c).
The Fe dimer orientation, spacing, and local ligand

arrangement exhibit a broad range of geometries that becomes
apparent in Figure 2b. The BDBA is capable of undergoing
internal conformational changes as demonstrated in the middle
and right image of Figure 2b. Here, several ligands are strongly
bent while coordinating to iron atoms in the network. In
addition, network triangles and pentagons can be identified at
the domain interfaces. The strong variations of the ligand
adsorption geometry deviating from the high-symmetry
directions of the underlying surface are accompanied by a
high degree of flexibility at the coordination centers of the
network.8 These highly irregular transition structures of the
ligand as well as the flexibility of the coordination bonding
enable the mutual adaptation of BDBA-Fe domains growing on
the same terrace with different orientations. Both, the flexibility
of the metal−ligand bond and the conformational freedom of
the molecules result in an overall fully reticulated network that
lacks strict 2D periodicity. In contrast to the metal−ligand bond
flexibility found in heteroleptic MOCNs8 the error tolerance
and adaptability of the presented homoleptic network are a
consequence of the high flexibility of the chemisorbed ligands
and shows, in contrast to former works, also high insensitivity
to step edges as presented in the following.8,22−24

Figure 3 demonstrates in more detail the flexibility and
adaptability of the BDBA molecules at Au(111) and Ag(100)
step edges. Figure 3a shows an MOCN extending over a step
edge. BDBA decorates the step edge with its long axis oriented
along the step direction at the lower side of the step. Ligand
molecules of adjacent terraces point to a common network
node across the step edge with the upper ligand apparently
extending over the step. The variations in the apparent heights
of the ligands in the STM images in Figure 3a,c indicate that
the step molecules can adopt different configurations. We
interpret this observation as the molecules' ability to reside flat
at the lower side of the step or, when closer to the step, to
adopt a tilted or bent configuration. Figure 3b illustrates the

ability to form continuous networks on a rugged Ag(100)
surface. A fully reticulated MOCN extending over multiple
steps was observed. However, it is likely that during the

Figure 2. Representative STM images of BDBA-Fe MOCNs. The
close-packed substrate directions are indicated by blue crosses. (a)
Au(111). Individual network domains adapt both at surface steps and
on terraces. (b) The left image shows a regular network with the
central di-iron binding motif. The middle image shows ligands in a
bent configuration. The right image shows the mutual adaptation of
two domains on the same terrace. The conformational adaptation of
the molecules and the formation of irregular triangular and
pentagonal network structures can be observed (Au(111), 5 K,
−0.6 V, 0.3 nA). (c) Ag(100). The MOCN is formed over multiple
step edges of various shapes and adapts to subtle substrate variations
(297 K, −0.9 V, 0.08 nA).
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metal-organic arrays obtained by thermal annealing of diphenylporphyrins on a Cu(110) surface at 620K(Reproduced from ref. 

108 with permission from the American Chemical Society). Calculated adsorption geometries (top and middle) and simulated 

STM images (bottom) of the two trans tautomers of free-base TPP (E and F) and of a TPP molecule (G) featuring a Gold adatom 

in its macrocycle. (Reproduced from ref. 110 with permission from the American Chemical Society) 

 
From the structural point of view, one of the most versatile classes of aromatic molecules that can serve as 

an organic building block for the construction of extended 1-D and 2-D networks on surface are constituted 

by the derivatives of benzoic acid. In particular dibenzoic acids due to their favourable geometry (which can 

allow the disposition of carboxylic moieties at 60, 120 and 180°) and to their synthetic accessibility and 

tunability are one of the most useful ligands for the construction of 2-D networks on surface. The group of 

Kern reported a classic example of molecular organization of organic molecules based on carboxylic acid 

derivatives. He reported the synthesis of extended two-dimensional metal−organic coordination networks 

(2-D MOCN) based on the coordination events between 4,4’-di-(1,4-buta-1,3-dynyl)benzoic acid 23 and Fe 

atoms on both Ag(111) and Au(111) surfaces (Figure X.9A-C).99 LT-STM images showed that when a 1:1 

mixture of 23 and Fe atoms were deposited simultaneously through organic molecular beam epitaxy on 

Au(111) or Ag(111) surface the formation of a fully reticulated network was observed (Figure X.9B-C). The 

newly formed 2-D MOCN was covering homogeneously the entire surface, showing a high degree of 

insensitivity to the microscopic surface feature such as step-edges, terraces and other defects. High-

resolution STM imaging revealed that each network node was comprised of four units of 23 coordinated 

through their carboxylate functionality to two Fe adatoms. In this configuration two-carboxylate units bind 

the iron centres in a symmetric manner while each of the other two axial ligands forms bidentate bonds to 

one Fe atom.100 As clearly visible from Figure X.9C the MOCN features a high degree of conformational 

and geometric flexibility, which originates different types of polygonal assemblies such as square, triangles 

and pentagons. Such diversity in orientation and framework structure was ascribed to the high 

conformational flexibility of the butadyine backbone. The authors consider such flexibility as the crucial 

factor conferring the high degree of substrate-error tolerance, which enables the construction of these large 

2-D architectures.  

Porphyrins are another important class of aromatic molecules, which has been extensively used as molecular 

building blocks for the construction of metal-organic architectures. Indeed, due to their peculiar structural 

properties (large π-surface, flat structure and high electron density and ease of sublimation) and potential 

application (e.g. light harvesting, catalysis, optics and nanoelectronic components), the possibility to 

construct porphyrin-based nanoarchitecture has become a field of tremendous investigation.101 In this 

respect, several examples have emerged in which porphyrins peripherally decorated with appropriate ligands 

(such as nitrile and pyridine) have been organized on a metal surface using coordinative interactions.102-106 

In this context, the groups of Barth and Bonifazi were able to synthesize the first example of a 1-D 



  
coordination polymer featuring pyridyl-functionalized porphyrins as organic repetitive unit.107 The repetitive 

units for this assembly, porphyrin 24, bear two different types of substituents at its meso positions: two 

phen-1,4-diyl-ethynyl-pyridyl (at the position C5 and C15) and two 3,5-di-tert-butylphenyl (at the C10 and 

C20 sites). Such structure leads to a linear alignment of the pyridyl group, which are involved in the 

coordination event. Additionally, the presence of triple bonds bridging the pyridines to the main porphyrin 

core allows a certain degree of flexibility. Upon deposition of 24 on Cu(111) or Ag(111) surfaces, the 

formation of metal-organic polymeric assemblies with high degree of flexibility was observed by STM 

imaging (Figure X.9D). Despite not being able to directly visualize the Pyr-Cu-Pyr coupling motif due to 

electronic effects, a measure of the distance between two N-atoms of subsequent pyridine moieties shows a 

spacing of 3.6 Å which is in good agreement with the presence of two metal-organic bonding interactions 

with a Cu–N distance of 1.8 Å (Figure X.9D). The extreme flexibility that these metal-organic polymers 

displayed both on Cu(111) and on Ag(111) can be rationalized taking in consideration the enantiomeric 

conformation that the single units of 24 adopts along the chain. Manipulation experiments performed on 

isolated oligomeric strands of 24 showed the possibility to move and reversibly relocate the termini of the 

metal-organic assemblies, proving in this way their great mechanical stability and the high intrapolymer 

cohesion obtained through the Cu–N bond. 

A very recent example of a monodimensional metal-organic architecture formed by porphyrin was provided 

by the group of Amabilino.108 Using a library of meso-free porphyrins Amabilino and co-workers were able 

to construct 1-D metal organic co-assemblies by employing a process driven by C–H bond scission and the 

incorporation of Cu atoms in between the organic components (Figure X.9E). Upon sublimation of the 

porphyrin on a Cu(110) surface and annealing at 380 °C, long and regular linear chains, formed parallel to 

the [001] symmetry axis of the surface. Combined STM investigations DFT simulations and Temperature 

Programmed Desorption (TPD) experiments indicate that up to three Cu atoms are incorporated of at the 

meso free and beta positions on opposite sides of the porphyrin macrocycle, leading to highly regular linear 

arrays. Interestingly, TPD experiments showed that when free base porphyrins were used it was also 

possible to incorporate Cu atoms into the porphyrin macrocycle leading to an even further degree of 

structural complexity in the final nanostructure. It is noteworthy, that this peculiar surface mediated 

reactivity has no precedent in solution-based chemistry and therefore contributes to the development of 

novel synthetic routes for the construction of organometallic materials.  

In the particular case of porphyrins, together with the construction of extended 1-D and 2-D architectures on 

surface great interest has been dedicated by different groups to the investigation of porphyrin metallation 

mechanism upon confinement on metallic surfaces.109 Indeed, such process constitutes a valid methodology 

to selectively tune and modify both the electronic and the structural properties of this family of compounds 

once deposited on metallic surface.  



  
In one of the latest efforts on this subject, the group of Grill was able to shed some further light on the 

interactions between tetraphenylporphyrin (TPP) and the gold adatoms present on an Au(111) surface.110 

Their combined STM–DFT study indicates that the presence of native gold adatoms on the Au(111) surface 

can induce a characteristic change in the LDOS of the porphyrins if the adatoms adsorb underneath and 

coordinate to it (Figure X.9F-H). Prior to this study, the different appearance of isolated TPP molecules on 

Au(111) surface was attributed to the difference in conformation adopted by the TPP once adsorbed on the 

metal surface. However, both DFT simulation and STS on isolated TPP molecules indicated that the 

apparent increase of molecular height (and increase in brightness) of some of the molecules was instead due 

to an electrostatic shift of the adsorbate-induced electronic states due to the presence of a gold adatom 

underneath the porphyrin macrocycle. Further experimental evidences of this theory were obtained by 

creating single adatoms on the Au(111) surface by STM tip-indentation in proximity of a molecular island 

of TPP. As a consequence of this manipulation, an increase in the number of bright TPP molecules was 

found on the same island. Comparable results were also obtained by lateral manipulation of one of the bright 

TPP detaching of the Au(111) adatoms in a reversible manner and inducing a drastic change in both the 

brightness of the porphyrin and in its STS spectra. 

 
 
X.3.3 Graphene Nanoribbon Synthesis 

In the last decade, graphene has risen as one of the most interesting nanomaterial due to its peculiar 

electronic, magnetic and optical properties.111-115 Unfortunately, graphene exhibits semimetallic behaviour at 

room temperature, therefore its applications in semiconductor devices has been so far limited. On the other 

hand, monodimensional confinement of graphene into narrow ribbons (<10 nm) opens a band-gap in 

graphene.116-119 Precise manufacturing of Graphene Nanoribbons (GNRs) has become a topic of tremendous 

interest. Due to the extremely small width (<10 nm) necessary for a meaningful band gap to emerge in 

GNRs, surface-mediated bottom-up synthesis from molecular precursors has become one of the most 

promising synthetic routes.  

Both theoretical and experiment works showed that the edge structure and width of GNRs are intimately 

linked with their electronic structure (Figure X.10A-B).117, 120 In this context, straight GNRs featuring 

armchair edges (AGNRs, Figure X.10A) should exhibit width-dependent semiconductor behaviour. On the 

other hand, zigzag GNRs (ZGNR, Figure X.10A) are predicted to possess semimetallic behaviour and spin-

polarized edge states.121-123 Additionally, more complex GNR backbones, such as chevron and cove-type 

GNR (Figure X.10B), have been designed and produced by surface-mediated synthesis and have been 

predicted to have interesting electronic, thermoelectric and optical properties..124-126 To date, modulation of 



  
GNR width, edge structure and geometrical parameters using molecular precursors has been successfully 

utilized in order to tune their electronic properties.   

 
 

Figure X.10. Schematic representations (A-B) of some of the different edge structures of atomically precise GNRs present in the 

literature.  Schematic representation (C) of the process used for the synthesis of GNR on metal surface. An halogenated molecular 

precursor is deposited on a Metal surface (step 1) and thermally annealed to induce the C-X bond homolytic cleavage with 

consequent step growth polymerization (Step 2). Finally, thermal cyclodehydrogenation of the resulting polymer (Step 3) lead to 

the formation of the GNR. 

 
The typical procedure for the preparation of GNRs through surface–mediated synthesis is depicted in Figure 

X.10C. In the first step, an appropriatly designed halogenated precursor is deposited on a metal surface (e.g. 

Au, Ag or Cu) and subsequently heated to induce the homolytic cleaveage of the C–X bond. In the 

following step, the diradical species formed are free to diffuse on the metallic surface and polymerize 

through a step-growth radical polymerization. Total graphitization of the resulting polymer is then achieved 

by thermally induced cyclodehydrogenation reaction, which leads to the final GNR structure. The first 

example of atomically precise GNRs produced by surface-mediated synthesis was provided by the groups of 

Mullen and Fasel in 2009.127 In their pioneering work, the authors used two different types of halogenated 

molecular precursors to prepare the very first examples of ultranarrow armchair (AGNRs) and chevron type 

GNRs. Preparation of 7-AGNRs (where 7 is the number of carbon atoms composing the width of the GNR) 

was achieved using 10,10’-dibromo-9,9’-bianthryl 25 as a dihalogenated precursor (Figure X.11A-C). In a 

typical experiment (Figure X.11A), deposition of 25 on an Au(111) or Ag(111) surface held at 200°C 

induced the homolytic cleavage of their halogen atoms and the formation of surface stabilized diradical 

monomers. The biradical species are able to diffuse across the surface and undergo radical step-growth 

polymerization to form linear polyanthrylene oligomers (poly-25). Finally, a surface-assisted thermal 

cyclodehydrogenation at 400°C completes the graphitization of the whole structure, establishing an extended 
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aromatic system. STM images of the polyanthrylene oligomers obtained (Figure X.11B) shows alternating 

protrusions with a periodicity of 0.86 nm, in agreement with the periodicity of the bianthryl core (0.85 nm). 

Such configuration of the polymeric chains is dictated by the steric hindrance between the hydrogen atoms 

in the peri- position of adjacent anthracene units, resulting in the periodic tilting of successive anthracene 

units with respect to the metal surface. 7-AGNR preparation was then completed by annealing the sample at 

400°C, which induced the intramolecular cyclodehydrogenation of the polymeric chains. STM imaging and 

simulation revealed that the resulting 7-AGNRs possess half the periodicity of the polymeric chains (0.42 

nm) and a consistent reduction of their apparent height of 0.18 nm.  

 
 
Figure X.11. Surface mediated synthesis (A) of 7-AGNR from precursor 25. LT-STM topography (B) of an isolated 

polyanthrylene chain (poly-25) on Au(111), its DFT-based simulation (right) and an overlaid model of the polymer (blue, carbon; 

white, hydrogen). LT-STM (C) of 7-AGNR as obtained after cyclodehydrogenation on Au(111) at 400°C. (Reproduced from ref. 

127 with permission from The Nature Publishing Group). nc-AFM image of the side (D) and the termini (E) of 7-AGNR 

(Reproduced from ref. 135 with permission from The Nature Publishing Group). Surface mediated synthesis (F) of chevron GNRs 

from precursor 26. LT-STM (G) of Chevron GNR on Au(111). Inset STM image of an isolated chevron GNR (left) its DFT 

simulation (middle) and 3D-model (right) (Reproduced from ref. 127 with permission from The Nature Publishing Group) 

 

model (1.0 nm). STM simulations (Fig. 2b, right side, greyscale) that
account for the finite tip radius perfectly reproduce the apparent
height and width of the polyanthrylenes. The fully aromatic system
is obtained by annealing the sample in a second step at 400 uC, which
induces intramolecular cyclodehydrogenation of the polymer chain
and hence the formation of an N 5 7 armchair ribbon (Fig. 2c) with
half the periodicity of the polymeric chain (0.42 nm) and a markedly
reduced apparent height of 0.18 nm (Supplementary Fig. 3). STM
simulations are in perfect agreement with experimental images
(Fig. 2e), confirming that the reaction products are atomically precise
N 5 7 GNRs with fully hydrogen-terminated armchair edges.

The Raman spectrum in Fig. 2d of a densely packed layer of N 5 7
armchair GNRs grown on a 200-nm Au(111) film on a mica substrate
further attests to the uniform width of the ribbons: besides the D and G
peaks23 and several other peaks appearing due to the finite width and
low symmetry of the ribbons, the spectrum exhibits the width-specific
radial-breathing-like mode24 as a sharp peak at 396 cm21 (in excellent
agreement with our calculated value of 394 cm21). This implies that
the radial-breathing-like mode is indeed a sensitive probe of GNR
width (N 5 6 and N 5 8 GNRs have radial-breathing-like mode fre-
quencies about 50 cm21 higher and lower, respectively24).

In our method the topology of the GNRs produced is determined
by the functionality pattern of the precursor monomers, allowing the
fabrication of ribbons with complex shapes. As an example, Fig. 3a
illustrates the strategy for fabricating chevron-type GNRs with
alternating widths of N 5 6 and N 5 9 using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene precursor monomers 2. Initial colligation of
the dehalogenated intermediates on Au(111) at 250 uC yields chains,
in which adjacent monomers have opposite orientation with respect

to the polymer main axis (Supplementary Fig. 2). The fully aromatic
GNR is then produced during a second annealing step at 440 uC,
which causes intramolecular cyclodehydrogenation of the polymer
chain as is shown by a reduction of the apparent height from 0.25 nm
to 0.18 nm (Supplementary Fig. 3). The resultant chevron-type GNRs
have a periodicity of 1.70 nm and a pure armchair edge structure
(Fig. 3b, c). Comparisons with the model structure and with density
function theory (DFT) -based STM simulations (Fig. 3b) confirm
that the structure of the chevron-type ribbon has been imposed by
the colligated and cyclodehydrogenated monomer 2.

Figure 3c shows a monolayer thin film of N 5 6/N 5 9 chevron-
type armchair GNRs, with the degree of alignment between neigh-
bouring GNRs improved over that seen in low-coverage samples. The
preferred growth direction of the GNRs is given by the herringbone
reconstruction of the Au(111) substrate. The substrate-controlled
growth direction also limits the ribbon length: The length histogram
(inset in Fig. 3c) drops significantly above ,30 nm, which corre-
sponds to the typical length of the straight segments of the herring-
bone reconstruction of the Au(111) sample used. A significant
increase in ribbon length can thus be expected for template surfaces
favouring unidirectional ribbon growth25,26.

An X-ray photoelectron spectroscopy (XPS) analysis of a mono-
layer thin film of N 5 6/N 5 9 chevron-type armchair GNRs grown
on a Au(111)/mica surface was performed after sample transfer
through air and subsequent annealing to 450 uC under ultrahigh-
vacuum conditions to desorb volatile contaminants accumulated
during air exposure. The overview XPS spectrum shown in Fig. 3d
exhibits only core level peaks owing to the gold substrate and the
GNRs. The enlarged view of the C1s core level region in the inset
shows that the C 1s peak consists of a single sharp component at
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Figure 2 | Straight GNRs from bianthryl monomers. a, Reaction scheme
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The inset shows a higher-resolution STM image taken at 35 K (U 5 21.5 V,
I 5 0.5 nA). d , Raman spectrum (532 nm) of straight N 5 7 GNRs. The peak
at 396 cm21 is characteristic for the 0.74 nm width of the N 5 7 ribbons. The
inset shows the atomic displacements characteristic for the radial-breathing-
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molecular model (blue) of the ribbon (T 5 5 K, U 5 20.1 V, I 5 0.2 nA). At
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and corresponding ribbon length distribution. d , XPS survey of a monolayer
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labelled. The C1s core level spectrum (inset) consists of a single component
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indicate the energy position for C–O, C 5 O and COOH (with increasing
chemical shift); see text.
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model (1.0 nm). STM simulations (Fig. 2b, right side, greyscale) that
account for the finite tip radius perfectly reproduce the apparent
height and width of the polyanthrylenes. The fully aromatic system
is obtained by annealing the sample in a second step at 400 uC, which
induces intramolecular cyclodehydrogenation of the polymer chain
and hence the formation of an N 5 7 armchair ribbon (Fig. 2c) with
half the periodicity of the polymeric chain (0.42 nm) and a markedly
reduced apparent height of 0.18 nm (Supplementary Fig. 3). STM
simulations are in perfect agreement with experimental images
(Fig. 2e), confirming that the reaction products are atomically precise
N 5 7 GNRs with fully hydrogen-terminated armchair edges.

The Raman spectrum in Fig. 2d of a densely packed layer of N 5 7
armchair GNRs grown on a 200-nm Au(111) film on a mica substrate
further attests to the uniform width of the ribbons: besides the D and G
peaks23 and several other peaks appearing due to the finite width and
low symmetry of the ribbons, the spectrum exhibits the width-specific
radial-breathing-like mode24 as a sharp peak at 396 cm21 (in excellent
agreement with our calculated value of 394 cm21). This implies that
the radial-breathing-like mode is indeed a sensitive probe of GNR
width (N 5 6 and N 5 8 GNRs have radial-breathing-like mode fre-
quencies about 50 cm21 higher and lower, respectively24).

In our method the topology of the GNRs produced is determined
by the functionality pattern of the precursor monomers, allowing the
fabrication of ribbons with complex shapes. As an example, Fig. 3a
illustrates the strategy for fabricating chevron-type GNRs with
alternating widths of N 5 6 and N 5 9 using 6,11-dibromo-1,2,3,4-
tetraphenyltriphenylene precursor monomers 2. Initial colligation of
the dehalogenated intermediates on Au(111) at 250 uC yields chains,
in which adjacent monomers have opposite orientation with respect

to the polymer main axis (Supplementary Fig. 2). The fully aromatic
GNR is then produced during a second annealing step at 440 uC,
which causes intramolecular cyclodehydrogenation of the polymer
chain as is shown by a reduction of the apparent height from 0.25 nm
to 0.18 nm (Supplementary Fig. 3). The resultant chevron-type GNRs
have a periodicity of 1.70 nm and a pure armchair edge structure
(Fig. 3b, c). Comparisons with the model structure and with density
function theory (DFT) -based STM simulations (Fig. 3b) confirm
that the structure of the chevron-type ribbon has been imposed by
the colligated and cyclodehydrogenated monomer 2.

Figure 3c shows a monolayer thin film of N 5 6/N 5 9 chevron-
type armchair GNRs, with the degree of alignment between neigh-
bouring GNRs improved over that seen in low-coverage samples. The
preferred growth direction of the GNRs is given by the herringbone
reconstruction of the Au(111) substrate. The substrate-controlled
growth direction also limits the ribbon length: The length histogram
(inset in Fig. 3c) drops significantly above ,30 nm, which corre-
sponds to the typical length of the straight segments of the herring-
bone reconstruction of the Au(111) sample used. A significant
increase in ribbon length can thus be expected for template surfaces
favouring unidirectional ribbon growth25,26.

An X-ray photoelectron spectroscopy (XPS) analysis of a mono-
layer thin film of N 5 6/N 5 9 chevron-type armchair GNRs grown
on a Au(111)/mica surface was performed after sample transfer
through air and subsequent annealing to 450 uC under ultrahigh-
vacuum conditions to desorb volatile contaminants accumulated
during air exposure. The overview XPS spectrum shown in Fig. 3d
exhibits only core level peaks owing to the gold substrate and the
GNRs. The enlarged view of the C1s core level region in the inset
shows that the C 1s peak consists of a single sharp component at
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Figure 2 | Straight GNRs from bianthryl monomers. a, Reaction scheme
from precursor 1 to straight N 5 7 GNRs. b, STM image taken after surface-
assisted C–C coupling at 200 uC but before the final cyclodehydrogenation
step, showing a polyanthrylene chain (left, temperature T 5 5 K, voltage
U 5 1.9 V, current I 5 0.08 nA), and DFT-based simulation of the STM
image (right) with partially overlaid model of the polymer (blue, carbon;
white, hydrogen). c, Overview STM image after cyclodehydrogenation at
400 uC, showing straight N 5 7 GNRs (T 5 300 K, U 5 23 V, I 5 0.03 nA).
The inset shows a higher-resolution STM image taken at 35 K (U 5 21.5 V,
I 5 0.5 nA). d , Raman spectrum (532 nm) of straight N 5 7 GNRs. The peak
at 396 cm21 is characteristic for the 0.74 nm width of the N 5 7 ribbons. The
inset shows the atomic displacements characteristic for the radial-breathing-
like mode at 396 cm21. e, High-resolution STM image with partly overlaid
molecular model (blue) of the ribbon (T 5 5 K, U 5 20.1 V, I 5 0.2 nA). At
the bottom left is a DFT-based STM simulation of the N 5 7 ribbon shown as
a greyscale image.
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Figure 3 | Chevron-type GNRs from tetraphenyl-triphenylene monomers.
a, Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer 2 to chevron-type GNRs. b, Overview STM image of chevron-type
GNRs fabricated on a Au(111) surface (T 5 35 K, U 5 22 V, I 5 0.02 nA).
The inset shows a high-resolution STM image (T 5 77 K, U 5 22 V,
I 5 0.5 nA) and a DFT-based simulation of the STM image (greyscale) with
partly overlaid molecular model of the ribbon (blue, carbon; white,
hydrogen). c, Monolayer sample of chevron GNRs on Au(111): STM image
and corresponding ribbon length distribution. d , XPS survey of a monolayer
sample of chevron-type GNRs with core levels and valence band (VB)
labelled. The C1s core level spectrum (inset) consists of a single component
located at 284.5 eV binding energy (full-width at half-maximum, FWHM
0.87 eV). The absence of oxygen-related spectral features proves the
chemical inertness of the GNRs with respect to ambient conditions: blue bars
indicate the energy position for C–O, C 5 O and COOH (with increasing
chemical shift); see text.
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The atomic-scale details of the contacts in molecular
electronics are of crucial importance for the electrical
characteristics of the device1–3. The contacts are typically

realized through specific chemistries by using terminal functional
groups, for example, thiols for bonding to gold4,5. However,
these approaches are not necessarily ideal in terms of electrical
transparency, mechanical stability and atomic level control over
the bonding geometry5–7.

Atomic-scale control will also be required in contacting
graphene nanostructures as their size is scaled down to open a
sufficient energy gap between the valence and the conduction
bands through quantum confinement for device operation
at room temperature8–13. It is also critical for realizing
novel graphene devices based on theoretically motivated
concepts such as valleytronics14,15. Surprisingly, although
graphene nanoribbons (GNRs) have been proposed to be used
as molecular scale interconnects and components in graphene-
based nanoelectronics, making contacts via metal-carbon bonds
has not been examined experimentally.

Here, we contact an atomically well-defined GNR13,16,17 to the
gold substrate by a chemical bond via only one atom. This well-
defined contact is formed by removing an individual hydrogen
atom from the end of a GNR. We use combined atomically
resolved atomic force microscopy (AFM) and scanning tunnelling
microscopy (STM) to show that this bond formation strongly
suppresses the electron–vibron (e–v) coupling, but does not affect
the bulk electronic structure of the GNR.

Results
Geometric and electronic structure of the GNRs. We have
carried out combined low-temperature STM/AFM experiments
on atomically well-defined GNRs grown through the on-surface
polymerization of 10-100-dibromo-9,90-bianthryl followed
by thermal cyclodehydrogenation on Au(111) single crystals
(Fig. 1a, see Cai et al.13; Ruffieux et al.16; Koch et al.17 and

Methods for details). A typical overview STM scan is shown in
Fig. 1b. Although many of the ribbons are attached to other
ribbons or to gold step edges, we also observe individual, free
ribbons (Fig. 1c). Such free ribbons are mobile, that is, imaging
them with current set-points above B10 pA resulted in lateral
motion along the long axis of the GNR. This indicates that defect-
free GNRs are only weakly coupled to the substrate, in line with
previous experiments on p-conjugated molecules on Au(111)18.
Atomically resolved constant-height AFM images, acquired with
a CO-terminated tip, of the central part and the end of a ribbon
are shown in Fig. 1d,e, respectively. The GNRs have the expected
structure based on the synthesis procedure: a series of alternating
rows of 3 and 2 fused benzene rings along its long axis and
termination in an anthracene moiety. We do not observe
any reconstruction of the edges. Hence, the edges and ends
correspond to armchair and zigzag termination, respectively.
Similar images of an entire ribbon show that the synthesis
method typically yields defect-free GNRs. However, defects are
sometimes observed. An example is displayed in Fig. 1f, which
shows an atomically resolved image of a 22-mer GNR. This
ribbon has one missing benzene ring (indicated by the red arrow)
that is clearly visible in the AFM (Fig. 1f). However, this major
modification of the geometric structure is difficult to identify in
the corresponding STM image (Fig. 1g). This underlines the
importance of acquiring simultaneous STM and AFM data.

The electronic structures of defect-free and free-lying GNRs
are probed using differential conductance spectroscopy19,20.
In agreement with previous work, we find the onset of the
valence and conduction bands at ! 0.9 and 1.8 V, respectively
(Supplementary Fig. S1)16. In the following, we focus on the
zigzag ends, which are the natural places for contacts. The GNR
ends exhibit a localized state with an energy close to the Fermi
level21. Figure 2a shows dI/dV spectra measured at the two ends
of a free ribbon in a small bias range close to the Fermi energy.
The resonance at 30 mV has been observed before and is assigned
to an end state localized at the zigzag edge21. Indeed, this feature
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Figure 1 | Chemical structure of atomically precise graphene nanoribbons. (a) Bottom-up synthesis of an armchair GNR results in zigzag terminated
ends. (b) STM overview image showing a free GNR (V¼ 50 mV, I¼ 5 pA). (c) Free GNR imaged with a CO-terminated tip (V¼ 10 mV, I¼ 5 pA).
(d,e) Constant-height high-resolution nc-AFM images of the middle and the zigzag end of a GNR obtained with a CO-terminated tip (AFM set-point
offset by 30 pm). (f,g) Constant-height nc-AFM (f) and constant-current STM (g) images of 22 monomer unit long GNR with a single missing benzene ring
marked by the red arrow. AFM set-point offset by 48 pm. In b scale bar, 10 nm, other scale bars, 1 nm.
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for each species. Their sequence and mutual arrangement
determine direction and curvature of the metal–organic chains.

To better uncover the underlying polymerization mecha-
nism on surface, Lin and co-workers report on an STM
investigation of polymerization of multi-strand metallo-

supramolecular polymers self-assembled from mixtures of the
pyridyl-functionalized porphyrin derivative on Au(111).65 In
this work, for the rst time, they discovered that the supra-
molecular polymerization of multi-strand polymers on a
surface obeys the chain growth mechanism, which is different

Fig. 11 Straight graphene nanoribbons (GNRs) from bianthryl monomers. (a) Reaction scheme from precursor 1 to straight N ¼ 7 GNRs. (b) STM image taken after
surface assisted C–C coupling at 200 "C but before the final cyclodehydrogenation step, showing a polyanthrylene chain (left), and DFT-based simulation of the STM
image (right) with partially overlaid model of the polymer (blue, carbon; white, hydrogen). (c) Overview of an STM image after cyclodehydrogenation at 400 "C,
showing straight N ¼ 7 GNRs. The inset shows a higher-resolution STM image taken at 35 K. (d) Reaction scheme from 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene
monomer 2 to chevron-type GNRs. (e) Overview of an STM image of chevron-type GNRs fabricated on a Au(111) surface. The inset shows a high-resolution STM image
and a DFT-based simulation of the STM image (grey scale) with partly overlaid molecular model of the ribbon. (f) STM image of coexisting straight N ¼ 7 and chevron-
type GNRs sequentially grown on Ag(111). (g) Threefold GNR junction obtained from a 1,3,5-tris(40 0 0-iodo-20-biphenyl)benzene monomer 3 at the nodal point and
monomer 2 for the ribbon arms: STM image on Au(111). Monomers 2 and 3 were deposited simultaneously at 250 "C followed by annealing to 440 "C to induce
cyclodehydrogenation. (h) Schematic model of the junction fabrication process with components 3 and 2. (i) Model (blue, carbon; white, hydrogen) of the colligated
and dehydrogenated molecules forming the threefold junction overlaid on the STM image from (g). (Reprinted with permission from ref. 77. Copyright 2010, Nature
Publishing Group.)
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When the same process was applied to tetraphenyltriphenylene precursor 26, chevron-type GNRs were 

obtained (Figure X.11F-G). In this case, colligation of the dehalogenated monomers on Au(111) was 

performed at 250°C, yielding oligomeric chains that were fully cyclodehydrogenated into GNRs by further 

heating at 440°C. STM imaging showed that the resulting chevron GNRs possessed a periodicity of 1.70 nm 

and an armchair edge structure (Fig. 11G).   

Inspired by this pioneering work, interest in surface mediated synthesis of GNRs has greatly expanded.128-134 

The 7AGNRs structure and interactions with the metal surface was elucidated by the groups of Swart and 

Liljeroth.135 Using a CO functionalized tip, the authors were able to achieve atomically resolved nc-AFM 

images of isolated 7-AGNRs, as obtained from the procedure previously reported by Fasel and co-workers. 

Consistently with the previous STM investigations, constant-height AFM imaging showed GNRs featuring 

regular armchair edges, alternating rows of two and three fused benzene rings and zig-zag termination at 

both ends of the GNR (Figure X.11D-E). This highly sensitive imaging method was able to resolve 

structural defects (despite their very low amounts) that were not possible to visualize by conventional STM, 

underlining the importance of acquiring both STM and AFM data to comprehensively understand the 

structure of these complex nanomaterials. Additionally, the authors were able to contact an isolated GNR to 

the gold substrate by single atom chemical bonding. The selective chemical bonding was achieved by 

removing the hydrogen atom located at one of the zigzag ends by locally applying a high voltage pulse. 

Combined nc-AFM and STM showed that the direct GNR-Metal bonding was not affecting the bulk 

electronic structure of the 7-AGNR but was instead causing a very strong suppression of its electron–vibron 

(e–v) coupling. 

Computational studies have also pointed out the crucial role of the metal surface in the mechanism of GNR 

formation, especially during the cyclodehydrogenation process.136 DFT level transition-state calculations on 

the cyclodehydrogenation reaction mechanism of 7-AGNRs showed that the Au(111) surface is acting as a 

catalyst during this crucial step. Indeed, the most favourable reaction pathways calculated showed the 

concerted transfer of two hydrogen atoms from the anthracene moieties to the gold substrate, followed by a 

separate desorption in the vacuum and the formation of a new C–C bond.  The cyclodehydrogenation 

reaction was predicted to be most likely to occur initially at one of the termini of the polyanthryl oligomer 

and to propagate in a domino-like fashion throughout the polymer backbone. 

A general strategy, which has been used to tune the electronic structure of GNRs involves doping GNRs 

with heteroatoms, leading to the development of GNRs in which carbon atoms have been selectively 

replaced by heteroatoms at predetermined positions.137-140 The most extensively studied class of GNRs 

subjected to doping investigations is the chevron GNR.141-144 This is achieved by substitution of the C–H 

group composing the armchair edges of the ribbon with sp2 hybridized nitrogen atoms. A typical example of 

molecular precursors used for the preparation of N-doped chevron GNRs is depicted in Figure X.12A. 



  
Surface-mediated polymerization of bis-pyrimidine unit 27 followed by cyclodehydrogenation to yield N-

doped GNRs was reported both by the group of Sinitskii and by the group of Fasel.141, 142, 144 Through the 

combined use of different microscopy techniques (e.g. STM, HR-TEM and optical microscopy), the group 

of Sinitskii was able to show that substitutional doping with nitrogen atoms was able to trigger a self-

assembly process both on metallic surfaces and in the solid state. Whereas undoped chevron GNRs showed 

no detectable secondary arrangements, nitrogen doped GNRs formed by thermal annealing of 27 on 

Au(111), showed the formation of 2-D assemblies in which isolated GNRs arranged edge to edge (Figure 

X.12B). Such an arrangement could be potentially explained by the formation of multiple hydrogen bond 

interactions between the nitrogen and the C–H groups of adjacent GNRs. Despite the many examples of 

doped chevron GNRs, the periodic incorporation of heteroatoms into straight armchair edges GNRs remains 

a considerable challenge. In a very recent work, Fischer and Crommie and independently the group of 

Kawai published the first example of straight N=7 AGNRs incorporating Boron atoms.145, 146 Submitting 

molecular precursor 28 to the surface-mediated polymerization/cyclodehydrogenation sequence (Figure 

X.12C-D) produced 7-AGNRs featuring a regioregular pattern of boron atoms along the central backbone of 

the ribbon. LT-STM (13K) imaging of a Au(111) sample on which 28 was firstly polymerized at 220°C and 

then fully cyclized by further thermal treatment at 330°C, showed the formation of GNRs featuring a 

characteristic longitudinal stripe pattern with a periodicity corresponding to the distance between the 

expected position of the boron atoms. First principles calculations, aimed to better understand the effect of 

the boron doping on the electronic structure of the 7-AGNR, revealed the presence of a new acceptor band 

(0.8 eV above the VB maximum), which shows a significant contribution (10%) from the boron atom and an 

energy comprised in the gap of the undoped 7-AGNR. As a consequence of the doping, the theoretically 

predicted band-gap (0.8 eV) of the boron doped 7-AGNR becomes considerably smaller than the one of the 

undoped 7-AGNRs (∼2.1eV) calculated with the same method. Experimental confirmation of this predicted 

electronic structure was obtained through dI/dV mapping, which showed the existence of LDOS along the 

backbone of the ribbon at an operative voltage Vs= 1.0 V corresponding to the Conduction Band. Such 

results, which strongly differ from the mapping of undoped 7-AGNR, provide additional evidence that the 

substitution of carbon atoms with trigonal planar boron atoms is introducing a new band in the DOS of the 

7-AGNR modifying drastically its electronic structure. 



  

 
 
Figure X.12. Molecular structure (A) of bispyrimidine monomer 27. LT-STM images (B) of nitrogen doped chevron GNRs 

obtained from 27 on Au(111) (Reproduced from ref. 142 with permission from the American Chemical Society). Schematic 

representations (C) of the surface mediated synthesis of Boron doped 7-AGNR starting from precursor 28 and its LT-STM 

topography (D) (Reproduced from ref. 145 with permission from the American Chemical Society). Structural representation (E) 

of a chevron nanoribbon combining doped (blue) and undoped (grey) segments, and a large scale STM image (F) of the GNR 

heterostructures on Au(111). Smaller scale (G) STM images of a GNR heterojunction and the corresponding differential 

conductance dI/dV maps taken at bias voltages of U = –0.35 V (H) and –1.65 V (I) respectively, showing two chemically different 

ribbon segments (J) which are highlighted with blue colour (scale bar 2 nm) (Reproduced from ref. 144 with permission from The 

Nature Publishing Group). Molecular structures (K) of precursors 25 and 29, used for the construction of 7-13 GNR 

hetereojunction. LT-STM topographic image (L) of a 7–13 GNR heterojunction (inset: larger-scale showing the sample 

composition and multiple GNR heterojunctions) (Reproduced from ref. 147 with permission from The Nature Publishing Group). 
 
A further evolution on the construction of GNR based architecture using both pristine and nitrogen doped 

GNRs was performed by the groups of Mullen and Fasel.144 By co-deposition of tetraphenylene unit 26 and 

the nitrogen doped monomer 27 on an Au(111) surface and subsequent thermal 

polymerization/cyclodehydrogenation synthesis, the authors were able to grow GNR heterostructures 

composed of both pristine hydrocarbon precursors and their nitrogen-substituted equivalent. LT-STM 

imaging and dI/dV mapping of the resulting architecture, showed the formation of GNRs composed of a 

statistical mixture of doped and undoped segments (Figure X.12E-J). A combination of DFT calculations 

and dI/dV mapping of this GNR heterostructure showed the presence of a band shift of 0.5 eV at the 

interface between the doped and undoped section of the chevron GNRs and an electric field of 2 × 108 V m–

1. In particular, DFT computations showed a significant downshift of 0.45 eV and 0.55 eV for the valence 

The substitution of nitrogen as a possible electron donor and
the observed packing of laterally coordinated 8N-GNRs raise
questions about the electronic structure of the N-doped GNRs
in such assemblies. In conventional semiconductors, the
substitutional doping with a higher-valent element introduces
excess electrons that remain bound to the impurity in a
hydrogen-like orbital with renormalized Bohr radius. Surface
supported, doped GNRs experience a very different screening
environment and may behave more like doped organic
semiconductors. Carrier confinement is responsible for the
bandgap opening in narrow graphene nanoribbons, and a
possible electronic coupling between tightly packed 8N-GNRs
may modify the confinement or introduce new electronic states
at the line interfaces between adjacent GNRs. To explore these
issues, we performed bias-dependent STM imaging and STS on
P-GNRs and on 8N-GNR assemblies on Au(111).

Empty-state STM images at low bias emphasize the chevron-
like GNR footprint; at higher bias (above ∼2.0 V) protrusions
emerge at the inner and outer elbow sites of both undoped
(Figure 3a) and N-doped ribbons (Figure 3b). These high-lying
conduction band states, which coincide with the H-terminated
edge sites, are particularly developed at the inner, concave
elbows of the GNRs. Arrays of laterally H-bonded 8N-GNRs
show additional localized electronic states within the
conduction band with an onset at ∼2.5 eV above the Fermi
energy (Figure 3b). The appearance of these states, centered on
the junction between the elbows of adjacent 8N-GNRs (i.e., the
positions of the hydrogen bonds) and imaged as ring-shaped
protrusions between adjacent ribbons, suggests a finite
electronic coupling between neighboring ribbons in the 8N-
GNRs assemblies.
STS was used to further explore the electronic interaction

between 8N-GNRs. Figure 3c shows local STS spectra,
obtained on a ribbon and at the line interface between adjacent
ribbons in an 8N-GNR assembly. A characteristic rise in the
tunneling conductance (dI/dV ∼ LDOS (local density of
states)) at positive and negative sample bias can, by comparison
with energy-resolved LDOS maps (Supporting Information
Figure S6), be assigned to the conduction and valence band
edges in the 8N-GNRs but determining the precise band edges
is difficult. We estimate the bandgap to be (1.9 ± 0.5) eV,
which is in good agreement with the value reported recently for
8N-GNRs.37 Mapping shows generally low LDOS in the
bandgap region, except for features at energies between 0−0.6
eV localized at the “windows” created by neighboring chevrons,
which we tentatively assign to a confined Au(111) surface state.
Within the bands, the highest LDOS is generally localized near
the edges of the GNRs. The valence band maximum and
conduction band minimum were assigned to energies at which
the LDOS of these edge-localized states begins to rise. For
undoped P-GNRs, we find a similar bandgap (2.0 eV) but both
valence- and conduction-band edges are shifted to higher
energy as compared to the 8N-GNRs, consistent with a
previous report.37 While the shift in the band edges between P-
GNRs and 8N-GNRs in principle could be due to an enhanced
interaction with the Au(111) substrate, calculations for free-
standing ribbons have shown similar shifts,37 suggesting that
they represent the effect of the N dopants on the potential
within the ribbons. Discrete resonances due to electronic states
in the GNRs are found in the valence (−1.9 eV) and
conduction band (+1.6 eV). Within the gap, the spectrum
obtained on the ribbons shows a flat LDOS except for a
resonance (SS) due to the Shockley surface state of the
Au(111) substrate. However, at the junction between adjacent
8N-GNRs an additional state emerges at an energy of +0.6 eV.
STM images at this bias (0.5 V, Supporting Information Figure
S6b) suggest that this state is associated with a lateral bridge
between neighboring 8N-GNRs.
The strong tendency toward H-bonded self-assembly paired

with relatively minor effects on the confinement-controlled
electronic structure presents an opportunity for a possible
hierarchical assembly of atomically precise N-doped GNRs into
macroscopic metamaterials, whose properties (e.g., the
electronic bandgap) are defined by those of their individual
nanoscale building blocks. To explore this scenario, we
investigated how 8N-GNRs assemble in an unrestricted 3D
environment by synthesizing them (along with undoped P-
GNR control samples) in solution (Figure 1b). Chevron-type
GNRs, including nitrogen-substituted 4N-GNRs, have been

Figure 2. Atomically precise bottom-up synthesis of pristine and
nitrogen-doped graphene nanoribbons on Au(111). (a) STM image of
the morphology of pristine graphene nanoribbons (P-GNRs) on
Au(111), after vacuum deposition of (1 ) followed by cyclo-
dehydrogenation. Scale bar: 10 nm. V = 0.4 V, I = 0.1 nA. (b)
Closeup view of one of the isolated P-GNRs. Scale bar: 2 nm. (c)
STM image of the morphology of N-doped 8N-GNRs on Au(111),
synthesized by evaporation of (2) followed by cyclodehydrogenation.
Note the coexistence of short, disordered GNR segments and of larger
2D assemblies of longer GNRs. Scale bar: 10 nm. V = 0.4 V, I = 0.1
nA. (d) Close-up view of one of the 2D assemblies of 8N-GNRs. Scale
bar: 2 nm. Overlays in panels b and d show molecular models of the P-
GNR and 8N-GNR. Contact points between neighboring 8N-GNRs in
2D assemblies are consistently given by N-doped convex elbows
projected toward each other. (e) Schematic representation of the 8N-
GNR arrays, showing the directions of covalent extension of the GNRs
and of their self-assembly into ordered arrays. (f) Schematic structure
of laterally coordinated 8N-GNRs, which are offset slightly along their
axes to enable hydrogen bonding between adjacent ribbons.
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Figure 1 | Bottom-up fabrication of N-GNRs. a, A slight variation of monomer 1 (6,11-dibromo-1,2,3,4-tetraphenyltriphenylene) previously used for the
fabrication of pristine chevron-type armchair GNRs11 yields the nitrogen-substituted monomer 2 (5,5′-(6,11-dibromo-1,4-diphenyltriphenylene-2,3-diyl)
dipyrimidine), which allows for the fabrication of N-GNRs in two steps: the formation of linear polymers by covalent interlinking of the dehalogenated
intermediates at 200 °C, and the formation of fully aromatic N-GNRs by cyclodehydrogenation at 400 °C. b, Overview STM image of N-GNRs on Au(111)
(T= 35 K, U = 1.0 V, I = 0.1 nA; scale bar, 10 nm). c, Small-scale STM image with partly overlaid structural model of the ribbons to reveal their specific
alignment caused by N–H interactions (T = 35 K, U = –1.3 V, I =0.3 nA; scale bar, 2 nm). a.u., arbitrary units.
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Figure 2 | Fabrication and identification of p-N-GNR heterojunctions. a, Chemical structure of a nanoribbon that combines segments of p-GNRs (grey) and
N-GNRs (blue). b, Overview STM image of p-N-GNR heterostructures on Au(111) (T= 35 K, U = 2.0 V, I = 0.03 nA; scale bar, 15 nm). c, Small-scale STM
image of p-N-GNR heterostructures (T = 5 K, U = –0.35 V, I =0.15 nA). d,e, The corresponding differential conductance dI/dV maps (T= 5 K, I =0.15 nA,
modulation amplitude Umod = 20 mV, modulation frequency ν = 860 Hz) taken at bias voltages of U = –0.35 V (d) and –1.65 V (e), respectively. As a guide to
the eye, the heterostructure profiles as determined from c are outlined by white (blue) dashed lines in d and e (f). f, The contrast inversion (violet/green)
between d and e allows a clear distinction of the two chemically different ribbon segments. The identified p-GNR and N-GNR segments are highlighted in
translucent grey and blue, respectively. c–f, Scale bars, 2 nm.
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Orange crystals of 1 suitable for X-ray diffraction were
obtained by slow evaporation of a C2H2Cl4 solution. 1 adopts a
Ci symmetry in the crystal lattice. The geometry around the
boron atom is trigonal-planar with bond angles and bond
distances ranging between 119.7−120.9° and 1.56−1.78 Å,
respectively. While the two 9-bromoanthracene units are
coplanar, the central boranthrene is twisted out of planarity
with a dihedral angle C(2)−C(1)−B(1)−C(15) = 97.6°
(Figure 2). This nonplanar conformation is crucial as it

sterically shields the Lewis acidic B atoms from nucleophilic
attack and imparts a favorable nonplanar geometry to the
molecule, a prerequisite for an efficient radical step-growth
polymerization on the Au(111) substrate.1,15−21,26−29

Fully cyclized B-7AGNRs were fabricated by sublimation of
molecular building block 1 at 250−270 °C in UHV onto
pristine Au(111) held at 24 °C. STM imaging at 13 K prior to
polymerization reveals that the molecules assemble into
irregular islands with an apparent height of 0.4 nm (Figure
1b), clustered around the Au(111) herringbone reconstruction.
Gradual annealing of submonolayer samples of 1 on Au(111)
to 220 °C (20 min) induces homolytic cleavage of the labile
C−Br bond, followed by step-growth polymerization of the
carbon-centered diradical intermediates to form extended linear
polymer chains poly-1 (Figure 1c). STM images of polymer
chains display a characteristic pattern of alternating protrusions
(average distance between white markers 0.95 ± 0.04 nm,
Figure 1d) along the polymer backbone. The repulsive
interaction between peri-hydrogen atoms in adjacent anthra-
cene units prevents a coplanar arrangement of monomer units
in the polymer backbone (this observation is consistent with
images of polyanthracene, the precursor to undoped 7-
AGNRs).1,26,27 Unique to the B-doped GNR precursors is a
distinctive secondary structure along the polymer that
correlates with the length of a monomer unit (Figure 1a) in
poly-1 (average distance between black markers 1.40 ± 0.04
nm, Figure 1d). While the anthracene fragments appear as
brighter spots in topographic STM images, the more electron-
deficient boranthrenes correlate with a weaker signal that
alternates along the edges of the polymer. The observation of
this characteristic secondary pattern in images of poly-1
indicates that the exocyclic B−C bonds are stable under the
polymerization conditions and no undesired fragmentation of

Figure 1. (a) Schematic representation of the bottom-up synthesis of
B-7AGNRs. (b) STM topographic image of molecular building block 1
as deposited onto a pristine Au(111) surface held at 24 °C (sample
voltage Vs = 1.5 V, tunneling current It = 30 pA, imaging temperature
T = 13 K). Subsequent annealing steps induce the homolytic cleavage
of the labile C−Br bonds, followed by radical step-growth polymer-
ization (220 °C) and thermal cyclization/dehydrogenation (300 °C)
to yield B-7AGNRs. (c) STM topographic image of poly-1 (Vs = 1.0 V,
It = 20 pA, T = 13 K). (d) STM topographic image of poly-1 showing
a characteristic pattern of alternating protrusions (Vs = 1.0 V, It = 20
pA, T = 13 K). (e) STM topographic image of fully cyclized B-
7AGNRs (Vs = −0.1 V, It = 3 pA, T = 4.5 K). (f) Representative z-axis
profile showing the characteristic height modulation along the long
axis of a B-7AGNR. Scale bar is 2 nm.

Figure 2. Synthesis of the B-doped molecular precursor 1 (top).
ORTEP representation of the X-ray crystal structure of 1 (bottom).
Thermal ellipsoids are drawn at the 50% probability level. Color
coding: C (gray), Br (red), B (orange). Hydrogen atoms and
cocrystallized solvent molecules are omitted for clarity. Relevant
structural parameters: C(1)−B(1), 1.578(5) Å; C(15)−B(1), 1.561(5)
Å; C(18)−B(1), 1.562(5) Å; C(2)−C(1)−B(1)−C(15), 97.6°;
C46H30B2Br2Cl12; 1189.54 g mol−1; triclinic; P−1; orange; a =
8.6046(3) Å; b = 9.8632(4) Å; c = 14.5013(6) Å; α = 82.148(2)°, β
= 82.067(2)°; γ = 74.011(2)°; 100 (2) K; Z = 1; R1 = 0.0387; GOF
on F2 = 1.036.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b02523
J. Am. Chem. Soc. 2015, 137, 8872−8875

8873

Br

Br

N

N

N

N

C 

D 

K L 

27 

Br

B

B

Br

B

B

n

B

B

Au(111) Au(111)

n

300°C220°C

28 poly-28 B-d7AGNR 

Br

Br

Br

Br

24 

29 

H 

I 

J 



  
band and conduction band as passing from the undoped to the nitrogen doped section of the GNR, indicating 

a possible staggered band-gap configuration.  

Another type of hybrid architecture based on GNR recently demonstrated by Fischer and Crommie groups 

exploits the different electronic properties of armchair GNR featuring different width.147 Accordingly with 

their predicted electronic behaviour, armchair GNRs can be classified into three main groups, N = 3p, N = 

3p + 1 and N = 3p + 2, where p is an integer and N is the number of carbon atoms across the GNR width.118, 

120, 148 All families of GNRs are predicted to have a pronounced bandgap which scales inversely with the 

ribbon width, with the N = 3p + 2 having the smallest predicted bandgaps.149 Due to the great variation in 

band-gaps between GNRs of different families, the construction of hybrid GNR architectures featuring 

sections of different widths results is be an extremely promising method to fabricate semiconductor 

heterostructures that could be used to perform processes such as resonant tunnelling and solar energy 

conversion. 

GNR based hetero junctions were fabricated by combining two different types of the molecular building 

blocks: bisanthracene derivatives 25 and 29 (Figure X.12K). These molecules, which are precursors for N=7 

and N=13 armchair GNRs, were sublimed onto a Au(111) surface and submitted to surface mediated 

polymerization at 420 °K and to a subsequent  cyclodehydrogenation step at 640 °K. A typical architecture 

obtained through this method is depicted in Figure X.12L. As expected, LT-STM images show 1D graphitic 

structures composed of sections featuring different widths, in which the narrower segments (1.3 ± 0.1 nm in 

width) are made of covalently bonded monomers of 25 (N = 7) and the wider segments (1.9 ± 0.2 nm in 

width) consist of bonded monomers of 29 (N = 13). Interestingly, subnanometer scale investigation of the 

electronic properties of these heterojunctions by STS and dI/dV mapping, in combination with DFT 

simulation were able to show that the band alignment in the 7/13-GNR heterojunction can be considered 

very similar to the one that conventionally is associated with type I semiconductor junction. Such findings 

could potentially pave the way to the possible application of this type of junction for the construction of 

graphene-based quantum dots and bandgap-modulated semiconductor junctions smaller than the ones 

obtainable through lithographic methods.  

Very recently also more complex GNR topologies have been developed through surface mediated synthesis.  

The group of Mullen has reported the fabrication of cove type-GNRs through surface mediated synthesis. In 

this case the formation of cove-edged GNR was obtain through surface mediated 

polymerization/cyclodehydrogenation of the dibrominated chrysene derivative 30 on Au(111) at 160°C and 

360°C respectively (Figure X.13).150 Interestingly, when similar types of targets were attempted using 

conventional solution synthesis (Ullmann type polymerization and (FeCl3) or DDQ/trifluoromethanesulfonic 

acid as the Lewis acid/oxidant) only very short ribbons were obtained (up to octamers). Such low degree of 

polymerization can be rationalized taking in consideration the very high steric hindrance during the coupling 



  
reaction between the C–H groups in the chrysene “bay-positions” of 30. On the other hand, using a surface 

mediated approach it was possible to increase the length of the GNRs up to 20 nm. Indeed, monomers on 

surfaces are confined in just two dimensions (as opposite to the three dimension of the solution 

environment), which could potentially increase the statistical probability of monomers reacting with each 

other to form longer oligomers. In addition, as seen in previous examples, also the Au(111) surface could 

potentially play a role in term of catalytic activity necessary to drive the polymerization and 

cyclodehydrogenation  reaction to completion, favouring in this way the formation of longer oligomeric 

structure. 

 

 
 

Figure X.13. Schematic representations (A) of the surface mediated synthesis of cove edge GNRs starting from chrysene 

derivative 30.  Long range  (B) and high-resolution (C-D) STM images of cove edged GNRs as obtained after 

cyclodehydrogenation of poly-chrisene oligomers (a schematic model is overlayed for clarity) (Reproduced from ref. 150 with 

permission from the American Chemical Society). 

 
Very characteristic of this new type of ribbon is the fact that, as highlighted by both X-Ray crystal structure 

of the dimers obtained in solution and DFT simulation, they do not possess a completely planar structure. 

Indeed due to steric repulsion the benzenoid rings in the cove region of the GNR adopt alternating “up-

down” conformation, which can deviate from planarity the GNR carbon framework. 

 
X.4 Conclusions 
 
The most important advancements over the last decades regarding structural investigations and reactivity of 

aromatic molecules on crystalline surfaces have been discussed in this chapter. The invention and the 

continuing development of Scanning Probe Microscopy techniques allows for the investigation of isolated 

aromatic molecules adsorbed onto inorganic surfaces with a submolecular level of resolution.  Techniques 

diffusion and reaction during the cyclodehydrogenation step.
The barriers to cyclodehydrogenation and to dehydrogenation
at the edge are close. Edge radicals will thus be formed, which
attack the C−H from neighboring ribbons and cross-couple,
thus partially hindering the formation of longer ribbons (Figure
5a). When on a surface, oligomers adopt a flat geometry due to
the tendency of aromatic structures to maximize van der Waals
interactions with the surface, in contrast to the nonplanarity
obtained in bulk. The apparent height of the GNRs is
approximately 1.7 Å, in good agreement with the values
observed for other planar aromatic species on metallic surfaces.
Despite their tendency to cross-couple, it is possible to find
isolated oligomers such as the ones shown in Figure 5b and c.
In both cases, the cove-edged structure is discerned, in good
agreement with the superimposed schematic model of the
ribbon. The formation of longer GNRs under UHV conditions
on metallic surfaces compared to those obtained in solution can
be rationalized in terms of monomer confinement. Monomers
deposited on a surface are confined to two dimensions, in
contrast to in solution-based methods, which increase the
probability of monomers finding each other and reacting to
form longer oligomers. Additionally, metallic surfaces are
known to act as a catalyst, thus increasing the oligomerization
yield over that of solution-based methods on Au (111).
DFT Calculations. First principle calculations were carried

out to obtain further insight into the electronic structure of the
oligomers and their corresponding cove-edged GNRs. Geom-
etry optimization was performed at the B3LYP level with the 6-
31G (d,p) basis set using the Gaussian09 simulation package.
The fused chrysene oligomers adopt a nonplanar conformation,
in line with the crystal structural data. Interestingly, multiple
conformers that differ by their relative torsion angles along the
ribbon (alternating “top-down” or “helical”) and slightly

different optical properties are predicted to coexist (Figures
S15 and S22). The HOMO and the LUMO orbitals of the most
stable conformers are shown in Figure 6, together with their

corresponding energies. From these calculations, the band gaps
of 1 and 2 are 2.62 and 2.01 eV, respectively. The computed
one-electron band gap is reduced upon increasing the ribbon
length and is in excellent agreement with experimental results
(Table 1). This translates into a red-shifted optical absorption
with an extended ribbon length, as predicted from TD-DFT
calculations (Figure S14), in line with the observed trends upon
going from 1 to 2. The electronic band structure of the
corresponding infinite cove-edged GNRs (that features the
“up−down” twisted conformation) is presented in Figure S30.
The wave functions for the frontier crystal orbitals are
reminiscent of those obtained for the oligomers and are fully
delocalized across the ribbon width, in contrast to zigzag-GNRs

Table 1. Optical and Electrochemical Property for the 1, 2 and Its Corresponding Cove-Edged GNRs

compd λmax (nm) λem (nm) λedge (nm) HOMO (eV)a LUMO (eV)a HOMO (eV)b LUMO (eV)c Eg(opt) (eV)
d Eg(cal) (eV)

a

1 503 546 526 −4.67 −2.06 −5.12 −2.76 2.36 2.61
2 623 638 652 −4.38 −2.37 −4.98 −3.08 1.90 2.01
GNRs − − − −4.22 −2.52 − − − 1.70

aCalculations were performed at the B3LYP/6-31G (d,p) level. bHOMO levels were calculated from the measured first oxidation potential of CV.
cLUMO levels were calculated from the optical band gap Eg(opt) and the respective HOMO levels. dOptical band gaps were estimated from the
wavelength of the absorption peak.

Figure 5. Set of STM images showing cove-edged GNRs grown via on-surface bottom-up reaction of monomer 5a under ultrahigh vacuum
conditions. (a) Long range STM image of the oligomers after cyclodehydrogenation. I = 100pA, V = −1.20 V. (b and c) High resolution STM
images of two isolated short GNRs with schematic models superimposed. (b) I = 400pA, V = −0.90 V. (c) I = 200 pA, V = −0.70 V.

Figure 6. HOMO−LUMO for 1, 2, and the corresponding GNRs.
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such as STM, STHM, nc-AFM and KPFM are extremely valuable for understanding and elucidating the 

structural and electronic properties of planar aromatic molecules adsorbed on surfaces.  

The first section of this chapter introduces the reader to the basic principles behind these types of scanning 

probe techniques and describes their use in the investigations of different aromatic molecules. Applications 

of different probe techniques for the investigation of important properties such as atomic interconnectivity, 

bond-order evaluation and sub-molecular charge distribution have been discussed.  

In the second part of the chapter, reactivity of aromatic molecules on metallic surfaces is discussed 

presenting the principal class of reactions that have been developed.  The construction of polymeric systems, 

2-D networks, extended polyaromatic hydrocarbons and graphene derivatives (i.e. Graphene Nanoribbons) 

starting from aromatic molecular precursors have been detailed. Particular emphasis has been placed on the 

role of the surface during the different reactions and the differences between the reactivity that the same 

molecules can have if submitted to analogous “solution-based” reactions. Following these many examples, it 

can be concluded that metal surface mediated synthesis can be efficiently employed to construct highly 

conjugated organic architectures, which can be investigated with high accuracy by SPM techniques.  
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