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Preface

This book comprises contributions of the first PAMS workshop that was organized
at the Ecole de Physique des Houches (France), in May 2014. This workshop has
brought together a number of leading scientists working on various strategies to
synthesize and study single molecules, 1D and 2D covalently bonded molecular
architectures obtained by on-surface synthesis.

PAMS (for planar atomic and molecular scale devices) is a four-year large-scale
integrating project funded by the European Commission’s FET programme. It was
launched in October 2013 with the objective to explore all scientific and techno-
logical aspects of the conception and the fabrication of planar atomic and molecular
scale electronic devices on Si:H, Ge:H, AlN, CaCO3 and CaF2 surfaces, fabricated
with atomic scale precision and reproducibility. The themes described in this vol-
ume have huge potential for the in situ preparation of large molecular logic gates
and high-conductance molecular wires by on-surface synthesis, in ultra-clean
environment as explored by the PAMS chemists, physicists and theoreticians.

In less than a decade, on-surface synthesis by covalent coupling of reactive
precursors adsorbed on metallic, semiconducting or insulating surfaces has emerged
as a powerful approach for the fabrication of novel molecular architectures with
potential applications in nanoelectronics, optoelectronics and other fields where
new low-dimensional materials with tailored properties are needed. Using this
bottom-up route, atomically precise graphene nanoribbons, polyphthalocyanines
films, metal coordination frameworks, porous metal networks, superhoneycomb
frameworks, etc., have been synthesized. And it must be emphasized that most
of these large molecular structures cannot be synthesized by standard in-solution
syntheses.

The aim of this book is to regroup contributions at the forefront of advances in
this very active field, focusing on the understanding of inter- or intramolecular
chemical coupling mechanisms, on new reactions, on new substrates and on opti-
mization of reactions.

v



I thank the ICT-FET programme, the Labex NEXT and EMPA, for financial
support in organizing this workshop, and Marie Hervé, PAMS European Manager,
for her help in preparing this workshop and this book.

André Gourdon

vi Preface



Contents

The Emergence of Covalent On-Surface Polymerization . . . . . . . . . . . . 1
Christophe Nacci, Stefan Hecht and Leonhard Grill

Transition Metals Trigger On-Surface Ullmann Coupling Reaction:
Intermediate, Catalyst and Template . . . . . . . . . . . . . . . . . . . . . . . . . . 23
L. Dong, S. Wang, W. Wang, C. Chen, T. Lin, J. Adisoejoso
and N. Lin

On-Surface (Cyclo-)Dehydrogenation Reactions: Role of Surface
Diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
José A. Martín-Gago, Anna L. Pinardi and José I. Martínez

Enediyne Cyclization Chemistry on Surfaces Under Ultra-High
Vacuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Dimas G. de Oteyza

On-Surface Synthesis by Azide–Alkyne Cycloaddition Reactions
on Metal Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
Oscar Díaz Arado, Harry Mönig and Harald Fuchs

On-Surface Synthesis of Phthalocyanine Compounds . . . . . . . . . . . . . . 115
E. Nardi, M. Koudia, S. Kezilebieke, J.-P. Bucher and M. Abel

Molecular On-Surface Synthesis: Metal Complexes, Organic
Molecules, and Organometallic Compounds . . . . . . . . . . . . . . . . . . . . . 131
J. Michael Gottfried

On-Surface Synthesis of Single Conjugated Polymer Chains
for Single-Molecule Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
Yuji Okawa, Swapan K. Mandal, Marina Makarova, Elisseos Verveniotis
and Masakazu Aono

On-Surfaces Synthesis on Insulating Substrates . . . . . . . . . . . . . . . . . . 181
Markus Kittelmann, Robert Lindner and Angelika Kühnle

vii

http://dx.doi.org/10.1007/978-3-319-26600-8_1
http://dx.doi.org/10.1007/978-3-319-26600-8_2
http://dx.doi.org/10.1007/978-3-319-26600-8_2
http://dx.doi.org/10.1007/978-3-319-26600-8_3
http://dx.doi.org/10.1007/978-3-319-26600-8_3
http://dx.doi.org/10.1007/978-3-319-26600-8_4
http://dx.doi.org/10.1007/978-3-319-26600-8_4
http://dx.doi.org/10.1007/978-3-319-26600-8_5
http://dx.doi.org/10.1007/978-3-319-26600-8_5
http://dx.doi.org/10.1007/978-3-319-26600-8_6
http://dx.doi.org/10.1007/978-3-319-26600-8_7
http://dx.doi.org/10.1007/978-3-319-26600-8_7
http://dx.doi.org/10.1007/978-3-319-26600-8_8
http://dx.doi.org/10.1007/978-3-319-26600-8_8
http://dx.doi.org/10.1007/978-3-319-26600-8_9


Bottom-Up Fabrication of Two-Dimensional Polymers on Solid
Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
Markus Lackinger

On-Surface Dynamic Covalent Chemistry . . . . . . . . . . . . . . . . . . . . . . 221
Jie-Yu Yue, Li-Jun Wan and Dong Wang

Synthesis of Atomically Precise Graphene-Based Nanostructures:
A Simulation Point of View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
L. Talirz, P. Shinde, D. Passerone and C.A. Pignedoli

Formation Mechanisms of Covalent Nanostructures from Density
Functional Theory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
Jonas Björk

viii Contents

http://dx.doi.org/10.1007/978-3-319-26600-8_10
http://dx.doi.org/10.1007/978-3-319-26600-8_10
http://dx.doi.org/10.1007/978-3-319-26600-8_11
http://dx.doi.org/10.1007/978-3-319-26600-8_12
http://dx.doi.org/10.1007/978-3-319-26600-8_12
http://dx.doi.org/10.1007/978-3-319-26600-8_13
http://dx.doi.org/10.1007/978-3-319-26600-8_13


The Emergence of Covalent On-Surface
Polymerization

Christophe Nacci, Stefan Hecht and Leonhard Grill

Abstract The covalent linking of molecular building blocks directly in the
two-dimensional confinement of a surface, the so-called on-surface polymerization,
has developed rapidly in the last years since it represents a reliable strategy to grow
functional molecular nanostructures in a controlled fashion. Here, we review the
growth of such structures via on-surface Ullmann coupling and highlight the major
chemical and physical aspects. These systems are typically studied by scanning
tunneling microscopy that allows exploration of the initial monomer species,
intermediate products and final nanostructures with sub-molecular spatial resolu-
tion. In this way, the chemical structures of the ex situ synthesized molecular
building blocks are directly correlated with the outcome of the chemical reaction.
We also present examples with different monomer species in view of growing
heterogeneous molecular structures as well as the importance of the molecular
interaction with the template surface as a further key parameter to control the
molecular diffusion and tune the final molecular architecture.

1 Introduction

Assembling functional molecular building blocks on a surface is a promising route
toward central objectives of nanotechnology and in particular molecular electronics
since it might allow the growth of electronic circuits based on the functionalities of
individual molecular species [1, 2]. Other bottom-up strategies lead to the growth of
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extended surface supported two-dimensional networks with outstanding techno-
logical relevance [3, 4]. Thus, although the precursor molecules do not contain a
function in these cases, the assembly of molecules in the two-dimensional con-
finement of a surface can be very efficient. In the field of weaker intermolecular
interactions, many successful attempts of growing supramolecular patterns at sur-
faces [5–8] have been achieved. However, the use of covalent linking to stabilize
molecular arrangements at surfaces attracted considerable attention in the last years
[9–27], becoming nowadays a well-established technique. This approach results in
the presence of molecular polymers on surfaces that could hardly be deposited onto
the surface under clean conditions by using conventional techniques and preventing
any defragmentation process [28]. The nature of the covalent bond provides high
stability and robustness to the resulting nanostructures and allows for efficient
“through bond” charge transport [29–31].

In this chapter, we review the development and conceptual foundation of the
covalent on-surface polymerization technique. As our and many others’ work is
based on the Ullmann reaction [32], we focus on the aryl–aryl homocoupling of
halogenated monomer building blocks typically performed on coinage metal sur-
faces. We first provide chemical considerations regarding the reaction mechanism
and derive critical parameters for successfully carrying out on-surface polymer-
izations. Using this approach covalently bound molecular assemblies with a pre-
defined shape and size are produced under ultrahigh vacuum (UHV) conditions. We
show how the final topology of the desired molecular aggregates is intimately
connected to the design of the single-molecule building constituents. Different
growth strategies, e.g., one-step versus two-step (hierarchical) processes, can
eventually lead to the same final molecular architecture: the major differences
between the two cases are highlighted. The substrate surface corrugation can be
furthermore exploited to drive on-surface synthesis processes along certain direc-
tions and promote the growth of nanostructures with predefined orientations. In this
regard, the importance of the surface anisotropy is discussed.

2 Results and Discussions

2.1 On-Surface Polymerization Technique

In general, the on-surface assembly of molecular building blocks into large and
extended structures according to a bottom-up scheme can be achieved by different
strategies. If stabilized by rather weak non-covalent intermolecular interactions [5–8,
33], these nanostructures belong to the field of supramolecular chemistry [34]. For
instance dipole–dipole interactions have been used to govern the molecular aggre-
gation of porphyrin derivatives, carrying two trans-positioned cyanophenyl groups,
into long linear chains on a Au(111) surface (Fig. 1a) [6]. Two opposing cyanophenyl
groups can engage in a self-complementary dipolar interaction (hydrogen bond)
thereby driving and directing the self-assembly into elongated porphyrin chains.

2 C. Nacci et al.



A more conventional and stronger multiple hydrogen bonding motif was used to
stabilize a two-component mixture of 3,4,9,10-perylenetetracarboxylic diimide
(PTCDI) and melamine molecules into a honeycomb pattern on a metal surface
(Fig. 1b) [7]. The threefold symmetrical melamine molecules represent the branch
points of the hexagonal network, while the PTCDI molecules serve as straight
connectors (Fig. 1b). The assembly geometry allows for the local formation of three
hydrogen bonds for each complementary melamine–PTCDI connection and this
rather strong non-covalent interaction plays the key role in guiding the mentioned
species into largely extended supramolecular networks. Moreover, many examples
of two-dimensional molecular assemblies have been reported in the field of
metallo-supramolecular chemistry where metal atoms are used to bridge suitably
functionalized molecular units (ligands). The metal–ligand bond is typically stronger
as compared to hydrogen bonding and this allows the formation of more robust
networks [33]. Such metal–ligand interactions have, for example, been exploited to
fabricate two-dimensional architectures based on the coordination of rod-like dini-
trile molecules (NC–Phn–CN) to cobalt centers (Fig. 1c) [8].

In addition to these interactions, the formation of even stronger covalent carbon–
carbon bonds between molecules on the surface gained large attention in the last
years [9–18, 30, 31, 35]. The nature of the covalent bond allows to confer high
stability and durability to the molecular structures, in contrast to non-covalent
intermolecular bonds-based structures. This property is a key when thinking of
potential use in future applications [2]. In analogy to the approach here, the

Fig. 1 Supramolecular self-assembled molecular structures. a STM image at 63 K of
trans-BCTBPP wires hold together via dipole–dipole interactions on Au(111) (Reproduced from
[6], with permission). b Two-dimensional networks of PTCDI and melamine molecules stabilized
via H-bonding (model structures of the molecules and network in the upper panel). In the lower
panel, an STM image of the network (−2 V, 0.1 nA). In the inset, a high-resolution view of the
Ag/Si(111)-√3 × √3R30° is shown (Reprinted by permission from Macmillan Publishers Ltd:
Nature [7], copyright 2003). c STM topographic image of an extended and highly regular networks
formed by Codirected assembly of NC–Ph3–CN linkers. In the inset, the structure of the molecule
including its length and STM topography of the threefold Co–carbonitrile coordination motif with
model structure is shown (Adapted with permission from Schlickum et al. [8]. Copyright 2007
American Chemical Society)
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bottom-up growth of large networks as graphene [3] and boron nitride [4] sheets
also led to highly stable structures, because of the covalent nature of their links.

The concept of the on-surface polymerization technique is illustrated in Fig. 2.
Each single building block is based on a chemically stable molecular unit carrying a
certain number of potentially reactive sites at specific positions. These sites are
represented by a carbon–halogen bond that has a bond dissociation energy lower
than all other bonds in the molecular framework. After depositing the molecules on
a surface, the halogen substituents are activated (i.e., halogen–carbon bond disso-
ciation) thermally, leaving the chemical structure of the molecular building blocks
intact. At the same time, the new species thermally diffuse over the surface and
form new covalent C–C bonds at the activated site positions when they get close to
each other.

The design and ex situ synthesis of molecules with different numbers and
arrangements of interconnection points opens up the possibility to precisely tune the
topology of the final molecular architecture. Before detailing the architectural
control achievable using the on-surface polymerization approach, a few aspects
regarding the chemistry of both the monomers as well as the surfaces need to be
considered. Due to its dominant use in the field and its importance for our own
work, we limit the following discussion to the Ullmann reaction.

3 Chemical Considerations

When considering an Ullmann coupling reaction [32] as the connection sequence
for an on-surface polymerization, several key criteria have to be met. First, one
needs to design monomers, which on the one hand have to be reactive at the desired
connection sites to allow for regioselective activation, for example, by carrying
labile halogen substituents, yet otherwise need to be stable at the deposition and
reaction conditions. In addition, the activated monomers also have to be mobile on
the surface to diffuse to other monomers and the growing polymer. The latter point
inevitably also depends on the surface, which needs to stabilize the formed aryl

Fig. 2 Covalently linked molecular architectures by on-surface polymerization. Single building
blocks are synthesized ex situ with halogen substituents. After being thermally activated, the
species diffuse across a surface, interact to each other and the formation of new carbon–carbon
covalent bonds take place at the activated sites positions [9]

4 C. Nacci et al.



radical intermediates, yet also has to provide mobility and ideally facilitate both the
activation and connection steps, i.e., act as template and catalyst.

While these aspects generally apply to most on-surface polymerization reactions,
there are some specific aspects when focussing on the Ullmann reaction. The
reaction can be initiated by several different dissociation mechanisms caused simply
by heat (in absence or presence of a metal catalyst), electrons (from the tip of an
STM, and electrode or a reducing agent) or photons (Fig. 3).

While in all cases the aryl–halogen single bond is broken, the technique/stimulus
used for activation potentially provides control over where the Ullmann reaction
and hence polymerization is taking place. In contrast to the pioneering work of the
Rieder group on the dimerization of iodobenzene induced with the STM tip at the
step edge of a Cu(111) surface [36] the majority of the reported work has been
exploring thermal activation mostly in conjunction with coinage metal substrates.
Hereby, the temperature required for dissociation of the halogen substituent cru-
cially depends on the type of halogen (and potentially also on the type of (het)aryl
moiety) as well as the type of substrate. The first aspect has been exploited by us for
the hierarchical growth of two-dimensional polyporphyrin networks (see below),
where we utilize sequential activation of first iodine and then bromine substituents
to separate the two orthogonal growth directions [35]. While the C–I bonds are
cleaved at 120 °C, the C–Br bonds cleave at 250 °C on the employed Au(111)
surface. Of course, the latter is important as well since similar C–I bonds cleave at
much higher temperatures in the absence of a coinage metal as shown by the work
of Gourdon, Kühnle, and coworkers on calcite (CaCO3), where temperature above
300 °C are necessary for activation [37].

Clearly and not surprisingly in the context of the classic Ullmann work using
copper species [32], coinage metals facilitate activation and aryl–aryl coupling [38].
However, there are two opposing effects when comparing the coinage metals with
regard to their ability to aid on-surface Ullmann type polymerization: On the one
hand the higher reactivity of less noble copper surfaces aids both the initial halide
dissociation as well as the coupling of the activated aryl monomers but also sig-
nificantly lowers the mobility and hence diffusion of the monomers and growing

Fig. 3 Possible activation mechanisms for aryl halides to initiate covalent on-surface
polymerization

The Emergence of Covalent On-Surface Polymerization 5



polymers, thereby inhibiting growth. Fasel and coworkers have actually engaged in
a detailed comparative study showing these opposing effects for the Cu(111), Ag
(111), and Au(111) surfaces [39]. The authors found the onset of network formation
from hexa(meta-phenylene) macrocyclic hexaiodide monomers to occur at 200 °C
for Cu(111), while on Au(111) 250 °C and on Ag(111) 300 °C were required.
However, the morphology of the obtained poly(1,3,5-phenylene)s differs signifi-
cantly as the Cu(111) grown structures are highly branched fractal-like while in the
case of Ag(111) extended high-quality 2D networks were formed. Based on their
experimental findings as well as theoretical investigations, they conclude that the
lower activity of Ag(111) in the aryl–aryl coupling combined with the higher
monomer mobility (diffusion) on this surface, both compared to Cu(111), lead to
better network formation. In our work we have been mostly focussing on gold
surfaces that provide a good compromise between these features. Note that even
with one and the same metal its surface reconstruction plays an important role as
shown by our own work (see below) as well as others [40].

In addition, defects, step edges, and adatoms are of utmost importance as they
can facilitate activation (see below) [41], stabilize intermediates, and even inhibit
their coupling. This is nicely illustrated by the fact that activated aryl monomers
cannot be considered as truly “free radicals” but are strongly stabilized be the metal
surface [39]. This also prevents skeletal rearrangements to take place and thereby
assures regioselective coupling at the initially halide-substituted positions (Fig. 4).

Depending on the presence of adatoms, an alternative coupling mechanism
involves the formation of an aryl–metal–aryl intermediate, which can reductively
eliminate to form the desired aryl–aryl connection (Fig. 4). While this sequence has
in fact successfully been observed by Lin and coworkers to take place in the
polymerization of 4,4″-dibromoterphenyl on a Cu(111) surface [42], in many cases
the intermediately formed copper complexes are rather stable and cannot be forced
to eliminate the desired products [43, 44]. For example, using hexabenzo-coronene
(HBC) dibromide monomers on Cu(111) gave Cu-bridged HBC chains; however,
on a Au(111) surface the corresponding gold complexes were not observed
and hence covalent aryl–aryl connections could successfully be obtained (Fig. 5)

Fig. 4 Possible coupling mechanisms for aryl halides to initiate covalent on-surface polymer-
ization: regioselective coupling (a) and aryl–aryl connection via an intermediate formation of an
aryl–metal–aryl intermediate (b)

6 C. Nacci et al.



[43]. Therefore, not only the type of surface but also the availability of adatoms
seems to have a marked effect on the polymerization outcome.

In general, we note that using the Ullmann reaction poses two inherent limita-
tions to the on-surface polymerization process. First and foremost, the reaction is
irreversible under the employed conditions, i.e., formed defects cannot be healed.
Therefore, the outcome of the reaction solely relies on kinetic control and equili-
bration to the global thermodynamic minimum structures cannot be used as often
the case for non-covalent self-assembly or dynamic covalent chemistry [45]. Using
other connections such as boronic esters or imines this drawback can be overcome,
however, at the cost of stability (toward hydrolysis) and functionality (in an
optoelectronic context). Second, the employed polymerization approach is that of a
step growth, more precisely a polycondensation, and therefore intrinsic limitation
with regard to polymerization efficiency and control over the polymerization out-
come exist. After sketching the chemical basis for making aryl–aryl connections,
we will now detail the method of covalent on-surface polymerization and highlight
the means of controlling the formed polymer structures.

4 On-Surface Synthesis of Covalently Bound
Nanostructures

Two alternative methods can be used for the activation of molecular building blocks
(methods I and II) and the growth of covalently bound nanoarchitectures, leading to
similar results [9]. In method I, intact molecules are first deposited onto a surface
and subsequently thermally activated. Conversely, in method II, the activation of
molecular species takes place already into the evaporator cell and they are deposited
onto the surface.

In both cases, the covalent linking takes place on the supporting surface upon
thermal diffusion. As a first candidate for on-surface synthesis, a porphyrin building
block with four bromine substituents (Br4TPP) has been used (inset of Fig. 6a). If
the evaporator temperature was 550 K or lower during deposition, large and ordered
islands of intact Br4TPP were found as a result of molecular diffusion at the surface

Fig. 5 a Chemical structure of Br2–HBC. b Cu-bridged HBC chain on Cu(111) (5.5 × 2.0 nm2,
−300 mV, 0.3 nA). c HBC chain on Au(111) (5.5 × 2.0 nm2, −300 mV, 0.1 nA). d Height profiles
in STM images along a HBC trimer on Cu(111) and Au(111) [43]

The Emergence of Covalent On-Surface Polymerization 7



(method I, Fig. 6a). A careful analysis of the outer border of the molecular island
reveals that many molecules have only three Br atoms connected while there are
four on the intact molecules. This suggests that the used evaporator temperature is
enough to initiate the Br dissociation of a small amount of molecules (more than
90 % of the molecules remain intact).

At higher evaporator temperatures (Fig. 6b) most of the molecules are activated
with the loss of several Br substituents in the evaporator (method II). The activated
species can react with each other on the surface and form new intermolecular bonds
upon thermal diffusion, leading to the formation of covalently bound structures with
different sizes and shapes (Fig. 6b).

To investigate the ability to control the architecture of the final molecular
nanostructures, different TPP-based monomer building blocks have been synthe-
sized with one, two, and four Br substituents (Fig. 7a–c). Intact molecules have
been identified by using low evaporator temperatures: the STM images after the
preparation show clearly the expected different structures (Fig. 7d–f). All species
have been deposited onto a Au(111) surface kept at low temperature (to suppress
any carbon–halogen bond dissociation) and afterwards annealed to thermally
activate the Br dissociation. Thus, the topology of the molecular architectures is
intrinsically encoded in the design of the single monomer building block (cf. first
and third rows of Fig. 7).

If the monomer building block provides just one reactive side (BrTPP, Fig. 7a), the
only possible result is a dimer. Porphyrin building blocks carrying two reactive sides

Fig. 6 Molecular nanostructures formed by different approaches (methods I and II). a STM image
(20 × 20 nm2) of a Br4TPP molecular island on Au(111) after deposition at low evaporator
temperature of 550 K onto the substrate surface kept at room temperature. Molecules are deposited
intact onto the surface. The inset shows the chemical structure of Br4TPP. b STM image
(41 nm × 41 nm2) for deposition at elevated evaporator temperature of 610 K. This causes the
activation of the molecular species into the evaporator and subsequently the formation of
covalently bound structures onto the surface. The Au(111) sample was cleaned by repeated Ne ion
sputtering (E = 1.5 keV) and subsequent annealing up to 720 K. Measurements were performed
under UHV conditions with a low-temperature STM operated at a temperature of 10 K. STM
images were recorded in constant current mode with the bias voltage referring to the sample with
respect to the STM tip [9]

8 C. Nacci et al.



Fig. 7 Building nanoarchitectures using different monomer building blocks carrying one (left
column, prepared by method I), two (middle column, prepared by method II) and four (right
column, prepared by method I) Br substituents (a–c). STM images (3.5 × 3.5 nm2) of the single
intact molecules (d–f). Overview STM images (30 × 30 nm2) of the nanostructures after activation
and connection (g–i). Detailed STM images of the resulting nanoarchitectures (j 5 × 5 nm2;
k 10 × 10 nm2; l 8.5 × 8.5 nm2). Corresponding chemical structures of the nanostructures (m–o).
Measurements were performed under ultrahigh vacuum (UHV) conditions with a low-temperature
scanning tunneling microscope (STM) operated at a temperature of 10 K. Covalently linked
molecular structures were produced in case of method I from molecular building blocks via
on-surface polymerization [9], i.e., dehalogenation at a typical temperature of 523 K (bromine
dissociation) for 10 min and subsequent covalent linking of the molecules [9]

The Emergence of Covalent On-Surface Polymerization 9



as trans-Br2TPP (Fig. 7b) allows accordingly the formation of long and linear chains as
shown in Fig. 7h, k. When all four porphyrin unit legs carry Br substituents (Fig. 7c),
the construction of two-dimensional molecular network is enabled (Fig. 7i, l). This
proves that a careful choice of the molecular design, i.e., the arrangement of the active
end groups within the molecular framework of the single building block, and a suc-
cessful ex situ organic synthesis of the initial building blocks give high control over the
final architecture of the molecular structures.

An important issue is the precise chemical nature of the newly formed inter-
molecular bonds (or intramolecular bonds in the final polymer, respectively). The
first evidence comes from the distances between the building blocks, which is
characteristic for such a bond. There is a good agreement between the experi-
mentally measured neighboring porphyrin cores interdistance (17.2 ± 0.3 Å) and the
DFT-calculated distance (17.1 Å) calculated for a covalently bound porphyrins
dimer (Fig. 8d). Furthermore, the covalent nature of the intermolecular bonds can
be investigated by STM single-molecule manipulation. Molecular islands made of
intact Br4TPP (Fig. 6a) are easily disassembled by STM-based lateral manipulation
[9]. In contrast, dimers, chains, and molecular networks (Fig. 7) can follow the
STM tip pathway during a pulling experiment [30, 31] without undergoing frag-
mentation processes. This is a clear signature for the robustness of the inter-
molecular bonds within the molecular structures after the end-group legs activation.
Consequently, the interpretation as a covalent bond seems reasonable. Other

Fig. 8 The covalent nature of intermolecular bonds. STM images (5 × 5 nm2) of a TPP dimer at
0.5 V (a) and 3.0 V (b). The bright protrusion in the middle of the dimer (b) is a signature related to
an electronic feature clearly visible in the dI/dV curve marked by a cross in panel (c). The lower dI/
dV curve (marked by a circle) taken on top of a porphyrin leg is featureless. DFT calculations reveal
the formation of a covalent bond between the two neighboring phenyl legs, with corresponding C–C
bonding (s) and antibonding (s*) orbitals. d Calculated geometric structure of the isolated dimer.
e Calculated contribution to the local density of states due to the state at about 2.8 eV above the
HOMO (at 7 Å from the porphyrin plane). f Side view of a three-dimensional contourplot of the
orbital density of this state at a much higher density. Scanning tunneling spectroscopy (STS) was
performed at 10 K with a lock-in amplifier with 20 mV peak-to-peak modulation amplitude at
640 Hz (frequency) (see caption Fig. 7 for further experimental details) [9]
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options, i.e., chemical bonds as H or metal-ligand bonding and π–π stacking, can be
ruled out because of the molecular structure and adsorption geometry, and addi-
tionally they could hardly explain why the nanostructure remains stable when being
pulled by an STM tip.

A clear signature for the covalent nature of the intramolecular bond within the
dimer is provided by spectroscopy of single molecules (by scanning tunneling
spectroscopy, STS). The interconnection site within the dimer appears homogenously
at low bias voltages, while it appears as a bright protrusion when imaged at +3.0 V
(Fig. 8a, b). This protrusion is indeed related to an electronic broad features localized
at around +3.0 V (upper STS curve in Fig. 8c) suggesting the presence of a localized
orbital [9]. DFT calculations prove the local formation of a covalent C–C inter-
molecular bond in full agreement with the experimentally measured porphyrin cores
interdistance. Specifically, the calculations revealed the formation of C–C bonding
(σ) and antibonding (σ*) orbitals that give rise to the signal in the dI/dV spectra.
Hence, the peak at around 3 eV is a direct fingerprint of the chemical nature of the
covalent bond. It is caused by the strong interaction with the two non-occupied
antibonding π orbitals associated to the two legs, resulting in an in-phase and an
out-of-phase combination, which are split by 1.3 eV. The in-phase combination is
responsible for the increase of the calculated local density of states precisely located
in between the porphyrin cores at about 2.8 eV (Fig. 8e, f) above the highest occupied
molecular orbital (HOMO). This calculated electronic feature is associated to the
experimentally probed electronic feature at about 3.0 eV shown in Fig. 8 [9].

Another clear example of Ullmann dehalogenation reaction that results in poly-
merization on the surface was reported by the group of Rosei [19]. They deposited
diiodobenzene molecular species (1 and 2 in Fig. 9a) on Cu(110) and found at first
the formation of Cu bound phenylene intermediates, i.e., not yet linked by C–C

Fig. 9 Formation of polyphenylene-based polymers by on-surface polymerization. a Ullmann
coupling of diiodobenzene molecules. b STM image (T = 115 K, 19 × 19 nm2, V = −1.93 V,
I = 1.06 nA) of PPP-based olygomers. 1,3-diodobenzene (1 in panel a) were dosed on Cu(110)
kept at room temperature and afterwards annealed to 500 K. c 0.2 L of 1,3-diiodobenzene dosed
onto Cu(110) held at 500 K. STM topography (11.3 × 11.3 nm2, Vs = −0.57 V, It = 0.82 nA) of
oligomer branches. A model of PMP is overlaid on one of the oligomers. Top-right inset a force
field relaxed model of PMP chain in the iodine matrix on a slab of Cu corresponding to the marked
region in the STM image. Bottom right inset a scale portion of the RT deposited surface, showing a
protopolymer of molecule 2 in panel a. Reproduced from [19]. © 2009 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. doi:10.1002/smll.200801943
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covalent bonds when depositing molecules on the surface kept at room temperature.
Heating the sample to 500 K for 5–10 min is needed to induce the formation of
straight conjugated PPP olygomers (Fig. 9b). The formation of zigzag PMP wires
and macrocycles as well were promoted and observed when using
1,3-diiodobenzene (Fig. 9c, kinks are ascribed to the molecular symmetry) [19].

5 Controlling Nanostructures by Hierarchical Growth

The results presented so far are related to the growth of simple homogeneous
molecular architectures, because they are based on a one-step process. Growing
complex nanostructures, e.g., more complex molecular aggregates, requires a fine
and accurate control of the reaction pathway that leads to the final molecular
architecture. This can be achieved splitting the reaction pathway into individual
connection steps and controlling their activation sequence, thus realizing a “pro-
grammed reactivity” of the molecules that allows selective activation of their
reactivity at different sites. A sequential growth fashion can be implemented by
designing single molecular building blocks that carry different types of halogen
substituents. The sample temperature can be used as an “external knob” that allows
to enable or suppress specified halogen dissociations, i.e., on-surface polymeriza-
tion processes can be initiated and systematically controlled via the sample tem-
perature. The temperature needed to break C–halogen bonds is mainly defined by
the halogen species and the catalytic activity of the surface. The carbon–halogen
bond dissociation is activated at temperatures that decrease with the halogen atomic
number. In other words, the binding energy to the carbon atom can be tuned via the
type of halogen atom. Iodine dissociation from molecules can be initiated already at
room temperature and completed at around 120 °C, while this temperature range
goes from 100 to 250 °C for Br substituents [35, 46]. A proper choice of the surface
is crucial as it has been shown that the on-surface covalent linking occurs at
different temperatures for different noble metal surfaces [39], or can even be sup-
pressed for other surfaces. Gutzler et al. [16] reported on the growth of
two-dimensional covalent bound networks by using polyaromatic molecules car-
rying halogen substituents. They deposited these molecular species on Cu(111) and
Ag(110) and indeed verified the presence of activated species already at room
temperature, i.e., without the need of additional activation energy. The same pro-
cedure repeated on graphite(001) resulted in the formation of well-ordered
non-covalently bound networks stabilized by halogen–hydrogen bonding. This
proves the importance of the surface in promoting the carbon–halogen dissociation
at room temperature and the subsequent molecular assembly.

As mentioned above, the architecture of the final structures is encoded in the
single monomer building block by incorporating distinct carbon–halogen bonds
that dissociate and create active sites at the halogen sites. With this purpose, a
porphyrin trans-Br2I2TPP unit has been designed and synthesized in order to carry
two different types of halogen–phenyl side groups (Fig. 10a). Trans-Br2I2TPP
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molecules have two pairs of halogen substituents (Br and I) each of them in a trans
configuration on opposite sides of the porphyrin unit (see Fig. 10a). This chemical
structure intrinsically encodes two different growth directions. As the two sub-
stituents have a pronounced difference in terms of bond dissociation energy (the
binding energy of iodine–carbon is lower than that of bromine–carbon) [35], this
allows to create active sites in the molecule step-by-step. In this way, new covalent
intermolecular C–C bonds are formed with geometric control (via the temperature)
and consequently sequential growth of nanostructures is achieved (see growth
scheme in Fig. 10a). Low-temperature STM imaging allows to resolve with
sub-molecular resolution the features of intact trans-Br2I2TPP molecules deposited
on top of Au(111): the typical four-legs structure of the porphyrin unit is recognized
and substituent halogens can be chemically distinguished because of their different
appearance in STM (Fig. 10b): I and Br substituents have specific apparent heights
and the former look brighter independent of the bias voltage over the investigated
range (−1 V, +1 V) [35]. Thus, by comparison with other porphyrin derivatives that
contain either only Br or only I substituents, it is possible to assign the characteristic
apparent heights to iodine and bromine substituents. This precise knowledge of the
chemical composition in an STM image (Fig. 10b) is important in the next step to
identify which substituents remain after a heating step and which ones are
dissociated.

Trans-Br2I2TPP molecules have been deposited onto Au(111) while keeping the
substrate at a temperature of 80 K to suppress catalytically driven iodine dissoci-
ation from the molecules that occurs at higher temperatures, thus to keep the
molecules intact with all four halogen substituents [35]. Under these conditions,
molecular units are preferentially found in close-packed arrangements (Fig. 11b).

Fig. 10 Single monomer building blocks carrying Br and I substituents for sequential activation.
a Chemical structure of the trans-Br2I2TPP. Br and I chemical groups have different chemical
activation temperatures. b STM image (0.5 V, 0.1 nA) of a single intact trans-Br2I2TPP on Au
(111). I substituents appear brighter than Br ones because of their different chemical structure.
Measurements were performed under UHV conditions with a low-temperature STM operated at a
temperature of 10 K. Molecules were sublimated at 593 K onto Au(111) kept at room
temperature [35]
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Annealing of the sample up to room temperature induces a partial I dissociation,
while annealing up to 120 °C enables an efficient polymerization across the trans-
iodine direction (first growth direction in panel Fig. 11a) during the first
step. According to the trans-arrangement of halogen substituents within the single
monomer, linear chains of porphyrin units are grown (Fig. 11c). This is in analogy
to the trans-Br2TPP molecules (Fig. 7h) but at lower temperatures because iodine is
involved here. There are two important characteristics of these intermediate prod-
ucts (shown in Fig. 11c): (1) These chains always have a bright loves at their end,
which reflects an iodine atom (as in Fig. 10b). Hence, all newly formed bonds are
located at former iodine sites, which confirms the successful selective activation in
this first step. (2) The Br substituents, which appear darker than the iodines, can be
clearly seen sideways at the polymer chain and are therefore still present. However,
they have not been activated yet and are therefore dormant, waiting to be activated
at a suitable temperature.

Furthermore, covalently linked porphyrin chains arrange themselves parallel to
each other into close-packed islands (Fig. 11e). In the next growth step, Br sub-
stituents are efficiently dissociated by thermal annealing up to 250 °C enabling the
polymerization process along the second growth direction (as indicated in Fig. 8a)
and triggering the formation of TPP-based two-dimensional networks (Fig. 11d).
This represents an elegant way to grow two-dimensional networks in a sequential
manner, and it is worth to compare it with the same structure obtained by the
one-step growth process (TPP-based networks in Fig. 7i, l). An analysis of the

Fig. 11 Hierarchical growth of homogeneous molecular structures. a Scheme of the sequential
activation mechanism (from left to right). In the first activation step, I substituents are dissociated
and active sites in a trans geometry (first growth direction) are created enabling the formation of
linear structures (from b to c). In the second step, Br are dissociated by annealing at higher
temperatures. This further step allows to create lateral active sites that enable the growth along the
second growth direction, i.e., the formation of 2D networks (from c to d). STM images (8 × 8 nm2,
b) of trans-Br2I2TPP molecules on Au(111), after heating up to 120 K (step 1, 8 × 8 nm2, c), and
after further annealing up to 250 K (step 2, 10 × 10 nm2, d). e STM image (10 × 10 nm2) of
close-packed porphyrin chains after the first activation step. Further experimental details are in
caption Fig. 9 and Ref. [35]
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regularity of the TPP-based networks grown following both methods suggests that
the hierarchical growth allows to prepare 2D architectures with less incorrectly
connected building blocks, i.e. defects, and larger spatially extent regular networks
(a detailed analysis is present in [35]).

Heterogeneous molecular architectures might be grown according to a hierar-
chical growth scheme. Covalently linked two-component structures on metal sur-
faces under UHV condition have already been achieved [10], although in a one-step
growth process and thus limited control. The capability to activate different reaction
pathways step-by-step allows a better tuning of the growth process. While the
formation of two-dimensional TPP networks could also be achieved in a one-step
process (Fig. 7l), the mixture of two molecular species in addition to the selective
activation mechanism leads to molecular nanostructures that cannot be formed in
one step. When combining trans-Br2I2TPP and DBTF molecules (Fig. 12a) on a Au
(111) surface the two growth steps are sequentially activated when heating the
sample at 250 °C. First, iodines of trans-Br2I2TPP molecules are dissociated and
linear porphyrin chains are created while Br-phenyl groups remain intact (Fig. 11c).
Second, Br sites are dissociated and DBTF molecules form linear chains that
connect to the former Br site of porphyrin building blocks (Fig. 12b). In this way a
ladder-type structure is formed that could not be achieved in one step.

A detailed analysis of the covalent links at the activated phenyl groups of
porphyrin building blocks (shown in Fig. 12c) reveals the high selectivity of the
process: 98 % of the former I sites of trans-Br2I2TPP molecules are connection
points for further porphyrin units as desired from the molecular design. Only 2 % of

Fig. 12 Hierarchical growth of heterogenous architectures. a Chemical structure of DBTF
molecules. b STM image (T = 10 K, 18 × 13 nm2) of heterogenous networks based on DBTF and
trans-Br2I2TPP on Au(111) by hierarchical growth after heating up to 250 °C. c Statistical analysis
of porphyrin and fluorine attachment to the porphyrin trans-Br2I2TPP monomer at former bromine
and iodine sites (number of evaluated sites: nI = 489, nBr = 269). Measurements were performed
under UHV conditions with a low-temperature STM operated at a temperature of 10 K. A Knudsen
cell was used to evaporate Br4TPP molecules at 550 K and DBTF molecules at 503 K onto Au
(111). The on-surface synthesis was achieved raising the sample temperature to 250 °C [35]
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these sites are incorrectly used for fluorine connections. The second growth step
determines a pronounced occupation of the remaining two Br sites by fluorene
molecules (70 %, see Fig. 11c). The numbers are less impressive in this second
case, because at the former Br sites also two porphyrin chains could be linked side
to side, which represent a competition process for the planned ladder structure. This
proves that the hierarchical growth leads to the formation of copolymers assisted by
a remarkable degree of selectivity of the chemical species involved in the process.

6 Substrate-Directed Growth by On-Surface Synthesis

The on-surface synthesis consists of two processes at work: activation and diffusion
of the single monomer building blocks across the surface. Elevated temperatures are
required to enable these processes, but this also favors disorder into the molecular
assembly and can therefore reduce the efficiency of the polymerization process. It
should be noted, however, that the substrate surface is not a passive support for
chemical species [16] but can play an active role in terms of activation of the
molecular species in virtue of its catalytic properties [16, 41].

Any crystalline surface exhibits a certain corrugation, depending on the crystal
structure and the surface orientation, which plays a crucial role for molecular dif-
fusion. This feature can be used in order to introduce a further degree of freedom,
thus improving the covalent linking and varying the final orientation of a nanos-
tructure compared to the underlying substrate surface. By choosing properly the
surface it is possible to restrict the molecular diffusion along the lowest corrugation
directions and favor the formation of specific molecular architectures with a pre-
defined orientation. For instance, the Au(110)-1 × 3 surface has been used to
constrain the diffusion and subsequent polymerization of alkyl chains along its
missing rows [40]. The confinement of molecular diffusion to one dimension
(Fig. 13) leads to intermolecular interactions between neighboring molecules that
result in the formation of linear molecular chains [40].

The effect of surface anisotropy on the growth of two-dimensional networks has
been studied with an Au(100) single-crystal surface. The reconstructed surface
shows a quasi-hexagonal (5 × 20) superstructure with straight rows of vertically
displaced atoms [47], as shown in Fig. 14a [35]. Trans-Br2I2TPP molecules have
been deposited on Au(100) at low temperature in order to keep all halogen–phenyl
groups intact. Afterwards the sample was annealed to 120 °C. After this procedure,
covalently bound porphyrin chains with a preferential orientation are found as
illustrated in Fig. 14a. Hence, the surface reconstruction determines the orientation
of the final nanostructure.
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An analysis of the chains angular distribution reveals a preferred angle at 51°
between chains and atomic rows (Fig. 14b). This finding can be easily rationalized
by geometric arguments since all porphyrin units are adsorbed on equivalent sites
(Fig. 14c), thus reducing the total energy by this particular angle [35]. This is in
contrast to the rather flat Au(111) surface where the angular distribution of chains is
less defined (Fig. 7 and Ref. [1]) and underlines the importance of the surface
corrugation. After heating to 250 °C (the second activation step), formation of
rectangular networks is again found (Fig. 14d) with a clear orientation off the Au
(100) atomic rows orientation [35]. Small networks reveal deviations from the
rectangular shape (angle β = 101 ± 3° instead of 90°) as shown in Fig. 14d. This
effect is most likely ascribed to the reduced relative contribution of intermolecular
bond energy compared to the interaction of the molecular assembly with the surface
[35] for small networks. Furthermore, a larger average size of networks is achieved
as compared to the Au(111) surface [35], which can directly be assigned to the
surface anisotropy. The corrugation rows lead to a parallel arrangement of the
intermediate products (as illustrated in Fig. 14a) that results in a sort of zipping
mechanism for the two-dimensional linking in the second step: If the first link
between two chains is established, all other porphyrin units are in a perfect
arrangement with respect to each other and a rather efficient linking of long chain
segments can occur. As a consequence, the final nanostructures are larger for
hierarchical growth on a corrugated surface than in a single-step process.

Fig. 13 Polymerization of hydrocarbons on an anisotropic gold surfaces. a STM topographic
image of DEB molecules (12 × 12 nm2, −0.5 V, 0.5 nA) on Au(110)-1 × 2 at 300 K. b STM
topographic image (17.5 × 6 nm2, −1 V, 2 nA) polymerized DEB chains located in the missing
rows of Au(110)-1 × 3 after heating at 420 K for 10 h. Circles denote the phenylene groups;
arrows denote the methyl side groups. c A section of DEB polymer chain and superimposed the
molecular structure (14.4 × 1.6 nm2, −1 V, 2 nA). The newly formed C–C bonds are shown in red.
From [40]. Reprinted with permission from American Association for the Advancement of Science
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7 Summary

The growth of molecular nanostructures on surfaces via Ullmann coupling can be
controlled by both the chemical structure of the initial building blocks, which is
precisely reflected in the final products, as well as the surface underneath, in par-
ticular the presence of defects, step edges, and adatoms. Diffusion of the activated
monomers and intermediate oligomers is another key issue since it defines the rate
of polymerization and the possibility of substrate-directed growth that allows
improved linking reactions. Various molecules have been used in the last years and
it turns out that on-surface polymerization represents a very feasible method to
create stable covalent 1D and 2D polymers on a surface and to image them by
scanning probe microscopy in real space as successfully demonstrated in many
cases. The covalent nature of the newly created bond is not only evident from the
real space distances and orientations, but could additionally be proven by spec-
troscopic detection of characteristic electronic states. When using different halogen
substituents, a hierarchical growth scheme could be realized since selective and
sequential activation of the different substituents results in a programmed reactivity
of the molecules. Based on the gathered mechanistic insight and with the ability to
direct reactivity by designing proper monomer building blocks as well as using the
surface as a template, 1D and 2D polymers of increasing structural and composi-
tional complexity will emerge. Besides this continued exploration of on-surface
polymerization as a new method for generating defined nanostructures, their
resulting properties and functions will become increasingly important in the future.

Fig. 14 Substrate-directed growth of networks. a STM image (42 × 42 nm2) of trans-Br2I2TPP
chains grown on Au(100) after the first activation process. b Angular distribution for chains shown
in panel a. c Adsorption geometry scheme of polymeric chain on Au(100) surface with an angle of
55° for equivalent adsorption sites for all porphyrins (a0 = 1.44 nm and d0 = 1.76 nm). d STM
image (20 × 20 nm2) of an approximately squared covalently linked molecular network after the
second activation process. Measurements were performed under UHV conditions with a
low-temperature scanning tunneling microscope (STM) operated at a temperature of 10 K.
A Knudsen cell was used to evaporate Br4TPP molecules at 550 K onto Au(100). The first and
second activation steps were induced by heating to 120 and 250 °C, respectively [35]
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Transition Metals Trigger On-Surface
Ullmann Coupling Reaction: Intermediate,
Catalyst and Template

L. Dong, S. Wang, W. Wang, C. Chen, T. Lin, J. Adisoejoso
and N. Lin

Abstract In this chapter, we report on our recent studies of on-surface Ullmann
coupling reaction and focus on the roles of the transition metals in the reaction.
First, we discuss an organometallic intermediate state, which separates the reaction
into two steps. Next, we examine the catalytic efficiency of Cu, Au, Ag, Pt, and Pd
in the reaction. We analyze the bond formation yields when the reaction takes place
in the presence of these metals. In particular, we determine the rate constants and
activation energy of Cu- and Pd-catalyzed reaction. In the last part, we demonstrate
a strategy of using metal coordination template to steer the reaction toward specific
products.

1 Introduction

Molecular self-assembly on surfaces is a fundamental strategy for the bottom-up
fabrication of nanostructures [1]. Various intermolecular interactions such as van der
Waals interaction [2], hydrogen bonds [3, 4], halogen bonds [5], and metal–organic
coordination bonds [6] have been utilized to build nanostructures. Taking the
advantage of the reversibility of such bonding, long-range-ordered organizations
have been formed. However, such structures are inherently fragile due to the weak
intermolecular interactions, which lead to poor mechanical stability and low
charge-transport efficiency. Robust and irreversible covalent bonding offers a way to
overcome these limitations. Ullmann reaction [7], the C–C coupling between halogen
aromatics via catalysts, has been employed onto surface for the synthesis of cova-
lent-linked oligomers and polymers. A wide range of one-dimensional (1D) [8–10]
and two-dimensional (2D) [11–13] materials has been successfully obtained via this
route.Moreover, on-surface chemistry under ultrahigh vacuum (UHV) allows amuch
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broader range of reaction temperatures, and the 2D confined geometry could favor
reactions not accessible in the three dimensional space. Many of these studies utilized
scanning tunneling microscopy (STM), which is a powerful tool not only imaging at
the sub-molecular level, but also revealing molecular orbitals. The active research in
this field provides unprecedented insights into the reaction mechanism [14].

In this chapter, we report on the STM studies of Ullmann reaction taking place in
the presence of different transition metals. These metal species are in the form either
as substrate (intrinsic) or as deposit (extrinsic). Our focus is to understand the roles
the transition metals play in the Ullmann reaction. In Sect. 2, we present a com-
bined experimental and theoretical study which reveals topographic and electronic
signatures of an organometallic intermediate state containing C–Cu–C moieties. In
Sect. 3, we first analyze the activity of intrinsic Cu, Ag, and Au and extrinsic Pt
catalysts and conclude that the catalytic efficiency in the two reaction steps is very
different for different metals. Furthermore, we compare the pathways of the reaction
catalyzed by extrinsic Cu and Pd catalysts and determine the activation energy
quantitatively. In Sect. 4, we demonstrate a strategy of using metal coordination
bonds as template to steer the Ullmann reaction, which allows us to control the
on-surface polymerization processes toward size-limited macromolecular
structures.

2 Organometallic Intermediate State

A typical Ullmann reaction generally involves multiple steps from the
halogen-contained molecules to the final coupled product. In the surface-confined
reaction path, an essential intermediate state has been proposed by several groups
[13, 15–18]. The study of the formation and structure of this intermediate state can
give us a better understanding of the reaction mechanisms and dynamics [14]. It has
been proposed that the radicals in the intermediate were connected by molecule–
molecule and surface–mediated interactions [16, 19]. A Cu-atom-linked intermediate
was also suggested based on the distance between two neighboring radicals [15, 17].

2.1 Topographic Identification

Here, we used STM measurements and DFT calculations to identify an
organometallic intermediate incorporating C–Cu–C bridges in the on-surface
Ullmann reaction [20]. As illustrated in Fig. 1a, after the deposition to a Cu(111)
surface kept at room temperature, molecules of 4,4″-dibromo-p-terphenyl (com-
pound 1) are completely debrominated resulting in a Cu-bridged polymeric
organometallic intermediate; an annealing at 473 K triggers the C–C coupling with
the Cu atoms released and poly(para-phenylene) oligomers formed.
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As shown in Fig. 1b, the STM image reveals a honeycomb network on the Cu
(111) surface at 77 K after the adsorption of 1. A vortex structure is resolved at the
joint of three molecules in the inset of Fig. 1b. With the molecular model super-
imposed, we can see that a terminal Br atom (in red) points toward an H atom of the
neighboring molecule. The distance between the Br and the H atoms is 3.2 ± 0.5 Å.
Therefore, we propose that the molecules are yet intact at 77 K and this molecular
network is stabilized by Br…H–C hydrogen bonds. A 473 K annealing treatment
destroyed the well-ordered honeycomb network and left newly formed linear chains
(see Fig. 1e). No apparent periodicity was resolved in the chains. Electronic band
structures of poly(para-phenylene) oligomers were observed [21]. Both topographic
and electronic features indicate that these chains are poly(para-phenylene) oligo-
mers, which means Ullmann coupling has successfully completed. Another

Fig. 1 a Surface-supported Ullmann coupling reaction path of compound 1 to poly(para-
phenylene). b STM image of self-assembly of the molecules on Cu(111) at 77 K (120 nm × 120 nm).
Inset Magnified STM image of the network with molecular models superimposed (6 nm × 5 nm).
c STM image of the sample annealed to 300 K (20 nm × 20 nm). Inset Br atoms trapped between
the linear structures (8 nm × 4 nm). d STM image of the sample annealed to 393 K
(20 nm × 20 nm). e STM image of sample annealed to 473 K (40 nm × 40 nm). Inset Br atoms
lying between the poly(para-phenylene) oligomers (8 nm × 4 nm) [20]
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interesting feature is the small dots between the chains (inset of Fig. 1e). Similar
features have been observed for iodine-aromatic systems adsorbed on Cu(110)
surface and assigned as dissociated iodine atoms adsorbed on the surface [15]. It was
reported that on Cu(111) surface Br atoms are dissociated from the phenyl group at
300 K [17]. We attribute these dots to be adsorbed Br atoms cleaved from the
molecules.

After annealing at 300 K, the 2D honeycomb networks converted to linear
structures (Fig. 1c). In comparison with the final product aforementioned, a peri-
odical feature emerged in these linear structures. These linear structures are com-
mensurate with the Cu lattice: each three periods matches 11 Cu atoms in the ½11�2�
direction, that is, with a periodicity of 16.2 ± 0.2 Å. This distance is much larger
than the length of a single debrominated (ph)3 unit, which is 11.4 Å as calculated by
DFT. In contrast to the sample prepared at 77 K, Cu surface at room temperature
provides sufficient 2D Cu adatom gas, which could be easily incorporated in the
organometallic intermediate. We hence propose that the brighter oval features are
(ph)3 biradicals that are connected by Cu adatoms. A DFT optimized linear peri-
odical structure is shown in Fig. 2a. The side view of the structure reveals that the
Cu atoms are almost in the same plane of the phenyl rings and do not bind strongly
to the substrate.

Fig. 2 a High-resolution STM image of the intermediate (8 nm × 4 nm) and the DFT calculated
structure. Inset simulated STM image at +2.7 V. b dI/dV spectra measured at (ph)3 (black) and Cu
(blue) sites marked in a. c Calculated PDOS of (ph)3 (black) and Cu (blue) in the inset of a. d STM
image of the intermediate annealed to 393 K (8 nm × 4 nm) and calculated structure. e and
f Experimental dI/dV and PDOS of (ph)6 (red) and Cu (blue) in d [20]
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2.2 Electronic Characterization and DFT Calculation

We conducted tunneling spectroscopic (dI/dV) measurements on the intermediate
states. The (ph)3 part shows a prominent peak at +1.7 V, while the Cu atom shows
only a gradual climbing state starting from +1.0 V (Fig. 2b), which is in good
agreement with the calculated projected density of states (PDOS) in Fig. 2c, where
the (ph)3 has an electronic state at +2.7 V while the Cu atom shows no apparent
features (Fermi level is commonly offset in the DFT calculations). A simulated
STM image of the intermediate at +2.7 V is shown in Fig. 2a which reproduces well
the main features of the experimental results.

Between the intermediate and the final oligomer, furthermore, a mixed state was
identified after an annealing of 393 K. As shown in Fig. 2d, besides the periodical
features observed in Fig. 1c, bright segments of different length emerge in the linear
structures, and the shortest one is identified with a length of 2.5 nm, equal to the
dimension of a (ph)6 oligomer. In the dI/dV spectra shown in Fig. 2e, such a (ph)6
oligomer has a peak at +1.2 V, which is 0.5 V lower than main state of (ph)3, which
is consistent with the isolated (ph)6 oligomer result [21]. The Cu atom shows
similar feature as the intermediate case. In the calculated PDOS, the prominent peak
of (ph)6 oligomer (+2.2 V) is 0.5 V lower than (ph)3 (Fig. 2f), which agrees well
with the experimental values. On basis of both the topographic and electronic
properties of the bright segments, we believe that they are short poly(para-phe-
nylene) oligomers formed by covalent-linked (ph)3 units. The length of the poly
(para-phenylene) oligomers ((ph)3n) is shorter than the chain containing the same
number (n) of (ph)3 units, implying the fact that Cu atoms are released during this
transition.

Besides Cu, other transition metal atoms are also found to form organometallic
intermediates including Ag [22] and Pt, which will be discussed later.

3 Transition Metal Catalysts

3.1 Intrinsic Ag, Au, Cu, and Extrinsic Pt Catalysts

In this part, we discuss a series of comparative experiments of Ullmann coupling of
1,3,5-tris(4-bromophenyl)benzene (compound 2) molecules on fcc(111) transition
metal surfaces of Ag, Au, and Cu. We also examined the catalytic behavior of
extrinsic Pt deposits on Ag surface. As illustrated in Fig. 3, three distinct states can
be identified by STM: an initial state of intact molecules (IS), an intermediate state
of organometallic state (IntS), and a final state of covalently linked molecules (FS).
We quantitatively analyzed the yields of the FS when the reaction was catalyzed by
different catalysts.

It has been reported that deposition of 2 onto Cu(111) held at room temperature
resulted in an IntS with C–Cu–C bond, but the deposition onto the substrate held at
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80 K kept the molecules intact [17]. Thus, the transition from IS to IntS occurs
below the temperature of 300 K. Here, we focused on the transition from IntS to FS.
We annealed the sample step-wisely to monitor when the conversion from the IntS
to FS happens. As shown in Fig. 4a, after a 370 K annealing, the IntS developed
into larger and regular organometallic networks stabilized by C–Cu–C bonds,
indicating that the C–Cu–C bonds are quite stable at this temperature. Further
annealing to 390 K disrupted the regular networks of the IntS and a small fraction
of the IntS was converted into FS. The IntS-to-FS conversion became significant
above 400 K and reached over 90 % at 410 K as shown in Fig. 4b.

Ullmann Coupling of 2 on Au(111) was reported by Blunt et al. [23], revealing
that molecules are intact as deposited on a room-temperature sample, then form
covalently coupled dimers at *380 K and fully connected covalent networks at
*450 K. These results were reproduced in our study. Figure 4d shows that the IS
(up-right corner) and the dimer phase coexisted after being heated to 370 K
[23, 24]. Further annealing at 430 K led to irregular polymer network structures
associated with the molecules fully converted to the FS (Fig. 4e). Differing from the
Cu(111) case, we did not observe any IntS on the Au(111) surface in the tem-
perature range between 300 and 450 K.

Walch et al. [17] reported that molecules 2 keep intact on Ag(111) surface at
room temperature. Here, we examined its high-temperature behavior. As shown in
Fig. 4g, after an annealing at 390 K, an open network structure consisting of
polygons replaced the close-packed molecular monolayer formed at room tem-
perature. The sides of the polygons consist of a pair of 2 linked in a head-to-head
manner. The center-to-center distance between two neighboring molecules is about
1.74 nm with a protrusion in the middle. The distance indicates that this configu-
ration is a C–Ag–C IntS [25]. We found that this C–Ag–C IntS was very robust

Fig. 3 Scheme of the on-surface Ullmann reaction path of 2 on Ag(111) surface with
corresponding topographic structures in STM: IS to IntS to FS. Black C; Red H; Orange Br; Gray
Ag

28 L. Dong et al.



against annealing. After 550 K heating, only 10 % of IntS was converted into FS
(cf. Fig. 4h).

Based on the experimental observation, we analyzed the number of different
types of bonds formed on the three substrates at various temperatures (from 295 K
to 420, 465 and 560 K for Cu, Au, and Ag, respectively). The fraction of the three
states, IS (yellow), IntS (green) and FS (red), is plotted in the bottom panels of
Fig. 4. Apparently, the Ullmann reaction proceeds comparatively different on the
three metals: (1) At 295 K, IS is present on Au and Ag but not on Cu, indicating
that the IS is stable on Au(111) and Ag(111) but more reactive on Cu(111); (2) Cu
and Ag form organometallic IntS but no Au organometallic species being observed,
presumably C–Au–C is either unstable or having a short lifetime; (3) On Cu or Au,
all molecules are converted into FS at 420 or 465 K, but the conversion is only
*10 % on Ag even at a much high temperature of 560 K.

Pt is a widely used catalyst in organic synthesis [26]. To explore the catalytic
activity of Pt, we deposited Pt at Ag(111). As discussed before, on Ag(111) the
yield of C–C bond formation is very low even upon 550 K annealing, hence Ag is
an ideal surface for exploring the catalytic ability of Pt deposits. Figure 4j shows
that after adding Pt at room temperature onto predeposited monolayer of 2, the

Fig. 4 STM images of the representative products and the bonds fraction in the reaction process
on various metal surfaces: a–c Cu; d–f Au; g–i Ag; j–l Ag dosed with Pt. Yellow IS; Green IntS;
Red FS. a and b 16.5 nm × 16.5 nm. d 14.4 nm × 14.4 nm. e 19.8 nm × 19.8 nm.
g 18.9 nm × 18.9 nm. h 13.8 nm × 13.8 nm. j 23.0 nm × 23.0 nm. k 21.0 nm × 21.0 nm
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close-packed monolayer is disrupted. One can see that lots of bright dots are
scattered in the molecular layer. From the larger apparent height than Ag atom in
the IntS, we attribute them to be Pt atoms. Figure 5a shows a STM topography of
the sample after an annealing at 320 K. One can see that the bright dots are attached
to the corners of the triangular shape molecules. Figure 5c shows that two mono-
mers are linked by a dot in which the molecular center-to-center distance is
1.74 nm. This value agrees with an organometallic intermediate state containing C–
Pt–C bonding. In contrast to the Ag or Cu linked organometallic states in which the
metal atoms are always in a twofold coordination, the Pt atoms may coordinate to
one, two, three, or four molecules. Figure 5b–e shows several such examples with
the corresponding models illustrated in Fig. 5f–i. Further annealing at 380 K
converted 90 % of the IntS into FS. Finally, annealing at 470 K achieved almost a
100 % conversion (cf. Fig. 4k). The temperature-dependent fraction of different
states of Pt-catalyzed reaction is plotted in Fig. 4l. Compared to what happened on
the pristine Ag surface, we conclude that Pt deposits significantly enhance the
Ullmann reaction.

The yield of the Ullmann reaction, defined as the conversion ratio of the FS,
catalyzed by the four metals is summarized in Fig. 6a. The ratios account for an
overall catalytic activity sequence of Pt > Au > Cu > Ag. As we have aforemen-
tioned, the Ullmann reaction proceeds in two steps that are separated by the IntS.
Based on the fractions of the three states shown in Fig. 4, we propose a qualitative
energy diagram shown in Fig. 6b. The energy barrier I defines the conversion of IS
to IntS. Upon deposition on the substrates held at room temperature, 2 is in IS on
Ag and Au but completely forms IntS on Cu- and Ag-dosed with Pt. Thus, barrier I
in the Cu- or the Pt-catalyzed reaction is lower than that in the Ag- or Au-catalyzed
process. The barrier II defines converting the IntS to FS in the second step. Since
Ag-stabilized organometallic state is stable up to 550 K, barrier II on Ag is the
highest. On Au, because no IntS was detected, we assume that the barrier II is very
low or absent.

Fig. 5 a STM image of the IntS formed by Pt and 2, which shows different coordination numbers
for single Pt atom (25.4 nm × 25.4 nm). b–e STM images with corresponding schematic models of
Pt coordinated with 1, 2, 3 and 4 molecules, respectively (3.2 nm × 3.2 nm)
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3.2 Extrinsic Pd and Cu Catalysts

We chose the polymerization reaction of 5,15-bis-(4-bromo-phenyl)-
10,20-diphenyl porphyrin (compound 3, see the inset of Fig. 7a) as our model
system to investigate extrinsic Cu and Pd catalysts [27]. As a prototypical catalyst
of Ullmann reaction, Cu catalysis is vital in the reaction process. Pd is the most

Fig. 6 a Conversion ratios defined in the text as a function of annealing temperatures for different
transition metals. b Schematic energy diagram of the reaction process for all the metals

Fig. 7 a–c STM images of polymeric chains formed by 3 and Pd with annealing of 447 K for 5,
45, 105 min, respectively. Inset of c high-resolution STM image of the 3-Pd chain (25 nm × 25 nm).
d–f STM images of polymeric chains formed by 3 and Cu with annealing of 453 K for 5, 75,
160 min, respectively [27]
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versatile catalyst used in homo-coupling and cross-coupling reactions [28, 29].
Here, we used STM to monitor the isothermal reaction and then determined the
reaction yields, rate constants, and activation energy. In addition, kinetic Monte
Carlo (KMC) simulation was utilized to explore the reaction mechanism.

After depositing 3 onto a Au(111) surface with predosed Pd, periodical chains
were formed with a center-to-center distance of 1.74 ± 0.04 nm for the adjacent
units, indicating covalently connected polymers (Fig. 7a–c). Similar chains were
obtained when we conducted the Cu-catalyzed experiment on Au(111) surface
(Fig. 7d–f). As contrast, annealing the same molecules on clean Au(111) up to
453 K for 30 min only gave us only 1.5 % covalently linked species, which
confirms the catalytic influence of Pd or Cu on this Ullmann coupling reaction.

To study the reaction kinetics of C–C bond formation of 3 catalyzed by Pd, we
annealed the sample at a defined temperature in 10–12 steps with 8–10 min for
each. STM measurements were carried out after each step when the sample was
cooled down to room temperature. The same procedure was conducted at different
annealing temperatures. The discerning of dimers and even longer chains in STM
images allows for the determination of the number of bonds formed as a function of
reaction time and temperature. The increase of polymeric chains with longer
reaction time is apparent in Fig. 7a–c, and this similar phenomenon was observed
for each annealing temperature (Fig. 8). At higher temperatures, bond concentration
rises rapidly until reaching a saturation value; At lower temperature, 393 K for
example, a two-phase behavior emerges: A slow increase (0–60 min, defined as
phase I) is followed by a rapid one (60–140 min, phase II). Such a two-phase
behavior implies that the coupling reaction involves multiple steps. We suppose
that phase I accounts for an initial activation process, and phase II is related to the
C–C bond formation.

At higher temperature, e.g., 429 K, phase II is always the rate-limiting process
while phase I is almost undetectable (Fig. 8a). As a result, by counting the number
of formed C–C bond, activation energy could be calculated. We define [bond] and
[phenyl–Br] as the concentration of the C–C bonds and intact phenyl–Br bonds,
respectively, so the rate equation can be expressed as follows:

d½bond�=dt ¼ k½phenyl�Br�2 ð1Þ

Then the concentration of C–C bonds is given as:

½bond� ¼ kt½phenyl--Br�20
1þ 2kt½phenyl -- Br� þ ½bond�0 ð2Þ

where [phenyl–Br]0 and [bond]0 refer to the initial concentration before the annealing.
In Fig. 8b, ln(k) versus T−1 is plotted according to the Arrhenius equation, where

the k stands for the rate constant. By fitting the three reaction rate constants at
higher temperature linearly, activation energy of (0.41 ± 0.03) eV and a prefactor of
(3 × 106±1) s−1 nm−2 for the entire reaction are obtained. Since the much faster
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kinetics of phase I indicates an extremely low activation energy, the acquired value
is more close to that of phase II alone. Considering the reported activation energy of
the Ullmann coupling of iodobenzene on Cu(111) is 1.12 eV [30, 31], and the fact
that iodine is more reactive than bromine, our result manifests the higher catalytic
activity of Pd than Cu. At 411 K, phase I process cannot be neglected so the
equations above are not completely suitable. A higher rate constant could be
expected if we neglect phase I at that temperature, as the mark “×” in Fig. 8b, which
corresponds to a bond concentration behavior described by the dashed curve in
Fig. 8a. The lower value for the experimental bond concentration compared to this
hypothesized one indicates the limiting effect of phase I at this temperature.

We found Pd and Cu result in distinct C–C bond formation yield and length
distribution of the polymeric chains. When the initial molecule dosage was kept
constant, at higher temperatures, Cu-catalyzed reactions show rapid increase
(Fig. 8c) in the yield rather than the slight decline for Pd-catalyzed ones (Fig. 8a).
Moreover, at specific temperature, Cu-catalyzed reaction always has a much higher
yield and longer polymeric chains (Fig. 7), which is as well supported by the length
distribution shown in Fig. 9a, b. Dimers are most favored in the Pd-catalyzed
reactions with other chains no longer than hexamer, but no apparent length pref-
erence is observed in the Cu-catalyzed coupling.

Fig. 8 a Bond concentration in Pd-catalyzed coupling of 3 on Au(111) as a function of reaction
time at 393 K, 411 K, and 429 K. b Arrhenius plot of rate constant k obtained from experimental
data. c Bond concentration in Cu-catalyzed coupling of 3 on Au(111) as a function of reaction time
at 399 K (black), 417 K (red), 435 K (blue), and 453 K (green). The 453 K data are scaled down
by a factor of five [27]
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For a better understanding of the difference between Pd and Cu, we carried out
KMC simulations [32]. The reaction consists of two irreversible steps: the activa-
tion of a monomer’s phenyl–Br bond with energy barrier E1, and the C–C bond
formation with energy E2 between an activated monomer and an inactivated one.
According to our experimental results, E1 was set to be larger for Cu (0.50 eV) than
for Pd (0.35 eV), and E2 was set at 0.40 eV for both. As shown in Fig. 9c, e, a lower
E1 leads to shorter chains. The distribution of polymeric length in the simulation
illustrated in Fig. 9d is well reproduces the experimental observation. In the other
aspect, the lower E1 gives a lower yield (10.5 %) of C–C bonds than the higher one
(67.7 %).

4 Metal-Coordination Template

Since the first surface-assisted realization of covalent-linked molecular nanostruc-
ture by polymerization via Ullmann coupling, as mentioned in the former sections,
there has been a big challenge to control the final product. Due to the
non-reversibility of covalent bonds, if kinetic trapping would be inevitably intro-
duced in the polymerization processes, then it is difficult to control the size and
distribution of the final macromolecular product on surface. Many effect has been
made to eliminate this hindrance [33–38]. It was found that polycondensation of
boronic acid could generate well-ordered covalent networks with the assistance of
water [34, 35]. Gold surface with troughs was also exploited for the confinement

Fig. 9 Length distribution of the polymers catalyzed by a Pd at 465 K and b Cu at 453 K. c and
e KMC simulated polymeric chains with E1 = 0.35 eV and E1 = 0.50 eV, whose length
distributions are plotted in d [27]
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of alkene’s polymerization [33]. Besides, molecules functionalized with different
halogens were proved to be coupled step by step [38].

When “molecular and supramolecular science meet” [39], it brings out the
template synthesis, that is, utilizing non-covalent structure to steer highly ordered
covalent organization [40]. For the predesigned templates, various connections,
including π–π interactions, hydrogen bond, and metal-ligand bond, have been
adopted [41]. As we know, in comparison with covalent bond, coordination bond is
less robust but reversible and specifically more flexible. In such consideration, we
developed an effective approach of using metal–ligand coordination as template to
steer the on-surface polymerization process. The resulting macromolecular struc-
tures exhibit a very narrow size distribution and are organized hierarchically
through supramolecular assembly.

4.1 Verification of On-Surface Polymerization

Porphyrin derivatives with various end groups were utilized in our experiments
[42]. The precursor of 5,15-bis-(4-bromophenyl)-10,20-diphenyl porphyrin (com-
pound 4) possesses both py(pyridine) groups as coordination sites for metal atoms
and bromine groups for Ullmann coupling. It could form 1D metallorganic
single-row (SR) chains with Cu atoms on a Au(111) surface at room temperature. In
these SR chains, the adjacent molecules have a center-to-center separation of
1.9 nm, featuring py–Cu–py coordination bonds as the linkages (Fig. 10a) [43]. Cu
atoms cannot be resolved probably due to electronic effects or tip conditions.

Fig. 10 a STM image of SR coordination chain formed from 4 and Cu on Au(111) surface at
298 K (100 nm × 100 nm) with the proposed model. b STM image of DR and TR chains after
annealing of 453 K (100 nm × 100 nm), with a DR magnified. c Scheme of Ullmann coupling
assisted by the py–Cu–py coordination template [42]
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An annealing of 453 K for 30 min converted these SR chains to ladder-shaped
double rows (DR) or triple rows (TR), as shown in Fig. 10b. A close inspection of the
DR chain reveals two distinct center-to-center distances: 1.73 nm perpendicular to the
chain (red arrow) and 1.95 nm along the chain (blue arrow). While the larger distance
is the same as the SR case, the smaller distance is in good agreement with
covalent-linked porphyrins. These structural characteristics clearly indicate that the
DRchains consist of covalently bonded dimericmacromolecules linked by py–Cu–py
coordination bonds along the chain direction, whosemodel is illustrated in Fig. 10c. It
is also notable that there are small protrusions at the side of the chains pointed out with
white arrow. These features have been observed on the SR chains and identified as
bromine atoms. This phenomenon provides another piece of evidence that the
molecules are arrangedwith their Br groups at the side in the DR chains. It is clear that
453 K annealing has already triggered the coupling of 4 forming covalent-linked
dimers [5, 8, 9, 11, 12, 15, 38]. Such a lower activation temperature compared to the
case on the pristine Au(111) surface is due to the catalytic effect of Cu.

4.2 Metal-Directed Template

To unravel the role of py functions, we carried out control experiments to explore
the difference between 4 and 3 (see Sect. 3.2). Figure 11a shows the Au(111)
surface deposited with 4 and Cu with an annealing of 453 K for 60 min. It shows

Fig. 11 Comparison of the polymerization of 4 and 3. a STM image of SR chains formed from 3
(100 nm × 100 nm). b and c KMC simulated structures formed out of 4 and 3. d Reaction ratios of
4 and 3 as a function of reaction time. Triangle Simulation results. Solid line Exponential fittings.
Vertical bars Experimental values. Blue 4. Red 3. e Experimental weight distribution of the
macromolecular structures formed out of 4 and 3 as a function of the size of macromolecule [42]
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covalently bonded polymeric chains [12]. Under the same Cu dosage and annealing
treatment, we found that the reaction ratios of 3 were always lower than those of 4,
which can be seen from the vertical bars in Fig. 11d. We also conducted KMC
simulation of 4 and 3 with Cu at 453 K for 30 min (Fig. 11b, c). For 4, ladder-like
structure is formed with py–Cu–py bonds in one direction (blue) and C–C covalent
bond in the orthogonal direction (black). For 3, only short single chains are gen-
erated. Moreover, most of 4 are involved in the coupled architecture, while about
60 % of 3 are adsorbing as isolated monomers. The simulated reaction ratios versus
annealing time are plotted in Fig. 11d. With the fitting using function A(1 − e−t/τ),
time constant could be obtained, and the value of 4 (341 s) is merely one-fifth of
that of 3 (1536 s). However, the prefactor A is comparable for 3 and 4. Therefore,
the simulation verifies that the formation of coordination bonds can significantly
enhance the coupling reaction rates.

Distribution of the macromolecular structures of certain sizes was also analyzed
for the samples of 3 or 4 after 60-min annealing at 453 K, as shown in Fig. 11e. One
can see that monomers account for 5 % in 4 but almost 60 % in 3, reflecting the
lower reaction rates of 3. Apart from that, the macromolecular structures formed
from 3 exhibit a much wider size distribution than from 4. Majority of 4 (63 %) are
coupled in dimeric configuration, and they are organized in order by coordination
bonds in contrast to the random distribution of 3.

Two possible mechanisms might take place during the reaction: (1) the SR chains
are decomposed by the annealing and then the free monomers are coupled by
covalent bonds. Coordination bonds reform as the sample is cooled down. However,
such a process would generate macromolecules of a broad size distribution, and the
final coordinated chains would be composed by them and have an inhomogeneous
width. As this is not observed in the experiment, this presumption is ruled out. (2) A
template-assisted coupling reaction as illustrated in Fig. 10c: a DR chain is grown
from a dimeric molecule seed step by step. When two more monomers are anchored
separately to the dimer via py–Cu–py bonds, to avoid the spatial conflict, those
flexible bonds have to be bent as the model highlighted by circle in Fig. 10c, which
could be found in the real structure as circled in Fig. 12b. In this configuration, the Br
atoms are brought into proximity to facilitate the Ullmann coupling reaction as in
topochemical polymerization processes [44]. According to our simulation, most C–
C bonds were formed between the neighboring monomers anchored to the existing
chains though coordination bonds; hence, we propose that Cu plays a dual role in
promoting the C–C bond formation: One is reducing the reaction barrier as catalyst;
one is ligating with py as template to speed up the reaction.

4.3 Size-Limited Polymerization

Asdiscussed in the previous section, dimeric and trimeric chains predominate after the
453 K annealing, as shown in Figs. 10b and 11e. Different annealing temperatures
were tested for the reaction of 4 and Cu. In Fig. 12a, it can be found that most of the
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products are DR chains after a 573 K annealing. The size distribution of the macro-
molecular structures produced at different annealing temperatures is plotted in
Fig. 12d. The high-temperature annealing did not significantly enhance the formation
of larger oligomers. Tetramers or larger ones are rarely observed, and the largest
structure found is heptamer, as marked by the arrow in Fig. 12a. It is worth noting that
DR chains are always the predominant structure when the annealing temperature is
higher than 453 K.

Besides the size limitation, the chains always show very smooth edges. It implies
that the attachment of individual monomers to the side of a chain is unfavorable,
and even if it happens, a new row will grow along the side of the chain due to the
template effect. In other word, the coordination template steered the polymerization
process to favor the replication of the existing smaller (dimeric or trimeric) seed
structures over the growth of larger structures, which led to the predominant for-
mation of the dimeric macromolecules.

We prepared a sample with DR chains of low surface coverage, then put more
Cu and 4 onto the surface with an additional annealing of 453 K for 30 min. As
marked by arrows in Fig. 12b, some sections of several DR chains had been
widened to TR chains. However, DR chains are still the main structures, as shown
in the size distribution in Fig. 12e. Therefore, most of the lately added molecules
either formed new DR chains or prolonged the existing ones, which is consistent
with the proposed mechanism. It indicates that for a higher yield of wider chains,
larger macromolecular structures must be generated at the early stage as seeds,
which will grow longer via a self-replicating process. To verify this proposal, we
deposited 4 onto a hot surface (513 K) predosed with Cu. More covalent-linked

Fig. 12 STM images (100 nm × 100 nm) and weight distribution of chains formed from 4 with
different preparation parameters. a Molecules were deposited on Au(111) held at 298 K and
annealed to 573 K. b Weight distribution with different annealing treatments. Inset the
corresponding reaction ratio. c and d Deposition was done on the substrate held at 298 K and then
annealed to 453 K. e and f Deposition was done on the substrate with precovered Cu at 513 K [42]
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trimers or larger macromolecules formed, which triggered the formation of wider
chains, as shown in the STM image of Fig. 12c and the size distribution in Fig. 12f.
The ratio of the TR chains reached 50 %, exceeding that of the DR chains.

5 Summary and Conclusions

In this chapter, we have discussed the roles of several transition metals in the
on-surfaceUllmann coupling reaction focusing on three aspects: (1) metal atoms form
an organometallic intermediate in the reaction; (2) intrinsic metal substrates and
extrinsic metal deposits catalyze the two reaction steps, and (3) metal-coordination
template controls the polymerization via Ullmann coupling.

1. We have identified an organometallic state as an intermediate phase in the
reaction. STM and DFT calculations revealed at a single-molecular level that the
intermediate consists of biradical terphenyl (ph)3 units that are connected by
single Cu atoms through C–Cu–C bridges.

2. We have investigated the catalytic behavior of five transition metals of Ag, Pt,
Au, Cu, and Pd. We found that Cu, Ag, and Pt form the organometallic inter-
mediates. Based on statistical analysis of the yields of different species, we
propose that the overall catalytic activity ranks as Pt > Au > Cu > Ag while the
rate-limiting step varies with the different metals. By means of analyzing the
isothermic series of Pd- and Cu-catalyzed reactions, we discovered that the two
catalysts result in distinctive bond formation yields as well as reaction rates. We
attribute these differences to the distinctive roles the two catalysts play in dif-
ferent reaction steps. We also determined the activation energy of Pd catalysis to
be (0.41 ± 0.03) eV, which is lower than the Cu catalysis.

3. Using specially designed bifunctional porphyrin compounds, we have demon-
strated that metal coordination can effectively alter the products of the
on-surface polymerization. First, the dimeric structure is formed with a very
high yield. Second, the macromolecules are organized by metal coordination
into supramolecular chains on the surface. These results may shed lights on the
design and synthesis of size- and shape-controlled macromolecular systems in
the fast emerging field of on-surface synthesis.

The results presented in this chapter highlight the active roles that the transition
metals play in the on-surface Ullmann reaction. We emphasize that in spite of the
fact that this reaction is one of the most-studied on-surface reactions, more work
must be done to get a better understanding as many open questions remain. For
example, how does debromination occur? How to describe the molecules after
debromination (radical might not be an accurate term)? How do the intermediate
states form and convert to the final state? We believe that these questions are to be
addressed for other on-surface reactions too.
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On-Surface (Cyclo-)Dehydrogenation
Reactions: Role of Surface Diffusion

José A. Martín-Gago, Anna L. Pinardi and José I. Martínez

Abstract Creating or connecting together large organic molecules, as polycyclic
aromatic hydrocarbons (PAH), readily on surfaces arises as a step of paramount
importance towards a true advance in the field of nanotechnology, and particularly of
molecular electronics. On-surface synthesis can be regarded as an efficient means to
build new molecular species by using bottom-up strategies. In particular,
temperature-driven surface-catalysed cyclodehydrogenation (CDH) processes have
burgeoned in last years as a novel and powerful route to efficiently transform (hetero-)
aromatic molecular precursors into a large variety of a la carte hierarchical nanos-
tructures: from fullerenes and triazafullerenes, aromatic domes, or nanotubes, to
polymeric nanonetworks and, depending on the specific precursor utilized, even to
pristine and functionalized graphene. In the first section of this chapter, the founda-
tions and main aspects of the on-surface synthesis methodology and CDH reactions
are revised, as well as the current status in the field up to the date. In Sect. 2, the most
advanced first-principles theoretical tools currently available for the characterization
of CDH processes will be summarized and described, including the novel theoretical
strategies to monitorize CDH reaction paths and to calculate STM images. The fol-
lowing two sections will report on a very recently paradigmatic example related to the
tailored formation of N-doped nanoarchitectures by diffusion-controlled on-surface
(cyclo-)dehydrogenation of heteroaromatics, where the strength of the PAH–sub-
strate interaction dramatically rules the competitive reaction pathways (CDH versus
dehydrogenative polymerization). On the basis of those findings, the stepwise for-
mation of N-doped nanohelicenes, nanographenes, nanodomes, molecular networks
and graphene from the same heteroaromatic precursor through subsequent dehy-
drogenations on Pt(111) upon thermal-annealing will be fully described. The com-
bined experimental (in situ UHV-STM, XPS and NEXAFS) and detailed
computational DFT-based studies provide a full atomistic and chemical description of
the intermediate reaction stages along the dehydrogenation path.
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1 Introduction

1.1 Towards an On-Surface Synthesis

The outstanding electronic properties of molecular assemblies have generated
significant expectations about the capability of fabricating new devices directly on
surfaces. Nowadays, molecular electronics is regarded, not only as a mean of
extending Moore’s law beyond presently foreseen limits, but also as the emergence
of exciting new potentialities for faster, smaller and cheaper electronic devices.

One of the most promising bottom-up strategies consists of the development of
new on-surface synthesis methodologies for fabricating cyclic molecular com-
pounds. Molecules or organic networks are now readily assembled on a surface,
either created or fused from their constituent building blocks throughout the
establishment of covalent bonds, as a molecular puzzle or origami [1–3]. This idea
of assembling molecules to form superior architectures was originally proposed by
Coté and co-workers almost a decade ago [4]. These authors designed and syn-
thesized periodic extended organic structures in which the building blocks were
linked by strong covalent bonds, organized as porous and stable networks.
Chemical reactions of cyclic molecules were first obtained on surfaces nearly
simultaneously by different groups. Hence, two years later, Grill et al. reported the
formation of nanoarchitectures of controlled dimensionality by covalent assembly
of molecular building blocks [5], Weigelt et al. achieved the synthesis of imine [6],
and Rim et al. [7] showed the formation of molecular aromatic hemispheres. In the
following months, an assortment of different reactions leading to large tailor-made
organic molecules was reported. Although this synthetic route is still in its
embryonic state, the first breakthroughs have already been reported. Thus, in less
than a decade, the formation of new fullerene species [8, 9], nanographene [10],
graphene nanoribbons [11], domes and aromatic hemispheres [6, 12, 13], surface
networks and molecular chains [12], or nanotubes [14, 15], among others, has been
achieved. Therefore, highly attractive π-electron systems on metal [5, 7–20],
semiconductor or insulator [21, 22] surfaces are becoming available.

On-surface chemistry presents several figures of merit. First, the structures
formed attain high stability leading to steady conformations and consequently, to
time invariability with a low thermal degradation of the structural properties. Thus,
they could be transferred from the substrate where have been grown, usually a
metal, to another one, more suitable for applications. A second outstanding feature
of covalent assemblies is an efficient electron transport throughout the formed
bonds, which makes the networks appropriate for molecular applications [1, 2].
Third, these mechanisms could give rise to the formation of molecular species that
cannot be synthetized by standard wet-chemistry protocols. Finally, this strategy
requires the use of surface science characterization techniques and highly controlled
environments, and this decreases the possibility of contamination leading to
chemically pure structures.
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On the other hand, during the last decade, surface science has developed a pow-
erful set of experimental techniques enabling us to unveil the atomic structure of
surfaces and ad-layers with a precision of hundredths of an Å and accurately repro-
duce most electronic features by using first-principles frameworks, as well as pre-
dicting and monitoring the reaction paths. These surface-sensitive techniques make it
possible to investigate reaction mechanisms at the nanoscale and sometimes even
real-time processes. Among them, scanning tunnelling microscopy (STM) has
become an established technique for exploring molecular assemblies. Its ability to
work in different environments and temperature makes it a valuable tool in the
exploration of reaction mechanisms. Unfortunately, STM does not always provide
chemical information. Although molecular-resolved STM images of the new mole-
cules or created networks are well resolved, they do not unequivocally prove that a
particular reaction has taken place, i.e., which are the bonds behind the structures
displayed in the images. STM images need to be combined with other complementary
spectroscopic techniques or theoretical methods, such as X-ray photoemission
spectroscopy (XPS), infrared spectroscopy, ultra-violet photoemission spectroscopy
(UPS) and near-edge X-ray absorption spectroscopy (NEXAFS). All these tech-
niques can be used to determine which are the chemical reactions coupling molecules
between them or transforming themolecular precursors. Current ab initio calculations
based on density functional theory (DFT) approximation can be regarded as truly in
silico experiments, helping us to understand the basis of reaction mechanisms.

A general mechanism for producing covalently bonded molecular networks or
new molecular species is schematically described in Fig. 1. As it can be seen, the

Fig. 1 Right Schematic representation of the on-surface synthesis process (adapted from Ref. [3]).
The first step indicates the deposition of the molecular precursor on the surface; the second one, the
formation of a self-assembled monolayer (SAM) on the surface; the third, a temperature-driven
elimination reaction of the protecting groups, and the fourth the formation of either individual
nanostructures or extended frameworks. Left Ball-and-stick models of the heteroaromatic
molecules used as molecular building blocks in this chapter: (1) C57H33N3; (2) C40H24N2
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aim of on-surface synthesis is the formation of macromolecular assemblies or new
molecular nanoarchitectures through the molecular transformation of the constituent
building blocks [5]. Two are the main routes for achieving this goal. The first one
leads to polymeric networks of variable dimensionality, whereas the second
transforms a molecular precursor into another molecular structure (see Fig. 1). The
idea is to use molecular precursors to build-up complex nanostructures that can
range from purely 2D organic layers, networks or templates, to 1D nanowires or
zero-dimensional (0D) nanoobjects. In this outlined picture, the first step is to
obtain the desired molecular bricks or reagents. Thus, the desired precursor, rep-
resented in Fig. 1 by reddish spheres, is usually synthesized with a molecular
connector at the borders (small yellow ball in Fig. 1). These linkers, connectors or
end-groups stabilize the molecule termination and they could be halide elements,
methyl, amine groups or simply hydrogen atoms.

The on-surface covalent coupling methodology [5, 16–18, 21–27] makes use so
far of a limited portfolio of useful carbon-carbon bond forming reactions:
cyclodehydrogenation (CDH) (analogous to Scholl reaction), dehydrogenative
oligomerization or polymerization, radical dimerization (analogous to Ullmann
coupling), carbene dimerization and aryl halide-alkyne coupling (analogous to
Sonogashira reaction). Among these reactions, CDH (intramolecular oxidative C–C
coupling) and dehydrogenative oligo- or polymerization (intermolecular oxidative
C–C coupling) are especially attractive. The processes formally correspond to C–H
activation of both precursors followed by their (cross)coupling [3].

After this introduction, it should be clear that the bottom-up approach to achieve
new functional nanostructures and two-dimensional (2D) materials should retain the
key features of a traditional synthesis, but also exploit specific phenomena such as
on-surface self-assembly and reactivity of individual molecular components to
covalently interconnect the outcome. This is particularly important when doping is
required to modify the electronic properties of the new 2D materials, such as
graphene. Substitutional doping is a powerful way of tailoring the material prop-
erties [28], and the use of heteroaromatic precursors for the bottom-up reaction
permits an easy and rational control of the doping in the final reaction outcome.

1.2 The Supporting Surface

The surface structure plays an important role in the reactions. Not only because it
lowers the energy barrier, but also because it brings together different adsorbed
precursors through a diffusion mechanism. The first process is related to the ener-
getics of the system, whereas the second to kinetical aspects. Whether the reaction is
driven by kinetics or thermodynamics depends on the diffusion/deposition-rate ratio.
A kinetic regime during growth makes possible the formation of metastable
assemblies, whereas a thermodynamically controlled process leads to equilibrium
structures [29].
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The knowledge acquired with heterogeneous catalysis tells us that the reactivity
of a metal is intimately related to the structure of its surface, and in particular on the
electronic configuration of its d-band. The 12 atomic elements of groups VIII–XI of
the periodic table are the ones that exhibit catalytic properties, and can be divided
into two different groups. Both, the physical properties and their ability to react with
particular species change dramatically when moving from a group to another. These
are the Platinum group metals (Ru, Rh, Pd, Os, Ir and Pt), the base metals (Fe, Co,
Ni) and the coinage metals (Cu, Ag, Au). The role of a metal surface on the CDH
mechanism was studied experimentally and theoretically in detail for the specific
case of Cu(111) [10], where nanographene was formed following a rational
methodology from a PAH precursor.

In the next sections, we will see that the strength of the surface–adsorbate
interaction can control the formation of new tailored nanostructures with different
dimensionality. This interaction depends on the type of surface and thus, controlling
the diffusion of the precursors with the choice of the metal surface, one can drive
the reaction towards the formation of zero-dimensional nanoobjects, or towards the
formation of covalent polyaromatic networks.

1.3 (Cyclo-)Dehydrogenation Reactions

Dehydrogenation and CDH reactions are among the most common in heteroge-
neous catalysis, because of the outstanding properties of the platinum group metals
to cleave the C–H bond. For example, the Pt(111) surface is known to be a good
catalyst towards dehydrogenation of hydrocarbons and of PAHs [3, 8, 30, 31],
because of the particular electronic structure of its d-band. In some cases, such as
for methane and ethylene, the molecules readily dehydrogenate at room temperature
(RT) [30]; however, depending on the precursor, sometimes this reaction needs to
be promoted by an external injection of energy, which can be provided by the
annealing of the sample. Dehydrogenation of many aromatic molecules, such as
benzene, takes place spontaneously at room temperature just after the molecule
reaches many metallic surfaces. Thus, a large number of small PAH, as well as
linear hydrocarbons, easily dehydrogenate upon adsorption on a Pt(111) surface
due to the spontaneous scission of the C–H bond [32]. Note the strong catalytic
effect of the substrate to overcome the 4.5 eV needed to break the C–H bond [33].

There are many examples of organic molecules readily dehydrogenated on
surfaces [3]. However, the undersized H atom is difficult to detect. These types of
reactions are unappreciated by STM and hardly followed by the XPS technique. As
we will see in Sect. 4, the core-level shifts induced by dehydrogenation are usually
smaller of 0.5 eV, and therefore, synchrotron radiation-based XPS is required.
Hence, thermal programmed desorption (TPD) appears to be the most suitable
technique to follow dehydrogenation. However, in order to detect these processes,
and particularly due to the experimental difficulty to differentiate hydrogen atoms
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specifically emitted from the PAH under study, the use of deuterium atoms sub-
stituting some of the hydrogen atoms of the precursor is appealing, as in the
example of Ref. [8].

On the other hand, latest advances in atomistic and molecular modelling have
permitted the possibility of fully characterizing metal–organic interfaces within a
high degree of accuracy. These theoretical techniques lately have been applied to
fully characterize a large variety of CDH reactions, manifesting an excellent
agreement with the experimental evidence and, even in some cases, showing a
highly predictive added value.

1.4 Background and Current Status of On-Surface CDH
Reactions

Let us chronologically revisit the most important advances in the field of the CDH
reactions up to the date. Almost a decade ago, Rim and co-workers activated the
field and burgeoned as the pioneer group investigating by the first time the
temperature-driven and surface-catalysed CDH of PAH [7]. In their original work,
the authors described the chemical transformations of hexabenzocoronene
(HBC) deposited on a clean Ru(0001) surface after thermal-annealing up to 750 K,
where the original precursor resulted in aromatic hemispheres after observing a
sequential CDH process. The fundamental inspiration for this work was the interest
of the mentioned precursor and its interaction with transition metal surfaces, which
was driven by its relationship to the end cap of a carbon nanotube, to polynuclear
aromatic hydrocarbons, and to reactor carbonization. Even though HBC is a large
and multifunctional molecule, the unique advantages offered by its high symmetry
(there are only five types of C atoms) simplify the interpretation of the fundamental
surface-molecule chemistry. On the other hand, Ruthenium played a very important
role in this investigation as a metallic scaffold able to p-bond to HBC, and due to its
excellent catalytic activity in many processes such as Fischer–Tropsch and olefin
metathesis.

A step forward in the CDH reactions field was given by Otero and co-workers
thanks to the synthesis of the heteroaromatic PAH C57H33N3 [34, 35]. In this work,
the formation, for the first time, of triazafullerene C57N3 molecules by using a
highly efficient surface-catalysed CDH process was achieved. Its shape was
specifically designed to yield to the formation of a triazafullerene via CDH. The
precursor was deposited under UHV conditions on a clean Pt(111) surface: upon
annealing at 720 K, it underwent a complete surface-catalysed CDH and trans-
formed, like a nanoorigami, into the corresponding triazafullerene molecules with
about 100 % yield. The same procedure was repeated, and the same result was
obtained, using the similar precursor C60H30. Details about this transformation
reaction will be given in subsequent sections.
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Amsharov and collaborators [9] also investigated formation of fullerenes from
similar precursors. In particular, they achieved the on-surface synthesis of the
higher fullerene C84 from CDH of C84H42. In their work, Amsharov et al. focused
on the importance of the design of the precursor for achieving the desired result.
They provided evidence that only the correctly programmed precursor can trans-
form into the desired outcome. To this goal, they synthesized two different isomers
of C60H30 molecules and showed that only one of them can turn into a fullerene via
on-surface CDH. Therefore, they proved that the surface-catalysed CDH processes
do not involve C–C bond rearrangement and that the “cage formation proceeds
through dehydrogenation and the zipping of newly formed bonds at preselected
positions only” [9]. These authors also showed that the CDH of the modified isomer
of C60H30 precursor led to open-cage fullerene, discerning among four types of
open-cage fullerenes, depending on which C–H bonds broke to form new C–C
bonds. Therefore, they were able to superimpose the models of open-cage
fullerenes to the STM images. Importantly, they found that the molecules bend
downwards upon annealing.

Following this line, Treier and co-workers proposed in 2011 a surface chemical
route that allowed for the atomically precise fabrication of tailored nanographenes
from polyphenylene precursors [10]. In their original work, the CDH of a proto-
typical polyphenylene on Cu(111) was studied combining STM and DFT. They
found that the thermally induced CDH proceeded via several intermediate steps,
two of which can be stabilized on the surface, yielding unprecedented insight into a
dehydrogenative intramolecular aryl–aryl coupling reaction. The authors also
proved that, although the reaction was catalysed on this particular substrate, a
hybrid simulation suggested that the reaction could also proceed—although in a
different way—on an inert substrate that interacts with the adsorbate through dis-
persive interactions only, hence favouring planarized conformations. Through
chemical synthesis of appropriate polyphenylene precursors (bearing structural
resemblance to, or comprising cyclohexa-o-p-o-p-o-p-phenylene (CHP) units) and
on-surface CDH, this might offer a route to substrate-supported, tailor-made gra-
phene nanoribbons and nanographenes on technologically relevant substrates.

Very recently, on-surface CDH has been extended to the synthesis of ultrasoft
singly capped single-wall carbon nanotubes (SWCNTs), that is, SWCNT end cap
with a short tube segment attached. Such molecules represent ideal seeds for
subsequent epitaxial elongation into isomerically pure SWCNTs. This idea was
previously suggested by Mueller et al. [14], but the key point in this process is to
avoid uncontrolled, spontaneous nucleation of end caps by providing ultrasoft
nanotube seeds (specially designed molecular precursors), which unambiguously
dictates the chiral index of these SWCNTs forming on epitaxial elongation. To
tackle this challenge, Sánchez-Valencia and co-workers [15] have recently designed
and synthesized by multistep organic synthesis the precursor C96H54. Upon
intramolecular CDH, it affords seed S1, an ultra-short singly capped (6,6) SWCNT
bearing a carbon nanotube segment.
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1.5 Designing the Molecular Precursors

Nowadays, many different kinds of molecular precursors can be synthesized a la
carte by organic chemists. New synthetic routes based on catalytic elements
become more efficient in the determination of the reaction products. As the organic
chemists synthetize more complex and focused molecular precursor, new blue-
printed nanostructures will be fabricated. The adequate choice of the geometry of
the precursor is of paramount importance to programme the outcome of the CDH
reaction [7–9]. Thus, the work together with organic chemists has become essential.

Another advantage of the CDH methodology is that heteroatoms can be easily
included into the fabricated nanoarchitecture and thus permits an easy and rational
control of the doping in the final reaction outcome. In order to illustrate these ideas,
the examples of Chaps. 3 and 4 are performed with two different heteroaromatic
precursors, 1 and 4 (see Fig. 1), which have been intentionally fabricated to obtain a
final targeted outcome.

The threefold symmetric clover-shaped and nearly flat crushed-fullerene pre-
cursor 1 (C57H33N3) was already shown in Sect. 1.4 to undergo CDH [8] on
single-crystal platinum surfaces yielding triazafullerene 2 (C57N3) by removing
33 H atoms and the consequent formation of new C–C bonds. This molecule was
synthesized by Gómez-Lor et al. [34]; its shape was specifically designed to yield to
the formation of a triazafullerene via CDH.

The easily accessible pyridyl-substituted dibenzo[5]helicene 4 (C40H24N2) is a
non-planar helical molecule. Precursor 4 can flatten through on-surface CDH by the
removal of 8 H atoms: the resultant formation of four new C–C bonds leads to the
achievement of 2,5-diazahexabenzocoronene 5 (C40H16N2), 2 N-HBC, namely
N-doped nanographene.

2 Theoretical Characterization Tools for CDH Processes

2.1 Ground-State Characterization

2.1.1 Structure and Energetics of the Interfaces

The latest advances in atomistic and molecular modelling have allowed the pos-
sibility of fully characterizing metal–organic interfaces within a high degree of
accuracy, showing an excellent agreement with the experimental evidence. In
particular, one of the most accurate and feasible theoretical frameworks for the
structural characterization of the different systems involved in (cyclo-)dehydro-
genation reactions is DFT. DFT is powerful to obtain optimal structures and total
energies through an effective combination of several atomistic simulation packages,
such as the fast and efficient localized-basis-set codes [36–38], and the accurate
plane-wave simulation packages [39–41]. At this point, it is important to remark
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that the geometrical optimization processes can be faced by structural relaxations at
0 K, or by finite-temperature dynamical quenching molecular dynamics when the
effect of an external temperature has to be included. On the other hand, depending
on the nature of the system, size or electronic character, the geometric structure can
be described by a large variety of different exchange-correlation parametrizations,
such as local-density approximation (LDA), density gradient-dependent approxi-
mation (GGA), or hybrid functionals (combining both the previous schemes). LDA
arises as a more adequate scheme for systems with metallic character, while GGA
yields to more accurate results for semiconductors and insulators. Both the
localized-basis set and the plane-wave DFT-based implementations previously
mentioned [36–41] allow using accurate parametrizations for the van der Waals
forces and energies, as described in next subsection.

2.1.2 van der Waals (vdW) Interaction

There is strong evidence that van der Waals (vdW)—or dispersion forces—play a
paramount role in the adsorption mechanism of aromatic molecules on metal sur-
faces [12, 22, 42], usually leading, in comparison with non-vdW DFT calculations,
to a significant increase of the adsorption energies and distances, and, what is even
more relevant, to non-negligible geometric distortions of both the organic and the
substrate. On this basis, in order to properly account van der Waals interactions for
the different systems participating in (cyclo-)dehydrogenation reactions, both DFT
schemes introduced in previous paragraph [36–41] can be improved by the inclusion
of essentially equivalent parametrizations of the vdW interaction. Many different
ways can be adopted to implement the vdW interaction in this kind of DFT-based
implementations. Nevertheless, herein we will summarize the main points of the
most (in our opinion) adequate ones, according to the systems currently participating
in the (cyclo-)dehydrogenation reactions from the theoretical point of view. On one
side, we can treat the vdW forces and energies within the localized-basis-set codes
by the dipolar approximation, where all the atomic dipoles can be obtained from all
the counterparts involved in the whole system by a summation rule. The total sum of
those contributions will provide the vdW correction to the conventional DFT results
[43, 44]. On the other side, plane-wave simulation packages can use an empirical
efficient van der Waals (vdW) R−6 correction to add dispersive forces to conven-
tional density functionals (DFT-D) [45]. In this method, the vdW correction is added
to the DFT total energy by the expression EvdW ¼ P

i;j
Cij

R6
ij
f ðRijÞ;where Cij and Rij are

the vdW coefficients and the distance between atom i and j, respectively. The vdW
coefficients can be calculated as described by Elstner et al. [46] and f(Rij) is a
damping function which prevents a divergence in the energy as Rij tends to zero as.

f ðRijÞ ¼ 1� exp �3:0 Rij

R0ij

� �7
� �� �4

; where R0ij is the sum of atomic van der Waals

radii. They can be calculated from the vdW radii provided by Gavezzotti and
co-workers [47–49].
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2.1.3 Improving the Electronic Structure Description: Many-Body
Perturbation Theory Corrections

For the description of the electronic structure, when a conventional DFT-based
framework is sufficient, both previously mentioned implementations can be
employed [36–41]. Nevertheless, DFT calculations of energy band structures have
well-known limitations due to the approximate description of exchange and corre-
lation (XC) effects between the electrons, such as the incorrect asymptotic behaviour
of the XC potential and the underestimation of the magnitude of the electronic energy
gap in semiconductors [50]. A similar error can be expected for the gap between
occupied and unoccupied electronic states (HOMO–LUMO gap) in finite clusters,
nanoparticles [51] and metal–organic interfaces (which is the case in most
temperature-driven and surface-catalysed CDH processes) [52, 53]. Those errors
could affect the energies of the excited electronic states, and thus the band structure,
the photoabsorption spectrum, the electron–phonon coupling and, what is even more
important in this case, theoretical spectroscopical quantities. For this reason, it is
possible to correct, when necessary, the DFT band structures using many-body
perturbation theory. For this purpose, once the LDA (GGA or hybrid) electronic band
structure is established, one can calculate the many-body corrections to the electronic
band structure by combining two different techniques. First, the quasi-particle cor-
rections within the 0th-order Green function screened-interaction approach (G0W0)
[54–56] to account for the exchange-correlation self-energy, which is poorly
described by conventional DFT. A basic input ingredient in the G0W0 calculations
will be the LDA electronic structure as extracted from the conventional DFT codes.
On the other hand, it is well known that the G0W0 calculations lead to more accurate
band gaps and to an improved description of the k-dispersion of the band structure
[55]. Second, taking the corrected G0W0 electronic structure as input, it is possible to
apply the Bethe–Salpeter equation (BSE) formalism [51, 57, 58], where the afore-
mentioned quasi-particle G0W0 approach is further corrected to account for excitonic
effects in the unoccupied and excited states. These excitonic effects (related to the
electron–hole interaction) are of particular importance in systems involving transi-
tion metal atoms, which will be the case in most of temperature-driven and
surface-catalysed CDH processes. To successfully apply the mentioned many-body
corrections, a large amount of unoccupied electronic bands will be necessary to
obtain converged self-consistent results.

2.2 (Cyclo-)Dehydrogenation Kinetic Barriers:
Reaction-Path Energy Characterization

One of the most important issues to take into account when dealing with (cyclo-)
dehydrogenation processes of heteroaromatics on surfaces is that, during the
thermal-annealing process, not all the hydrogens of the molecules are lost and
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detached at the same temperature. This fact is related to the necessary energy to
remove hydrogen atoms in different positions and forming different C–H bonds,
with different binding energies. This fact causes the formation of stable intermediate
structures upon annealing, and governs the (cyclo-)dehydrogenation reaction path.
Is at this point where an accurate theoretical framework can be used to predict the
binding energies of the different hydrogen atoms forming the molecules, and the
strength of the different C–H bonds in the molecule? If one knows a priori which
are the hydrogen atoms with a lower binding energy, the possibilities to predict a
realistic and feasible (cyclo-)dehydrogenation path are substantially increased. The
connection between different molecules or the formation of reaction intermediates
from the initial precursor (via the formation of new C–C bonds from dehydro-
genated C atoms) with the increasing temperature will be more intuitive and evident
towards the prediction of the subsequent steps along the dehydrogenation reaction.
For that purpose, DFT-based calculations can be used to efficiently evaluate binding
energies of the different hydrogen atoms forming an organic molecule just by taking
total energy differences between the molecule with and without a particular
hydrogen atom (see Fig. 2). On the basis of that information, the reaction path can
be constructed by sequentially removing the less bonded hydrogen atoms [12].

Of course, this procedure could be seen as a naïf starting point that has to be
validated. The effect of the interaction with the surface atoms can strongly modify
the energy balance. Also, steric arguments become important, as it will be later
discussed. Nevertheless, this initial strategy could be an adequate guide, mainly for
those cases where the interaction with the surface is weak.

Fig. 2 Schematic representation of the “weakest” C–H bonds (highlighted in red) in a
pyridine-type organic precursor evaluated by ab initio calculations
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On the other hand, as one goes sequentially removing the hydrogen atoms from
the molecule, kinetic formation barriers can be obtained from the structure with an
instantaneously removed hydrogen atom towards its optimal configuration,
obtaining in this way the different intermediates along the reaction path as the
hydrogen atoms are removed, as well as the values of the kinetic formation barriers
to reach the consecutive intermediates. Besides enthalpies of formation, H, for a
particular process the important feature to ascertain its feasibility is the height of the
barrier at the transition state (TS), ΔE. These TSs can be efficiently investigated
within the climbing-image nudge elastic band (CI-NEB) approach [59–61] imple-
mented in some of the most used commercial and free-source simulation packages
(Ref. [39] as an example); where the initial, the final, and all the intermediate image
states were free to fully relax. The transition-state energies obtained from the
CI-NEB calculations can been used to determine the Boltzmann probability for a
thermal fluctuation to overcome the kinetic barriers along the thermal-annealing
process, yielding even the time scale for an event to occur. This strategy can be
used to rationalize the possible routes to predict realistic on-surface (cyclo-)dehy-
drogenation reaction paths.

2.3 Improved Theoretical STM Imaging Approach

Theoretical STM imaging arises as a powerful tool to characterize and monitorize
the structural configurations along the (cyclo-)dehydrogenation reaction paths in
metal-organic interfaces: from the starting precursors to the final products, including
the reaction intermediate configurations. Theoretical STM calculations can be car-
ried out to be compared with the experimental UHV-STM images. In order to obtain
accurate STM images and tunnelling currents, it is possible to use an efficient STM
theoretical simulation technique that includes—by construction—a detailed
description of the electronic properties of both the tip and the sample (this formalism
has been fully implemented in the Fireball atomistic simulation code [36]). Using
this technique, based on an effective combination of a Keldysh–Green’s function
formalism and local-orbital DFT [62, 63], the system is split into sample and tip (see
Fig. 3). Given the versatility of this approach, we will be able to use a great variety of
scanning tips [64], with different shapes and sizes (including the standard W- and
Au-based pyramidal tips), even applying different tip-functionalizations, or
accounting for tip-contamination effects [65]. Within this approach, in the tunnelling
regime at low temperature, the STM current is given by Refs. [62, 63] as:

I ¼ 4pe2

�h

ZEF þ eVs

EF

dxTr Ttsqss xð ÞTstqtt x� eVð Þ½ �; ð1Þ

where Vs is the surface voltage, ρtt and ρss are the density of states (DOS) matrices—
in the local-orbital basis—associated with the tip and sample, while Tts and Tst are
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the local-orbital Hamiltonian matrices coupling tip and sample (see Refs. [62, 63]
for further details). The Hamiltonian hopping matrix elements between tip and
sample are then obtained by using a dimer approximation: the interaction of a dimer
formed by each contributing atom of the scanning tip and each contributing atom in
the sample is calculated for different atom–atom distances and for all the nonzero
interactions, using the Keldysh–Green formalism to propagate the tunnel current
between both subsystems [62, 63]. Some recent examples of the application of this
approach for organic molecules on surfaces can be found in Refs. [64, 66]. It is
important to remark that this formalism dramatically improves the theoretical STM
imaging description within the standard application of the Tersoff–Hamman
approach, [67, 68] in which the STM tunnelling current is simply proportional to the
DOS at the Fermi level (EF) of the sample at the position of the tip; thus, contour
maps of this DOS have been frequently used to generate theoretical STM images.
This method has proven being very useful, obtaining qualitatively correct STM
images for moderately simple interfaces. Nevertheless, this theoretical approach fails
for slightly more complex systems, for instance, when p (or d) orbitals in the tip play
a significant role in the STM current, [69] or in the case of tip contamination.

On the other hand, simply using the LDA Kohn–Sham energy levels provides
molecular transport gaps that are too small, and this is an important issue for
obtaining accurate and realistic STM images with respect to the conventional
DFT-based STM imaging formalisms, when we have organics adsorbed on metal
surfaces (which are the cases visited in this chapter) [53, 64, 66]. However, the
effective charging energy of the molecule, U, can be used to effectively correct the
Kohn–Sham energy gap, EKS, and calculate the transport gap as Et = EKS + U. This
correction can be easily introduced in a conventional localized-basis-set DFT
implementation (see Ref. [35] as an example) via a scissor operator in the molecular
orbitals before the self-consistency DFT process. The use of this operator will also
permit accounting for image potential effects, electronic screening, as well as the
correct energy-level alignment between the substrate and the adsorbates (a variety
of organic molecules in this case), which will permit to tunnel at the same bias

Fig. 3 Pictorial representation of the tip (bHT) sample (bHS) and overlapping (bHP) Hamiltonians
used to calculate the tunnel current within the Keldish–Green’s function formalism [62, 63]
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voltage used in the experiments, [64, 66] as well as obtaining an improved
description of charge transfers and the created induced dipoles, and other related
quantities. The mentioned scissor operator can be also used to incorporate valuable
electronic structure information previously obtained from improved many-body
calculations to the STM imaging calculation process.

3 Tailored Formation of N-Doped Nanoarchitectures
by Diffusion-Controlled on Surface (Cyclo-)
Dehydrogenation of Heteroaromatics

3.1 Introduction

As discussed in Sect. 1, surface-assisted CDH and dehydrogenative polymerization
of polycyclic (hetero-)aromatic hydrocarbons (PAH) are among the most important
and novel strategies for bottom-up assembly of new nanostructures from their
constituent molecular building blocks. Although diverse compounds have been
formed in recent years using this methodology (see Introduction Section), a limited
knowledge on the molecular machinery operating at the nanoscale has so far dis-
allowed to control the reaction outcome. In this section, it will be shown that the
strength of the PAH–substrate interaction rules the competitive reaction pathways
(CDH versus dehydrogenative polymerization). So, starting from the same molec-
ular precursor and controlling its diffusion by selecting the metal to be used as the
supporting surface, temperature-triggered dehydrogenation takes place to provide
molecular or polymeric structures of variable dimensionality. In situ ultra-high
vacuum scanning tunnelling microscopy (UHV-STM) is employed to achieve the
understanding of the self-assembling of molecular precursors on surfaces. By
choosing the appropriate N-heteroaromatic precursors and by controlling their dif-
fusion, the on-surface (cyclo-)dehydrogenation can either lead to monomolecular
triazafullerenes, diazahexabenzocoronenes (N-doped nanographene), or to N-doped
polymeric networks.

A sketch of the reaction pathways and of the selected precursors is represented in
Fig. 4.

3.2 Cyclodehydrogenation on a Highly Reactive Surface:
The Case of Pt(111)

Pt is known to be a highly reactive surface and a good catalyst for dehydrogenation
reactions of organic molecules [8]. In this subsection, the deposition of precursors 1
and 4 under UHV conditions on Pt(111) at room temperature (RT) is shown, and
this is represented in Fig. 5 (left-panels). At low coverage (about 0.3 monolayers),
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the STM images show individual molecules of 1 (Fig. 5a) and 4 (Fig. 5c) scattered
over the surface with no preferential adsorption at the step edges. This indicates that
both precursors are well anchored to their adsorption sites and, accordingly, their
diffusion is substantially restricted. However, the molecule–substrate interaction is
not strong enough to disrupt the molecular structure [35].

DFT-based calculations for the case of 4 on Pt(111) shows that precursor 4
adsorbs 0.31 nm above the surface and reacts with the Pt by electrostatic interac-
tions derived from van der Waals forces with a binding energy of 1.5 eV per
molecule, which is high enough to prevent its diffusion. However, the electrostatic
nature of this interaction and, thus, the absence of covalent bonding does not
modify the structure of the molecule as it is experimentally observed: in the STM
images the shape of individual molecules is distinguishable, and it is possible to
resolve the submolecular structure of 1 and 4 (insets of Fig. 5a, c, respectively).

Upon annealing 1 and 4 on Pt(111) at about 720 K, they both change their shape,
size and intramolecular structure (Fig. 5b, d). The shape of 1 turns from triangular
to spherical (2) (Fig. 5b). The transformation of 1 to triazafullerene 2 is caused by
the cleavage of all the C–H bonds and the spontaneous formation of new C–C
bonds without rearranging the present bonds. This transformation is accompanied
by significant morphological changes: the width decreases from 2.2 to 1.2 nm and

Fig. 4 Heteroaromatic precursors 1 and 4 are subjected to controlled on-surface dehydrogenation.
1 and 4 may form, respectively, (i) nitrogen-doped triazafullerene 2 or 2,5-diazahexabenzo-
coronene 5 (both through intramolecular cyclodehydrogenation) or (ii) branched and cross-linked
2D polyaromatic architectures 3 or 6 (both through intermolecular dehydrogenative polymeriza-
tion accompanied by intramolecular cyclodehydrogenation). Nitrogen atoms are highlighted as
blue balls. 3 and 6 represent only conjectural structures. Reprinted (adapted) with permission from
(ACS Nano, 2013, 7(4), pp. 3676–3684). Copyright (2013) American Chemical Society
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the apparent height increases from 0.20 to 0.37 nm. These observations are in
agreement with related studies on fullerene nanostructures deposited on the same
surface [9, 70].

Concerning precursor 4, its internal structure with four bright lobes disappears
upon annealing and rounded features are imaged with the STM (Fig. 5d). The
lateral size (diameter) changes from 1.7 to 1.4 nm and the apparent height from 0.28
to 0.23 nm. This newly formed nanostructure features a loss of the intermolecular
resolution (see inset) indicating the breakage of C–H bonds compatible with the
formation of 2 N-HBC, N-doped nanographene 5. This agrees with previous studies

(a) (b)

(c) (d)

Fig. 5 Dehydrogenation of 1 and 4 on the Pt(111) single-crystal surface. UHV-STM images of
about 0.3 monolayers of precursor 1 in (a) (30 × 30 nm2, the inset 4 × 4 nm2, Vs = +0.5 V) and
precursor 4 in (c) (30 × 30 nm2, inset 4 × 4 nm2, Vs = +2.0 V) deposited on Pt(111) at room
temperature show individual molecules with intramolecular structure corresponding to molecular
orbitals. After annealing at 720 K, the cyclodehydrogenation process occurs and 1 is transformed
into the spherical triazafullerene 2 in (b) (30 × 30 nm2, inset 4 × 4 nm2, Vs = +0.5 V) and 4 into the
flat 2,5-diazahexabenzocoronene 5 in (d) (30 × 30 nm2, inset 4 × 4 nm2, Vs = +2.0 V). Reprinted
(adapted) with permission from (ACS Nano, 2013, 7(4), pp. 3676–3684). Copyright (2013)
American Chemical Society
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on forming and imaging HBC structures on surfaces [7, 71, 72]. Finer details of this
transformation will be discussed in next section.

The transformation of 1 into 2 is a process of complete CDH, as the thermal
activation involves the cleavage of all the C–H bonds, and the C dangling bonds
link between neighbouring ones to form new cycles. However, only partial CDH
occurs in the process of transformation of precursor 4 into 5, since only the inner H
atoms detach, while the peripheral ones are maintained. The differences can be
related to steric reasons. The first CDH reactions on 1 create some pentagons that
induce a height to the planar molecule. This curvature approaches H atoms from
different molecular wings to each other, assisting the formation of a new cycle. This
is not the case of 4. Only the rings having a neighbour close enough to form a new
cycle dehydrogenate. In another words, and following the notation of Fig. 2, atoms
2, 3, 6, 7, 8, 9, 10 and 11 do not have a neighbouring ring one to form a new cycle.

3.3 Cyclodehydrogenation on a Weakly Interacting Surface:
The Case of Au(111)

Intriguingly, an entirely different reaction outcome is obtained when changing the
substrate from platinum to gold (Fig. 6). In contrast to Pt(111), the Au(111)
single-crystal surface is known to interact weakly with adsorbed aromatics and,
accordingly, it is considered to be inert towards some catalytic reactions [73]
Indeed, after the deposition of about 0.4 monolayers (ML) of 1 or 4 on the Au(111)
surface at room temperature, no molecules are seen by STM because they diffuse
faster than the scanning speed (Fig. 6a, c, respectively). The presence of 1 and 4 in
its molecular form on the surface was corroborated by XPS and NEXAFS. These
spectroscopic techniques also confirm the presence of N in the molecules on the
surface (see next section).

However, upon annealing 1 and 4 to 700 K, it is possible to observe the for-
mation of 2D polymeric cross-linked networks 3 and 6 (Fig. 6b, d, respectively).
The highly diffusing precursors 1 and 4 partially cyclodehydrogenate and dehy-
drogenate, respectively, meet other diffusing (and also dehydrogenated) adsorbed
precursor to covalently bind together.

After a few molecules merge via dehydrogenative oligomerization, the diffusion
of such nanoclusters diminishes. Once these molecular seeds fix on the gold sur-
face, a random network of branched molecules forms, since polymerization does
not follow any preferential crystallographic direction. In some sections of the
network, it is possible to distinguish a triangular or round topology in their con-
stituent units resembling that of the original precursor 1 and 4, respectively.

These results have also been observed for other coinage surfaces as Cu(111) and
Cu(100).
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Figures 5 and 6 indicate that surface diffusion is the key mechanism driving
CDH and dehydrogenative polymerization of the same molecular precursor (1 and
4) either to the formation of individual nanoobjects (2 and 5) or extended networks
(3 and 6) as schematically represented in Fig. 4. The interplay between molecule–
surface and molecule–molecule interactions causes the reaction to move towards
either the left or the right in Fig. 4.

The degree of polymerization of the precursors 1 and 4 and, accordingly, the
structure and dimensionality of the formed nanoobjects can be controlled by two
experimental parameters, namely by the annealing temperature and by the surface
coverage of the precursor (Fig. 7). Temperature effects will be deeply discussed in
the next section.

(a) (b)

(c) (d)

Fig. 6 Dehydrogenation of 1 and 4 on the single-crystal Au(111) surface. STM images of 0.4 ML
of precursor 1 in (a) (30 × 30 nm2, Vs = +0.5 V) and precursor 4 in c (30 × 30 nm2, Vs = +2.0 V)
deposited on Au(111) at room temperature do not show individual molecules. After annealing 1
and 4 at 700 K, the dehydrogenative polymerization/cyclodehydrogenation processes occur and 1
is transformed into the 2D heteroaromatic network 3 in (b) (40 × 40 nm2, Vs = +0.75 V) and
similarly 4–6 in (d) (40 × 40 nm2, Vs = +2.0 V). Reprinted (adapted) with permission from (ACS
Nano, 2013, 7(4), pp. 3676–3684). Copyright (2013) American Chemical Society

60 J.A. Martín-Gago et al.



Indeed, depositing a lower coverage of 1 (0.1 ML) on Au(111) and annealing at a
lower temperature (540 K), small zero-dimensional oligomeric clusters 3 become
visible by STM, as they anchor to the surface at the elbows of the herringbone
reconstruction (Fig. 7a, b) or at the step edges. High-resolution STM images show
that the oligomeric clusters 3 consist of a few covalently bound subunits where some
retain the triangular shape of the precursor 1, meaning that only partial (cyclo-)
dehydrogenation of 1 took place, which leads to oligomerization rather than folding.
Their height corresponds to that of individual intact molecules 1. These nanos-
tructures can be easily moved with the STM tip, which manifests their weak inter-
action with the surface. Thus, they could be possibly transferred to a more
technologically useful surface. In some images, we have found semi-intact mole-
cules that link to each other for a small wedge. The CDH of these precursors is only
partial, since they maintain their pristine shape; however, the dehydrogenative
oligomerization is effective here.

Curiously, the final morphology of the two different polymeric chains formed
using 1 and using 4 as building blocks is similar. At low annealing temperature, the
apparent height and width of the chains are in general those of a single intact
molecule, meaning that most chains are unimolecular and that the CDH of the
building blocks is partial. Upon increasing the activation temperature to 600 K
polymeric chains 3 topologically similar to those shown in Fig. 6b are formed.
However, in a few cases one can still distinguish the intermolecular structure of the
original precursor 1. This shows that CDH is also not complete at this temperature.

In order to form a complete two-dimensional N-doped carbonaceous monolayer,
the coverage shall be increased up to 1 ML and, to favour the CDH process, the

(a) (b) (c)

Fig. 7 (Cyclo-)dehydrogenation of 1 to form new nanoarchitectures with different dimensionality.
STM images of 1 deposited on Au(111) at different coverage. a Small oligomeric clusters nucleate
at the corner of the surface reconstruction (formation of 0-D nanostructures) for 0.1 ML deposited
at 540 K (30 × 30 nm2). Inset shows a detail of one oligomeric structure. b The formation of a
linear polymeric network made up of individual molecules indicates a 2-D cross-linking of the
deposited precursor when depositing 0.3 ML at 600 K, (30 × 30 nm2). Inset shows a detail of the
unimolecular branches of the c N-doped carbon 2D layer is formed with a series of interlinked
partially folded structures when 1 ML is deposited at 900 K (40 × 40 nm2). Presence of N in all
these nanoarchitectures was confirmed by XPS. Typical bias and tunnel current were 750 mV and
0.1 nA, respectively
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temperature of the substrate to 900 K (see Fig. 7c). Then, all triangular-shaped
substructures disappear and a dense carbonaceous sheet structure forms. Evidently,
extensive dehydrogenative polymerization took place but, at the same time, CDH
proceeded to a higher degree than at 600 K since open-cage and completely closed
triazafullerene 2, could be identified within the layer.

Figure 7c shows that the morphology of the layer is rough. The origin of the
roughness is twofold. On the one hand, one has to keep in mind that N atoms are
included in the layer, and the local DOS at the N sites can be much higher, and
therefore, STM images show bumped structures due to electronic effects [74]
Secondly, 1 includes both pentagons and hexagons, and therefore, the precursor
should (partially) fold upon (partial) CDH. As mentioned above, the triangular
features are not visible at this temperature, indicating an almost complete removal
of H atoms and an intermolecular recombination process.

3.4 Conclusions

In this section, we have shown that the adsorbate–surface interaction plays a key
role in tailoring the outcome of the on-surface dehydrogenation of suitable (hetero-)
aromatic precursors. Under temperature and substrate control, CDH and dehydro-
genative polymerization compete to govern the on-surface reaction in favour of
either individual molecular nanostructures (when their initial diffusion is mini-
mized) or polymeric networks (when diffusion is enhanced).

It is found that either (i) a strong coupling of heteroaromatic precursors with the
Pt(111) surface blocks the diffusion of molecules and, accordingly, thermally
induced intramolecular CDH dominates; or, in contrast, (ii) a weak coupling of
heteroaromatic precursors with the Au(111), Cu(110) or Cu(111) surface allows the
diffusion of activated molecules and, therefore, intermolecular dehydrogenative
polymerization takes place (along with CDH).

Thus, by using the same heteroaromatic precursor, it is possible to steer the
reaction towards the formation of individual molecular nanostructures or complex
heteroaromatic networks. Importantly, it can be evidenced a straightforward
bottom-up approach to nanoscale carbon-rich heteroarchitectures such as triaza-
fullerenes, N-doped nanographene, N-doped polymeric networks and N-doped
carbonaceous overlayers, which are not accessible by standard tools of chemical
synthesis. In particular, the use of heteroaromatic precursors allows a controllable
way of achieving a doped outcome. Weakly reactive substrates such as Au(111) are
also promoting surface chemistry, even though to a lower extent than the highly
reactive one such as Pt(111).
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4 Controlling the Cyclodehydrogenation Sequence

4.1 Introduction

As discussed in previous section, the pyridyl-substituted dibenzo[5]helicene (DiPy
[5]DBH) can form either N-doped nanographene units, or polymerize to form
covalent heteroaromatic chains. We have seen that the choice of the surface is a
crucial parameter for driving the reaction towards one or the other product, by
promoting either CDH or dehydrogenative polymerization (see Fig. 4).

For this purpose, the temperature was increased to obtain substantial dehydro-
genation. In the present section, we will study the formation of other intermediate
reaction products that can be obtained for partial dehydrogetated structures along
the reaction path. For this goal, we will characterize the deposition of the same
molecular precursors, 1 and 4, on two typical surfaces with different properties.
Pt(111) as a prototypical example of the platinoid group metals on the periodic
table, and Cu(111) as example of coinage metals. We illustrate these examples with
STM, NEXAFS, and XPS at different temperatures, which are effectively combined
with the advanced DFT-based techniques, introduced and detailed in Sect. 2.
NEXAFS and XPS provide precise element-resolved chemical information on the
processes and are therefore very useful to understand the mechanisms of (cyclo-)
dehydrogenation from an atomistic point of view. These results are complemented
with STM images, which provide a visual understanding of the situation.

4.2 Sequentially Formed Species on Highly Reactive
Surfaces

4.2.1 Experimental Characterization of DiPy[5]DBH on Pt(111)

In this section, we will focus on how to control the (cyclo-)dehydrogenation to form
stable intermediate structures, by monitoring the annealing temperature. We will
show that the different C–H binding energy of different C–H bonds determines the
existence of stable intermediates.

Following the scheme presented in Fig. 1, the first step is the deposition of the
precursor on the surface. Figure 8a represents an STM image of 0.4 monolayers of
pyridyl-substituted dibenzo[5]helicene (DiPy[5]DBH, C40H24N2) on Pt(111).
Randomly scattered four-lobe structures are observed. The apparent height (AH) of
the objects is 0.28 ± 0.02 nm, while the width is about 1.70 ± 0.15 nm: since their
size is comparable to the one of the molecules, we conclude that each four-lobe
object represents a single molecule. The zoom in Fig. 8b represents a single
molecule, and the internal features correspond to a mixture of the topography (the
tilted rings) with electronic effects [the spatial distribution of the lowest unoccupied
molecular orbital (LUMO)].
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Upon deposition, the molecules stick where they land: this indicates that the
interaction with the surface is stronger than the intermolecular forces, meaning that
the heteroaromatics cannot diffuse and form ordered islands. However, the fact that
it is possible to actually observe the intramolecular resolution indicates that the
interaction between the molecules and the Pt is not strong enough to fully disrupt
the molecular structure, even though it is high enough to prevent diffusion.

When deposited, 4 sits in five different directions, represented in Fig. 8c by
different coloured lines. Due to the threefold symmetry of the system, the molecular
orientations turn out to be only three: at 30 ± 5°, 15 ± 5° and 7 ± 5° with respect to
the 1�10½ � crystallographic direction of Pt. Although the real angle is hard to
determine, because of the error in determining the Pt crystallographic directions
from the STM, the rotational difference between the molecules on a particular
image is accurate. These angles would correspond to the main directional axis of the
molecules oriented, respectively, along the (1,1), (1,3) and (1,6) directions with
respect to the Pt(111) surface (see Fig. 9). These directions originate angles of 30°,
15.9° and 8.7°, respectively, in good agreement with the angles reported by the
STM. Unfortunately, the registry of the surface cannot be determined by STM.
The fact that the molecule can only orient in three ways indicates that even though
the molecules are not energetically allowed to diffuse, they rotate and slightly

(a) (b) (c)

Fig. 8 STM images of DiPy[5]DHB as deposited on Pt(111) at room temperature. a 30 × 15 nm2;
Voltage applied to the sample (Vs) = + 0.5 V. b 4 × 4 nm2 zoom of a single molecule c Same image
than in a indicating by different coloured lines the different on-surface orientation of the molecules

(a) (b)

Fig. 9 Orientation of the main directional axis of the molecules with respect to the Pt(111) surface
directions. a A possible main directional axis of the molecule is indicated by a black arrow
superimposed to the ball-and-stick model of DiPy[5]DBH. b The lilac spheres indicate atoms of
the Pt(111) surface; the main directional axis of the molecule can orient in three different
directions, namely (1,1), (1,3) and (1,6); the resultant vector is indicated by a black arrow
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displace to adjust with respect to the surface in order to find the minimum energy
configuration, as in the case of other large PAHs on the same surface [35].

Figure 10a represents the STM image of 4 compared with its theoretical simu-
lation (Fig. 10b), and the LUMO representation of the free molecule (Fig. 10d),
obtained with an isosurface of 4 × 10−5 electrons/Å2; both experimental and the-
oretical images are oriented as the structure shown in Fig. 10c. Since Fig. 10d does
not exhibit four clear lobes, we can conclude that the features observed with the
STM are mainly due to a topographical effect rather than to an electronic one.

The experimental STM image of the molecule presents four bright lobes,
reproduced by the theoretical simulation, which includes the surface. The similarity
between the two indicates that the molecule remains intact upon deposition. The
model structure is oriented so that they can be superimposed to the theoretical
simulation and the experimental image (each letter on top of each lobe indicates an
analogous feature); hence, the brightest lobe A is caused by the phenyl ring of the
helicene, which is tilted with respect to the substrate. Lobes C and D are related to
the two pyridine rings (ring D is standing higher than ring C) and lobe B to one of
the two benzene rings. The interaction between the pristine molecule and the Pt
surface is electrostatic at room temperature, and this allows the molecule to
maintain its three-dimensional shape caused by its helical structure.

To study the catalytic effects of Pt(111) on this molecule, the samples are
annealed to different temperatures, up to 830 K, in steps, to have a full picture of the
different chemical stages undergone by the precursor. Above 830 K, the molecules
disrupt to form graphene (not shown). Figure 11 shows STM images of different
stable steps. As displayed in Fig. 11a, d, STM images indicate that the structure
with the four lobes of the molecular orbitals is present up to about 400 K. At this
point, the precursor changes aspect, and only two lobes (one brighter than the other)
are visible. The change of the aspect of the molecule reflects a structural change
caused by the annealing. This structure is explained in detail below, and it will be
referred to as 7, as indicated in Fig. 12.

Figure 11b, c, e, f shows the complete loss of molecular orbital resolution
triggered when further heating the sample to 650 K and to 770 K: the molecules

(a) (b) (c) (d)

Fig. 10 STM image, STM simulation and structure of a deposited molecule at RT on Pt(111). The
letters A–D represent a different lobe. a An experimental STM image of 1 exhibiting four bright
lobes (2 × 2 nm2; Vs = +2.0 V). b The theoretical simulation of the intact molecule at RT. c The
calculated structure of the relaxed precursor at RT, oriented in the same way as (b). d The free
molecule molecular orbital (LUMO) obtained with an isosurface of 4 × 10−5 electrons/Å2
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transform into uniform round features. The zooms (Fig. 11e, f) clearly show that in
both cases no intramolecular resolution is present. An attentive reader may relate
the absence of such feature to a poor resolution of the tip. However, after scanning
hundreds of images of annealed samples, no intramolecular resolution was ever
seen, while for the un-annealed samples the MOs were routinely observed.
Interestingly, the panorama after annealing to 650 K is different from the one after
heating to 770 K. Figure 11b, c compare two 25 × 25 nm2 images after annealing at
650 and 770 K, respectively. The molecules at 650 K (referred to as 5) seem
broader than the majority of the molecules at 770 K (8), and this is highlighted by
the 7 × 7 nm2 zooms (Fig. 11e, f). The apparent height profiles of 5 and 8 in the
inset clearly indicate that annealing the precursor at 650 K (5, red) triggers the
formation of a new molecular structure, which differs from the outcome obtained
when increasing the temperature further (8, blue).

(c)(a) (b) -650 k (c) -770 k(a) -450 k

(e) -650 k (f) -770 k(d) -450 k

Fig. 11 Three different types of molecules arise when annealing DiPy[5]DHB/Pt(111) at 450, 650
and 770 K. The images at the top have the same size (25 × 25 nm2) as the images at the bottom
(7 × 7 nm2). a When the sample is annealed at 450 K, the molecule transforms and only two lobes
are visible, a brighter and a dimmer one (25 × 25 nm2; Vs = +2.0 V). b As the sample is annealed at
650 K, the intramolecular resolution is lost (25 × 25 nm2; Vs = +2.0 V). c If the sample is further
heated to 770 K, most molecules become smaller than the ones observed in (b) (25 × 25 nm2;
Vs = +2.0 V). d A 7 × 7 nm2 zoom of (a) highlights the features of the molecules at 450 K: these
molecules will be referred to as 7. e A more detailed image of the sample annealed to 650 K: these
molecules will be referred to as 5 (7 × 7 nm2; Vs = +2.0 V). f A smaller image of the sample
annealed at 770 K showing five molecules: these molecules will be referred to as 8 (7 × 7 nm2;
Vs = +2.0 V). The inset in between (e) and (f) shows the apparent height profiles of one molecule
annealed to 650 K (red) compared with the one of a molecule annealed to 770 K (blue): the latter is
smaller both in width and in height
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Fig. 12 Each column of this image represents one of the four main stages of the transformation of
the pristine molecule 4 into the intermediate step 7, to N-doped nanographene 5 and to a N-doped
nanodome 8, upon thermal activation. The first row represents the annealing temperature. The
second panel reveals the structure of a given stage: this structure is oriented so that it can be
superimposed onto the STM simulation, shown in the third panel. The fourth row represents the
experimental STM image of each stage (2 × 2 nm2; Vs = +2.0 V). Finally, the last panel shows the
experimental apparent height (solid coloured line) as compared to the theoretical apparent height
(dashed black line). Reprinted (adapted) with permission from (Chem. Commun. 2013, 50 (13),
pp. 1555). Copyright (2013) Royal Society of Chemistry
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Table 1 summarizes these experimental findings. It shows the typical apparent
height and width of an intact precursor at room temperature 7, compared with the
outcomes arising after the structural changes upon annealing at 450 K (7), 650 K (5)
and 770 K (8). Notice how both the height and the width of the representative
molecules decrease with temperature. Therefore, the precursor must undergo at least
three structural transformations upon annealing (before forming graphene). The
apparent height profiles were recorded for about thirty molecules at each temper-
ature, to achieve statistical validity.

Interestingly, Fig. 11c indicates that not all the molecules annealed to 770 K
undergo the full transformation from 5 to 8: some exceptions exhibit the same size
as the precursors annealed to 650 K of Fig. 11a, b, showing that at this temperature
the structural transition is only partial and the transformation process is slow.

4.2.2 Theoretical STM Imaging of DiPy[5]DBH on Pt(111) Along
the Cyclodehydrogenation Reaction Path

As mentioned above, the change of the observed intramolecular structure in 4, 7, 5
and 8 and the decrease in the apparent height and width imply a structural change of
the molecule itself. In order to understand these variations, we performed theo-
retical STM simulations (with the formalism explained in Sect. 2), which are shown
in Fig. 12. In this image, each column represents a different temperature. The top
row shows the annealing temperature, the second row the structure of the molecule
(oriented as the next two rows), the third row the theoretical STM simulation of the
precursor at a given temperature, the fourth row the experimental STM image
(2 × 2 nm2) and the last row the experimental apparent height compared with the
theoretical one. As explained in Sect. 2, within STM approach, tunnelling currents
for the STM images have been calculated using a Keldysh–Green function for-
malism, together with the first-principles tight-binding Hamiltonian obtained from
the local-orbital DFT–Fireball method [36]. The theoretical STM images have been

Table 1 The apparent height and the width of DiPy[5]DBH annealed at four different
temperatures

Annealing T
(K) + molecule type

Maximum apparent height
(±0.02 nm)

Width
(±0.15 nm)

MOs at
Vs = 2.0 V

RT (DiPy[5]DBH: 4) 0.28 1.70 4 lobes

450 (nanohelicene: 7) 0.28/0.23 1.50 2 lobes

650 (2 N-HBC or
nanographene: 5)

0.23 1.44 NO

770 (nanodome: 8) 0.19 1.25 NO

The height and width of the non-annealed sample 4 (observed with four lobes in the STM) are
compared with the ones of the molecule annealed at 450 K (7), 650 K (5) and to 770 K (8): the four
molecules are different. The apparent height profiles were measured on about 30 molecules at each
stage, to obtain statistical validity. The last column indicates whether molecular orbitals are
observed with the STM. The apparent heights of the brighter and dimmer lobes of 7 are both shown
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obtained at constant-current scanning conditions, moving the W-tip perpendicularly
to the sample in each scanning stage to search a preselected fix value of the tunnel
current. The theoretical scanning parameters used here were Itunnel = 0.2 nA, and
Vsubstrate = +2.0 V, in order to mimic the experimental procedure.

The first column of Fig. 12 represents 4 at room temperature. As discussed
above, the essential features of the four bright lobes of the experimental STM image
are replicated by the simulation. Compound 7 is an intermediate stage between 4
and 5, and it is represented in the second column of Fig. 12. Upon thermal acti-
vation at 450 K, 4 undergoes a partial CDH, in which six C–H bonds break and
three new C–C bonds form to create three new aromatic rings. The two tails of the
helicene bind together as a consequence of CDH, and the two pyridine rings bind
with the benzene rings. At this point, the only C–H left are the ones at the edges of
the molecules and the C–H bonds in between the pyridinic rings. This change is
reflected in the experimental and theoretical STM images, where a drastic change
occurs: three of the bright lobes of 4 merge to form a unique lobe. This result
reflects the formation of three new aromatic rings in the molecule. According to the
apparent height profile, the experimental STM image reveals a brighter lobe
(0.28 nm) and a dimmer lobe (0.23 nm). The bright part corresponds to one of the
pyridine rings being farther from the surface due to steric and geometrical effects.

Further, thermal activation allows the cleavage of the two C–H bonds in between
the two pyridinic rings, and the subsequent formation of a new C–C link which
creates a new aromatic ring, forming 5, diazahexabenzocoronene (2 N-HBC), also
known as N-doped nanographene. The transformation from 7 to 5 results in a
structural change which is reflected in the experimental and theoretical STM as a
complete loss of molecular orbital resolution, as represented in the third column of
Fig. 12, which shows a molecule from the sample annealed at 650 K. The profile
shows a decrease in apparent height to 0.23 nm and in width to 1.44 nm. Curiously,
the central part of the molecule is not flat, as it would be expected by a flat molecule
such as this one: the reason for this may be assigned to the tip geometry: this is
reproduced by the pyramidal scanning W-tip employed in the calculations. The use
of a tip with large curvature can account for the experimental shape.

The fourth column of Fig. 12 shows the next annealing step at 770 K, which has
the effect of cleaving all the remaining H atoms, namely the ones at the edges, from
the molecule. As for the case of Rim et al. [7], the effect of the complete dehy-
drogenation of the molecule is to curve the precursor into an N-doped nanodome (8).
Since the breakage of the C–H bonds at the edge does not generate any organic
cycle, we must refer to this process as to dehydrogenation, as opposed to CDH,
which is the formation of an aromatic ring caused by the cleavage of one or more
C–H bonds.

The energy to break the internal C–H bonds is lower than the one needed to cleave
the bonds at the edge due to steric effects [75]; therefore, the first H atoms to leave the
molecule are the more central ones. However, if we supply high enough energy to the
system the edge atoms detach as well. This sequence allows obtaining a hierarchical
order for the dehydrogenation of the molecule. Firstly, the internal H atoms cleave
and the carbons cyclodehydrogenate; secondly, the carbons at the perimeter
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dehydrogenate. This gives us the power to select the desired outcome, simply by
controlling the annealing temperature and hence the energy supplied by the system.

As for the case of 5, 8 does not exhibit any intramolecular resolution. However,
its width decreased to 1.27 nm and its height to 0.19 nm. This is somewhat
unexpected, since upon this last dehydrogenation step the molecule bends, and the
central core is elevated with respect to the edges, as shown in the second row of the
last column of Fig. 12. The reason for the decrease of the apparent height of 8 with
respect to 5 is that the dangling C bonds at the edges bind covalently with the Pt
underneath. So, even if 8 is three-dimensional and 5 is planar, the N-doped nan-
odome is much closer to the Pt surface than the N-doped nanographene, whose
edges are passivated by the H atoms. Therefore, the nanodome 8 appears smaller
than the nanographene 5.

4.2.3 Theoretical Structural and Energy Characterization of the CDH
Reaction Path

The (cyclo-)dehydrogenation process previously outlined is catalysed by the Pt
surface, which lowers the energy barrier required to break the C–H bond. To better
understand the CDH steps of the transformation of 4 into 5, we performed DFT
calculations, by means of large-scale ab initio simulations including all molecule–
surface interactions, as van der Waals, in a DFT framework within a local-density
approximation (see Sect. 2). This investigation was not restricted to the ground state
of the isolated species, but gave detailed insights of intramolecular C–C coupling
by explicitly computing CI-NEB reaction barriers to explain the formation of N-
doped nanographene out of our heteroaromatic precursor (see Fig. 13).

Figure 13 summarizes the main results extracted from the calculations. Upon
deposition (step I), DiPy[5]DBH remains intact (4), with its three-dimensional
shape, and no hydrogen atoms are lost. As described above, the pyridinic rings are
not lying flat on the surface, but they are almost perpendicular, and we obtained a
minimum energy structure with the precursor located at a perpendicular distance of
3.2 Å above the substrate. This indicates that the molecules are not covalently
bonded with the surface, but a strong electrostatic interaction prevents diffusion and
allows the molecule to remain intact upon deposition.

At this point, it is adequate to propose a reaction energy path consisting in the
consecutive CDH of DiPy[5]DBH. The characterization of the energy of each C–H
bond forming the molecule reveals that some hydrogen atoms are participating in
weaker bonds with C. The reaction energy path is composed by intermediate steps
(II–VIII), as shown in Fig. 13. Step VII corresponds to 7 in Fig. 12.

The complete reaction is a sequence of mechanisms, involving: (a) thermal and
kinetic-promoted removal of a “weak” hydrogen (energy barrier, 1.5 eV); and
(b) slight rotation of the corresponding dehydrogenated aromatic ring towards the
neighbouring “weak” C–H bond and the fracture of this C–H bond to form a new
C–C bond by radical aromatic addition (energy barrier, 1.4–1.6 eV). These
mechanisms are repeated four times to complete the formation of four C–C bonds.
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The full reaction pathway (Fig. 13) is completed with a net energy gain of 2.48 eV
in favour of the N-doped nanographene 5 reaction product.

UHV-STM on-surface synthesis of nanographene was also performed by Treier
et al. [10] by cyclodehydrogenating cyclohexa-o-p-o-p-o-p-phenylene (CHP) on Cu
(111). The authors observed with the STM different stages undergone by the
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molecules and interpreted them as different steps of partial CDH up to the formation
of nanographene. Moreover, they also performed large-scale DFT. Surface-assisted
CDH started with a copper-promoted cleavage of the C(sp2)–H bond to generate an
aryl radical that attaches to a neighbouring aromatic units via radical aromatic
addition forming thus the aryl–aryl bond. The reaction is completed by the
copper-promoted removal of hydrogen and final release of recombined H2.
Importantly, as for the present case revised in this section, when the system
overcame a given energetic barrier, it fell back to the next minimum and it needed
another energy injection to overcome the next barrier.

As discussed above, according to DFT, when more energy is injected in the
system, a further structural phase transition occurs after the formation of 2 N-HBC
3, which involves the full dehydrogenation of the molecule, by cleaving also the H
atoms at the edge (see Fig. 14).

The calculations hence suggest that the C atoms at the edge bond with the
surface and the N-doped nanographene 5 bends into an N-doped nanodome 8.
Figure 14a represents a ball-and-stick model of the dome. Figure 14b shows the
STM simulation of 8: it confirms that no intramolecular resolution should be
observed, as for the case of the experimental STM images.

The STM simulation of the two structural phase transitions of 4 into 5 and
subsequently into 8 allowed us to record the theoretical apparent height profile and
to compare it with the experimental one (Fig. 15). The left panel of Fig. 15 rep-
resents the experimental apparent height profiles of a typical 2 N-HBC (red) and a
typical N-dome (blue): as discussed above (see Table 1), 2 N-HBC is wider and
taller than the N-dome. This is confirmed by the theoretical apparent height profiles
(right panel). The width of the theoretical simulations is about 5 % broader than the
one of the experiment, but it lies within the error.

The final value of the apparent height of the N-domes (0.19 nm) resembles the
apparent height of the domes grown with HBC on Ru(0001) by Rim et al. [7]
(0.20 nm); in their case, the molecule was flat at room temperature; therefore, the
transformation into a hemisphere results in an overall increase in the apparent
height. The apparent height of 0.28 nm measured at room temperature is due to
various factors, such as the three-dimensional nature of the precursor and to the
electrostatic interaction with the surface (as opposed to a stronger bond which
would bring the molecule closer to the surface). Moreover, the height measured
with the STM is a convolution of the topographical and electronic effects, which

b Fig. 13 The computed reaction path of the cyclodehydrogenation of DiPy[5]DBH on Pt(111)
upon annealing (steps IV–V). The reaction proceeds via seven metastable intermediates (II–VII).
All energies (in eV) are referred to the final N-doped nanographene reaction product (step IX).
Energy barriers (in eV) are shown for each elementary step. Images of the most representative
metastable states (I, V, VII, IX) along the surface-assisted cyclodehydrogenation process are also
depicted (top panels). A chemical structure diagram is included (bottom panel) to visually illustrate
the different dehydrogenation steps (highlighted in red) and the subsequent C–C bond formations
(highlighted in blue). Reprinted (adapted) with permission from (ACS Nano, 2013, 7 (4),
pp. 3676–3684). Copyright (2013) American Chemical Society
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may play a great role at room temperature, due to the presence of the N dopants.
The decrease in apparent height from 4 (0.28 nm) to 3 (0.23 nm) reflects the
flattening of the molecule due to the 2 N-HBC formation caused by the CDH. As
discussed before, further annealing to 830 K leads to the observation of large
graphene flakes. Previously, we have showed that graphene islands coexist with the
N-doped nanographene domes. Upon further annealing the STM shows no more
nanographene fragments, just large graphene islands.

Fig. 15 Experimental and theoretical apparent height profiles of 2 N-HBC 5 and N-dome 8. The
left (right) panel shows the apparent height profile of the experimental (theoretical) evolutions of
DiPy[5]DBH, namely 2 N-HBC (red) and N-domes (blue). The N-dome is shorter and narrower
than the 2 N-HBC. The sample voltage of both theoretical and experimental images was +2.0 V

(a) (b)

Fig. 14 DFT representation of the complete dehydrogenation of DiPy[5]DBH/Pt(111) and
subsequent formation of N-doped domes 8. a A three-dimensional representation of the formation
of 8 on Pt(111); the light blue atoms indicate the C and the dark blue ones the N, while the green
ones the Pt. Notice how the C atoms at the edge bond with the Pt causing the bending of the
molecule. b A ball-and-stick model of the dome is superimposed to the simulation of the STM
images, measured with a current of 0.1 nA and a sample voltage of +2.0 V
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The mechanism of formation of graphene has been the topic of different
experiments [76]. In the present case, the bonds that formed the molecules break to
form larger graphene islands at the Pt steps. The steps are in general more reactive
sites, ideal for triggering the formation of graphene.

4.2.4 Controlling the CDH Sequence for Fullerene Precursors on Pt
(111): Formation of Open-Cage Fullerenes

Figure 16 shows three STM images along the CDH path at different annealing
temperatures (RT, 300 and 450 °C).

At RT and after annealing at 100 °C, the topology of the precursors is charac-
terized at the STM by a triangular structure, which can be easily related to the
structure of a flat precursor with all its hydrogen atoms intact. On the contrary, at
300 °C a drastic change in the topographical images of the molecules takes place.
At this temperature, the precursor loses a substantial amount of hydrogen atoms.
The images exhibit an intermediate aspect between the triangular shape and a more
rounded profile, which can be related to partially closed fullerenes. At this tem-
perature, it is estimated that the molecule has lost around an average of 6 H atoms
per structural branch. Nevertheless, other different intermediate dehydrogenation
steps can be detected at this temperature, which indicates that not all the PAHs have
lost the same amount of hydrogen atoms. Moreover, in some cases, STM images
are not symmetric, and some of the corners of the molecules exhibit a lower
apparent height tan the rest. This effect may be interpreted in terms that not all the
branches of the PAHs lost the same amount of H atoms for a same annealing
temperature. Those branches of the molecules adsorbed on the Pt surface in an

Fig. 16 Path of cyclodehydrogenation towards the fullerene formation and topographical images
corresponding to annealing at RT, 300 and 450 °C. The planar precursor bends downwards as
folding to form a triazafullerene. The path shows conjectural intermediate steps with partially
dehydrogenated molecules, from a fully hydrogenated planar precursor to the dehydrogenated
fullerene. Bottom topographical images show that at intermediate temperatures molecules are
partially cyclodehydrogenated (I = 0.2 nA/Vs(RT) = +0.75 V/Vs(300/450 °C) = +0.5 V)
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energetically more favourable configuration could start losing H atoms at higher
temperatures tan the rest ones.

Nowadays, the most extended methodologies to obtain partially open fullerenes
are based on the opening of a fullerene by means a series of chemical reactions. In
the present case, the methodology is the opposite one, by which starting from flat
molecular precursors it is possible to obtain partially open fullerenes at intermediate
annealing temperatures (for instance at 300 °C). Finally, for annealing temperatures
around 450 °C, the STM images reveal rounded structures that can be directly
identified as fullerenes (or triazafullerenes depending on the precursor used). The
detection of deuterium atoms in the TPD experiments occurs at the same temper-
ature for which the precursor topography changes in the STM images, indicating
that both processes (the dehydrogenation and the topological transformation of the
PAHs) happen simultaneously. Besides, hydrogen desorbs from the Pt(111) surface
at 50 °C, while when a precursor is present this occurs at 200–250 °C to start the
dehydrogenation, which means that at RT the hydrogen atoms still remains attached
to the PAHs.

4.3 Sequentially Formed Species on Weakly Interacting
Surfaces: DiPy[5]DBH on Cu(111)

In this final subsection, we give some insights on the spectroscopic characterization
of the formed structures, by means a combined NEXAFS/XPS analysis at the
ALOISA beamline in the Elettra synchrotron radiation facility, for one monolayer
of DiPy[5]DBH (4) deposited on Cu(111). DiPy[5]DBH on Cu(111) behaves
similarly as on Au(111), that is, the as-deposited molecular heteroaromatic diffuses
at room temperature and then upon annealing partially (cyclo-)dehydrogenates and
forms polymeric networks. Hence, the interaction between the precursor and the
substrate is weak, contrasting with the strong interaction observed for the previ-
ously analysed case of the DiPy[5]DBH on Pt(111). By weak interaction, we mean
that the strength of the substrate-adsorbate coupling is not enough to stop surface
diffusion at room temperature and that molecular structure resembles that of the free
molecule, as it will be shown next.

4.3.1 High-Resolution C-K Edge NEXAFS of DiPy[5]DBH/Cu(111)

Figure 17 shows the C1s-NEXAFS of DiPy[5]DBH/Cu(111) prior to annealing,
recorded for both s- and p-polarized light (dashed black and solid red lines,
respectively). The room temperature partial electron yield (PEY) p-polarized
NEXAFS exhibits: one asymmetric main peak A at 284.9 eV; four smaller peaks at
B = 286.4 eV, C = 287.3 eV, D = 288.0 eV and E = 289.4 eV; a continuum after
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291 eV. The s-polarized scan shows similar features; however, the asymmetry of
peak A turned into two defined peaks, the second one being at 285.3 eV.

The most intense peaks at 284.9 and 285.3 eV can be assigned to the C1s tran-
sitions to the LUMO π* states of non-equivalent C sites in the molecules [77, 78].
There is a large dichroism between the s- and p-polarized signals, even though the
s-polarized signal does not vanish. The π* region is less intense for s-polarized light
and the σ* region is less intense for the p-polarized light. This means that the
molecules are not completely flat because they conserve the 3D structure of an intact
gas-phase molecule (see inset in Fig. 17). However, the s-polarized intensity is
smaller than the p-one, so the benzene rings of the molecules are laying on the surface
at an average angle lower than 45°, as they try to couple their aromatic rings parallel to
the surface.

Moreover, for p-polarized light, the peak at 284.9 eV is the most intense, while
for s-polarized light the one at 285.3 eV is prominent. This asymmetry suggests
again that the as-deposited diffusing molecule is three-dimensional since the con-
tribution to the LUMO of the C1s electrons of carbon atoms in two different
positions is geometrically different. The small peaks B, D and E at 286.4, 288.0 and
289.4 eV can be associated to transitions of the C1s electrons related to the C–H
groups [77, 79–81]. Peak C at 287.3 eV is likely to represent the carbon atoms in
the pyridinic rings [82]. The broad features above 291 eV represent C1s transitions
to the σ* symmetry [83–85].

Fig. 17 RT C-K edge
NEXAFS of DiPy[5]DBH/Cu
(111). The solid red line
represents the partial electron
yield (PEY) p-polarized scan,
while the black dotted one the
PEY s-polarized scan. In the
inset, the three-dimensional
intact molecule is shown. The
blue lines indicate the position
of the five peaks A–E
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NEXAFS spectroscopy can also be used to follow dehydrogenation process. As
reported in reference [12] after annealing above 500 K the spectral line-shape
changes importantly. First, most of the peaks in the region 286–289 eV, related to
C–H groups, disappear. Thus, the p-spectrum becomes featureless, indicating that
important chemical changes take place. Second, the dichroic behaviour of the π*
region is strongly enhanced. The molecules react to each other and get planarized
upon reaction, leading to the evanescence of the π* features observed in
s-polarization conditions.

4.3.2 High-Resolution N1s and C1s XPS Spectra of DiPy[5]DBH/Cu
(111)

Let us now move to the N1s and C1s XPS spectra recorded at various temperatures,
as shown in Fig. 18. The C1s scans were fitted with five peaks and the N1s with

Fig. 18 N1 s and C1s XPS of one monolayer of DiPy[5]DBH/Cu(111) at various temperatures.
The STM images on the right (20 × 20 nm2; Vs = +2.0 V) represent the stage of the molecules
upon the annealing. The intensity y-axis is not in scale for C1s and N1s. The photon energy for
measuring the N1s and C1s spectra is 450 eV
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three. The trend of the area of each peak with temperature helps to understand and
explain the transformations of the molecules. P1-C (indicating C in aromatic rings)
represents about 60 % of the intensity, and upon annealing, it peaks and then its
intensity decreases: the increase is due to a decrease in P2-C (the C–H peak) caused
by the dehydrogenating molecule, while the rise of the interaction with the surface
(represented by P4-C) causes the final reduction.

The molecules diffuse at room temperature, so they interact weakly with the
metal. However, as they (cyclo-)dehydrogenate, their motion ceases and their
interaction with the surface increases. This is observed as a rise in the relative
importance of P4-C (the C–Cu peak). P3-C represents the contribution of carbon
atoms bonded to the N dopants and it is constant throughout the annealing meaning
that N atoms are not lost up to 700 K.

At the right-hand side of the Fig. 18, STM images corresponding to the indicated
annealing temperature are shown.

The N1s evolution elucidates what is occurring with the pyridinic rings of the
molecule. At room temperature, when the three-dimensional molecules are moving,
100 % of N is in pyridinic form as indicated by the fact that one single component
P2-N is present in the XPS. However, upon annealing, P1-N and P3-N rise at the
same time: the molecules dehydrogenate so the C dangling bonds meet other
molecules forming graphitic N (P3-N) or bonding with the metal surface (P1-N) as
a consequence of a rotation of the pyridinic ring towards the surface.

4.4 Conclusions

The aim of this section is to uncover all the details of the partial (cyclo-)dehy-
drogenation of some paradigmatic organic precursors DiPy[5]DBH and C57H33N3

to achieve different nanoarchitectures (N-doped nanographene/nanodomes,
hetero-aromatic polymeric networks, N-doped nanographene and triazafullerenes)
just controlling the final annealing temperature on different transition metal
surfaces.

In the previous sections, it was discussed that the control over on-surface dif-
fusion can be achieved by changing the nature of the substrate and we demonstrated
how the state of the as-deposited precursor is crucial to determine the final outcome.
In this section, we demonstrate that a combination of the most advanced
first-principles theoretical calculations (explained in Sect. 2), STM, XPS and
NEXAFS allow us to follow the structural and chemical transformations experi-
enced by the molecular precursor step by step.

On Pt(111), a hierarchical transformation of DiPy[5]DBH is observed. Upon
deposition, the non-annealed precursor is intact and exhibits a four-lobes molecular
orbital structure. When heated, the precursor undergoes four phase transitions. At
450 K, an intermediate cyclodehydrogenated phase occurs. At 650 K, 2 N-HBC (N-
doped nanographene) is formed via CDH of the precursor. Further, annealing
allows the complete cleavage of the C–H bonds and the bending of the molecules
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into N-doped nanodomes covalently bonded with the surface. The final phase
transition results in the decomposition of the molecule to form N-doped graphene at
850 K.

Some insights are also given about the control of the CDH sequence in the
formation of fullerene on Pt(111). Controlling the annealing temperature, open-cage
structures can be formed on the surface. We finally conclude summarizing the main
chemical aspects of the temperature-assisted CDH of DiPy[5]DBH on Cu(111)
from a point of view framed on a NEXAFS and XPS analysis, which spectro-
scopically shows spectroscopic fingerprints of all the intermediates formed.
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Enediyne Cyclization Chemistry
on Surfaces Under Ultra-High Vacuum

Dimas G. de Oteyza

Abstract The synthesis of complex molecular materials directly on surfaces under
ultra-high vacuum is a new chemical approach attracting increasing interest.
Inspired in the well-established conventional organic chemistry, an increasing
number of reactions are being tested and demonstrated to work also under vacuum.
Among those reactions, we find enediyne cyclizations, which open up promising
new routes to create π-conjugated molecular materials that can be tailored through
the choice of appropriate precursors and substrates. This chapter reviews the
pioneering experiments of enediyne-based chemistry on atomically clean surfaces
under ultra-high vacuum, put in relation to available knowledge from the con-
ventional wet-chemistry analogues.

1 Introduction

The tunable properties of molecular materials place them among the favorites for a
variety of future generation devices. Beyond the readily commercialized organic
electronic devices, the range of potential applications foreseen for supramolecular
materials is dramatically increasing and includes functionalities and device struc-
tures with great degrees of sophistication. For example, self-assembly of well-
defined molecular structures is considered among the most promising strategies to
maintain the current trend of device miniaturization, for which a significant mod-
ification of the present top-down production methods will soon be required.
A reliable synthesis of functional supramolecular structures from the bottom-up
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could pave the way toward industrial production of single-/few-molecule devices
with dramatically reduced length scales. And the potential of precisely controlled
molecular structures reaches even further. It would, for example, allow control over
new and fascinating properties emerging in nanoscale-structured systems, which
could in turn be used for optimized macroscopic devices such as sensors, filters,
solar cells, or catalysts.

Along these lines, the main challenge remains to synthesize appropriate mate-
rials optimized for each particular functionality, which depending on the latter
might require structures of substantial complexity. This in turn necessitates on the
one hand a sufficient understanding of the structure–property relations to allow the
rational design of molecular structures with the desired properties, and on the other
hand the capability to build those previously designed structures. Acquisition of
such understanding and control of matter at the molecular scale has been the goal of
countless investigations over the last decades, which have indeed led to significant
advances. Molecular self-assembly has, for example, been successfully used to
create many kinds of supramolecular structures [1, 2]. Even restricting ourselves to
materials on solid surfaces under ultra-high vacuum (UHV), an enormous variety of
two-dimensional, one-dimensional, or zero-dimensional molecular structures with
diverse compositions, symmetries, electronic, optic, or magnetic properties have
been synthesized [1, 2]. However, self-assembly typically relies on weak,
non-covalent intermolecular interactions such as hydrogen bonds or metal coordi-
nation. This carries some disadvantages, as is the reduced assembly’s resistance and
consequently the compromised durability of a potential device, or also a strong
localization of the electronic states, which limits the charge carrier mobility and
thereby the structure’s efficiencies in many electronic or optical processes.

Only recently, formation of covalently bonded supramolecular structures directly
on surfaces was demonstrated [3, 4]. And although the first pioneering examples
still relied on the manual guidance of the reactions by means of a scanning tun-
neling microscope (STM), inspiring works demonstrating the self-assembled
growth of covalently bonded molecular networks, tailored by appropriate design of
the precursors, began appearing in 2007 [5, 6]. The consequences of this approach
are far reaching. Not only is the stability of the molecular structures greatly
increased and the charge transfer integral along the network enhanced, but it also
allows the synthesis of complex molecular structures directly on surfaces of tech-
nological interest. Most applications require solid supports, and the transfer of
complex molecular building blocks synthesized ex situ by conventional chemistry
is often hampered by solubility problems or by thermal fragmentation if deposited
by sublimation. Therefore, in addition to the intrinsic advantages of covalently
linked structures, further compelling aspects of this so-called on-surface chemistry
are that tedious transfer procedures [7] might be avoided, as well as that it can allow
the occurrence of reactions and the synthesis of materials not achievable by other
means [8, 9].

Among the multiple differences between conventional organic chemistry and
on-surface chemistry under UHV is the absence of a traditionally crucial and
tunable parameter: the solvent. However, here it is the surface which, in a somewhat
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related role, becomes a key player. In addition to the 2D confinement that it
imposes on the reactants (or even 1D if appropriately structured surfaces are used
[9–11]), it might act itself as a catalyzer [11, 12]. Understanding the role of the
surfaces to rationally use it according to our needs thus becomes one of the
important challenges lying ahead toward the full exploitation of on-surface chem-
istry’s potential.

2 Enediyne Cyclization Chemistry

In spite of the associated research having boomed in the last years, it is believed that
only an insignificant part of the potential of UHV on-surface chemistry has been
unveiled to date. Most efforts have been aimed at the demonstration of particular
chemical reactions inspired in conventional wet chemistry [13, 14]. The positive
verification of some of those reactions on surfaces even under UHV has been
extremely stimulating, since it places a vast wealth of knowledge accumulated over
decades in conventional organic chemistry as an enormous test bed for UHV
on-surface chemistry. Among the successfully run reactions, we find the cyclization
of enediynes [15].

After Bergman’s seminal report on the cyclization of enediynes upon thermal
activation [16], the interest in this reaction sparked when enediynes were found to be
the bioactive site of naturally occurring antibiotics [17]. The diradicals formed upon
enediyne cyclization (Fig. 1) can abstract hydrogen from the DNA backbone,
causing DNA cleavage and cell death. But in addition to its relevance in bio-
chemistry, it was John and Tour who noticed the potential of the Bergman
cyclization reaction for the material science community and demonstrated its use for
the synthesis of conjugated aromatic polymers (such as polyphenylenes or poly-
naphthalene derivatives) by radical step-growth polymerization (Fig. 1) [18, 19].
However, it was soon found that in addition to the radical step growth, initially

Fig. 1 Schematic representation of various possible cyclization and polymerization routes of an
enediyne
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generated radicals can also attack the alkynes of still unreacted enediynes, greatly
increasing the possible reaction paths. This translates into associated products
including highly irregular structures with 6- and also 5-membered rings, branched
chains, and unreacted alkynes (Fig. 1) [20].

Besides, in addition to the Bergman or C1–C6 cyclization, different C1–C5 and
even C1–C4 cyclizations can equally occur (Fig. 1). While the two latter are gen-
erally thermodynamically unfavored [21], several factors have been shown to sway
the energetic balance toward C1–C5 cyclizations [22]. This is, for example, the case
if bulky alkyne terminal groups are present, causing steric congestion upon
cyclization [21–23]. Electronic effects have a similarly significant influence on the
cyclization, in which two mutually perpendicular arrays of π-orbitals play along with
different roles. In-plane π-orbitals are sacrificed to form a σ-bond and two radicals,
while out-of-plane π-orbitals evolve smoothly toward the cyclic aromatic π-system
product [22, 24, 25]. The relative energies of in-plane and out-of-plane molecular
orbitals cross along the cyclization. Thus, while the highest occupied and lowest
unoccupied molecular orbitals (HOMO and LUMO, respectively) of the reactant
typically involves out-of-plane π-orbitals, in the cyclization product the frontier
orbitals are normally localized in in-plane (radical) orbitals. This crossing has little
importance in the thermal reactivity of neutral unexcited enediynes, but becomes
relevant if the LUMO (HOMO) gets populated (depopulated) by reduction (oxida-
tion) or photochemical excitation, often favoring C1–C5 cyclizations [22, 25, 26]. In
particular, as a result of this crossing and additional aromaticity changes upon
enediyne reduction, calculations show that the radical–anionic cyclization mecha-
nism differs substantially from the thermal counterpart. Energetically, radical–an-
ionic cyclization of reduced enediynes lowers the transition state and increases the
exothermicity of both C1–C6 and C1–C5 cyclizations, but shows a significantly
stronger influence on the latter [22, 25]. Also, the presence of certain catalysts has
been reported to favor the C1–C5 pathway for thermal cyclizations [27]. Besides,
different reactions such as alkyne homocoupling might also occur and contribute to
possible dimerization or polymerization processes of yet uncyclized enediynes
[12, 28, 29].

Altogether, the use of enediyne cyclization chemistry for synthetic applications
is challenging due to the great number of possible reaction pathways: multiple
cyclization options, each allowing both for subsequent radical step growth or
radical attack of still unreacted enediynes (Fig. 1), alkyne coupling, and combi-
nations thereof. Nevertheless, in spite of all the complexity, enediyne cyclization
has become an important platform for conventional wet-chemistry-based synthesis
of functional polymers [30]. Furthermore, a similarly interesting application of
enediyne cyclizations is for the transformation of readily synthesized polymers. The
cyclization chain reaction of poly-alkynes arranged in what can be seen as over-
lapping enediyne units has, for example, been proposed as a potential synthesis
route to obtain graphene nanoribbons with atomically controlled structures (Fig. 2a)
[31, 32].

All the above is referred to enediyne chemistry in solution, but is expected to
apply at least to some extent also on surfaces under ultra-high vacuum. Under these
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new conditions, the substrate may additionally influence the chemical processes by
acting as a catalyst, as a template, causing molecule-substrate charge transfer, etc.
In this frame, it is interesting to remark that enediyne cyclization in principle does
not require catalyzing agents. Thus, while the experiments under UHV reported to
date have been performed on metal surfaces, this reaction holds promise to work
also on insulators, as would be ultimately required for many technological appli-
cations. In the following, experiments performed on surfaces under UHV will be
described and put in relation to our available knowledge from wet chemistry for
each of these two approaches: chain reaction in poly-alkynes and radical
step-growth polymerization of cyclized enediynes.

3 Chain Reactions

In molecular structures as shown in Fig. 2a, featuring coupled alkynes that form
“overlapping enediynes,” an initial cyclization generates diradicals that subse-
quently attack the neighboring alkynes and thereby trigger a chain reaction [32].
These radical cyclization cascades differ from the analogous thermal single ene-
diyne cyclization reactions, but the product structures still result from the balance of

(a)

(b) (c)

Fig. 2 a Example of poly-alkyne on which an initial enediyne cyclization triggers a subsequent
radical cascade that may afford graphene nanoribbons upon additional cyclodehydrogenation.
b C1–C5 and C1–C6 radical cyclizations, and some of the factors influencing their competing
balance. c Gold(I)-catalyzed cyclization cascade by hydroamination and hydroarylations reported
in Ref. [34]
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competing C1–C5 and C1–C6 pathways [33]. Among the factors affecting that
balance we find the benzannelation of the conjugated radical reactants, steric
congestion from bulky alkyne terminal groups, or strain (Fig. 2b) [33]. While the
two former tend to favor C1–C5 cyclizations, the latter reverses the selectivity and
favors C1–C6 cyclizations. Noteworthy, strain is particularly relevant in cascade
radical cyclizations where rigid polycyclic frameworks are created.

A phenomenologically different example of chain reaction is displayed in
Fig. 2c, by means of which polycyclic conjugated frameworks have been created in
solution [34]. In that case, in the presence of a gold(I) catalyst, an initial
hydroamination forming a 5-membered ring triggers subsequent hydroarylations
with the available alkynes that form exclusively 6-membered rings, as would be
desirable, for example, for graphene nanoribbon formation from longer polymeric
chains. However, experiments on surfaces under UHV following this approach
have not yet been reported, in contrast to radical cyclization cascades.

In particular, the cyclization cascade of 1,2-bis((2-ethynylphenyl)ethynyl)ben-
zene on Ag(100) surfaces under UHV has been studied at the single molecule level
with a powerful combination of scanning tunneling microscopy (STM) and tuning
fork-based non-contact atomic force microscopy (nc-AFM), by means of which the
local density of states (LDOS) and internal bond structure of the molecules can be
imaged, respectively [35, 36]. The product structures resulting after annealing the
precursor-decorated Ag(100) surface to temperatures above 90 °C are multiple,
although close to 80 % is made up by the two majority structures displayed in
Fig. 3a.

The reactivity of the precursor can be rationalized considering it as three inde-
pendent but overlapping benzannelated enediyne systems with terminal alkyne
substitutions of two phenyl rings for the central enediyne, or one phenyl ring and
one hydrogen atom in the terminal segments (Fig. 3). This treatment suggests three
potential cyclizations along the reaction pathway. However, additional isomeriza-
tion processes such as [1,2]-radical shifts and bond rotations are required to explain
the reactant transformation into the majority products. Combinations of those
processes leading to the products in a minimal number of steps were explored and
analyzed using density functional theory (DFT) calculations displayed in Fig. 3b, c
[36]. The calculations indicate that due to the exothermic character of the initial
cyclizations, all barriers associated with subsequent isomerization steps remain at
lower energies and are thus not rate limiting. That is, the effective transition state is
found along the initial cyclization. This is in line with the experimental observa-
tions: The reactant molecules on Ag(100) are stable up to temperatures of *90 °C,
and above that threshold temperature, no intermediates on the reaction pathway to
the final products is observed. Consequently, the order of the various processes
following the rate limiting initial cyclizations cannot be strictly determined
experimentally. However, the sequence does not change the overall reaction
kinetics and thermodynamics discussed above.

Interestingly, both reaction pathways involve C1–C5 cyclizations. This can be
explained by the multiple factors applying to this system that, as described above,
tend to favor C1–C5 versus C1–C6 cyclizations: (i) bulky phenyl substituents at the
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(a)

(b)

(c)

Fig. 3 a Frequency shift nc-AFM microscopy images at constant height (together with the
corresponding wireframe chemical structures) of reactant 1 before annealing and of the majority
products 2 and 3 generated in yields of 51 and 28 %, respectively, after annealing the sample at
T > 90 °C. b Reaction pathway and the associated energies as calculated by DFT for the
transformation of 1 into 2. c Same for the transformation of 1 into 3. Adapted from Ref. [36].
Reprinted with permission from AAAS
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alkyne ends, (ii) a catalytic metallic substrate, (iii) a molecular reduction (DFT
calculations predict a charge transfer of 0.5 electrons from substrate to reactant),
and (iv) the radical cyclization (as opposed to the initial thermal cyclization) of
some of the enediyne units. And also of interest is to see that in both reaction
pathways, the isomerization processes include an intramolecular recombination of
the diradicals initially generated by the enediyne cyclizations. The result is an
additional cyclization involving in both cases a great energetic gain (Fig. 3b, c),
making it thermodynamically very favorable. Its occurrence further explains the
quenching of a subsequent polymerization by radical step growth, and the conse-
quently scarce amount of dimers or oligomers among the products.

4 Radical Step-Growth Polymerization

The use of enediyne cyclization to form conjugated polymers by radical step
growth, as initially proposed by John and Tour [18, 19], has been recently applied
with 1,6-di-2-naphthylhex-3-ene-1,5-diyne molecules on Cu(110) surfaces under
UHV [15]. As opposed to the scenario described above with more complex
molecules used in chain reactions, these simpler precursors lack easily accessible
isomerization steps that could end up in a thermodynamically favorable cyclization
by intramolecular radical recombination. Instead, the radicals remain available for
step-growth polymerization, as schematically displayed in Fig. 4a. Indeed, STM
measurements reveal the pristine reactants as single molecules after deposition on a
cold substrate (Fig. 4b), which are then transformed into regular and uniaxially
aligned molecular chains upon annealing the sample to 400 K (Fig. 4c). This
temperature is thus sufficient to overcome the initial Bergman cyclization barrier,
generating diradical species, and provide them enough mobility to diffuse on the
surface and meet each other, setting in a radical step-growth polymerization. The
discrete azimuthal chain alignment along the Cu[1-10] direction (just as the discrete
azimuthal orientation of the precursors before cyclization and their preferential
diffusion directions along the Cu[1-10] direction) remarks the relevant role of the
substrate in the growth process. DFT-based STM simulations of the expected
polymer structure show a good agreement with high-resolution experimental ima-
ges (Fig. 4d) and thus support the proposed growth scenario (Fig. 4a) and product
structure (Fig. 4e) [15].

Another example of enediyne cyclization-based radical step-growth polymer-
ization under UHV is that of 1,2-bis(2-ethynylphenyl)ethyne (Fig. 5a).
Low-temperature (T = 4 K) STM and nc-AFM characterizations provide detailed
insight into the involved chemistry and electronic properties of reactant and
products [37]. nc-AFM images of the reactants deposited on Au(111) surfaces held
at room temperature (Fig. 5b) display two different isomer conformations: a C2h

symmetric trans-conformation and a C2ν symmetric cis-conformation. Annealing of
the submonolayer reactant-decorated Au(111) surface at 160 °C brings about two
intramolecular cyclizations per monomer. Most common is the occurrence of two
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(a)

(b)

(d)

(e)

(c)

Fig. 4 a Wireframe molecular structure of the reactant and the associated reaction mechanism.
b STM image of the reactant deposited on Cu(110) held at 170 K. c STM image showing the
formation of one-dimensional molecular chain structures along the [1-10] direction after annealing
the substrate to 400 K. d High-resolution close-up image of the molecular chain and DFT-based
STM simulation (right part) of the proposed product structure. e Perspective view of the structural
model showing the alternatingly tilted naphthyl groups. Adapted with permission from Ref. [15].
Copyright (2013) American Chemical Society
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(c)
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C1–C5 cyclizations to yield the highly reactive 3,3′-diradical structure displayed in
Fig. 5c. In turn, recombination of these resultant diradicals in a step-growth
polymerization process leads to covalently linked oligo-(E)-1,1′-bi-(indenylidene)
chains (Fig. 5c). More than 70 % of the material on the surface ends up forming
covalently linked molecular assemblies with lengths n ≥ 3 (where n denotes the
number of monomer subunits), most chains containing 5–10 monomer units and the
longest chains sometimes exceeding 20 units.

However, a defect-free oligo-(E)-1,1′-bi-(indenylidene) structure as shown in
Fig. 5a, d is typically retained only over segments of three to five monomers, since
different monomer cyclizations also occur (e.g., C1–C6) whose product structures
are equally included into the polymer chains. Examples thereof are shown in
Fig. 5e. In fact, even non-cyclized monomer units are found within the molecular
chains (marked with arrows in Fig. 5e). This is attributed to an attack of the radicals
in cyclized species to the terminal alkyne carbon in non-cyclized precursors. While
an analogue situation with the precursors described in Fig. 4 is presumably pre-
vented by steric hindrance, this process is already known from solution-based
enediyne polymerization reactions [20]. And as displayed in Fig. 1, it may cause
irregular structures with different cyclization patterns, unreacted alkynes, and
branched chains. An example of the latter is provided in Fig. 5f. Furthermore,
cyclization of a monomer unit readily linked to a molecular chain implies a more
complex “reactant” structure. In analogy to the chain reactions of 1,2-bis
((2-ethynylphenyl)ethynyl)benzene on Ag(100) described in the previous section,
following the exothermic cyclizations it could undergo additional isomerization
reactions ending up in an intramolecular radical recombination that quenches the
polymer step growth. This may indeed be an explanation to the common occurrence
of irregular monomer subunits at the chain ends (Fig. 5e, f) reported in Ref. [37].

The main polymerization product oligo-(E)-1,1′-bi-(indenylidene) is an oligo-
acetylene derivative with a π-conjugated carbon backbone (Fig. 5a). Bond length
alternation, defined as the difference in length between long (C–C) and short (C=C)
carbon–carbon bonds in a conjugated molecule, is considered as one of the phe-
nomenological measures of aromaticity [38]. Smaller bond length alternation
implies enhanced aromaticity and π-electron delocalization, as well as a smaller
bandgap in extended conjugated systems. In spite of the small dimensions of such
bond length variations, tuning fork-based nc-AFM measurements with carbon
monoxide functionalized probes artificially enhance that difference in the images
and thereby allow its visualization [39]. This is observed best in the bonds between
the five-membered rings of adjacent indenyl groups (Fig. 5d), for which the bond

b Fig. 5 a Wireframe chemical structure of the pristine reactant, intermediate product after
cyclization, and final product after radical step-growth polymerization. The correspondent nc-AFM
images on a Au(111) surface are shown in b (reactant), c (cyclized monomer), and d (polymer).
Dark (light) arrows mark the long (short) bonds between indenyl units in the polymer (color coded
accordingly in the wireframe structure above). e Polymer including non-cyclized reactants
(highlighted with yellow arrows) and differently cyclized units (next to non-cyclized reactants).
f Image of branched polymer chains. Adapted from Ref. [37] with permission under CC BY
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length variation measured experimentally reaches *50 %, while density functional
theory predictions amount only to about 3 % [37]. Shorter bonds are highlighted
with light gray arrows and longer ones with dark arrows (Fig. 5d), corresponding to
double and single bonds, respectively (as displayed in the accordingly marked
molecular structure drawing of Fig. 5a). Also, the bonds within the five-membered
rings exhibit 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. This different geometry resembles that in cyclized monomers
(Fig. 5c) and might thus be related to the interaction of a radical with the surface
[40].

The bandgap of organic semiconductors is known to scale inversely proportional
to the number of π-conjugated electrons both in linear [38, 41] and 2D structures
[42]. Combining on-surface synthesis, which provides varied product structures,
with scanning tunneling spectroscopy to probe the electronic properties of each
structure independently, the same effect could be concluded from the reduced
energy of the LUMO of polyphenylene oligomers with increasing length [43]. An
equivalent phenomenology is observed on oligo-(E)-1,1′-bi-(indenylidene) chains,
whose LUMO energy with respect to the Fermi level drops from *1.2 to
*0.13 eV by going from a cyclized monomer (Fig. 5c) to an oligomer containing
four monomer subunits [37]. Mapping of the local density of states at the LUMO
energy further reveals its delocalization along the π-conjugated oligomer backbone
and agrees with the distribution calculated by density functional theory. Altogether,
it provides a fully coherent picture of the experimental findings on enediyne
cyclization-based oligomers synthesized on Au(111) surfaces under UHV by rad-
ical step-growth polymerization. Moreover, it highlights the potential of this
approach for the synthesis of fully conjugated low-bandgap derivatives of all-trans
polyacetylene [37].

5 Summary and Conclusions

The use of enediyne cyclizations for on-surface chemistry under UHV has been
demonstrated following two different approaches. On the one hand,
cyclization-induced diradical species have been linked in a step-growth polymer-
ization process to afford conjugated molecular chains. On the other hand, previ-
ously available alkyne chains in what can be seen as overlapping enediyne systems
have been transformed via cyclization cascades into polycyclic aromatic hydro-
carbons. Experiments following both approaches evidence, in line with the con-
ventional wet-chemistry analogues, a significant complexity in the involved
chemistry: multiple reaction pathways competing in a subtle balance that is in turn
affected by many different parameters. Nevertheless, with a sufficient understanding
of their respective effects, a rational choice of molecular precursors and substrate
surfaces might convert enediyne-based chemistry into a versatile UHV synthetic
route.
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On-Surface Synthesis by Azide–Alkyne
Cycloaddition Reactions on Metal Surfaces

Oscar Díaz Arado, Harry Mönig and Harald Fuchs

Abstract On-surface synthesis of covalently bond nanostructures under ultrahigh
vacuum conditions has received increased attention in the recent years. This
approach allows to study solvent-free chemical reactions and moreover to use
well-defined substrates, which act as a catalyst and/or exerting steric effects leading
to kinetic and regioselective control of the chemical process at hand. Recently,
successful 1,3-dipolar azide–alkyne cycloaddition reactions were performed on
metal substrates with complete regioselectivity of a specific product. This chapter
presents a summary of these experimental efforts on different metal substrates,
while also focusing on a comprehensive understanding of the catalyst prerequisite
for on-surface coupling reactions and a quantitative description of steric effects
dominating the coupling mechanism and the regioselectivity of the reaction prod-
ucts. Future perspectives for the bottom-up development of functional nanostruc-
tures involving on-surface azide–alkyne cycloadditions are discussed.

1 Introduction

Decades of organic synthesis research have accomplished an extensive pool of
suitable chemical processes in solution, which are nowadays increasingly investi-
gated in the two-dimensional confinement of surfaces [1–3]. On-surface synthesis
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under ultrahigh-vacuum (UHV) conditions for the bottom-up growth of covalently
bound organic nanostructures with well-defined functionalities has become an
attractive field of study in modern nanoscience and nanotechnology. Among the
many possible cases of study, cycloaddition reactions [4], commonly referred to as
“click” reactions, are highly attractive candidates for on-surface synthesis efforts.
Such by-product-free reactions, performed as solution-phase processes, are widely
used for the modification of surfaces and nanoparticles [5, 6] and also for the
preparation of biologically active compounds in pharmaceutical research [7, 8]. In
this field, one of the most widely used reactions is the azide–alkyne 1,3-dipolar
cycloaddition [9] leading to 1,4 and 1,5 triazoles (Fig. 1). The so-called uncatalyzed
pathway (Huisgen azide–alkyne [3 + 2] cycloaddition) is a thermal process which
delivers a mixture of both regioisomers. However, the use of a Cu(I) catalyst
provides 1,4-triazoles with high efficiency and regioselectivity under ambient
conditions (CuAAC) [9].

(a)

(b)

(c)

Fig. 1 Solution-phase 1,3-dipolar cycloaddition reaction between azides and alkynes. a General
reaction scheme, including the Cu-catalyzed (top) and the Huisgen uncatalyzed (bottom) reaction
pathways. Adapted with permission from [10]. Copyright (2013) American Chemical Society.
b Schematic depiction of a “click” reaction investigated for the immobilization of azidomethyl-
ferrocene on the alkyne-terminated silicon electrode. Adapted with permission from [6]. Copyright
(2008) WILEY-VCH Verlag. c Application of the Cu(I)-catalyzed triazole formation in drug
discovery, in particular for multivalent neoglycoconjugates. Adapted with permission from [8].
Copyright (2013) American Chemical Society
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Resembling the CuAAC mechanism in solution, a successful cycloaddition
between 9-ethynylphenanthrene (alkyne) and 4-azidobiphenyl (azide) was recently
accomplished on a Cu(111) surface at room temperature under UHV conditions,
with complete regioselectivity toward the formation of the corresponding
1,4-triazoles [10]. In that study, two different precursor molecules were charged
with a single alkyne or azide moiety (Fig. 2a), allowing dimerization after suc-
cessful coupling. As for the solution-phase process, the observed complete
regioselectivity and the low activation temperature for the reaction were discussed
considering the involvement of a copper acetylide (C–H activation) and bonding of
the alkyne group to the Cu(111) surface. However, the Cu surface was shown to be
very reactive toward the organic reactants, in particular causing the azide moieties
to degrade. Such degradation was found to be the limiting factor and furthermore
explained the low yield (*1.1 %) of the coupling reaction on this surface.

In a different study, the reactivity of N-(4-azidophenyl)-4-ethynylbenzamide
(AEB) monomers on a Au(111) surface (AuAAC) under UHV conditions (Fig. 2b)
was investigated with a combination of cryogenic scanning tunneling microscopy
(STM) and density functional theory (DFT) [11]. In this case, the inert Au(111)
surface was chosen since it can be expected to have a weaker interaction with the
azide moiety, and thus improve the coupling rate of the on-surface azide–alkyne
cycloaddition reaction. Furthermore, the AEB monomers were designed with two

(a)

(b)

Fig. 2 On-surface Azide–Alkyne cycloaddition reactions. a Dimerization on Cu(111).
b Dimerization on Au(111). The obtained dimers are also charged with alkyne and azide
moieties, leading to oligomerization. Adapted with permission from [10, 11]. Copyright (2013)
American Chemical Society
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phenyl rings connected through an amide linker as backbone. These features allow
the reactants to be thermally deposited on the surface, where they can lay flat and
diffuse, thus increasing the probability of the alkyne and azide groups to meet and
react. In addition, the amide linker could form intermolecular hydrogen bonds
perpendicular to the targeted reaction direction. This makes possible to aim for
supramolecular ordering after the deposition and therefore enhance the reaction
probability accordingly. Moreover, a single AEB reactant is charged with an azide
and an alkyne moiety which allows this compound to undergo oligomerization.

In this chapter, a comprehensive comparison between the completely regiose-
lective on-surface CuAAC [10] and AuAAC [11] processes will be presented.
Section 2 presents a summary of the experimental efforts for each process. Given
that Au complexes have not been shown to catalyze chemical reactions of this kind,
detailed DFT calculations for the AuAAC process are presented in Sect. 3. These
not only explain the low temperatures required to trigger this chemical process on a
metal substrate, but also the role of the substrate in the reaction, and how its careful
selection can improve the regioselectivity of the reaction output. Finally, a brief
discussion about the future perspectives for this on-surface synthesis approach to
develop functional nanostructures on surfaces is presented in Sect. 4.

2 On-Surface Azide–Alkyne Cycloaddition Reactions

In the following section, up-to-date experimental efforts for the on-surface azide–
alkyne cycloaddition reactions will be presented. Emphasis is given to critical
points involving the relatively low-temperature requirement for C–H activation of
the alkyne moiety on both substrates, the reaction yield and the reactivity
limitations.

2.1 Deposition and On-Surface Reaction at Room
Temperature

As mentioned before, the on-surface azide–alkyne cycloaddition reaction on the Cu
(111) surface at room temperature mimics the CuAAC solution-phase process and
leads to the exclusive formation of 1,4-triazoles. On the other hand, the Au(111)
surface might not act as a catalyst for this specific reaction, and therefore, the
evolution of this system at the same experimental conditions was investigated [11].
Molecular deposition of the monomers always resulted in a partially covered sur-
faces, showing a first layer mixture of reactants along with reacted compounds
(Fig. 3a). Around these features, it was always found a disordered molecular phase,
which was ascribed to the azide end group degradation occurring on both Cu(111)
and Au(111) surfaces.
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The potential degradation of the azide moiety does not represent a major limiting
factor for the coupling reaction on Au(111). High-resolution STM images (Fig. 3b)
show a mixture of reacted and unreacted molecules on the substrate. A number of
monomers were oriented in a way that the alkyne group of one monomer and the
azide group of the other were in close proximity and hence properly positioned to
undergo the targeted cycloaddition reaction. Besides the dimerization, the formation
of longer linear structures confirmed that the corresponding trimers were also
formed, i.e., the targeted oligomerization of AEB monomers can be achieved.
Furthermore, the successful formation of trimers (Fig. 3c) strongly supports the
occurrence of the proposed azide–alkyne “click” process since the formation of
such trimeric structures should only be feasible if the reaction of an AEB monomer
and a dimer occurs between the azide and alkyne end groups of these two reaction
partners (Fig. 2). It is important to note that Au complexes have not been shown to
catalyze azide–alkyne cycloadditions; therefore, the success of the reaction without
further thermal annealing is surprising on this surface.

The inset in Fig. 3c represents the molecular structure of a 1,4-triazole regioi-
somer on Au(111). This structure matches very well the STM observations, since
the alternative 1,5-regioisomer would present an L-shaped configuration instead of
the observed linear structure (Fig. 2). It is emphasized that for all the experiments
on Au(111), only the formation of the 1,4-regioisomer was also observed.
However, 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
[9]. 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

Fig. 3 STM images after the reactants deposition onto the metal surfaces at room temperature.
a Deposition onto Cu(111) results in the formation of the corresponding 1,4-triazole (enclosed in
green) surrounded by a disordered phase ascribed to the azide degradation. Such a degradation was
also observed on Au(111). b Arrangement of AEB monomers and dimers on Au(111) after the
reaction. c AEB dimers and trimers formed as a result of the successful azide–alkyne “click”
reaction. The inset in (c) shows the molecular structure of the 1,4 regioisomer. Adapted with
permission from [10, 11]. Copyright (2013) American Chemical Society
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of both regioisomers is to be expected in the STM images. Therefore, also the
observed complete regioselectivity strongly pointed toward an on-surface reaction.
It is likely that the Au substrate lowers the activation energy and also steers the
regioselectivity of the [3 + 2] cycloaddition reaction (mechanistic studies will be
discussed in Sect. 3).

DFT calculations further confirmed the correct assignment of the on-surface
dimerization products to the 1,4-regioisomer structure. On Au(111) (Fig. 4), the
reactants and the proposed products were verified by comparing experimentally
determined distances with the theoretical values calculated for the gas phase of the
AEB monomer, dimer, and trimer. The center-to-center distance between the two
aryl rings of the AEB monomer was found to be 0.65 ± 0.03 nm (calculated,
0.65 nm); for the dimer, the measured distance between the adjacent minima of the
1,4-triazole group is 0.57 ± 0.02 nm (calculated, 0.50 nm); the same distance,
measured for the triazoles of the AEB trimer, is 0.55 ± 0.01 and 0.56 ± 0.01 nm
(calculated, 0.50 nm), respectively. Evidently, the triazole groups corresponding to
the dimers and trimers have the same size. Therefore, not only a good qualitative
agreement with the STM images was found, but also a good quantitative agreement
between the theoretically and experimentally determined distances. The small dif-
ferences can be ascribed to the absence of the Au(111) surface in the gas-phase
calculations, which restrains out-of-plane movements of the molecular components.
As a result, bonding angles can differ leading to deviations of the calculated
center-to-center distances.

(a) (b) (c)

Fig. 4 A good quantitative agreement was found between the experimental and the
center-to-center theoretical distances for the three AEB species observed on the Au(111) surface.
Adapted with permission from [11]. Copyright (2013) American Chemical Society
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2.2 Yield of the On-Surface Azide–Alkyne Cycloaddition
Reactions

Another important aspect that should be addressed is to estimate the real amount of
products obtained after the reactions (Fig. 5). Therefore, a detailed comparison
between the reaction outputs on the Cu(111) and Au(111) substrates is hereinafter
presented, with special attention on the monomers’ reactivity and the formation of
higher order structures. On one hand, a total of 35 observations of the 1,4-triazoles
products were made in 8 independent experiments on the Cu(111) surface (sam-
pling *3200 deposited molecules). On the other hand, in the study performed on
Au(111), a representative sampling from four different deposition experiments of
AEB on Au(111) was chosen. From a total of 1083 intact molecules observed in
this case, 689 (63.6 %) were AEB monomers. For the AEB 1,4-dimer and the
trimers, a total of 310 (28.6 %) and 84 (7.8 %) molecules was identified,
respectively.

A substantial amount of monomers remained unreacted on the Cu(111) surface,
as compared with the amount on Au(111). This could be ascribed to limited dif-
fusion on the surface. It is known that copper substrates are more reactive toward
organic compounds, hence limiting their free diffusion on the surface at room
temperature. On the other hand, the dimerization yield for the azide–alkyne
cycloaddition on Au(111) is considerably larger than the one observed on Cu(111).
Although the large amount of unreacted monomers on the latter is certainly
influencing the low yield obtained, the viability of using gold surfaces instead of
copper for more efficient on-surface reactions involving azides cannot be neglected.
Furthermore, it confirms that the degradation the azide moieties undergo on the

Fig. 5 Estimated yield for the on-surface azide–alkyne cycloaddition reaction on Cu(111) [10]
and on Au(111) [11]. The successful dimerization rate was increased by *27 % on the Au(111)
substrate with respect to Cu(111)
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Au(111) is not as severe when compared to their degradation on Cu(111), hence not
being a major limiting factor for the reaction. Unfortunately, a direct comparison of
the trimerization yields is not possible at the moment, given that the design of the
reactants in the experiments performed on Cu(111) did not target oligomerization,
but more importantly, it was focused on probing the viability of the on-surface
coupling reaction (Fig. 2a).

2.3 Controlled STM Tip Manipulations

In Sect. 2.1, the correct assignment of the on-surface reaction products was assessed
by direct comparison between experimentally determined and DFT calculated
center-to-center distances. To ensure that the observed species are indeed covalently
connected monomers, controlled STM tip manipulations were performed. Due to
the high mechanical stability of the triazole groups, mechanical perturbations
induced by the STM tip must not lead to the dissociation of the products.

Therefore, extensive controlled manipulations with the STM tip were carried out
on the dimers and the trimers formed on Au(111). Figure 6 shows a sequence of
STM images with consecutive manipulations, where the starting point of the
experiment was an arrangement of a dimer and two trimers. After a successful

Fig. 6 Mechanical manipulation of a 1,4-dimer structure with the STM tip. Manipulations were
conducted at T ≤ 5 K with 100 pA ≤ I ≤ 3 nA and V = 5 mV. The white arrows represent the
manipulation vectors. Reprinted with permission from [11]. Copyright (2013) American Chemical
Society
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manipulation, the dimer was partially detached from the two linear trimers
(Fig. 6b). Subsequent manipulations led to a complete separation of the dimer from
the two trimers (Fig. 6c–f). Importantly, the structure of the dimer remained intact
after the STM tip manipulations, which confirms the covalent nature of the linkage
of the two monomers for the build-up of the 1,4-dimeric structure. 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 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 demonstrated that AEB dimers and the corre-
sponding trimers display high mechanical stability, as it is expected for covalently
bonded chemical structures, particularly triazoles.

2.4 Analysis of the Reactivity

Another interesting point when comparing the experiments on Cu(111) and Au
(111) is the amount of reactants that did not form the corresponding dimer and
trimer products. It is important to note that for a successful on-surface reaction, two
reactants must diffuse toward each other so that the reactive alkyne and azide
functionalities are close enough for the successful coupling. Therefore, the isolated
monomers and/or the self-assembled structures obtained after initial deposition
must somehow relate to their reactivity (as discussed in Sect. 2.2). For example, in
STM images acquired after the deposition onto Au(111) showed that the AEB
monomers that did not react are present in three different configurations (Fig. 7):

Fig. 7 Analysis of the AEB monomers reactivity. Unreacted monomers appear in three distinct
configurations which probably hinder the reaction. a Nucleated along step edges, in this case the
alkyne reactant on Cu(111). b AEB monomers agglomerated adjacent to molecular islands on Au
(111). c AEB monomers self-assembled in a triangular arrangement on Au(111). Here, the inset
represents one of the possibilities of how similar end groups facing each other would prevent a
successful reaction. Adapted with permission from [10, 11]. Copyright (2013) American Chemical
Society
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(i) nucleated along the step edges. This behavior has been also observed on Cu(111)
for the alkyne reactant [10], which is in general known to have high affinity for
reactive sites on surfaces, such as step edges; (ii) agglomerated adjacent to
molecular islands, possibly as a result of diffusion of the molecules on the Au(111)
surface and self-assembly steered by van der Waals forces; and (iii) self-assembled
in a three-monomers arrangement, forming a stable triangular shaped island. This
configuration was observed quite frequently (*27.4 % of the AEB monomers
which remain intact after the deposition), being the only configuration where
exclusively monomers self-assembled independently (see also Fig. 3b).

It is quite interesting that for molecules which are able to undergo dimerization
at room temperature, such stable triangular configuration can be found under similar
experimental conditions. However, as for most of the on-surface synthesis reac-
tions, the pre-arrangement of the reactants is crucial [3, 12, 13]. Therefore, one
possibility why the reaction does not occur in the triangular configuration is that this
particular configuration is too stable and therefore fixed. Moreover, the functional
end groups are sterically blocked within this configuration (model structure in
Fig. 7c), which leads to reduced reactivity.

3 Reaction Mechanism

The last open question remaining is related to the reaction mechanism dominating
the observed azide–alkyne cycloaddition reactions. On the Cu(111) surface, di–r
bonding of the alkyne to the substrate was observed, in analogy to the mechanism
involving formation of a Cu(I) p complex with the alkyne triple bond. Only the
1,4-regioisomer was obtained in these experiments under UHV conditions, but
when liquid-phase synthesis with the protocol of the uncatalyzed path was per-
formed, only the 1,4-product was obtained as well. Therefore, steric hindrance
effects driving the observed regioselectivity were qualitatively assigned as
responsible for the reaction to proceed with complete regioselectivity in a
surface-confined situation. On the Au(111) experiments, however, di–r bonding of
the alkyne to the bare substrate was not observed; thus, a purely AuAAC-like
mechanism should not be feasible at the experimental conditions. Therefore, DFT
calculations were carried out for this case, to elucidate the on-surface coupling
mechanism and more importantly to clarify the role of the Au substrate on the
regioselectivity.

3.1 Involvement of the Surface in the Reaction

To simplify the calculations, a para-alkynylazidobenzene (p-AAB) monomer was
chosen as a suitable model compound for the representation of the observed on-surface
azide–alkyne cycloaddition reaction onAu(111) [11]. First, the transition-state energies
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of the dimerizations of AEB and the model compound p-AAB in vacuum were deter-
mined. In a second step, the transition state energyof the dimerizationofp-AABonaflat
unreconstructed Au(111) surface (see Fig. 8a–c) was calculated and subsequently
compared with the calculated vacuum barrier. Interestingly, all three calculated barrier
heights for the cycloadditions were comparable: The same value (0.72 eV) was deter-
mined for the reaction of the model compound in vacuum and on the Au substrate,
whereas a value of 0.69 eV was obtained for the AEB dimerization in vacuum. These
calculated reaction barriers are low when compared to other on-surface reactions that
require higher temperatures tobe triggered [12, 13].Moreover, the reactionwas found to
be strongly exothermic by 2.78 eV for the p-AAB in vacuum and on the flat Au(111)
substrate. These results explain why the reaction readily proceeded onAu(111) at room
temperature without di–r bonding of the alkyne to the substrate.

On the other hand, the flat unreconstructed surface initially used in the DFT
calculations does not resemble the actual herringbone-reconstructed Au(111) sub-
strate. To assess the potential catalytic role played by the gold atoms of the surface,
the “click” reaction was simulated on Au(111) with one uncoordinated additional
Au atom (Fig. 8d–f). To take into account the complete surface reconstruction
would require a very large unit cell and therefore resulting in different locations
where the molecules could adsorb. The extreme case where a single uncoordinated

(a) (b) (c)

(d) (e) (f)

Fig. 8 On-surface dimerization of the model compound p-AAB on the Au(111) surface. a–
c Reaction on a flat Au(111) surface. d–f Reaction with the reacting terminal carbon atom bound to
an additional Au atom on the surface. Initial state energies are defined as 0 eV for both reactions.
Adapted with permission from [11]. Copyright (2013) American Chemical Society
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atom stands out as the most reactive site is more feasible for the calculations and
provides valuable information regarding surface catalysis when compared with the
counter extreme case, i.e., the flat unreconstructed surface. It was found that the
strong binding of the alkyne group to the additional gold atom increases the binding
energy of the initial state of this configuration (Fig. 8d) by 0.51 eV when compared
to the flat surface (Fig. 8a). In this case, the exothermicity decreases down to
2.24 eV, and more importantly, the transition state energy is 0.71 eV, barely dif-
ferent from the 0.72 eV calculated for the flat surface. The small difference between
these transition state energies indicates a negligible catalytic effect of uncoordinated
Au atoms for the on-surface cycloaddition of p-AAB at room temperature. It is
reasonable to expect that other surface sites of a herringbone reconstruction will
show, at best, a catalytic activity as good as the one observed for the extreme case
of an additional uncoordinated Au atom on the surface.

3.2 Role of Steric Effects on the Complete Regioselectivity

As described in Sect. 3, the metal surface seems to play only a negligible role in the
on-surface azide–alkyne cycloaddition coupling reactions. Therefore, the observed
complete regioselectivity for each case could not be explained in terms of surface
catalysis. Instead, steric hindrance effects could be responsible for the experimen-
tally observed complete regioselectivity. To quantify this effect on Au(111), the
energy difference between the two possible regioisomers after coupling was cal-
culated. The 1,5-regioisomer was found to be less stable than the 1,4 version by
0.72 eV on the Au(111) surface. This significant energy difference induced by steric
hindrance between the aryl rings (Fig. 9) affects the reaction considerably and
therefore increases the transition state energy of the 1,5-regioisomer formation
process accordingly. This clearly shows that the selectivity of this reaction can be

Fig. 9 Representation of the steric hindrance effect affecting the 1,5-regioisomer. Reprinted with
permission from [11]. Copyright (2013) American Chemical Society
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strongly enhanced by moving from a solution phase which proceeds in a
three-dimensional space, to the analogous on-surface process that occurs restricted
to two dimensions. This was the first report where the beneficial effect of
two-dimensional confinement on the complete regioselectivity of an on-surface
reaction was quantitatively explained.

4 Outlook and Perspectives

The success of azide–alkyne cycloadditions on metal substrates under mild reaction
conditions has been demonstrated to be a promising alternative to develop func-
tional nanostructures on surfaces. Furthermore, the complete regioselectivity being
tuned by steric hindrance should be considered a more general effect, especially in
cases where the surface does not play a catalytic role in the reaction, rendering it as
a key factor to control on-surface regioselectivity. Taking all this into consideration,
future work could follow two different lines: (i) to systematically probe the viability
of the same reactions (including the same reactants) on different substrates, e.g.,
insulators, semiconductors or oxides; and (ii) to exploit the low activation tem-
perature of this reaction and combine it with reactions with a higher activation
barrier.

For the first case, the choice of a more inert surface renders itself promising. By
lowering the reactivity of the substrate toward the azide moiety and the monomers
in general, i.e., choosing a Au(111) substrate instead of a Cu(111), the efficiency of
the on-surface cycloaddition was enhanced by almost 30 %. Such behavior could
also be expected if the reaction is performed on an insulating or oxide substrate or
thin layer. There has been promising advances in on-surface synthesis via Ulmann
coupling on insulators, for example [14]. On the other hand, the second case could
be a promising route to obtain advanced supramolecular nanostructures on surfaces.
The products of on-surface cycloadditions between terminal azides and alkynes
have been proven to be extremely robust, while maintaining considerable flexibility
(see Sect. 2.3). Given the low activation temperature required to induce the covalent
coupling, orthogonal cross-coupling reactions can be envisioned. To combine the
azide–alkyne cycloaddition reaction with a different on-surface reaction may be an
alternative to control functionalities in two-dimensional networks at surfaces. This
would allow to mix the optimal mechanical properties from the triazoles with, for
example, optoelectronic properties. In summary, there is still plenty of room for
new research regarding the on-surface azide–alkyne cycloadditions, making it an
interesting candidate for future on-surface synthesis studies.
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On-Surface Synthesis of Phthalocyanine
Compounds

E. Nardi, M. Koudia, S. Kezilebieke, J.-P. Bucher and M. Abel

Abstract In this chapter, we review the recent progress in the synthesis of
phthalocyanine compounds at metallic surfaces under ultra-high vacuum condi-
tions. Starting with tetra-carbonitrile-benzene molecules and magnetic atoms such
as iron and manganese, we show that metal–organic coordination networks are
formed at room temperature; then annealing at 500–600 K leads to the on-surface
formation of phthalocyanine compounds. This reaction has been studied
step-by-step by scanning tunneling microscopy and spectroscopy. The last part of
this chapter is dedicated to the study of larger precursors functionalized with
tetra-carbonitrile groups that react with copper atoms to form original polymers
linked by phthalocyanine cores.

1 Introduction

Among technologically relevant molecules for organic electronic devices, the
metallophthalocyanines (MPc) are very extensively studied for their chemical and
optoelectronic properties [1]. They can be employed as building blocks for a wide
range of applications such as gas sensors, field effect transistors, organic light
emitting diodes, or data storage devices. The polymeric forms of phthalocyanines
have been known for a long time [2–7] but the isolation of single sheet of 2D
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polymer has never been obtained. One of the main interests is the combination of
magnetic properties given by the central metals with pi-conjugated electrons of
phthalocyanines. The molecular magnetism arises from the unpaired spins residing
in the d-orbitals of the atom. Such molecules adsorbed on metallic substrates have
recently gained special interest in view of emerging field of spintronics and
spin-based devices. Preparation of supramolecular assemblies at surfaces under
ultra-high vacuum (UHV) conditions usually requires deposition of the molecular
building blocks by thermal sublimation from a crucible. Therefore, there is a limit to
the weight of molecular building blocks that can be utilized in these studies: the
high temperature required for their evaporation leads to thermal decomposition or to
polymerization in the crucible before evaporation. A possible approach to the
problem is to use smaller molecular precursors which react with atoms on the
surface and form phthalocyanine compounds (Scheme 1).

Density functional theory (DFT) calculations predict very interesting properties
for polymeric phthalocyanine (Table 1) [8]. Series of magnetic atoms have been
theoretically studied and it appears that only Mn has a ferromagnetic coupling,
whereas the coupling of the other metals is antiferromagnetic. However, the most
important behavior is a high exchange energy in case of Mn (Eex = 125 meV)
accompanied by a half-metallic character. This gives hope for remarkable properties
for the development of materials for spintronic applications.

Table 1 Density functional theory calculations in the framework LDA + U of the magnetic
configuration of the 2D polymers

Cr Mn Fe Co Ni Cu Zn

Eex −29 124 −14 −6 – −7 –

M 4 3 2 1 0 1 0

Eg 0.36 Half-metal 0.24 0.10 0.34 0.31 0.30

Eex Exchange energy per supercell (Eex in meV); total magnetic moment per supercell (M in µB),
and energy band gap (Eg in eV) Ref. [8]
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Scheme 1 Schematic diagram of the reaction between tetra-carbonitrile benzene (TCNB)
molecules (1) and metallic atoms to form octacyano metallophthalocyanine (2) when the reaction
goes on, it can form the polymeric–phthalocyanine compound (3) [1]
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In the first part of this chapter, the possibility to induce surface reactions between
small ligands—tetra-carbonitrile benzene (TCNB)—and magnetic atoms
(Scheme 1) is demonstrated. This is done by depositing metallic atoms (Fe or Mn)
and TCNB molecules under UHV conditions. At room temperature, TCNB
molecules form large metal–organic networks with both Fe and Mn atoms in 1:4
and 1:2 stoichiometries [9–11]. For the reaction to occur, it is necessary to heat the
surface to 500–550 K [12, 13]. At these temperatures, a significant proportion of
molecules desorbs from the surface, necessitating a fine tuning between reaction
and desorption. Since the Mn is slightly more reactive than Fe, the reaction evolves
more efficiently in the former case, leading to comparatively larger MnPc domains.
Further activation at higher annealing temperatures then leads to the formation of
small domains of polymeric Mn-phthalocyanine.

In the second part of this chapter, it is shown on the example of Fe-TCNB that
low-temperature, high-resolution scanning tunneling spectroscopy (STS) provides a
powerful identification of the step-by-step evolution of the chemical reaction. In
particular, a deeper insight into the genesis of the magnetic properties of such
compounds is achieved. A good illustration of the convergence toward the covalent
properties is the emergence of the Kondo resonance in FePc.

The last part of this chapter describes the potentiality and versatility of this
method to access to a diversity of hybrid organic–inorganic compounds. New
molecular precursors functionalized by tetra-carbonitrile groups are used in com-
bination with copper atoms to form original 1D and 2D polymers linked by
phthalocyanine cores. In that case, the homogeneity of the reaction allows full
conclusive X-ray photoelectron spectroscopy (XPS) measurements of the chemical
reaction [14].

2 Reaction Between Tetra-Carbonitrile Benzene
and Magnetic Atoms (Fe or Mn)

In this example, the stepwise identification of the reaction between molecular
TCNB and atomic Fe toward the final FePc product is achieved. The self-assembly
of the vapor deposited TCNB molecules and Fe atoms on Au(111) first leads to
tetra-coordinated Fe(TCNB)4 and Fe(TCNB)2 precursors [9]. However, among the
two tetra-coordinate phases, only the Fe(TCNB)2 network has the appropriate
stoichiometry for the synthesis of FePc on Au(111). This phase is composed of Fe
atoms interconnected with TCNB molecules (Fig. 1a, b) [12]. Large homochiral
and mirror symmetric Fe(TCNB)2 domains with a lateral extension up to 50 nm are
present on the surface (Fig. 1a). It is worth mentioning that a similar result is
obtained on Ag(100), indicating that the coordination network is relatively insen-
sitive to the surface template, i.e., to the crystallography and, to some extent, to the
chemical nature of the underlying substrate. A careful analysis of the STM data
shows that the Fe(TCNB)2 network has a square structure with a measured peri-
odicity of 1.15 ± 0.1 nm in both orthogonal directions (Fig. 1b). The unit cell of the
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Fe(TCNB)2 network (Fig. 1b, c) contains eight nitrogen atoms, four of which
having a coordination bond with one single Fe atom. Annealing the Fe(TCNB)2
phase to 550 K leads to the formation of cross-like molecules of octacyano-FePc
(FePc(CN)8) (Fig. 1e, f). The Fe atoms appear as bright protrusions (Fig. 2f),
confirming the presence of dz2 orbitals of Fe while the organic ligands appear as
four symmetric lobes. Full transformation into covalent bonds is further ascertained
from the absence of chirality of the ligands around the central metal.

The annealing used for the reaction between Fe and TCNB at 550 K produces
large desorption of the molecules and dilution of the metallic atoms into the sub-
strate. In that case, the reaction has a limited yield and it results in small domains of
iron phthalocyanine. Using manganese instead of iron atoms for the reaction with
TCNB molecules allows a modification of the reaction efficiency because Mn,
which has a less filled d-band than Fe, is more reactive. The room temperature
phase obtained with Mn and TCNB (Fig. 2a) is very similar to the room temper-
ature phase previously obtained with Fe and TCNB. Its annealing at 370 K allows
the activation of the reaction and the formation of a Mn-phthalocyanine (Mn-Pc)
network linked by hydrogen bonding (Fig. 2b). Additional Mn atoms can be found
between the Mn-Pc (dotted circle in Fig. 2c) coordinating half of the available
carbonitrile groups. Using the same STM tip is now possible to distinguish two
electronic behaviors of Mn atoms: Mn in the cross-like compounds (solid line
circles) that appears 0.4 Å above the molecular plane while Mn in between the

Fig. 1 STM topography images. a, b Fe(TCNB)2 network on Au(111) acquired at I = 0.2 nA and
V = −0.9 V. c, d Units of FePc(CN)8 on Au(111), obtained upon annealing the previous Fe
(TCNB)2 structure at 550 K, acquired at I = 1.8 nA and V = −0.9 V. e, f Corresponding
schematics. Adapted with permission from Ref. [12]. Copyright 2014 American Chemical Society
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Fig. 2 STM topography images. a Mn(TCNB)2 networks on Ag(111); b MnPc(CN)8 on Ag(111)
obtained after annealing at 370K linked by hydrogen bonding cMnPc(CN)8 obtained after annealing
at 370 K linked bymetal–ligand interactions; d Polymeric form of theMnPc obtained after annealing
at 500 K. Adapted from Ref. [13] with permission from The Royal Society of Chemistry
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Mn–Pcs (dotted line circle) that appears 0.1 Å lower. The temperature needs to be
increased up to 500 K for the reaction to proceed further and to form small domains
of polymeric Mn-phthalocyanines (Fig. 2d).

2.1 STS Identification of Chemical Bonds During
the Synthesis of Fe-Phthalocyanine on Au(111)

Scanning tunneling spectroscopy has become a key tool to access properties of
metal–organic molecules adsorbed on surfaces. In this context, the MPc’s have
been extensively studied due to their advantageous face-on adsorption providing
easy access to metal atoms and ligands with the STM probe tip [15–22]. STS has
been applied on FePc on Au(111) to track the covalent self-assembly of organic
ligands and metal atoms [12]. The STS characterization of FePc(CN)8 complexes
reveals a strong similarity with the results obtained for FePc in the literature. This
comes from a small influence of the peripheral functionalization (CN instead of H)
on the orbital configuration of Fe atom. Thus, magnetic moment and spin state are
expected to be the same in both systems which are further ascertained by comparing
the projected density of states (PDOS) calculations for both systems [12].

To get a deeper insight into the hierarchy of chemical bonding of the iron atom,
STS measurements on the freshly deposited FePc on Au(111) have been compared
with those of the Fe(TCNB)2 phase on Au(111) [12]. The measurements were
performed in a low-temperature STM operating at a temperature of 4.6 K and UHV
conditions. Two dI/dV spectra taken above the Fe atom (red) and on the benzene
rings (black) of a FePc molecule are presented in Fig. 3 (upper panels). There are
seven main features at sample bias of −0.9, −0.79, −0.72, −0.37, −0.17, +0.5, and
0 V. Relevant features in the dI/dV spectra are only expected when a significant
overlap between tip states and molecular orbitals is achieved. This is possible for
example in the case of dz2, dxz, and dyz orbitals above the Fe atom. The sharp peak
labeled No. 1 (Fig. 3) and located at −0.9 V corresponds to the lower occupied
molecular orbital (HOMO-1) while the shoulder at −0.79 V (No. 2) has been
attributed to the dxz/yz orbitals of iron [16]. The peak at −0.72 V (No. 3) on the
ligand is attributed to the HOMO which is in good agreement with valence-band
photoemission studies on FePc/Au(111) [23]. The relatively intense resonance at
−0.38 V (labeled No. 4) is similar to the one observed by Gao et al. [16] most
probably arising from the hybridization of the Fe atom in the FePc molecule with
the Au(111) electronic surface state. Such surface-induced states (Fig. 3b labeled
SI) have been observed for FePc on other substrates and are quite common for
atoms on noble metal surfaces [20, 22]. The peak located at −0.17 V (No. 5) was
not reported in the previous studies of FePc on Au(111) although a similar feature
has been observed for FePc on Ag(100) [22] and Ag(111) [17] surfaces. The peak
close to the Fermi level (No. 6) is a well-known Kondo signature previously
observed in FePc on Au(111) [16, 21]. Additional information on the spatial
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distribution of the molecular orbitals can be obtained by recording the
constant-height differential conductance (dI/dV) maps at different bias voltages
[12, 18], thus providing information on dominant conduction channels above the
molecules. Thereby, it was confirmed that the localized contrast associated with
peak No. 5 and No. 6 in the dI/dV maps both originates from out-of-plane dz2 state
of the Fe atom [12].

Although each Fe atom in the Fe(TCNB)2 phase has four neighbor nitrogens as
in the FePc molecule, the spectra in both systems show significant differences but
also remarkable similarities. The differences mainly come from different chemical
bonding between Fe and ligands: from metal–ligand interactions in Fe(TCNB)2 to
covalent bonds in FePc. Figure 3 shows dI/dV spectra for both Fe(TCNB)2 and
FePc with the STM tip above the Fe atom (Fig. 3a) and above the ligand (Fig. 3b).
The two systems show three similar features: two similarities are observed on the Fe
atom and one on the ligand. In particular, the feature at −0.79 V on the Fe,
attributed to the dπ (dxz and dyz) orbitals, is similar in both systems indicating that
the Fe has a similar environment in the two cases. The second remarkable feature is
the surface-induced state (No. 4 in Fig. 3a) found above the Fe atom at −0.38 V
indicating that Fe atom has the same influence on the Au(111) sp surface state. The
spectra acquired on the ligand (Fig. 3b) show that both LUMO and HOMO of Fe
(TCNB)2 and FePc appear at the same energy (+0.50 V and −0.72 eV, respec-
tively). These similarities are summarized in Table 2.

The presence of a Kondo resonance for FePc on Au(111) (No. 6 in Fig. 3a) with a
corresponding Kondo temperature of about 200 K deserves a special attention as it
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Fig. 3 Comparison of dI/dV spectra taken on the Fe(TCNB)2 network and on the FePc molecule
on Au(111) under the same conditions (feedback loop opened at V = −0.7 V, I = 0.2 nA). a dI/
dV spectra taken above the Fe in FePc and in Fe(TCNB)2, respectively, b dI/dV taken above the
ligands of Fe(TCNB)2 and above the lobes of FePc, respectively. Adapted with permission from
Ref. [12]. Copyright 2014 American Chemical Society
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disappears in Fe(TCNB)2. In FePc, the oxidation state of the iron is Fe(II) with the
electronic configuration (dxy)

2, (dz2)
1, (dπ)

3 inducing a spin S = 1. The fact that the
Kondo resonance of FePc/Au(111) is located at the metal ion can be related to a
screened Kondo spin originating from the dz2 orbital (local moment Kondo system).
This result is far from being trivial since on similar MPc systems (adsorbed on noble
metals) the maximum of the Kondo resonance intensity was found on the ligands,
arising from unpaired spins in the dπ orbital [22]. It is also in contrast to the fully
delocalized Kondo resonance observed over the Co-porphyrin molecules on Cu(111)
[24]. Finally, the above result related to the Kondo resonance of FePc by Kezilebieke
et al. is in good agreement with the work of Minamitani et al. [21] who found that for
FePc on Au(111) the strong coupling of the dz2 orbital overcomes the zero-field
splitting providing a temperature window where the Kondo screening becomes
dominant (effective Hamiltonian with S = 1/2). The partial screening of the S = 1 spin
of FePc was also reported by Stepanow et al. [25]. To evaluate the hybridization of
the Fe dz2 state with the substrate, STS measurements were carried out on FePc
adsorbed on Au(111), Cu(111), and a cobalt nano-island [12]. The corresponding dI/
dV spectra exhibit an increasing shift of the Fe d-state toward the Fermi level. The
positions of the Fe d-states are summarized in Table 3 for different surfaces.

The d-states shift over the Fe is rationalized by means of the d-band model [26,
27] whose key parameter is the position of the d-band center with respect to the
Fermi energy. As shown in Table 3, the d-state shift follows the same order as the
d-band filling and the d-band center position: Ag < Au < Cu < Co. As a result, in
case of Ag where the d-band center is lower in energy, the interaction with
adsorbates gives rise to a large fraction of antibonding states which results in the
lower adsorption energy. On the contrary, the Co surface has a d-band center close
to the Fermi level. A large fraction of the antibonding states between the adsorbate
and the surface is pushed above the Fermi level resulting in the higher adsorption
energy. This might explain the strong Fe d-states shift observed for FePc adsorbed
on the cobalt nano-islands. Experimental results for FePc molecules and Fe
(TCNB)2 complexes are in good agreement with DFT calculations [12]. The

Table 2 Summary of the
similar peak positions for
FePc and Fe(TCNB)2 on Au
(111) given in eV

No. FePc Fe(TCNB)2
dxz/yz 2 −0.79 −0.79

HOMO 3 −0.72 −0.76

SI 4 −0.38 −0.38

dz2 5 −0.17 –

Kondo 6 Yes No

LUMO 7 +0.5 +0.5

Ref. [12]

Table 3 Positions of the dz2 resonance of Fe for FePc molecules adsorbed on metallic surfaces

Ag(111) Ag(100) Au(111) Cu(111) Co island

Peak position (mV) −250 −250 −170 −50 −10

Refs. [12, 17, 22]

122 E. Nardi et al.



calculation for the Fe(TCNB)2 complex shows that the broad peak in the STS
spectrum at +0.5 eV corresponds to an empty dz2 state, whereas FePc shows an
occupied dz2 resonance just below the Fermi level. Therefore, the lack of Kondo
signature for Fe(TCNB)2 cannot be ascribed to a different Fe-substrate distance and
is most probably due to the intrinsic differences mentioned above. As expected, the
calculation clearly shows a localized spin density on the Fe of FePc with S = 1,
whereas Fe(TCNB)2 shows a weekly delocalized spin density on the ligand with Fe
bearing only a fraction (S = 0.68) of the total spin [12].

In conclusion, the information gathered from high-resolution dI/dV spectroscopic
labeling and spin-polarized DFT calculations shows that the dπ features appear
already on the intermediate Fe(TCNB)2 complex. The contribution of the covalent
character of the surface-synthesized FePc is evidenced by the appearance of the dz2
state close to the Fermi energy and the related Kondo resonance, as demonstrated by
studying the hybridization of the dz2 orbital of Fe to various substrates (Cu, Au, and
Co) by STS. The lack of Kondo resonance in Fe(TCNB)2 is related to the absence of
the dz2 feature just below EF and appears to be intrinsic to the complex.

2.2 Reaction Between Pyrazino
Phenanthroquinoxaline-Tetracarbonitrile
and Copper Atoms

Here, we show that a copper-phthalocyanine derivative is synthesized at the surface
from a larger organic component, the pyrazino phenanthroquinoxaline-
tetracarbonitrile (PPCN) (Scheme 2). The tunability of the electronic and struc-
tural properties of phthalocyanines makes this class of molecules ideal for both

Scheme 2 Reaction between pyrazino phenanthroquinoxaline-tetracarbonitrile (PPCN) and
copper atoms leading to octacyano-copper pyrenopyrazinocyanines (CuPycs)

On-Surface Synthesis of Phthalocyanine Compounds 123



fundamental science and technological applications, such as optoelectronic devices,
sensors, and thin-film transistors.

PPCN was sublimated from a crucible onto a clean Au(111) surface.
Submonolayer deposition of PPCN at room temperature in UHV results in the
formation of well-ordered two-dimensional molecular domains extended over entire
terraces and stabilized by weak interactions. Electron beam evaporator was used to
deposit Cu atoms on top of the PPCN layer. After annealing at T = 355 K,
well-ordered regular structures, in which metal centers connect to organic mole-
cules, emerge in domains up to 120 nm in size [14].

Fig. 4 Copper pyrenopyrazinocyanine (CuPyc) networks. a STM image (50 × 50 nm2) of CuPycs
linked by C–N···H–C bonds. Inset zoom (1.8 × 1.8 nm2). b DFT model of the CuPyc network.
c STM image (80 × 80 nm2) showing the CuPycs linked by metal–organic interactions. Two
mirror domains are present, separated by the black line. Inset zoom (2 × 2 nm2). d DFT model of
the CuPyc network linked by metal–ligand interaction. Adapted with permission from Ref. [14].
Copyright 2014 American Chemical Society
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The phthalocyanine network (Fig. 4a–d) is obtained upon annealing at 475 K:
the PPCN molecules react with Cu atoms to form new macromolecules derived
from phthalocyanines (CuPyc, Copper pyrenopyrazinocyanine). Deposition of Cu
atoms on this layer results in an extended coordination network, with domains up to
100 nm in size, in which each Cu atom is coordinated to three CuPycs (Fig. 4c).
Finally, the increase in annealing temperature to 540 and 675 K leads to the
formation of 1D and 2D phthalocyanine polymers, respectively (Fig. 5a–d).

An ultimate proof of the reaction between copper and PPCN is given by XPS
core-level measurements of the different elements (C, N, and Cu) in the molecular
film [14]. The modification of the shape of the C1s photoemission spectrum as a

Fig. 5 Copper pyrenopyrazinocyanine (CuPyc) polymeric networks. a STM image (15 × 15 nm2)
of polymeric CuPyc chains, obtained by annealing the substrate at 540 K. b DFT model of
polymeric chains. c STM image (15 × 15 nm2) of the polymeric grid obtained by annealing the
substrate at 675 K. d DFT model of polymeric grid. Adapted with permission from Ref. [14].
Copyright 2014 American Chemical Society
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function of sample temperature and a new feature in the Cu2p3/2 photoemission
spectrum allows a fully conclusive XPS analysis (Fig. 6). The C1s spectrum of the
PPCN self-assembled network is composed of two main peaks, related to carbons
of the aromatic rings (C1), carbons bonded with nitrogen atoms (C2), and a satellite
of this latter (S2) [28, 29]; the C1s spectrum of the non-reacted metal–organic
network (MOCN) presents the same shape slightly shifted toward higher binding
energy. An evolution of the C2 peak is observed with increasing annealing tem-
perature: Its intensity decreases and it shifts toward lower binding energy. The
reaction involves the transformation of half of the carbonitrile carbons into pyrrole
carbons whose binding energy is about 0.4 eV lower [30, 31]; as the reaction
proceeds further to form the CuPycs, the polymeric chains, and the polymeric grid,
the pyrrole component becomes more significant, thus explaining the change in the
C2 peak. The Cu2p3/2 spectrum of MOCN exhibits one peak, at the same binding
energy of Cu deposited on Au(111); after 475 K annealing, a new peak at about
935.4 eV appears. This value of binding energy is in good agreement with the
binding energy of the Cu(II) copper peak measured for bulk CuPc and CuPc on Au

Fig. 6 X-ray photoemission spectroscopy as a function of the annealing temperature. a C1s
spectra of, 1 PPCN self-assembled network, 2 MOCN1, 3 CuPyc coordination network (475 K
annealing), 4 CuPyc polymeric chains (540 K annealing) 5 CuPyc polymeric network (675 K
annealing). All the spectra were normalized to the same total area. b Cu2p3/2 spectra of, 1 Cu on
Au(111), 2MOCN1, 3 CuPyc coordination network (475 K annealing), 4 CuPyc polymeric chains
(540 K annealing), 5 CuPyc polymeric grid (675 K annealing). All the spectra were normalized to
the same total area. Circular markers represent the experimental data, solid lines the fit. The
individual components of the fit are represented with red line. Adapted with permission from Ref.
[14]. Copyright 2014 American Chemical Society
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(100) [31, 32]; we interpret this peak as the signature of the CuPycs formation.
Furthermore, the Cu(II):N:C ratio of the CuPyc coordination network is about
1:31:98, which is consistent with the 1:32:96 ratio of the CuPyc molecule formed
on the whole surface. The intensity of the Cu(II) peak increases after 540 and 675 K
annealing: this increase confirms the interpretation of the STM images and the
temperature-dependent nature of the reaction, as with the formation of polymeric
chains and polymeric grid more and more Cu–N bonds are indeed created.

3 Conclusion

In this chapter, we review on-surface synthesis of pi-conjugated 2D metal–organic
materials, opening an access to a diversity of hybrid organic–inorganic compounds
with possibly interesting transport properties. We take advantage of on-surface
reaction between metallic atoms and organic precursors to confine the reaction in
two dimensions. This method appeared in the last few years as a new way to form
2D materials. The choice and comparison between different molecular precursors
(TCNB, PPCN) and different metallic atoms (Fe, Mn and Cu) allows us to dis-
criminate between non-reacted and reacted species by a drastic difference in the
symmetry of the self-assembled networks. Furthermore, the reaction yield obtained
in the case of PPCN, close to 90 % of the surface coverage, allows a fully con-
clusive XPS analysis. Finally, completely new 1D and 2D pi-conjugated polymers
are formed. The hierarchical synthesis of new pi-conjugated molecules embedding
metals, obtained using 2D confinement of molecular precursors on surfaces, is a key
step forward toward new nano-materials combining organic and inorganic species
and the bottom-up production of sophisticated structures for electronic devices.
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Molecular On-Surface Synthesis: Metal
Complexes, Organic Molecules,
and Organometallic Compounds

J. Michael Gottfried

Abstract This article covers aspects of the on-surface synthesis of large molecular
systems, in particular metal complexes, organometallic compounds, and organic
molecules. It is shown that this approach is especially useful if the desired
molecular species are too large or thermally unstable for vapor deposition, or when
their synthesis in solution is not possible. Another advantage is the possible for-
mation of well-ordered two-dimensional network structures with a hybrid
covalent/van der Waals bonding scheme. The first part of the article focuses on the
on-surface synthesis of metalloporphyrins, metallocorroles, and metallophthalo-
cyanines by direct metalation of the respective ligand molecules with coadsorbed
metal atoms. The underlying metalation reaction proceeds with high yields and
without by-products except hydrogen, which readily desorbs. The second part is
devoted to the on-surface synthesis of hydrocarbon macrocycles by means of the
surface Ullmann reaction and also discusses the organometallic reaction interme-
diates with C–Cu–C bonds.

List of abbreviations

(a) General

CV Cyclic voltammetry
DFT Density functional theory
EC-STM Electrochemical scanning tunneling microscopy
LDOS Local density of states
LT-STM Low-temperature scanning tunneling microscopy
MOCN Metal-organic coordination network
NEXAFS Near-edge X-ray absorption fine structure
RT Room temperature
SERRS Surface-enhanced resonance Raman scattering
STM Scanning tunneling microscopy
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STS Scanning tunneling spectroscopy
TPD Temperature programmed desorption
TPR Temperature programmed reaction
UHV Ultra-high vacuum
UPS Ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy

(b) Chemical compounds

DABCO 1,4-diazabicyclo[2.2.2]octane
DMTP 4,4″-dibromo-m-terphenyl
DPP 5,15-diphenylporphyrin
MTP meta-terphenyl biradical
OEP 2,3,7,8,12,13,17,18-octaethylporphyrin
P Porphin
Pc Phthalocyanine
PPIX Protoporphyrin IX (3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphindi-

propionic acid)
TBPP 5,10,15,20-tetrakis-(3,5-di-tert-butyl)-phenylporphyrin
TBrPP 5,10,15,20-tetrakis(4-bromophenyl)porphyrin
TCNB 1,2,4,5-tetracyanobenzene
TMP Meso-tetramesitylporphyrin (5,10,15,20-tetrakis(2,4,6-trimethyl)

phenylporphyrin)
TMPA 5,10,15,20-tetrakis[4-(trimethylammonio)phenyl]-porphyrin
TMPyP4+ 5,10,15,20-tetra(N-methyl-4-pyridinium)porphyrin
TPCN 5,10,15,20-tetra[(4-cyanophenyl)phen-4-yl]porphyrin
TPP 5,10,15,20-tetraphenylporphyrin
TPyP 5,10,15,20-tetra(4-pyridyl)porphyrin

Prefixes for porphyrin and phthalocyanine ligands: 2H or 2D = freebase, M = metal
complex

1 Introduction

The synthesis of metal complexes, organic molecules, and organometallic com-
pounds at the solid/vacuum interface is a promising approach for surface modifi-
cation and functionalization. It is an important alternative to the direct vapor
deposition of the required molecules or metal complexes and has substantial
advantages especially in the following cases:

1. The substance cannot be synthesized as a bulk material and then (vapor)
deposited onto a surface, either because no bulk synthesis is available or because
the substance is too labile for vapor deposition. The former issue typically arises
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in the case of large conjugated hydrocarbons, where a solution-based synthesis
often requires that long alkyl chains are attached to the parent structure in order
to achieve sufficient solubility [1–3]. The corresponding naked parent structures
have only been accessible by on-surface synthesis [4]. In addition, catalytic and
template effects exerted by the surface can help driving the reaction in the
desired direction, especially in the case of planar molecular structures.

2. The on-surface synthesis of covalently bonded two-dimensional networks is
often hampered by large defect concentrations. This issue results from the
irreversible character of the bond formation, which prevents the healing of
initially formed structural defects. An alternative strategy uses the on-surface
synthesis of large molecular moieties, which are still sufficiently mobile to
self-assemble and to segregated defect structures. The resulting van der Waals
network can then be fused by covalent bonds in a subsequent step.

In this contribution, both cases will be addressed and illustrated by examples
from the recent literature. The first part focuses on the surface-confined synthesis of
large metal complexes based on porphyrins, corroles, and phthalocyanines.
Monolayers and multilayers of these complexes can be synthesized by the reaction
of the metal-free macrocycle ligands with coadsorbed metal atoms (or metal atoms
from the substrate), sometimes followed by the attachment of another ligand on the
metal center. Mechanistic details of this in situ redox reaction and properties of the
resulting complexes will be discussed. The second part deals with reactions of
bromoarenes on Cu surfaces. Temperature-dependent studies show that the C–Br
bonds dissociate already at low temperatures and are replaced by C–Cu–C bonds,
which lead to the formation of linear, cyclic, or two-dimensional organometallic
oligomers and polymers. A prominent example for a molecule for which no
solution-based synthesis is available, but which can be made by on-surface syn-
thesis, is hyperbenzene, a hexagonal octadecaphenylen, which is formed by an
Ullmann-type reaction from six dibromo-m-terphenyl molecules. As a room tem-
perature stable intermediate, the corresponding organometallic macrocycle with 6
C–Cu–C bridges was found, accompanied by other cyclic and chain-like
organometallic oligomers.

2 On-Surface Synthesis of Porphyrin, Phthalocyanine,
and Corrole Complexes

Formation of coordinative bonds between adsorbed ligandmolecules and coadsorbed
(or substrate) metal atoms has frequently been used to synthesize two-dimensional
metal-organic coordination networks [5–8]. With a similar approach, molecular
complexes can be synthesized on surfaces, as has been shown for various porphyrins
and phthalocyanines. Their parent structures are displayed in Fig. 1.

Porphyrins and their metal complexes are widespread in nature as the active
centers of many enzymes and other functional biomolecules, such as hemoproteins
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[9, 10] or chlorophylls [11]. Porphyrin derivatives also find widespread application
in science and technology, such as heterogeneous catalysis [12, 13], electrocatalysis
[14], photocatalysis [15], sensor systems [16–18], organic electronics [19, 20], and
various types of light-harvesting systems [21, 22]. Porphyrins have also been
employed in the medical context as sensitizers in photodynamic therapy for cancer
treatment [23–26].

Phthalocyanines are not found in nature, but can efficiently be synthesized from
phthalonitriles in the presence of metals [27]. They are produced on an industrial
scale and find their main applications as pigments in printing inks, paints, plastics,
and other mass products, including color filters for LCD and TFT displays [27].
They are also used as oxidation catalysts [28], in organic semiconductors in
thin-film transistors [29], organic light-emitting diodes [30], and molecular organic
photovoltaics [31–33], in liquid crystalline materials [34, 35], as photoactive ele-
ment in photocopies and laser printers [32, 36], and as photosensitizers in dye solar
cells [37] and for photodynamic cancer therapy [38, 39].

Porphyrins and phthalocyanines possess a rich and diverse coordination chem-
istry, which arises from the large variety of complexes which they form with most
stable elements in the periodic table, except nitrogen, the halogens, and the rare
gases (Figs. 2 and 3) [40]. A similar rich coordination chemistry was observed at
solid/vacuum interfaces [41], although there are characteristic mechanistic differ-
ences, which partly result from the presence or absence of a solvent: In solution,
stabilization by solvatation favors ionic reactants, products, and intermediates,
especially in polar solvents, while in the absence of solvatation, reactions prefer-
entially proceed via neutral species. This is well known for gas-phase reactions,
where atoms and radicals dominate the reaction mechanism, but also holds true for
many surface reactions. It also applies to the formation of metalloporphyrins and
metallophthalocyanines by direct metalation of the ligand. In solution, the meta-
lation reaction proceeds as a replacement of two protons by a metal ion, i.e., as an
ion exchange [42]. In contrast, the corresponding surface reaction follows a redox
mechanism, resulting in the oxidation of a metal atom to its dication and the related

Porphin (2HP) Corrole (3HC) Phthalocyanine (2HPc)

Fig. 1 Porphin, corrole, and phthalocyanine, the parent structures of the respective classes of
molecules. Corrole differs from porphin only by the absence of one meso-carbon atom in the
macrocycle (position marked in red); the hydrogen atom from this meso-position (formally) goes
to one of the N atoms, resulting in three pyrrolic nitrogens (–NH–) in the corrole
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reduction of the protons to H2 (Fig. 2) [43–45]. Besides the coordination reactions
at the center of the macrocycle and the coordination of axial ligands to the metal
center, porphyrins with suitable substituents can also form coordinative bonds at the
molecule’s periphery [7].

2.1 Synthesis of Complexes Using Pre-deposited Ligand
Molecules

Adsorbed metalloporphyrins and phthalocyanines at the solid/vacuum interface can
be synthesized by reaction between the pre-adsorbed ligand molecules and
post-deposited metal atoms. This type of reaction was first reported for Co and
meso-tetraphenylporphyrin (2HTPP) [43, 46], Zn and 2HTPP [43, 47], Fe and
meso-tetrapyridylporphyrin (2HTPyP) [48], as well as Fe and 2HTPP [49]. In all
these experiments, the metals were vapor deposited onto monolayers of the ligands
on an inert metal surface. The metal atoms reacted with the porphyrin molecules
as is shown in Fig. 2.

The reaction proceeds at room temperature for V [50], Cr [51], Mn [52], Fe, Co
[43], and Ni [53], but requires elevated temperatures for Ti [54], Zn [43], and Rh
[52], as will be discussed in Sect. 2.3. A periodic table with all elements that form
metal complexes with porphyrins and those for which on-surface metalation was
achieved (gray-shaded boxes) is shown in Fig. 3. As can be seen, there are plenty of
opportunities for the further exploration of on-surface metalation.

The reaction progress was monitored mainly with XPS, STM, and NEXAFS.
Representative N 1s XPS spectra for the metalation of a 2HTPP monolayer on Ag
(111) with post-deposited Fe atoms are displayed in Fig. 4 [55]. The XP spectrum
of a 2HTPP monolayer shows two components: one for the iminic nitrogen (–N=)
at lower binding energy (398.2 eV) and another for pyrrolic nitrogen (–NH–) at
higher binding energy (400.1 eV) [56]. Upon deposition of Fe atoms, the two
2HTPP related peaks are increasingly replaced by a single peak at 398.7 eV, which
indicates the formation of iron(II) meso-tetraphenylporphyrin (FeTPP), because the
four nitrogen atoms are chemically equivalent in the complex.

The reaction progress can also be monitored by STM, if there is sufficient
contrast between the unmetalated and the metalated species. Figure 4b shows STM

Fig. 2 Metalation of a porphyrin (here: porphin, 2HP) in the adsorbed state
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images of a 2HTPP monolayer on Ag(111) during metalation with Fe [49]. The first
image was taken after the deposition of 0.012 ML Fe, which led to the metalation of
29 % of the molecules in the monolayer. The FeTPP complexes appeared bright
because of the large contribution of iron d-orbitals near EF [57]. The subsequent
images show the monolayer after additional Fe deposition steps, resulting in the
metalation of 60, 73, and 89 % of the molecules. Typical yields were 70–90 %
relative to the deposited amount of metal atoms. Excessive metal deposition onto

Fig. 3 All elements shown in this periodic system form porphyrin and phthalocyanine complexes.
To date, on-surface metalation in UHV was achieved only with the elements in the gray-shaded
boxes

Fig. 4 On-surface synthesis of iron(II) meso-tetraphenylporphyrin (FeTPP) by metalation of
meso-tetraphenylporphyrin (2HTPP) with vapor-deposited Fe. Left, N 1s XP spectra for increasing
dosages of Fe (from top to bottom). The STM images (right) show the 2HTPP monolayer after
deposition of 0.012, 0.024, 0.036, and 0.048 ML Fe, resulting in metalation degrees of 29, 60, 73,
and 89 %, respectively. The indicated Fe coverages are relative to the number of surface Ag atoms.
The stoichiometric Fe coverage would be 0.037 ML (one Fe atom per one 2HTPP molecule).
Adapted with permission from Ref. [55], © (2008) American Chemical Society (left). Adapted
with permission from Ref. [49] (right), © (2007) John Wiley and Sons (right)
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the porphyrin monolayer led to the formation of metal clusters, which preferentially
formed at substrate step edges. For deposition of Fe onto 2HTPP/Ag(111), the Fe
clusters were reported to sit between the Ag surface and the FeTPP layer formed by
metalation [58]. Similar observations were made for the metalation of 2HTPP with
Ni on Au(111) [53].

Up to now, there is no evidence for a significant influence of the peripheral
substituents at the porphyrin core on the metalation reaction with post-deposited
metal atoms (but see Sect. 2.2 for substitutent effects on the metalation with
pre-deposited or substrate metal atoms). Metalation of 2HTPP [49, 55], 2HTPyP
[48], and 2HOEP [59] with Fe on Ag(111) led to very similar results; all these
reactions were found to take place at room temperature, if the metal was deposited
onto the porphyrin layer.

Metalation with post-deposited metal atoms was also used as part of a two-step
on-surface synthesis of porphyrin complexes with an additional axial ligand: (NH3)
ZnTPP was made on Ag(111) by metalation of 2HTPP with Zn followed by
coordination of NH3 at the Zn ion [47]. With a similar approach, the complex (NO)
FeTPP was synthesized by successive reaction of Fe and nitric oxide (NO) with a
2HTPP monolayer on Ag(111) [60, 61].

Metalation of porphyrin monolayers is not limited to metallic substrates, but can
also be performed on oxides. On a TiO2(110)-(1×1) surface, 2HTPP (sub)mono-
layers were metalated with post-deposited Ni atoms to from NiTPP. The yield was
found to be lower than in the case of metalation on metal surfaces, reaching only
60 % even with a threefold Ni excess [62].

Phthalocyanines undergo similar metalation reactions as porphyrins. 2HPc
monolayers have been metalated with Fe [58, 63] and V [50] on Ag(111). The
yields were similar to those found for porphyrin metalation. Another example is the
metalation of 2HPc with Fe on thin Pb films on Si(111), which was dependent on
the thickness of the Pb film (cf. Sect. 2.3) [64].

Corroles, which differ from porphyrins by the lack of one of the four meso-
carbon atoms, have also been shown to undergo metalation. Since the corrole
macrocycle contains three pyrrolic nitrogen atoms (–NH–), the metal atom can be
oxidized to its +III state, as was shown for the metalation of 2,3,8,12,17,
18-hexaethyl-7,13-dimethyl-corrole with Co on Ag(111) [65].

Instead of vapor-deposited metal atoms, metal carbonyls can be used for met-
alation. Ru3(CO)12 was reported to metalate a 2HTPP derivative on Ag(111). (The
2HTPP derivative was formed by surface-assisted partial dehydrogenation.) After
adsorption of the carbonyl at room temperature, the reaction was induced by
heating to 550 K [66].

Double-decker complexes containing a metal ion in a formal +IV oxidation state
sandwiched between two porphyrins or phthalocyanine ligands are formed by metals
with large atomic radii and preference for higher oxidation states, such as rare earth
metals. Complexes of this structure were produced by exposing 2HTPP multilayers
on Ag(111) to a beam of Ce atoms. After heating to 500 K, which induces the
metalation reaction and ensures desorption of excessive 2HTPP, Ce(TPP)2
double-decker complexes were observed by LT-STM. Additional bright features in
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the STM images were interpreted as Ce2(TPP)3 triple-decker complexes [67]. If only
(sub)monolayers of 2HTPP are available, Ce deposition leads to the formation of
CeTPP complexes. Due to its size, the Ce ion sits outside the porphyrin plane, but it
is not clear whether it points toward or away from the surface [68].

If the metalation reaction does not proceed spontaneously, it can be induced by
manipulation with an STM tip, as was demonstrated by Sperl et al. with the met-
alation of a single phthalocyanine (2HPc) molecule on a Ag(111) surface at 7 K,
resulting in the formation of AgPc [69]. The first step of the forced metalation
consisted in the dehydrogenation of the pyrrolic nitrogen atoms (–NH–) by
applying voltage pulses with the STM tip (Fig. 5). In the second step, the Ag-coated
W tip was approached to the molecular center at low bias voltage. At a certain
distance, a sudden change of the tunneling current indicated the transfer of an Ag
atom from the tip to the ligand. The identity of the synthesized AgPc was estab-
lished by comparison with the tunneling spectra with those of directly deposited
AgPc. Note that spontaneous formation of silver(II) phthalocyanine (AgPc) (or any
Ag porphyrin) on Ag(111) by reaction with substrate atoms has not been observed
as yet. Due to its large ion radius, the Ag center is located outside the molecular
plane of the Pc ligand. After the STM-induced synthesis, the Ag ion points to the
vacuum side (Ag-up position). By applying a voltage pulse, the ion can be pushed
downward to a position between the substrate surface and molecular plane of the Pc
ligand (Ag-down position). A similar conversion was reported for SnPc on Ag
(111). SnPc molecules in direct contact to the Ag surface can only be switched from
a Sn-up to a Sn-down position. If the molecules sit on a decoupling layer of other
SnPc molecules, reversible switching in both directions was possible [70].

2.2 Synthesis of Complexes Using Post-deposited Ligand
Molecules

Synthesis of porphyrin and phthalocyanine complexes is also possible by applying
the reverse order of deposition, as was first demonstrated for a Zn/Ag(111) sub-
strate, onto which 2HTPP was deposited. Subsequent heating to 550 K induced
reaction to ZnTPP, as was shown by XPS [71]. A similar reaction was observed
between 2HTPP and Fe/Ag(111): Initial vapor deposition of small amounts of Fe
onto Ag(111) led to the formation cluster at monatomic step edges (Fig. 6a). In the
next step, 2HTPP was deposited, which formed an ordered monolayer on the
terraces (Fig. 6b). At room temperature, the Fe and 2HTPP coexisted without
reaction. Upon heating to 550 K, however, the clusters dissolved and the Fe atoms
reacted with the 2HTPP molecules on the terraces to form FeTPP. The fact the
bright protrusions of FeTPP are randomly distributed over the terraces (and not
clustered around the original positions of the Fe clusters at the step edges) indicates
that the reactants are sufficiently mobile at this temperature to allow multiple dif-
fusion events before the actual metalation reaction occurs [55]. Similar results were
obtained for the metalation of 2HTPP on Ni/Au(111) [53].
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At higher coverages of pre-deposited Fe, metalation at room temperature is
possible. This has been shown for thin films of γ-Fe(110) (15 ML) on Cu(110).
Vapor deposition of 1 ML 2HTPP onto this Fe layer led to immediate formation of
FeTPP. A similar reactivity was found for 2HTPP on Ni(111): Deposition of 1 ML
2HTPP onto this substrate held at room temperature resulted in complete metalation

Fig. 5 Synthesis of silver(II) phthalocyanine (AgPc) by forced metalation of phthalocyanine
(2HPc) on Ag(111) with a Ag atom from the STM tip. a, b Gas-phase structures of 2HPc and
AgPc. c–j Constant-current STM images of 2HPc and derived molecules, along with molecular
models (Insets). c–e Tautomerization of 2HPc induced by voltage pulses of 1.6 V. f, g STM
images of HPc obtained after removal of one pyrrolic H atom from 2HPc by a pulse of 3.0 V.
Hopping of the remaining pyrrolic H atom was induced by pulses of 2.5 V. h Pc molecule
fabricated by pulsing the voltage to 3.5 V. i After approach of the Ag tip to the center of the Pc,
MPc-up (MPc↑) is formed. j A voltage pulse of 3.0 V leads to an interconversion of MPc into
MPc-down (MPc↓). By comparison with the image of AgPc on Ag(111) prepared by sublimation
from a heated crucible (k), the molecule in (j) was identified as AgPc, with the Ag atom between
the surface and the molecular plane (AgPc↓). Adapted with permission from Ref. [69], © (2011)
John Wiley and Sons
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to NiTPP [52]. 2HOEP deposited onto Ni islands on Cu(111) gave also rise to
metalation, whereas no metalation was observed for 2HTPP on the same substrate
[72].

The finding of room temperature metalation on Fe or Ni films and single-crystal
surfaces also explains why elevated temperatures are necessary for the metalation
with submonolayers of Fe or Ni on inert surfaces such as Ag(111) or Au(111):
Apparently, not the metalation reaction itself is rate-limiting, but rather the supply
of metal atoms by 2D evaporation of the metal clusters. At room temperature, the
2D vapor pressure of the clusters is too low for efficient metalation.

Metalation by substrate metal atoms, sometimes termed “self-metalation,” has
also been studied on Cu surfaces [73–80]. The reaction of 2HP and 2HTPP with a
Cu(111) surface was studied in great detail by Diller et al. [73, 74] using LT-STM,
XPS, and NEXAFS. A 2HP submonolayer was found to undergo complete meta-
lation upon heating to 423 K, as was deduced by STM. Detailed XPS studies of a
2HP bilayer revealed that complete reaction of both layers to CuP occured already
between 373 and 393 K [73]. A 2HTPP monolayer on Cu(111) was shown to react
to CuTPP starting at 420 K [74]. Ditze et al. used the slow reaction of 2HTPP with
Cu on Cu(111) at 400 K to determine the reaction activation energy (cf. Sect. 2.3
below) [78]. For 2HTBPP on Cu(111), it was found that 57 % of a monolayer was
metalated after heating to 350 K for 3.5 h. In contrast, substantial metalation of a
2HPc monolayer on Cu(111) occurred already below room temperature [81].

Fig. 6 Synthesis of FeTPP from 2HTPP on Fe/Ag(111). a STM image taken after deposition of
0.025 ML Fe onto Ag(111) at room temperature, showing Fe clusters at the step edges of a
Ag(111) surface. b Coexistence of Fe clusters and a 2HTPP monolayer at the terraces after
subsequent deposition of a 2HTPP monolayer. c After heating to 550 K, terraces individually
color-coded. The bright spots in (c) indicate FeTPP formed by metalation of 2HTPP. Adapted with
permission from Ref. [55], © (2008) American Chemical Society
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Reaction of 2HTPP with substrate Cu atoms was reported to be facilitated by the
presence of chemisorbed oxygen atoms. On an oxygen-(
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structed Cu(001) surface, metalation of 2HTPP was found to be complete already at
285 K, whereas 450 K was required on the bare Cu(001) surface [75]. Interestingly,
the oxygen-containing porphyrin 2HPPIX was reported to undergo metalation on
Cu(100) and Cu(110) surfaces at room temperature. It is not clear whether the
oxygen of the molecule plays a role in this reaction as well or whether the high
adatom density on the Cu(100) and Cu(110) surfaces was decisive, as was sus-
pected by the authors [76].

The metalation of 2HTPP on Cu(111) was found to be strongly dependent on the
2HTPP coverage [82]. While disordered 2HTPP submonolayers on Cu(111) reacted
only slowly to CuTPP, an increased reaction rate was observed for an ordered
supramolecules “checkerboard” structure, which was formed at higher coverages
[83].

2.3 Mechanism, Energetics, and Kinetics of Direct
Metalation

In contrast to metalation in solution, where a metal ion replaces two protons at the
pyrrolic N atoms of the porphyrin core, direct metalation with metal atoms is a
redox reaction. In the course of this reaction, the metal atom is oxidized to its
dication and hydrogen is released as H2. Thus, this reaction formally resembles the
dissolution of a metal in a Brønsted acid [43].

Gas-phase DFT calculations of the reaction between a porphin molecule (2HP)
and various metal atoms (Fe, Co, Ni, Zn, Cu) were reported by Shubina et al.
[43, 44]. Figure 7 shows the computed lowest energy profile of the reaction between
2HP and Zn, together with selected minimum and transition state structures.

As can be seen in the diagram, the metalation reaction starts with the coordi-
nation of the neutral metal atom by the intact porphin molecule. This initial step is
exothermic and leads to a deformation of the ligand, such that the pyrrolic hydrogen
atoms are bent out of the molecular plane. The resulting complex closely resembles
the sitting-atop (SAT) complex postulated for metalation in solution [84, 85]. In the
following two elementary steps, which have substantial activation barriers in the
case of Zn, the pyrrolic hydrogen atoms are transferred to the coordinated Zn atom,
from which they desorb as H2. As a result, the Zn atom is formally oxidized to its
dication, while the porphin ligand acquires two negative charges. In this example
(Zn + 2HP), the rate-limiting step is the first H transfer, which has a computed
barrier of ΔE≠ = 136 kJ/mol or ΔG≠ = 137 kJ/mol [43]. The fact that ΔE≠ and ΔG≠

are almost identical indicates that the activation entropy ΔS≠ is very small. This is
consistent with an intramolecular H transfer step in a porphyrin molecule [86].

The release of H2 provides a convenient method for the experimental determi-
nation of the overall reaction barrier. For this purpose, N-deuterated 2DTPP was
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reacted with Zn, while the evolution of D2 was monitored with mass spectrometry.
The resulting experimental ΔG≠ value of 134 kJ/mol was found to agree well with
theory [43, 44].

The height of the rate-limiting barrier depends strongly on the type of the metal
center. While no barrier was computed for Fe, the activation energy was predicted
to increase in the order Fe < Co < Ni < Cu < Zn, as shown in Fig. 7b. According to
these barriers, one should expect metalation with Fe, Co, and Ni to occur below
room temperature, whereas elevated temperatures should be required for Cu and
Zn. This was confirmed by various experimental studies, including Refs. [43, 46,
52, 53, 55].

Experimental observations of the initial (SAT-like) complex provide further
evidence for the proposed reaction mechanism as shown in Fig. 7. SAT complexes
were first observed at room temperature by XPS for Zn-2HTPP on Ag(111) [43]
and Cu-2HTBrPP on Cu(111) [87]. A Cu-2HTPyP SAT complex and its transition
to CuTPyP were observed by STM after the deposition of Cu onto a 2HTPyP
submonolayer on Au(111) [88].

A separate determination of the activation energy and the pre-exponential factor
of porphyrin metalation with substrate atoms was achieved with isothermal rate
measurements using STM [78]. 2HTPP and CuTPP were discriminated and
quantified by their different mobilities, due to which only 2HTPP molecules
appeared as individual moieties in the STM images, whereas the more mobile
CuTPP gave rise to blurry areas. This approach yielded an activation energy of
143 ± 12 kJ/mol and a pre-exponential factor of 10(15±1.6) s−1. At higher coverages,
a reduced barrier for the metalation was observed [82]. For comparison, DFT values
for the activation energy, computed for the corresponding gas-phase reaction of

Fig. 7 a Schematic energy diagram of the metalation of porphin (2HP) with Zn, according to
gas-phase DFT calculations. Energies are given in kJ/mol, bond lengths in Å. The pyrrolic
hydrogen atoms are marked in red. b Calculated activation energies for the gas-phase metalation of
2HP with as a function of the atomic number. Values were taken from Ref. [43]. Adapted with
permission from Ref. [43], © (2007) American Chemical Society
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2HP with Cu, range from 100 to 155 kJ/mol, depending on the level of theory and
the applied basis sets [43, 88]. The measured frequency factor is remarkably high,
indicating a large positive activation entropy. This result points toward a dissoci-
ation reaction such as the final release of H2, rather than an intramolecular H
transfer, as the rate-limiting step. This could indicate an active participation of the
substrate surface in the metalation mechanism, as was also suggested on the basis of
metalation experiments with N-deuterated tetraphenylporphyrin (2DTPP) on
Cu(111) [89]. In addition, the metalation of adsorbed corroles may also be
surface-mediated, because the third pyrrolic H atom cannot easily desorb as
molecular hydrogen by the mechanism in Fig. 7a, and desorption of atomic H is
energetically unfavorable. Therefore, it is likely that at least the third H atom
migrates to the substrate surface and recombines there with another H atom before
desorption as H2 [65]. Furthermore, for the metalation of monolayers, substantial
influences of the substrate’s electronic structure have been observed. Song et al.
studied the metalation of a 2HPc monolayer on Pb islands deposited on Si(111)
[64]. The Pb islands had different thicknesses ranging from 9 to 19 monolayers.
Due to the electron confinement between the semiconductor bandgap and the
vacuum barrier, the electronic structure of the Pb film was found to be thickness
dependent with an odd–even transition at 17 ML (Fig. 8) [90–96]. After deposition
of substoichiometric amounts of Fe onto the 2HPc monolayer, the amounts of FePc
on the islands of different heights were determined by STM. The yield of FePc was
found to have a one-to-one correspondence to the local density of states at the Fermi
level (LDOS(EF)), as shown in Fig. 8 [64]. Considering these findings of substantial
surface influences, one may question the relevance of the (gas-phase) mechanism
shown in Fig. 7a [43, 44]. However, it was shown that the metalation reaction also
proceeds when metal atoms are deposited onto thick porphyrin multilayers, i.e., in
the absence of a surface that could participate in the reaction [55] (cf. Sect. 2.5).
This reaction most likely follows the mechanism shown in Fig. 7a.

Coadsorption of other species can also influence the rate of the metalation
reaction. This has been shown for metalation of 2HTPP on oxygen-covered
Cu(001) [75]. As already briefly mentioned in Sect. 2.2, the reaction rate is dra-
matically enhanced by the presence of chemisorbed atomic oxygen, such that the
reaction proceeds already at 285 K, compared to a minimum of 450 K on the bare
Cu(001) surface. This was attributed to the fact that not H2, but H2O is formed as
the second reaction product besides CuTPP. This reduces the energy of the final
state by *73 kJ/mol and likely also reduces the corresponding activation barrier.
This hypothesis is supported by the loss of surface oxygen observed with XPS. As a
possible mechanism, the initial incorporation of a Cu–O species into the porphyrin
ring was proposed, which then reacts to H2O and the Cu porphyrin [75].

DFT calculations of the reaction between 2HTPP and Ni(111) were reported by
Goldoni et al. [52]. In particular, an initial state configuration where a Ni adatom
remains on a Ni(111) surface far from the adsorbed molecule was compared with a
final state, in which the Ni atom has reacted with 2HTPP to form NiTPP and H2.
This process was found to be exothermic by 86 kJ/mol. In contrast, when the
reacting Ni atom was not an adatom, but was removed from a terrace site creating a
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vacancy, the process was endothermic by 67 kJ/mol. The importance of adatom
availability was also thoroughly discussed by Diller et al. for metalation with
substrate atoms on Cu surfaces [74].

2.4 Metalation and Synthesis of Two-Dimensional Networks

The metalation reaction can be accompanied by the formation of two-dimensional
networks with covalent, organometallic, or coordination bonds, if the periphery of
the ligand molecules possesses suitable functionalities for reaction with metal atoms
and neighboring molecules. A prototypical example is the reaction of 2HTPyP with
Cu atoms. In the absence of Cu, submonolayers of 2HTPyP on Au(111) were found
to form densely packed, ordered islands. Deposition of Cu led to the formation of a
two-dimensional metal-organic coordination network (2D-MOCN) with a square
unit cell. In this structure, Cu atoms occupied the bridging positions between two

Fig. 8 Metalation of a 2HPc monolayer with Fe on Pb islands of different thickness on Si(111).
a STM image showing different areal densities of the FePc product on 11 ML and 12 ML Pb films.
The white dotted line indicates the boundary between the 11 and 12 ML Pb islands. b and
c Magnified STM images from the marked regions in (a) depicting the thickness-dependent
metalation. d Thickness-dependent FePc density at different Fe coverage. Each data point was
obtained by averaging over ∼1300 molecules. e Experimental LDOS(EF) as a function of Pb film
thickness. There is an obvious one-to-one correspondence between the FePc areal density and
LDOS (EF). Adapted with permission from Ref. [64], © (2010) American Chemical Society
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pyridyl groups of neighboring molecules, forming linear N–Cu–N links. Additional
Cu atoms coordinated to the centers of the porphyrin molecules. At room tem-
perature, the reaction between Cu and the porphyrin core reached only the stage of
the initial SAT complex, which means that only Cu(0) is present in the structure.
Heating to 450 K induced completion of the metalation reaction, by which the Cu in
the porphyrin centers was oxidized to Cu(II), according to XPS. The bridging Cu
atom between the pyridyl groups maintained their position and zero oxidation state.
As a result, a mixed-valence network with a regular arrangement of Cu(0) and
Cu(II) centers was obtained [88]. Deposition of Fe instead of Cu onto a 2HTPyP
submonolayer on Au(111) and annealing resulted in the formation a coordination
network, in which each four pyridyl groups of neighboring molecules were con-
nected by a vertically oriented pair of Fe atoms, besides metalation of some of the
porphyrin centers [97]. It is also possible to have different metal species in the
center and in the bridging position, either by linking adsorbed metalloporphyrins
with another metal species or by sequential deposition of metal atoms onto the
adsorbed freebase porphyrin. The latter has been demonstrated for 5,10,15,20-tetra
[(4-cyanophenyl)phen-4-yl]porphyrin (2HTPCN), which forms a close-packed
assembly on Ag(111). Vapor deposition of Gd onto this assembly results in the
formation of a metal–organic coordination network with a square unit cell. In this
network, each Gd atom links four cyano groups, whereas no Gd is found in the
centers of the porphyrin molecules. Subsequent deposition of Co results in the
metalation of the porphyrin centers [98].

On more reactive surfaces, the dehydrogenation of the porphyrin is not limited to
the pyrrolic N–H bonds, as in the case of the metalation reaction; instead, also C–H
bonds at the periphery can be dissociated. This can eventually lead to the formation
of metal-organic frameworks with C–M–C bonds and covalent frameworks with
C–C bonds. This type of reaction has been observed for 2HTMP of Cu(110) upon
annealing to 423–473 K. Besides the metalation of the porphyrin core, the mole-
cules formed oligomers by C–C bond formation between the peripheral mesityl
groups [99]. Not only the peripheral substituent, but also the porphyrin core itself
can undergo dehydrogenation, as was reported for 2HP and 2HDPP on Cu(110).
Annealing submonolayers to temperatures up to 670 K led to metalation of the
porphyrin core and to the formation of 2D organometallic networks, in which the
dehydrogenation porphyrin cores were linked by C–Cu–C bonds [100, 101].

A related approach is the on-surface synthesis on phthalocyanine derivatives by
tetramerization of phthalonitriles, as was first proposed by Abel et al. [102].
Coadsorption of 1,2,4,5-tetracyanobenzene (TCNB) with Fe atoms on Au(111) at
room temperature resulted in structures that were attributed to individual Fe(II)-
octacyanophthalocyanine (FePc(CN)8) molecules and covalently linked
FePc-polymers, depending on the ratio between Fe and TCNB. However, later
work suggested that these structures did not represent phthalocyanines, but rather
2D metal-organic coordination networks (2D-MOCNs), in which the intact TCNB
molecules coordinated to Fe with their CN groups [103–105]. Koudia and Abel
[106] later modified this approach and succeeded in the on-surface synthesis of Mn
(II)-octacyanophthalocyanine (MnPc(CN)8) by codeposition of TCNB and Mn
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atoms on Ag(111). At room temperature, similar 2D-MOCNs as in the case of the
Fe-TCNB system were obtained. Post-annealing at 415 K induced the cyclote-
tramerization reaction resulting in the formation of MnPc(CN)8. Polymerization of
the MnPc(CN)8 molecules by reaction of the peripheral cyano group and formation
of a 2D covalent MnPc network was achieved by annealing to 615 K [106]. Similar
codeposition experiments with Mn and TCNB on Ag(111) were reported by
Piantek et al. [104], who obtained MnPc(CN)8 molecules after annealing to 423 K.
The on-surface synthesis of FePc(CN)8 was eventually achieved by annealing
coadsorbed Fe and TCNB on Au(111) to 550 K [105].

2.5 Synthesis of Complexes with Ligand Multilayers
and at Bulk Interfaces

Metal complexes of porphyrins and phthalocyanines can also be obtained by vapor
deposition of metal atoms onto multilayers of the organic ligands or by reaction of
the multilayers with the underlying metal substrate. A related approach is the
codeposition of metal and porphyrin, which also leads to the respective metal
complexes.

Multilayer metalation was first reported by Buchner et al., who vapor deposited
Fe onto a 2HTPP multilayer on Ag(111) (Fig. 9). The reaction was not complete,
i.e., not all deposited Fe atoms reacted, despite an excess of unreacted 2HTPP [55].
Similar experiments were reported by Di Santo et al. for the metalation of thin
multilayers (*4 layers) of 2HTPP on Ag(111). This thin multilayer was almost
completely metalated, as was shown by XPS. In addition, the thereby produced
FeTPP multilayer was removed by thermal desorption, leaving a FeTPP monolayer
on the surface [107]. 2HOEP multilayers (*4 layers) on Ag(111) were successfully
metalated by the same approach [59]. Metalation of 2HTPP multilayers with
vapor-deposited Ce atoms and subsequent desorption of excessive 2HTPP was used
by Ecija et al. for the on-surface synthesis of Ce(TPP)2 double-decker and
Ce2(TPP)3 triple-decker complexes [67]. The codeposition of Er and 2HTPP was
used for the synthesis of clean ErTPP multilayers of up to 60 nm thickness.
Composition and electronic structure of the ErTPP film were studied by XPS and
UPS [108].

Metalation of multilayers by reaction with a single-crystalline metal substrate
has been observed for 2HTPP, 2HP, and 2HPc on Cu(111). Diller et al. reported
XPS data which show that a thin 2HTPP multilayer reacts completely with Cu
atoms from the substrate, forming CuTPP, upon annealing at 420 K [74]. Similar
results were reported for a 2HP bilayer [73].

Reaction of a multilayer with substrate atoms raises the question how the
reactants come into contact. There are two principal possibilities: diffusion of the
metal into the organic phase or exchange within the organic phase, such that all
molecules in the multilayer get into contact with the metal surface. This question
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was addressed by Chen et al., who investigated the metalation of 2HPc multilayers
on Cu(111) with XPS (Fig. 9b) and TPD/TPR [81]. TPD/TPR performed after
deposition of a 2HPc bilayer on Cu(111) led to desorption of CuPc around 550 K,
while XPS showed that a CuPc monolayer remained on the surface. Likewise, it
was found that a NiPc monolayer did not desorb at temperatures up to 650 K
(instead, decomposition occurs above that temperature, according to XPS). In
contrast, when a bilayer of 2HPc was deposited onto 0.8 monolayers of NiPc on Cu
(111), NiPc was found to desorb along with CuPc and residual 2HPc. A similar
experiment with a NiPc bilayer yielded a similar result. This experiment was
explained with an exchange of molecules between the first layer and the higher
layers, bringing 2HPc into contact with the Cu surface and NiPc into higher layers,
from which it can desorb. Therefore, a possible mechanism for multilayer meta-
lation was shown to be the exchange of molecules between the first layer and the
higher layers [81]. However, the findings by Chen et al. could also be explained by
an exchange of metal centers between the NiPc and Cu(111) surface, as was shown
for another system by Doyle et al. [109].

Fig. 9 Multilayer metalation. a Vapor deposition of the metal onto the organic layer: N 1s XP
spectra of the metalation of 2HTPP multilayers (ca. 20 layers) with vapor-deposited Fe atoms at
room temperature. (A) 2HTPP multilayer. (B)–(D) After vapor deposition of Fe as indicated. The
central peak in the spectra (B)–(D) represents the newly formed FeTPP, while the two outer peaks
stem from residual 2HTPP. b Vapor deposition of the organic multilayer onto the metal: N 1s XP
spectra taken after deposition of 2HPc onto Cu(111) at 300 K with an initial coverage of 4
monolayers and after heating to the indicated temperatures. Adapted with permission from Refs.
[55, 81], © (2008) and (2014) American Chemical Society
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2.6 Synthesis of Porphyrin Complexes by Metalation
at Solid–Liquid Interfaces

Porphyrins adsorbed at solid–liquid interfaces can also undergo metalation. Hai
et al. studied this process at an electrochemical interface using the cationic por-
phyrin 2HTMPyP4+ on Cu(100) in a solution containing HCl and 2HTMPyP4+

tosylate. Cu2+ ions formed during anodic oxidation of the Cu electrode were
incorporated into the adsorbed porphyrin molecules, resulting in the formation of
Cu(II)TMPyP4+. This was concluded from cyclic voltammetry (CV) in combination
with electrochemical STM (EC-STM) and UV–vis measurements. The mechanism
of the metalations is apparently based on an ion exchange process: Similar to the
homogeneous reaction in solution, but unlike the metalation reaction at the solid–
vacuum interface, the two pyrrolic protons are replaced by one Cu(II) ion [110].

Metalation of porphyrins adsorbed at the metal/liquid interface has also been
observed by surface-enhanced resonance Raman scattering (SERRS). For
2HTMPyP4+ adsorbed on Ag colloids, it was found that 2HTMPyP4+ exists only
under acidic conditions, while metalation to Ag(II)TMPyP4+ occurred in neutral and
alkaline environments. Onmixed Ag–Cu colloids with up to 5 at.%Cu, all adsorbates
were converted to Cu(II)TMPyP4+ [111]. The metalation kinetics of 2HTMPyP4+ on
Ag colloids was investigated by time-dependent SERRS and was found to be highly
dependent on the presence of anions in the system [112, 113]. In another study, Zn(II)
ions adsorbed on silica gel reacted rapidly with solutions of 2HTPP to ZnTPP [114].

2.7 Synthesis of Complexes with Axial Ligands

The on-surface metalation of porphyrins and phthalocyanines described in the
previous sections results in adsorbed complexes with a vacant axial coordination
site, to which a ligand can be attached in a subsequent step. Such two-step syntheses
have rarely been performed; notable examples are the synthesis of (NH3)ZnTPP
from 2HTPP, Zn, and NH3 successively adsorbed on a Ag(111) surface [47]. The
same approach was used for the synthesis of (NO)FeTPP on the same substrate [61].
In both cases, it would not have been possible to vapor deposit the intact complexes
because of their insufficient thermal stability. In other work, small molecules were
coordinated to directly deposited metalloporphyrins and metallophthalocyanines,
again to produce complexes which would have been thermally too labile for direct
vapor deposition. Examples include (CO)MTPP and cis-(CO)2MTPP with M=Co,
Fe [115, 116], (CO)FePc [117, 118], (CO)MnPc [119], (DABCO)ZnTBPP [120],
(H)MPc with M=Fe, Mn [121, 122], (NH3)FePc [117, 123, 124], (NH3)MnPc [125],
(NH3)NiTPP [126], (NO)CoOEP [127], (NO)CoTPP [60, 61, 115, 125, 128–134],
(NO)FeOEP [135], (NO)FePc [117, 118, 124, 136], (NO)FeTPP [61, 115, 125],
(NO)MnTPP [125], (pyridine)FePc [117], and (O)TiTPP [54]. In the case of
(N)MnPc, thermal activation of N2 was necessary [137].
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The attachment of the axial ligand can influence the bond between the coordi-
nated metal center and the substrate (surface trans effect [61]), and the magnetic
properties of the complex (surface spin trans effect [138]). As an illustrative
example, the coordination of NO and CO to CoTPP and FeTPP on an Ag(111)
surface will be compared in the following. NO formed exclusively the mononitrosyl
species (NO)MTPP (M=Fe, Co) and had a large impact on the geometric and
electronic structure of the porphyrins. In particular, the M–Ag(111) interaction
(M=Fe, Co) was suppressed by the NO ligand, resulting in changes of the electronic
structure in the valence region [60, 61]. In contrast, CO was found to form both
monocarbonyl and cis-dicarbonyl species, while leaving the properties of the
metalloporphyrin almost unaffected [115]. The carbonyl species were generated by
dosing CO at very low temperatures of 6–20 K. Transfer of the CO molecules
between neighboring CoTPP molecules by LT-STM manipulation was demon-
strated [115, 116]. In contrast to NO, CO did not suppress the valence states

Fig. 10 Synthesis of (CO)xCoTPP on Ag(111), STM images. a Conformational adaptation with
saddle-shape distortion of CoTPP adsorbed on Ag(111). b CoTPP monolayer array on Ag(111)
after exposure to CO, comprising CoTPP, (CO)CoTPP (dashed circle), and (CO)2CoTPP (solid
circle). c Top-view model of CoTPP overlaid on an STM image. d, e Top-view topography of
undecorated CoTPP (d) and dicarbonyl (e) species. The corresponding difference image
(f) emphasizes the relatively large distance of *5.3 Å between the CO-related maxima.
Adapted with permission from Ref. [116], © (2011) Nature Publishing Group
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induced by the interaction of the Fe and Co centers with the Ag surface, as was
shown by STS [115]. STM images of the cis-dicarbonyl species (CO)2FeTPP and
(CO)2CoTPP revealed a relatively large distance between the two CO molecules,
compared to dicarbonyls formed with metal adatoms. This was explained with a
bonding geometry in which the CO ligands occupy bridge positions between the
metal center and a porphyrin N atom (Fig. 10) [116]. Overall, CO appears to have a
weaker influence on the metal centers than NO.

3 On-Surface Synthesis of Organometallic and Covalent
Nanostructures

3.1 The Surface Ullmann Reaction

In contrast to the wide range of C–C bond formation reactions available in
solution-based organic chemistry, only few reactions suitable for C–C bond for-
mation at solid surfaces have been identified so far. The most prominent example is
the Ullmann reaction between bromo- and iodoarenes on metal surfaces. Originally
performed in solution with solid Cu metal as a reactant [139] and widely used in
organic synthesis [140, 141], this heterogeneous reaction can also be used for C–C
bond formation on well-defined metal surfaces in ultra-high vacuum (UHV) [142].
To date, detailed insight into the mechanism of this surface Ullmann reaction has
been obtained by a combination with spectroscopic and microscopic techniques
[143–147], complemented by theoretical investigations [148, 149].

3.2 Hierarchical Molecular Approach Toward
a Hydrocarbon-Based Two-Dimensional Network

The surface Ullmann reaction has been used for the on-surface synthesis of large
π-conjugated hydrocarbon macrocycles consisting of phenyl rings, i.e.,
cyclo-oliphenylenes. This type of model systems will be discussed here in more
detail for two reasons: First, the naked parent structures of these macrocycles are
only available by on-surface synthesis. Previous solution-based syntheses required
the presence of large solubility enhancing alkyl substituents. As an example, Hensel
and Schlüter reported a hexagonal cyclotetraicosa-phenylene macrocycle contain-
ing 24 phenyl rings and, for enhanced solubility, 12 hexyl side chains [3]. Similar
compromises were necessary for the synthesis of other large, shape-persistent
macrocycles [1]. In addition, even if it was possible to make the parent structures of
these macrocycles in solution, they would be too large for undecomposed vapor
deposition in UHV.

Second, the macrocycles made by on-surface synthesis are suitable for the
fabrication of porous networks with a combined covalent and van der Waals
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linkage. Compared to the conventional all-covalent linkage, this approach has
distinct advantages: As illustrated in Fig. 11, the on-surface synthesis of porous
graphene-like structures requires careful kinetic control of the reaction conditions,
which include the usage of appropriate precursors. In most cases, the reaction still
results in structures with very high defect concentrations. This is rather unfortunate,
because the reactions need to be performed under conditions at which the C–C bond
formation is not reversible (e.g., at moderate temperatures). Otherwise, the ther-
modynamic equilibrium structure will be formed, which is regular graphene.
Considering this fundamental issue, it appears questionable whether the direct
synthesis of two-dimensional hydrocarbon nanostructures is possible at all with this
approach. Therefore, alternative approaches should be developed.

The problem of defect formation and a possible solution are illustrated in
Fig. 12: Molecular precursors that undergo C–C bond formation in two dimensions
form covalent networks, which are usually defect-rich (left). The irreversible nature
of the C–C bond (under the required experimental conditions) makes these defects
permanent. Another hierarchical strategy is shown in the right column of Fig. 12.
The precursors used in this approach can only link in one dimension and form large

Fig. 11 Kinetic versus thermodynamic control on the example of the on-surface synthesis of
(porous) graphene structures. The global minimum of the potential energy surface is usually
graphene, which is formed under conditions where the C–C bond formation is reversible. In
contrast, the porous graphene derivatives represent only local minima of the potential energy
surface. Their synthesis therefore requires kinetic reaction control and suitable precursors. Initially
formed defects cannot be healed by annealing, because this would lead to the formation of
(unwanted) regular graphene
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molecular network subunits (with the formation of oligomer or polymer chains as a
possible side reaction). If these subunits are still sufficiently mobile on the surface,
they can self-assemble to form ordered arrays. Since this process is reversible,
defects can heal and unwanted structural elements (shown in red) are able to
segregate. If necessary, additional covalent linkage of the now well-ordered sub-
units can be achieved in an additional reaction step.

3.3 Formation of Hyperbenzene and Organometallic
Intermediates

An example for the strategy outlined in Sect. 3.2 is the on-surface synthesis of
hyperbenzene C108H72, a hexagonal hydrocarbon macrocycle consisting of 18
phenyl rings, using the surface Ullmann reaction [4]. The reaction proceeds most
likely via an intermediate state with C–Cu–C bonds [145, 150], which are stable at
and well above room temperature.

Fig. 12 Network formation exclusively based on covalent linkage results in defect-rich structures
which cannot be improved by annealing (left). In contrast, the hybrid approach shown in the right
column starts with the on-surface synthesis of mobile molecular subunits, which are mobile and
can form ordered supramolecular structures by reversible self-assembly. “Wrong” structural
elements (red) are expelled from the lattice
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3.3.1 Organometallic Intermediates with C–Cu–C Bonds

Deposition of the bromoarene precursor molecule, 4,4″-dibromo-m-terphenyl
(DMTP), onto Cu(111) at room temperature resulted in the dissociation of the C–Br
bonds (which occurs already below 240 K on this surface [146]) and the subsequent
formation of C–Cu–C bonds between neighboring molecular m-terphenyl
(MTP) fragments [150]. This process led to the formation of organometallic
(MTP-Cu)n zigzag chains (as shown schematically in Fig. 13a) and cyclic
(MTP-Cu)n (n = 6, 8, 14, 16, 18, 22) structures [150]. STM images of these chains
are shown in Fig. 14. Deposition at elevated temperatures (440 K) yielded large
islands consisting of the (MTP-Cu)n zigzgag chains (Fig. 14d) [150]. The chains
have preferential orientations relative to the high-symmetry directions of the
Cu(111) substrate (see Fig. 14a). The lattice constant along the chains is 26.5 Å,
which is larger than the value expected for direct C–C linkage (21.8 Å) and con-
firms that the MTP fragment is linked by Cu atoms (in line with related work, in
which dibromo-p-terphenyl was used [145]). The apparent height in STM varies
along the chains, and the terphenyl units (located at the bends, large maxima in
Fig. 14g) can be distinguished from the C–Cu–C bridges (at the straight parts of the
chain, small maxima in Fig. 14g). Residual Br atoms sit between the chains or form

Fig. 13 Surface-assisted Ullmann coupling reaction of 4,4″-dibromo-m-terphenyl (DMTP) on Cu
(111), resulting in the formation of a organometallic polymers at 300 K and b hyperbenzene
molecules at 550 K. Adapted with permission from Ref. [4], © (2013) John Wiley & Sons
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Fig. 14 STM study of the reaction of dibromo-m-terphenyl (DMTP) on Cu(111) at 300 K and
formation of organometallic oligomers and polymers with C–Cu–C bonds: a Constant-current
STM image after deposition of DMTP onto Cu(111) at 300 K at low coverage. The islands consist
of chains of the organometallic polymer (MTP-Cu)n, which are oriented at angles of ±5° relative to
the [−110] (and equivalent) directions, as marked with green arrows. b Higher resolution image of
the shaded area in (a) with overlaid molecular model and unit cell. c (MTP-Cu)n polymers at
higher precursor coverage. Inset Magnified view of a cyclic hexamer (MTP-Cu)6 superimposed
with molecular model. d After deposition of DMTP onto Cu(111) held at 440 K, which leads to
larger (MTP-Cu)n islands. e Side view of a structure from periodic DFT calculations, illustrating
the non-planar geometry of the (MTP-Cu)n chains. f DFT-calculated STM image for the tunneling
parameters in (b). g Apparent height profile along the blue zigzag line in (b) from left to right.
Adapted with permission from Ref. [4], © (2013) John Wiley & Sons
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separate islands with a (√3 × √3)R30° structure and a hexagonal unit cell [151]. The
C–Cu bond was found to be remarkably stable, requiring temperatures above 440 K
for the release of the Cu atom and formation of the C–C bond [4, 147, 150, 151].

Fig. 15 Hyperbenzene: a Overview constant-current STM image obtained at 300 K after
deposition of 4,4″-dibromo-m-terphenyl (DMTP) onto Cu(111) held at 550 K. The resulting
hexagonal rings (hyperbenzene) show a preferential orientation relative to the high-symmetry
directions of the substrate. b Magnified view of a small section with oligophenylene chains.
c Magnified view of a hyperbenzene island with several defects and inclusions in the central
cavities. Molecular models and a unit cell are overlaid. d DFT-calculated STM images with
overlaid model of the relaxed computed structure. e Apparent height profile along the perimeter of
a hyperbenzene molecule, as marked by the blue hexagon in the inset. Note that the height axis is
identical to that in Fig. 14g for direct comparison. Adapted with permission from Ref. [4], ©
(2013) John Wiley & Sons
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3.3.2 On-Surface Synthesis of Hyperbenzene Molecules

Hyperbenzene was synthesized according to the scheme in Fig. 13b by deposition
of DMTP onto a hot Cu(111) surface at 550 K [4]. Besides hyperbenzene, which
was found to account for *70 % of the reaction products, oligophenylene chains
(13 %) and other oligophenylene structures (17 %) were observed as side products
(Fig. 15) [4]. Synthesis by heating the organometallic precursor phase from 300 K
to temperatures above 500 K also induced the formation of C–C bonds, but the
yield of well-defined products (and especially hyperbenzene) was considerably
lower, most likely because the islands of the organometallic (MTP-Cu)n chains (as
can be seen in Fig. 14d) are too dense for the formation of hyperbenzene.

In line with the scheme in Fig. 12 (right column), the hyperbenzene molecules
self-assemble to form a hexagonal lattice with the unit cell dimensions displayed in
Fig. 15c. Products with other structures (such as chain fragments) are not embedded
in the hyperbenzene islands, but segregate to the periphery (Fig. 15a).

The distance between the edges of two adjacent hyperbenzene molecules of
9.3 Å is almost identical to the distance between the coordination polymer chains in
Fig. 14, indicating that the assembly is mainly driven by van der Waals interactions
and that there are no C–C bonds between the rings. The variation of the apparent
height along the ring is small compared to the case of the coordination oligomers
(compare the height profile in Fig. 15e with Fig. 14g).

4 Summary

In this chapter, it has been shown that structurally complex molecular coordination
compounds, organometallic compounds, and conjugated hydrocarbons can be
synthesized on metal surfaces from suitable molecular precursors. Some of the
reactions proceed with high yields and lead to by-products that desorb under the
reaction conditions, while in other cases the synthesis is hamped by formation of
multiple products, which remain adsorbed. Two examples have been discussed in
more detail.

Adsorbed porphyrins, corroles, and phthalocyanines react with coadsorbed metal
atoms such as Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, and Ce, resulting in the
formation of the respective metal complexes. In the course of this reaction, por-
phyrins and phthalocyanines oxidize metal atoms to their +II ions, while corroles
cause oxidation to the +III ions. The metal atoms can be provided by the substrate,
vapor deposited before or after the deposition of the molecules, or delivered as
carbonyls. The reaction follows a two-step mechanism, which starts with the initial
coordination of the neutral metal atom by the intact freebase macrocyle, and
includes two hydrogen transfer steps and is completed by with the release of H2

from the oxidized metal center. The activation barriers vary strongly with the type
of the metal center. Participation of the surface in the reaction has been observed in
some cases. In the resulting metal complexes, one of the two axial coordination
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sites at the metal center points away from the surface and can bind one or more
additional ligands, which can affect the electronic and magnetic properties of the
metal center. Multilayers can be metalated in the same way by the deposition of
metals onto the organic phase.

The surface Ullmann reaction can be employed for the on-surface synthesis of
large organic molecules, as has been shown on the example of hyperbenzene, a
hexagonal macrocycle consisting of 18 phenyl rings, formed at a Cu(111) surface
by covalent linking of six meta-terphenyl fragments. The macrocycles undergo
self-assembly to form a honeycomb network. Extension to other and larger
macrocycles as well as functionalized species appears feasible. Subsequent covalent
linking of the honeycomb network could provide a possible way to well-ordered
covalent networks with large pores.
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On-Surface Synthesis of Single Conjugated
Polymer Chains for Single-Molecule
Devices

Yuji Okawa, Swapan K. Mandal, Marina Makarova,
Elisseos Verveniotis and Masakazu Aono

Abstract Although single-molecule electronic devices have been of great interest
for several decades, the fabrication of practical circuits remains challenging due to
the lack of reliable ways to wire individual molecules. On-surface synthesis of
single conductive polymer chains will be a key technology to solve this problem.
We already found that stimulating a molecular layer of diacetylene compound by
the tip of scanning tunneling microscope (STM) could initiate chain polymeriza-
tion. As a result, we could systematically fabricate a single conjugated polydi-
acetylene chain at designated positions. Subsequently, we developed a novel
method (‘chemical soldering’) for connecting the conjugated polymer chains to
single organic molecules. The connection of two polydiacetylene chains to a single
phthalocyanine molecule was demonstrated. Nanoscale characteristics of the con-
nection were also experimentally and theoretically investigated. Here, we briefly
review tip-induced chain polymerization and the chemical soldering methods. This
work will help to advance single-molecule electronics.

1 Introduction

To go beyond silicon-based complementary metal-oxide semiconductor (CMOS)
technology, recent research focused on single-molecule nanoelectronic devices. In
these single-molecule devices, the individual molecules function as electronic
components such as rectifiers, transistors, switches, or memories. Since the first
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proposal of a single-molecular rectifier 40 years ago [1], many experimental and
theoretical studies have been performed to realize single-molecule devices [2–15].
Despite such efforts, the fabrication of a usable single-molecule integrated circuit
has yet to be demonstrated. This is partly due to the absence of reliable ways to wire
or connect each functional molecule. Such wiring is also a very good way to
understand the electronic properties of the component molecules. Most previous
efforts focused on directly connecting metal electrodes to single molecules.
However, it is difficult to reduce the width of metal wires to the size of single
molecules. The best way to do so is to use single conductive polymer chains, which
are probably the thinnest wires among all materials.

Single conductive polymer chains will thus be a key component in
single-molecule electronics. On-surface chain polymerization of diacetylene moi-
eties was already demonstrated with the tip of a scanning tunneling microscope
(STM) on a molecular layer of diacetylene compound [16, 17]. As a result, we
could fabricate a single conjugated polydiacetylene chain at designated positions.
We then developed a novel method, ‘chemical soldering,’ for connecting the single
polydiacetylene chains to individual organic molecules [18, 19]. In this chapter, we
briefly review these methods of fabricating and connecting single conductive
polymer chains on a surface.

2 Nanoscale Control of Chain Polymerization

Chain polymerization was performed with diacetylene compounds as monomer
molecules, which have the general formula R–C≡C–C≡C–R′, where C≡C–C≡C is
the diacetylene moiety and R and R′ are various substituent groups. It is well known
that diacetylene compounds in the form of solid crystals [20] and Langmuir-Blodgett
films [21] polymerize into polydiacetylene chains when exposed to heat or ultraviolet
light (Fig. 1). Since the polydiacetylene chain has a π-conjugated backbone, it can be
an electrical conductor when charge carriers are injected. We mostly experimented
with 10,12-nonacosadiynoic acid (CH3(CH2)15–C≡C–C≡C–(CH2)8COOH) or
10,12-pentacosadiynoic acid (CH3(CH2)11–C≡C–C≡C–(CH2)8COOH).

Molecular layers of diacetylene compounds were prepared by transferring a thin
film of the molecules from the surface of purified water to a substrate by nearly
horizontal dipping. It is also possible to prepare such layers by direct droplet casting
and by thermal evaporation. Once the molecular layers have been prepared on a flat

Fig. 1 Polymerization of diacetylene compound, which results in a conjugated polydiacetylene
chain
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substrate, STM and atomic force microscopy (AFM) experiments can be performed
at room temperature both in air and in ultra-high vacuum.

Typical STM images of molecular layers of 10,12-nonacosadiynoic acid and
10,12-pentacosadiynoic acid on highly oriented pyrolytic graphite (HOPG) are
shown in Figs. 2a and 3a, respectively. In both cases, parallel bright lines are clearly
observed, which indicates that the molecules are self-ordered on the substrate.
Figure 2b, c shows magnified STM images of 10,12-nonacosadiynoic acid layers on
HOPG and molybdenum disulfide (MoS2) substrates, respectively. In this case, we
can resolve individual molecules. From these high-resolution images, we proposed
the model of molecular ordering, as shown in the superimposed models in the
figure. In this model, the molecules form flat-lying and closely packed straight
rows. The rows are arranged so that COOH end groups in one row are opposite to
those of a neighboring row [17, 22].

Though all domains have the same structure on HOPG, we found that the
arrangement of molecules varies for different domains on MoS2. On the former, the

Fig. 2 a STM image of a molecular layer of 10,12-nonacosadiynoic acid on a HOPG substrate. b,
c Magnified STM images of the molecular layer on HOPG and MoS2 substrates, respectively.
Molecular models are superimposed in the images. d Schematic sketch of the molecular
arrangement indicating the structural parameters. Vectors a and b indicate the directions of the
underlying substrate lattice. Image a adapted from Ref. [19] with permission from The Royal
Society of Chemistry. Images b–d adapted with permission from Ref. [22]. Copyright 2011,
American Chemical Society
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orientation of the alkyl side chains is parallel to the main graphite crystal axis.
Additionally, the spacing d between neighboring molecules along the direction of
the molecular row is always 0.47 nm, and the angle α between the alkyl side chains
and the molecular row is 86.5° (see Fig. 2d). On MoS2, the angle θ1 between the
alkyl side chains and the main MoS2 crystal axis varies from −7 to 7°. In this case,
the α and d values vary between 85–95° and 0.41–0.48 nm, respectively [22]. The
fluctuation of the molecular arrangement on MoS2 is probably related to the weaker
interactions between the alkyl chains and the MoS2, compared to graphite [22].

Tip-induced chain polymerization on amolecular layer of 10,12-pentacosadiynoic
acid is shown in Fig. 3. After depositing the layer, we positioned the STM tip over the
diacetylenemolecule indicated by the arrow, and applied a pulsed sample bias (–4V in
amplitude, 5 µs in width), as illustrated in Fig. 3a. Figure 3b shows the pulse appli-
cation product. It reveals a bright line, originating from the point of stimulation. This is
a single polydiacetylene chain formed by the tip-induced chain polymerization. Thus,
a single straight polydiacetylene chain can be fabricated at any designated position
with nm spatial precision. Note that the polymerization is terminated when it
encounters a domain boundary (Fig. 3b) [17], a substrate step [23], or an artificial
defect [16]. Therefore, when chain polymerization is initiated on larger, defect-free
domains, the polydiacetylene chains can be micron-long [24].

3 Lifted-Up Structure of Single Polydiacetylene Chains

Figure 4a shows a typical high-resolution STM image of 10,12-pentacosadiynoic
acid monomers and a polymer on a HOPG substrate. A model of the molecular
arrangement in the monomer row is depicted in Fig. 4b. We see that the alkyl side
chains are oriented parallel to the main graphite crystal axis. Among the

Fig. 3 a STM image of a molecular layer of 10,12-pentacosadiynoic acid on a HOPG substrate.
b STM image of the same area after applying a pulsed sample bias voltage (–4 V in amplitude,
5 µs in width) at the point indicated by the arrow. The fabricated single polydiacetylene chain is
imaged as a brighter line. Adapted with permission from Ref. [17]. Copyright 2001, AIP
Publishing LLC
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considerable structure models of the polymer, the simplest one is the ‘in-plane’
structure model (Fig. 4c). In this model, all carbon atoms in the polymer lie in the
same plane, parallel to the substrate surface. If this was the case, then, under the
experimentally observed condition that the polymer backbone has the same ori-
entation as the linear array of diacetylene monomers, the alkyl side chains should
have orientation changes as depicted in Fig. 4c. This is because C–C bonds con-
necting the alkyl side chains to the polydiacetylene backbone are restricted in
directions that satisfy sp2 and sp3 bond angles. However, this is inconsistent with
STM images such as in Fig. 4a, where orientations of polymer side chains are
observed to be parallel to those of monomer side chains. Thus, we proposed a
‘lifted-up’ conformation model (Fig. 4d) [17, 25]. In this model, the alkyl side
chains of the polymer are tilted by rotating C–C single bonds which makes the
model consistent with the experimental observations. The polydiacetylene back-
bone is geometrically raised from the level of alkyl side chains.

In first-principles density-functional calculations of the optimized lifted-up
structure [25], the height of the polydiacetylene backbone from the alkyl side chains
is 0.15 nm. From the total energy calculation, it was suggested that the conformation
of the polymer is determined by the stability of an oligomer as an intermediate rather
than the stability of a long polymer as a final product. The intermediate oligomer is

Fig. 4 a STM image of a molecular layer of 10,12-pentacosadiynoic acid on a HOPG substrate
obtained after ultraviolet irradiation. A photo-polymerized polydiacetylene chain and an
unpolymerized monomer row are resolved in the same image. b Top and side views of the
monomer molecular arrangement. c, d ‘In-plane’ and ‘lifted-up’ conformation models of the
polydiacetylene, respectively. Adapted from Ref. [25] with permission from The Royal Society of
Chemistry
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restricted between the neighboring monomers which will form chemical bonds with
it in the process of chain polymerization. In the case of in-plane structure, the alkyl
side chains of the oligomer are not parallel to those of neighboring monomers, thus
the alkyl side chains of the oligomer collide with those of the monomers. Hence, the
lifted-up oligomer structure is more stable than that of in-plane structure due to the
steric hindrance between the alkyl side chains.

The lifted-up structure enables us to observe the single polydiacetylene chains
with AFM. In AFM images, the polydiacetylene chains were 0.05–0.16 nm higher
than the unpolymerized monomer rows [25], which is consistent with the lifted-up
structure model.

Initially, we assumed that only one CH2 group is lifted at each side of the
backbone, symmetrically, as shown in Fig. 4d. However, a recent calculation
suggested that the total energy of oligomer could be more stable if one CH2 group
was lifted on one side and two CH2 groups were lifted on the other side. Further
investigations are required to resolve the structure.

4 Reaction Mechanism and Rate-Determining Factors

Figure 5 illustrates the reaction probability P of tip-induced polymerization as a
function of applied pulsed sample bias voltage Vs for typical domains of
10,12-nonacosadiynoic acid on HOPG and MoS2 substrates [22]. The P/Vs

dependence is very similar on both substrates. However, the absolute values differ,
making the reaction probability on MoS2 about 4 times higher than that on HOPG.
Nevertheless, the similar Vs dependence indicates that the reaction mechanism is the
same on both substrates. Furthermore, the plots are nearly symmetric with respect to
the polarity of voltage, and the threshold is ±2.7 ± 0.2 V on both substrates. This
value roughly corresponds to the 3.1 eV energy difference between the diacetylene
π–π ground state and the lowest excited π–π* triplet state [26]. Thus, we can assume
that at the first step in chain polymerization, electrons tunneling between the tip and

Fig. 5 Plot of tip-induced polymerization rate P per tunneling electron against pulsed sample bias
voltage Vs, measured on typical domains of 10,12-nonacosadiynoic acid on HOPG and MoS2
substrates. Adapted with permission from Ref. [22]. Copyright 2011, American Chemical Society
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the substrate pass inelastically through the molecular layer and excite the diace-
tylene moiety.

This observation is consistent with the process of tip-induced chain polymer-
ization schematically shown in Fig. 6 [17]. This is based on the proposed process
for three-dimensional crystals of diacetylene compounds [27]. Initially, a single
diacetylene moiety is inelastically excited by tunneling electrons, as described
above, creating a reactive diradical state (Fig. 6b). This state has a finite lifetime
before relaxing into the underlying substrate. If, within the lifetime of the diradical
state, a neighboring diacetylene moiety approaches the diradical via thermal
vibrations (Fig. 6c), an addition reaction can take place between them, creating a
diacetylene dimer (Fig. 6d). Because the created dimer also has reactive terminals,
similar addition reactions can take place on either side. The one-dimensional
polymer is thus extended by spontaneously repeating this process along the
molecular row (Fig. 6e). During the chain propagation, chain ends have reactive
carbenes as illustrated in Fig. 6e.

The greater polymerization reactivity on the MoS2 substrates can be attributed to
the weaker interactions of the alkyl side chains with the MoS2 compared to gra-
phite. Due to the weaker interaction, molecules on MoS2 experience more thermal
vibrations, which increase the frequency of close-approaching diacetylene moieties
favouring dimer formation (Fig. 6c), effectively promoting chain polymerization.

As mentioned above, the arrangement of molecules is always the same on
HOPG, but varies in different domains on MoS2. This structural variation allows us
to investigate how the reaction probability is affected by molecular geometry. We
determined the structural parameter d and α (Fig. 2d) for each domain from
high-resolution STM images such as Fig. 2c. Using these parameters, we then
estimated the distance between two reactive carbon atoms that are to be bound by

Fig. 6 Illustration of chain polymerization process. a Original array of diacetylene compound
monomers. b A single diacetylene moiety is inelastically excited by tunneling electrons to a
reactive diradical state. c A neighboring diacetylene moiety approaches one side of the diradical
via thermal vibrations. d Dimer formation by an addition reaction. e Extended polymer formation
by chain propagation reaction. The propagating polymer has reactive carbenes at both ends
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the polymerization reaction, R. This parameter R is a factor of the reaction prob-
ability, as seen in the plot in Fig. 7 [22]. This plot indicates that when R decreases
by 0.1 nm, the reaction probability P doubles. This is consistent with the reaction
mechanism described above. This means that R has a pronounced effect on the
occurrence (or not) of the first addition reaction (Fig. 6c, d) within the lifetime of
the diradical state.

Recently, we also found that similar molecular layers of diacetylene compound
can be formed on a cleaved surface of hexagonal boron nitride (h-BN) nanosheets
[28]. H-BN is a layered compound having a similar structure to graphite, except that
the two carbon basis set is replaced by boron and nitrogen. It is an insulator with a
band gap of 5.97 eV [29]. We found that the photo-polymerization rate on h-BN
was approximately 100 times faster than that on graphite. As the band gap of h-BN
is larger than the excited energy of diacetylene moiety (5.97 vs. 3.1 eV), the excited
state is prevented to relax into the substrate. In contrast, the excited energy can
easily relax into graphite or MoS2. Thus, the excited diradical state (Fig. 6b) has a
much longer lifetime on h-BN, resulting in a higher probability of the first addition
reaction.

5 Chemical Soldering: New Method for Single-Molecule
Wiring

‘Chemical soldering’ is a novel method for connecting conjugated polymer chains
to individual organic molecules [18, 19]. The concept is illustrated in Fig. 8.
Initially, a target functional molecule is adsorbed on a molecular layer of diace-
tylene compound. Then, an STM tip is positioned on the same molecular row of the
diacetylene compound that the functional molecule is adsorbed, and chain poly-
merization is initiated as described in Sect. 2. As previously described, the prop-
agating terminals of the chain have the reactive carbenes, as shown in Fig. 6e.

Fig. 7 Plot of tip-induced polymerization rate P per tunneling electron against the reactive
carbon–carbon distance, R, for MoS2 and HOPG substrates. Pulse amplitude Vs and duration were
always −3.5 V and 5 µs, respectively. Adapted with permission from Ref. [22]. Copyright 2011,
American Chemical Society
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When the chain polymerization encounters the adsorbed functional molecule, the
carbene at the terminal of the polymer reacts not only with a neighboring diace-
tylene molecule but also with the adsorbed molecule. As a result, a chemical bond
is spontaneously formed between the polydiacetylene chain and the target func-
tional molecule. Since the target functional molecule is located above the molecular
layer of diacetylene, the lifted-up structure of polydiacetylene is very important for
this process, as it enables the reactive carbene to approach the functional molecule.

We initially used phthalocyanine (Pc) as the target functional molecules. They
are planar functional dyes with unique electronic and optical properties [30]. Pc
molecules are very mobile on HOPG, so it is impossible to observe STM images of
isolated Pc molecules at room temperature. However, we found that Pc molecules
are stabilized on a molecular layer of 10,12-nonacosadiynoic acid (Fig. 9) [18, 19].

Fig. 8 Illustration of chemical soldering method. After a functional molecule is placed on a
molecular layer of diacetylene compound, chain polymerization is initiated using an STM tip. The
reactive carbene at the front edge of the chain polymerization spontaneously reacts and bonds with
the functional molecule

Fig. 9 a STM image after depositing a small quantity of copper phthalocyanine molecules on a
molecular layer of 10,12-nonacosadiynoic acid lying on HOPG. Monomers, a dimer, and a
pentamer of Pc are shown. b STM image of Pc pentamers. c Magnified STM image of a Pc
pentamer. d Model of a Pc pentamer. Adapted with permission from Ref. [18]. Copyright 2011,
American Chemical Society
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In Fig. 9a, the smallest protrusions (labeled ‘monomer’) are isolated single Pc
molecules adsorbed above the alkyl side chains of the 10,12-nonacosadiynoic acid
molecules. The larger protrusion labeled ‘dimer’ consists of two Pc molecules, and
the largest protrusion labeled ‘pentamer’ consists of five Pc molecules, which are
shown in Fig. 9b, c. As illustrated in Fig. 9d, a Pc pentamer adsorbs across two
rows of 10,12-nonacosadiynoic acid. As the pentamers are frequently observed
(Fig. 9b), they most likely represent a stable structure on the molecular layer of
10,12-nonacosadiynoic acid. The first demonstrations of chemical soldering were
performed on such pentamers of Pc [18].

Figure 10a shows an STM image of a Pc pentamer adsorbed onto a molecular
layer of 10,12-nonacosadiynoic acid on HOPG. Chain polymerization was initiated
by applying a pulsed bias voltage to the diacetylene row the Pc was adsorbed onto.

Fig. 10 a STM image of a Pc pentamer on a molecular layer of 10,12-nonacosadiynoic acid lying
on HOPG. b Same area after chain polymerization initiation. A fabricated single polydiacetylene
chain (bright line) is connected to a Pc molecule. c Same area after two polydiacetylene chains are
connected to the same Pc molecule. d Proposed chemical reaction. The reactive end of
polydiacetylene is inserted into a C–H bond of Pc. e Optimized structure model for the binding
structure. Calculated distribution of HOMO density is also shown. The white oval indicates the
region of smaller HOMO density. Adapted with permission from Ref. [18]. Copyright 2011,
American Chemical Society
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As a result, the polydiacetylene chain was connected to the Pc molecule (Fig. 10b).
Then, the STM tip was positioned on the other side of the Pc and initiated the
second chain polymerization (Fig. 10c), effectively connecting two polydiacetylene
chains to the same Pc molecule.

Careful observation of Fig. 10b, c reveals that the image contrast of the poly-
diacetylene backbone near the Pc connecting point decreased. By repeating similar
experiments more than 60 times, we found that approximately 70 % of the images
exhibited similar decreased contrast. In the other 30 %, the contrast of the poly-
diacetylene backbone was relatively unchanged [18]. We considered several pos-
sible chemical reactions of the terminal carbene and performed structural
optimizations of them [18] via the density-functional first-principles calculations
with a wavelet basis set (BigDFT) designed for large-scale calculations [31]. We
found that the binding structure, shown in Fig. 10d, e, gives the lowest energy
among calculated structures. In this structure, the carbene at the terminal of the
polydiacetylene chain is inserted into a C–H bond of Pc, resulting in the formation
of chemical bond between them, as shown in Fig. 10d. Figure 10e shows the
optimized structure of this binding structure. The calculated density distribution of
highest occupied molecular orbital (HOMO) is also depicted in the figure. The
calculated HOMO density in the two or three units of the polymer closest to the
connecting point (white oval in Fig. 10e) is less than that in the center of the
polymer. This is consistent with the decreased contrast in the STM images that
reflect the HOMO density. With 70 % of the images showing decreased contrast,
we conclude that polymer connection to Pc (chemical soldering) is the main
reaction. The remaining 30 % of the images, not exhibiting decreasing contrast, are
assigned to a structure where the carbene is inactivated through 1,2-rearrangement
of a hydrogen atom, without binding to the Pc.

Concerning the future applications of chemical soldering to Pc, it is suggested
that the system where the Pc molecule is connected to two polydiacetylene chains
could act as a molecular resonant tunneling diode [18]. As illustrated in Fig. 10d,
the terminal carbon atom of the polydiacetylene is converted to sp3 hybridization by
the insertion reaction. Those sp3 carbon atoms become tunneling barriers between
the polydiacetylene and Pc. If the bias voltage is adjusted such that the energy level
of the polydiacetylene is equivalent to that of the Pc, then an electron can directly
tunnel from the polydiacetylene into the Pc. Thus, electrons can flow from one side
to the other through the Pc molecule. If the bias is lower or higher than this voltage,
the flow of electrons could be restrained. Such could be a useful component of
future single-molecule electronics.

We also succeeded in chemical soldering with fullerene (C60) molecules [32].
When a chain polymerization is initiated to C60 nanoislands adsorbed on the
molecular layer of 10,12-pentacosadiynoic acid, a cycloaddition reaction occurs
between the carbene at the end of polydiacetylene and a single C60 molecule. STM
observation has proved that the C60 molecule is covalently connected to the end of
polydiacetylene [32].
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6 Summary

In this chapter, we discussed a method for on-surface synthesis of single conjugated
polymer chains, using STM tip-induced chain polymerization. This method enables
us to fabricate in ambient conditions, single straight polydiacetylene chains at
designated positions with nm spatial precision. Using this method, we have pro-
posed and demonstrated ‘chemical soldering,’ for connecting conjugated polymer
chains to a single functional molecule. Phthalocyanine and C60 molecules have
been used in our demonstrations, but we believe that many other functional
molecules can be connected using this method. Thus, this method will be a key
technology for the fabrication of single-molecule devices.
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On-Surfaces Synthesis on Insulating
Substrates

Markus Kittelmann, Robert Lindner and Angelika Kühnle

Abstract On-surface synthesis has attracted great attention in recent years due to
its promising potential for creating functional structures on surfaces. An important
aspect of on-surface synthesis is the capability to arrive at covalently linked ther-
mally stable structures that offer the possibility for application even in harsh
environments outside ultra-high vacuum conditions. Additionally, covalent linking
allows for fabricating conjugated structures with superior electron transport prop-
erties. Especially, the latter is of tremendous interest when considering future
applications in the field of molecular electronics. Having molecular electronics
applications in mind explains the need for decoupling of the electronic structure of
the molecular network from the underlying support surface. Thus, it is highly
interesting to transfer on-surface synthesis strategies from metallic to insulating
surfaces. Albeit, insulating surfaces pose several challenges for on-surface syn-
thesis. First, many prototypical insulating support materials interact only weakly
with organic molecules. This weak binding frequently results in molecule desorp-
tion rather than reaction activation when thermally initiating the reaction. Second, it
is known that metals act as catalyst for several reactions that have been performed
successfully on metallic surfaces. A simple transfer of these reactions to insulating
surfaces in the absence of metal atoms is, therefore, questionable and requires
different reaction pathways to be considered. In this chapter, we review the current
state-of-the-art in on-surface synthesis on electrically insulating substrates carried
out in ultra-high vacuum. Proof-of-principle reactions are discussed with an
emphasis on strategies to overcome challenges related to the weak molecule-surface
binding often present on insulating surfaces, e.g., by means of photochemical
activation. Site-specific and sequential reactions are presented as a promising way
for enhancing control and structural complexity of on-surface synthesis on insu-
lating support materials. Finally, the influence of the substrate is shown to induce
directionality in on-surface synthesis by favoring specific surface directions.
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1 Introduction

Despite being a relatively young field of research, on-surface synthesis has attracted
tremendous interest in the past decade. Impressive progress has been made from
one of the first proof-of-principle experiments carried out in 2007 [1] to hierarchical
synthesis in a sequential and site-specific manner [2]. Compared to self-assembled
structures, molecular networks created by on-surface synthesis provide higher
stability, which is of importance when considering applications in a harsh envi-
ronment outside ultra-high vacuum (UHV). From a synthesis point of view, novel
reaction pathways might be possible on the surface due to the confinement of the
educts to the two-dimensional surface plane. Moreover, the absence of solvent
might enable reactions that are difficult in solution due to low solubility of the
reaction product [3]. A further aspect is providing structures that can be incorpo-
rated into future molecular electronic devices, such as molecular wires and
switches. Here, it is of special interest to create covalently coupled structures that
are conjugated and, thus, exhibit high electron transport capabilities.

When discussing molecular electronic applications, however, it is mandatory to
decouple the electronic structure of the molecular network from the underlying
substrate. Thus, metal surfaces are largely incompatible with molecular electronic
applications. Attempts to electronically decouple the molecular structure from the
support while still working with metallic substrates have been made to maintain the
experimental accessibility of the system by scanning tunneling microscopy (STM).
One approach is using so-called “Lander” molecules [4], featuring spacer groups
that can act as legs to separate the conjugated core form the surface. Another
approach is evaporating a thin insulating film on a metal support [5]. However, both
strategies bear sever limitations in terms of materials flexibility. Thus, from an
application point of view and for enlarging the materials basis for on-surface
synthesis, it is highly desirable to transfer the concept from metallic to bulk insu-
lating substrates.

Bulk insulators, however, have rarely been studied in the context of on-surface
synthesis. This is mainly due to experimental restrictions, as insulating surfaces are
more difficult to investigate. In particular, STM as a powerful tool for real-space
imaging [6] cannot be used as it requires electrically conducting substrates. But also
when considering the physico-chemical mechanisms of on-surface synthesis,
insulating surfaces pose significant challenges as compared to metal substrates.
A major obstacle is the comparatively weak molecule–surface interaction on
insulating substrates, which frequently leads to desorption rather than reaction
initiation upon annealing. This is why alternative routes for reaction initiation, e.g.,
by photochemical means are of particular importance for insulating substrates.
Moreover, the classical Ullmann reaction that has often been exploited for
on-surface covalent linking, which is known to be catalyzed by the presence of
copper (or other metal) atoms [1]. These facts readily illustrate that a transfer of
on-surface synthesis strategies to nonmetallic systems might not be straightforward.
Indeed, only few examples of on-surface synthesis reactions have been presented
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on an insulating surface so far. An important tool toward investigating such systems
is the scanning force microscope operated in the noncontact mode, as this technique
allows for direct imaging in UHV with atomic or molecular resolution [7].

Here, we review the current state-of-the-art of on-surface synthesis on insulating
surfaces carried out in UHV. First, the specific situation arising from the use of
insulating surfaces is briefly discussed. We commence the presentation of experi-
mental results by briefly introducing early studies that have been performed on thin
insulating films to maintain the experimental accessibility by STM and other
electron-based surface characterization methods. After that, the first
proof-of-principle reaction carried out on the surface of a bulk insulator is pre-
sented, which has been performed with a benzoic acid derivative on calcite(104).
The flexibility of this system has been demonstrated by varying the number and
position of the reactive sites. We show the possibility to extend this approach for
performing sequential and site-specific reaction to enhance structural control.
Photochemical initiation of an on-surface synthesis reaction has been demonstrated
using C60 molecules on calcite(104). With this system, we also address the option
of guiding the on-surface reaction by the underlying substrate, thereby gaining
further control over the resulting structures. Finally, the current status is concluded
and an outlook discussing future trends is given.

2 Specific Situation on Insulating Substrates

Many studies have addressed on-surface synthesis reaction on metallic substrates.
However, only little is known about on-surface synthesis on insulating substrates.
A main hurdle when investigating insulating surfaces arises from the comparably
poor experimental accessibility of insulating substrates. Standard surface science
methods such as STM, photoelectron emission spectroscopy (PES) or low-energy
electron diffraction (LEED) rely on electrically conducting materials, thus, they
usually cannot be applied to nonconducting surfaces. Only since the advent of
scanning force microscopy, this experimental limitation has been partially over-
come [7]. Substantial improvements of noncontact atomic force microscopy
(NC-AFM) have now developed this technique from an emerging method into a
standard routine for direct-space imaging of surfaces with atomic resolution.

However, besides this technical aspect, on-surface synthesis on insulating sub-
strates also pose specific challenges arising from the comparably weak and typically
unknown interaction of the educt molecules with the supporting substrate. In fact,
compared to metal surfaces, the interaction of organic molecules with electrically
insulating surfaces is rather poorly understood. In part, this is a consequence of the
limited experimental accessibility discussed above. Besides this technical issue,
however, the limited understanding also arises from the fact that the class of
insulating materials is much more heterogeneous than the class of metals. The class
of insulators spans a wide range from covalently linked crystals such as diamond or
titanium dioxide, ionic crystals like sodium chloride or calcium fluoride to van der
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Waals bonded molecular crystals. Thus, general statements regarding the interac-
tion of organic molecules with “an insulating surface” are difficult to make.

For prototypical insulating surfaces studied so far, namely KBr(001), CaF2(111),
and NaCl(001), the interaction with organic molecules has been found to be
comparatively weak. This statement includes both, the binding energy of the
molecules towards the surfaces as well as the diffusion barrier on the surface [8–
13]. However, precise values of binding energies and diffusion barriers are gen-
erally lacking, except for a few examples [12, 14]. The weak interaction hinders
molecular self-assembly on these surfaces, and in most cases it prevents on-surface
synthesis reaction to be performed as annealing would lead to desorption instead of
reaction initiation. Thus, a prerequisite effort is to explore means to enhance the
molecule–surface interaction [15]. Several strategies have been followed in this
context, including modification of the surface by electron irradiation [16] and
equipping the molecules with specific anchor groups [12, 17]. Besides these
modifications, it is also important to consider the reactivity of the surface by
comparing the surface energies [18]. In this context, the natural cleavage plane of
calcite, calcite(104), has taken a special role. It exhibits a surface energy of
approximately 600 mJ/m2, which is not as high as those of typical metals (e.g., Au
(111) with more than 1000 mJ/m2), but still considerably higher than those of the
prototypical insulator surfaces discussed above (e.g., KBr(001) having a surface
energy of around 140 mJ/m2). The high surface energy is synonymous to a reactive
surface, which can be understood from the fact that calcite(104) provides several
binding sites for electrostatic anchoring as well as hydrogen bonding.

An alternative approach to induce on-surface reactions without risking desorp-
tion of the educts from the surface is using other stimuli rather than thermal
annealing. This is why photochemical initiation is of special interest when dis-
cussion on-surface synthesis on insulating substrates. In principle, photochemical
initiation can be used to induce a reaction without heating the educts on the surface.
Thus, it can be speculated that problems associated with desorption can be sub-
stantially reduced by photochemical initiation.

In addition to the weak interaction, non-metallic surfaces pose another challenge.
For many reactions initiated so far on surfaces, the metallic substrate is known to
act as a catalyst. The most prominent reaction studied so far is the Ullmann reac-
tion, which is catalyzed by the presence of copper (or, generally speaking any other
metal with d electrons available) atoms. For this reason, it remains questionable,
how on-surface reactions relying on the presence of metal atoms can be transferred
to insulating surfaces.

3 Reactions on Thin Insulating Films

For maintaining the accessibility by standard surface science characterization
methods such as STM, experiments have been carried out on a thin insulator film
supported by a metallic substrate. One example has been the synthesis of a
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two-dimensional polymeric network of Fe phthalocyanine obtained from the stoi-
chiometric co-deposition of iron and the tetracyanobenzene precursor [19]. These
educts have been deposited onto an Ag(100) surface that has been partially covered
with monatomic NaCl islands. Due to the weak interaction of the molecules with
the thin insulating film, the educts have been observed to preferentially adsorb on
the free metal areas. Thus, it has appeared necessary to first cover the metallic parts
of the surface with molecules before growth could be obtained on the insulating
film. A highly ordered, monodomain network has been achieved on the NaCl
islands, again illustrating the high molecular mobility on the insulating surface (see
Fig. 1a).

The formation of a molecular wire connecting both metallic and insulating parts
on a surface has been demonstrated by the synthesis of poly (9,9-dimethylfluorene)
on an Au(111) surface exhibiting NaCl islands [20]. In this work, the wire synthesis
has been taken part on the metallic areas of the surface with the NaCl islands
repelling the molecular wires. Above a critical NaCl coverage, however, the wires
have been observed to rise to the top of the NaCl islands due to space limitations
(see Fig. 1b). Scanning tunneling spectroscopy data have been collected at various
positions of the wire. The latter data have demonstrated that three NaCl layers
appeared insufficient for decoupling of the electronic structure of the wire from the
underlying metal support; illustrating that thicker layers are needed for a more
efficient decoupling.

From these investigations, the above-mentioned weak molecule–surface inter-
action in case of an insulating surface becomes apparent, indicating that strategies
for molecule–surface anchoring are mandatory for on-surface synthesis on insu-
lating surfaces. Moreover, thin films have been shown to fail when asking for
efficient electronic decoupling from the metallic support.

Fig. 1 a Two-dimensional network of Fe phthalocyanine on an NaCl island on Ag(100).
Reproduced with permission from Abel et al. [19]. bMolecular wire of poly(9,9-dimethylfluorene)
on an NaCl island on Au(111). Reproduced with permission from Bombis et al. [20]
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4 Current State-of-the-Art on Bulk Insulators

In the following section, we review the current state-of-the-art in on-surface syn-
thesis on the surface of a bulk insulator. The first proof-of-principle of an on-surface
reaction carried out on an insulating substrate is presented in Sect. 4.1. Varying
both number and position of the reactive sites at the molecular building blocks
provides a reliable way for controlling the success of the reaction [21]. Based on
these results, enhanced reaction control has been achieved by site-specific and
sequential reaction initiation [22], which constitutes a promising means for fabri-
cating more complex structures (see Sect. 4.2). Finally, results demonstrating
photochemical initiation are reviewed in Sect. 4.3. These results provide a route to
overcome problems with desorption of weakly bonded molecules. Moreover, the
direction of the oligomerization has been shown to be governed by the underlying
substrate, providing an interesting possibility for further structural control by
substrate-guided reactions.

Calcite, the most stable modification of calcium carbonate, has been used in the
investigations presented here. Calcite has a band gap of 6.0 eV [23], i.e., it con-
stitutes an electrically insulating material. Calcite can be easily cleaved in UHV
[24], resulting in the formation of the energetically most favorable (104) cleavage
plane (see Fig. 2a). Moreover, as discussed above, calcite(104) has a high surface
energy compared to many other insulating surfaces, indicating an increased
molecule–surface interaction. This increased interaction is, indeed, observed for
many molecules [25].

The molecules that have been used in the studies presented here are shown in
Fig. 2b. These include 4-iodobenzoid acid (4-IBA), biphenyl-4,4′-dicarboxylic acid
(BPDCA), 2,5-diiodobenzoic acid (DIBA), 3,5-diiodosalicylic acid (DISA), 2-
(4-bromophenyl)-6-(4-chlorophenyl)pyridine-4-carboxylic acid (BPCPPCA) as
well as C60.

Fig. 2 a Calcite crystal structure and b molecules studied in this chapter (drawn to scale)
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4.1 Proof-of-Principle on a Bulk Insulating Surface

As a first proof-of-principle study, the reaction of several organic molecules has
been tested on calcite(104). Among many molecules that have been tested, only few
turned out to provide sufficient anchoring towards the surface to initiate the linking
reaction by thermal means. Surprisingly, the comparably simple benzoic acid
derivatives have been found to be among the successful molecules. The carboxylic
acid functionality provides an anchor towards the surface, while the benzene core
can be equipped with reactive species. In the simplest case, iodobenzoic acid can be
studied. Upon annealing, the iodine atom is cleaved from the molecule, creating
reactive radicals on the surface. These radicals diffuse on the surface until they meet
another radical to react with.

An important aspect to consider is the deprotonation of the acid group. Depending
on the pKA value of the investigated benzoic acid derivative, the molecules might
deprotonate upon annealing before the reaction is initiated. Based on the large number
of carboxylic acidmolecules deposited onto calcite(104) in UHV [21, 26, 27], a rough
estimate can be given regarding the deprotonation state at room temperature.
Although the deprotonation surely depends onmany other aspects than the pKA value
alone (e.g., the substrate surface and the specific binding geometry), the benzoic acids
presented here have been found to obey the following trend. At a pKA value around 3,
the molecule has been observed to deprotonate at room temperature, giving the
possibility to follow this transition directly by NC-AFM [27]. Molecules with a pKA

value smaller than 3 are already deprotonated at room temperature, while molecules
with a pKA value larger than 3 require an additional annealing step to induce
deprotonation. The latter is of importance when performing on-surface synthesis, as
two annealing steps can be required for molecules with a pKA value larger than 3: In
the first step, the molecules become deprotonated, which changes the molecular
arrangement on the surface but which is not associated with a covalent linking. Only
upon further annealing in the second step, the molecules become dehalogenated and
form radicals that can link on the surface. This two-step process has, indeed, been
observed for 4-IBA on calcite(104), in agreement with a pKA value of 4.02 [26].

As shown in Fig. 3, 4-IBA can be covalently linked on calcite(104) using
thermal activation. When deposited onto calcite(104) held at room temperature, the
molecules are found to be highly mobile, indicating the small diffusion barrier
discussed above. As a consequence of the high mobility, molecules are only
observed on the surface when confined, e.g., in surface troughs (see Fig. 3a). The
situation is changed drastically when annealing the surface to 520 K. This change is
ascribed to a deprotonation step. Now, negatively charged molecules exist on the
surface, which interact much stronger with the ionic calcite surface than the neutral
molecules before annealing. Consequently, a molecular wetting layer is formed
with the molecules standing upright and anchoring towards the surface calcium
cations (Fig. 3b) [26]. A second annealing step is required for inducing a further
structural change. Upon annealing the substrate to 580 K, a molecular structure is
found that can be explained by covalently linked dimer molecules arranged in a
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side-by-side fashion (Fig. 3c). This assignment is corroborated by the size of the
observed features and by comparing the structure with the appearance of the
molecules obtained when directly depositing the reacted species, namely BPDCA
[25]. While direct deposition of BPDCA results in two different structures, only the
side-by-side structure is obtained for reacted 4-IBA. This can be readily understood
from the fact that the reacted 4-IBA is deprotonated, while directly deposited
BPDCA is not. Therefore, BPDCA can form a hydrogen-bonded structure with the
molecules arranging in a head-to-tail fashion.

To further prove the reaction shown for 4-IBA, the number and the position of
the iodine atoms can be changed. When changing the number of the iodine atoms to
two in positions 2 and 5 as in DIBA, extended molecular rows are expected on the
surface upon covalent linkage. As shown in Fig. 4a, DIBA forms a wetting island
upon deposition onto calcite(104) held at room temperature. This indicates a
comparatively strong interaction that has been observed with 4-IBA only after the
first annealing step. It can, thus, be speculated that DIBA exists on the surface in the
deprotonated state already at room temperature. This assumption is supported by
the lower pKA value of 2.51. Upon annealing to 530 K, the structure is changed
completely. Now, rows oriented along the [-4-21] substrate direction are found on
the surface (Fig. b). This structure can be understood by a twofold dehalogenation
of the molecules and covalent linkage of the resulting radicals. Interestingly, the
registry of the calcite(104) surface along the [-4-21] direction appears to support the
reaction, as the negatively charged carboxylate groups within the row can be
positioned atop a calcium ion (see model in Fig. 4c).

As an additional test for the on-surface reaction, the position of the iodine groups
at the benzene core can be changed. For this check, DISA has been used, having
iodine atoms at position 3 and 5 [21]. Upon linkage, a zigzag pattern is expected if
the molecules arrange in an alternating fashion (in fact, also other structures are

Fig. 3 Proof-of-principle of an on-surface reaction on a bulk insulating substrate [21]. a Upon
deposition of 4-IBA onto calcite(104) held at room temperature, molecules are only visible when
confined into troughs. bModerate annealing to 520 K results in deprotonation and the formation of
an extended wetting layer [26]. c Upon annealing to 580 K, 4-IBA forms covalently linked
molecular dimers on the surface. These dimers resemble their protonated counterparts, which can
be obtained from direct deposition of the dimer species, BPDCA [25]
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expected for a non-alternating linkage). Again, when depositing this molecule onto
calcite(104) held at room temperature, an extended wetting layer is formed as
shown in Fig. 5a. In the case of DISA, a perfect (1 × 1) overlayer is obtained, which
can be understood by anchoring of the negatively charged carboxylate groups
towards the surface calcium ions. This assignment is in agreement with a pKA of
2.07. A structural change is induced by annealing the surface to 580 K. Now, a
structure with reduced height is observed, indicating that the molecules are now
lying flat on the surface (Fig. 5b). Among the various patterns observed, also a
distinct zigzag structure can be identified. The superposition of the expected zigzag
structure illustrates the excellent size match of the obtained structure (see Fig. 5c).

The observed direct response of the resulting structures to the monomer building
blocks provides a clear indication for the successful covalent linkage of the
molecules. As further evidence, the required temperature can be studied depending

Fig. 4 Changing the number of reactive sites from one to two: DIBA on calcite(104) [21]. a Upon
deposition of DIBA onto calcite(104) held at room temperature, an extended layer is found on the
surface. b The structure changes significantly after annealing the surface to 530 K. Now, rows
aligned along the [-4-21] substrate direction are formed. c Model of the conjugated row on the
surface with the negatively charged carboxylate groups anchoring toward the calcite calcium ions

Fig. 5 Changing the position of the reactive sites [21]: DISA on calcite(104). a Upon deposition
of DISA onto calcite(104) held at room temperature, a (1 × 1) overlayer is formed. b After
annealing the surface to 580 K, another structure with reduced height is observed. c Among the
structures seen, also a zigzag pattern is found, which precisely matches the structure expected
when having an alternating arrangement of the DISA units within a covalently linked row
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on the involved halogen atom. Depending on the halogen-phenyl bond strength, the
temperature to induce radical formation is likely to increase when changing the
halogen in the order iodine, bromine, chlorine, with the respective bond energies
268, 336 and 399 kJ/mol. This has been tested for the pair DIBA and
2,5-dichlorobenzoic acid. While DIBA has been shown to react at a temperature of
530 K, a temperature of 565 K was needed for radical formation of DCBA on
calcite(104). Thus, although the details of the cleavage mechanism remain unclear,
the energy required to induce the reaction follows a rather straightforward trend,
again corroborating the interpretation of a dehalogenation and covalent linkage
reaction.

This discussion directly points to another open question, namely the role of the
calcite surface for the dehalogenation step. As mentioned above, the presence of
copper is required as a catalyst for the well-known Ullmann reaction. As no metal
has been available in the presented studies, another mechanism has to be at play.
A possible explanation is a bond weakening of the phenyl-iodine bond upon
adsorption of the carboxylate onto the calcite surface. Elucidating the details of the
reaction mechanism will, however, require a close interplay of the experimental
results with theoretical calculations.

4.2 Site-Specific and Sequential Reaction

A key goal of on-surface synthesis is providing tailor-made molecular networks on
surfaces with precise control over structure and functionality. This goal requires
enhancing the reaction control, e.g., from a simple one-step process as described
above to a two-step reaction with site-specific linkage. This approach has been fol-
lowed on a metallic surface [2] by using a molecule that has been equipped with both,
bromine and iodine substituents. It has been shown that iodine can be cleaved offfirst,
providing site-specific reaction sites that are available for the first-step linking. Only
after a second annealing step to slightly higher temperatures, the bromine atoms are
removed, making these reaction sites available in the second linking step. Inspired by
these results, a similar approach has been taken on calcite(104). A molecule, namely
BPCPPCA, has been chosen that provides both, two different halide substituents as
well as a carboxylic acid anchor group (see Fig. 2b).

Upon deposition of BPCPPCA onto calcite(104) held at room temperature,
molecular islands are observed on the surface as shown in Fig. 6a. These islands
exhibit a mirror symmetry axis along the [-4-21] substrate direction. This mirror
symmetry can be readily understood by the fact that the molecules form a (2 × 4)
superstructure on the surface, which can be arranged in two mirror-symmetric ways
on the surface. The islands changes drastically upon a first annealing step at 570 K.
Now, row-like features are found on the surface (Fig. b). These rows are aligned
along two distinct surface directions, forming an opening angle of about 48°.
Considering the molecular structure allows for speculating about the structural
details of the rows. A moderate annealing step is expected to exclusively cleave off
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the bromine atoms. This results in the formation of molecular dimers either with an
“S” or “U” shape. The intermolecular interaction is larger when S-shaped molecules
arrange side-by-side. If we now further assume that the carboxylate groups should
be positioned atop a surface calcium ion, only two distinct directions are reason-
able, as shown in the model in Fig. 6c. These two directions include an opening
angle of 48°, precisely as observed in the experiment.

A further structural change is induced when annealing the substrate to 610 K.
Upon this second annealing step, the chlorine atoms are expected to dissociate from
the dimers, allowing for coupling of the dimers into larger molecular structures.
Depending on the conformation of the dimers (S or U-shaped), either zigzag chains
(coupling of S-shaped dimers) or ring structures (coupling of two U-shaped dimers)
should be formed on the surface. Indeed, two types of structures exist on the surface
after the second annealing step as shown in Fig. 6d. Among them, it is possible to
identify zigzag chains, as shown in the zoom in Fig. 6e. Superimposing a model of
the expected chains demonstrates a perfect size match of the observed periodicity
along the chain with the repeat distance of the zigzag structure. Moreover, a specific
direction of the chains with respect to the underlying substrate is expected from the

Fig. 6 Site-specific and sequential on-surface reaction on calcite(104) [22]. a Upon deposition of
BPCPPCA onto calcite(104) held at room temperature, molecular islands with a mirror symmetry
axis along [-4-21] exist on the surface. b Moderate annealing to 570 K results in the formation of
row-like features, oriented along specific surface directions, i.e., resulting in a well-defined
opening angle of 48°. c Model for the structural arrangement of the row-like features, illustrating
the origin of the characteristic opening angle. d Further annealing to 610 K induces a second
structural change. Now, zigzag chains and ring-like structures are present on the surface. e Zoom
and structural model of the zigzag chain. f Zoom and structural model of a ring structure
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fact that the carboxylate groups of the chain should be placed atop surface calcium
ions. One specific direction allows for optimizing this carboxylate–calcium inter-
action, which is the one drawn in the model in Fig. 6e. This direction is precisely
what is observed experimentally, giving further evidence for the proposed model.
Besides the chains, also roundish features are revealed on the surface as shown in
Fig. 6f. These features can be understood by covalent coupling of two U-shaped
dimers. Again, the superimposed model fits in size with the observed ring-like
structures. For this structure, it is not possible to optimize the position of all four
carboxylate groups within the ring atop a surface calcium ion. The different
adsorption positions might be the reason for the somewhat asymmetric appearance
of the ring structures. This example demonstrates the feasibility to transfer the
strategy of sequential and site-specific reactions to a bulk insulator surface, namely
calcite(104).

4.3 Photochemical Initiation

In the above examples, the reaction was initiated by annealing the substrate to a
specific temperature, thereby inducing homolytic bond cleavage at the
phenyl-halide bond. Although this approach is straightforward experimentally, it
bears a severe drawback, which arises from the comparatively weak molecule–
surface interaction.

For many molecule–surface systems studied, annealing of the substrate with the
aim to initiate the linking reaction only resulted in desorption of the educt mole-
cules from the surface. Thus, it appears mandatory to explore other means of
reaction initiation. In this context, photochemical linking is an obvious strategy to
decouple reaction initiation from desorption [28–30].

As a straightforward example, C60 molecules were chosen, which are known to
polymerize in a [2 + 2] cycloaddition when irradiated with light [28]. Upon
deposition of C60 onto calcite(104) held at room temperature, elongated islands are
found on the surface [18]. These islands are formed by C60 molecules that arrange
in a hexagonal pattern as shown in Fig. 7a. Considering the C60–C60 distance in
bulk C60 of 1.02 nm readily shows that the molecular repeat distance fits nicely to
the twofold substrate periodicity of 0.50 nm along the [010] direction. This is why
one close-packed direction of the hexagonal molecular layer is aligned along the
[010] substrate direction. For the other substrate direction, however, the substrate

b Fig. 7 Photochemical initiation of an on-surface reaction on a bulk insulator surface [28]. a Upon
deposition of C60 onto calcite(104), elongated islands are formed that show a distinct moiré pattern
[18]. b The moiré pattern can be readily explained by the different lattice mismatch in the two
surface directions as shown in the model. c Irradiation with a total of about 1022 photons results in
an alteration of the structure. The moiré pattern becomes aperiodic. d Upon further irradiation with
a total of 1023 photons, the moiré pattern is vanished. Gaps are formed in the molecular film, which
can be understood by considering the molecular model (e)
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periodicity of 0.81 nm does not fit to the periodicity of the molecular film of
1.02 nm ⋅ sin (60°) = 0.88 nm. Consequently, a moiré pattern is formed, which is
readily observed as a height modulation in the image shown in Fig. 7a. A model for
the pristine molecular layer is given in Fig. 7b, showing the molecular (2 × 15)
superstructure. Molecules that adopt the same adsorption positions (except for a
rotation of the underlying carbonate groups) are marked by arrows, directly
reflecting the observed moiré pattern. When irradiating the surface covered with
molecules with light (405 nm laser diode), the structure changes considerably.
Upon a first irradiation step, the moiré pattern starts to degrade and becomes
aperiodic as shown in Fig. 7c [28]. Further irradiation results in vanishing of the
moiré pattern and the appearance of gaps between the molecules, as marked by the
arrows in Fig. 7d. Interestingly, the majority of these gaps are aligned along the
[010] direction. Both observations, the vanishing of the moiré pattern as well as the
formation of gaps aligned along the [010] direction, can be explained by a simple
model in a straightforward manner. As no lattice mismatch exists along the [010]
direction, there is no driving force for a linking reaction along this direction.
However, linking along the other close-packed row directions of the molecular film,
as indicated by the short lines in the model in Fig. e results in a reduction of the
molecule–molecule distance along the [-4-21] substrate direction. Interestingly,
when C60 trimers are formed, the molecule–molecule distance of 0.92 nm [31]
projected to the [-4-21] direction becomes 0.80 nm. Thus, upon covalent coupling
of the C60 molecules along this direction, the lattice mismatch can be lifted,
explaining the vanishing of the moiré pattern. As a consequence of the linking
along these specific directions, the molecules move closer only in [-4-21] direction,
thereby creating a gap that opens along the [010] direction (see Fig. 7e).

These results show that photochemical initiation is possible on a bulk insulator
surface. Moreover, the studied system of C60 on calcite(104) illustrates how the
underlying substrate can be exploited deliberately for guiding the reaction in a
specific direction. This constitutes a promising strategy for increasing the structural
control in addition to the sequential approach presented above.

5 Summary and Outlook

In recent years, on-surface synthesis has attracted considerable attention due to the
impressive potential of this strategy for fabricating novel functional structures at
surfaces. This is especially true for the field of future molecular electronics, where
tailor-made molecular structures such as wires and switches are needed for con-
structing functional devices. Having these applications in mind requires strategies
to decouple the electronic structure of the molecular network from the underlying
substrate. Consequently, electrically insulating rather than metallic substrates are
highly interesting for these applications. Compared to metallic substrates, however,
little is known about on-surfaces synthesis principles on bulk insulating surfaces.
A simple transfer of on-surface synthesis strategies developed on metallic surfaces
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towards insulating substrates has been demonstrated to be difficult. This is due to
the comparably weak molecule–surface interaction present on many insulating
surfaces studied so far. Thus, on-surface synthesis on insulating substrates requires
to carefully consider the molecule–surface interaction of the system of interest. For
the systems studied so far, it has been shown that choosing educt molecules with
dedicated anchor functionality appears to be essential for avoiding desorption upon
thermal activation of the on-surface reaction. While this need can be partially met
by choosing standard educt molecules, the impressive variability of organic syn-
thesis will surely boost the success of on-surface synthesis by providing tailored
molecules with dedicated anchor functionalities and reaction sites. Moreover,
reaction mechanisms usually requiring the presence of metal atoms, e.g., the
Ullmann reaction, need to be reconsidered for transferring these principles to
insulating substrates. So far, little is known about the details of on-surface reactions
on insulating substrates, clearly asking for theoretical efforts to elucidate the indi-
vidual reaction steps.

A major effort of future research will be dedicated to increasing the library of
available reaction types by exploring suitable educt molecules. Various means of
reaction initiation need to be tested as well as co-deposition of two or more educt
molecules. Moreover, it will be mandatory to further increase structural control by
extending and combining control strategies such as sequential or substrate-guided
reactions.
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Bottom-Up Fabrication
of Two-Dimensional Polymers
on Solid Surfaces

Markus Lackinger

Abstract Two-dimensional polymers are a novel class of future materials that are
not purely hypothetical anymore, but have not been realized in full yet. A promising
and versatile synthetic approach is the bottom-up fabrication by polymerization of
monomers into covalently cross-linked nanostructures on solid surfaces. This
chapter introduces the synthetic approach consisting of monomer deposition and
activation, and describes a typical characterization scheme by established surface
science techniques—high-resolution Scanning Tunneling Microscopy for structures
and X-ray Photoelectron Spectroscopy for chemical state. The coupling chemistry
is largely predetermined by monomer functionalization and various coupling
reactions can be utilized to achieve cross-linking on surfaces. A major aim of this
chapter is to compare and discuss the most popular interlinking chemistry and to
highlight important implications when classical reactions are transferred from a
beaker to a solid surface. The most important distinction is whether coupling
proceeds irreversibly and remains kinetically controlled or whether thermody-
namical control is possible. Ullmann coupling is a prominent example for an
irreversible reaction. Recent achievements with focus on defect formation as well as
the occurrence and utility of organometallic intermediates are discussed.
Long-range ordered covalent organic frameworks were demonstrated based on
boronic acid condensation. In this context, emphasis will be put on the importance
of bond reversibility. Moreover, coupling reactions of terminal alkynes are intro-
duced, and both possibilities and limitations are illustrated by referring to recent
examples.
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1 Motivation and Aim

Molecular self-assembly has been studied on surfaces for almost three decades now.
Although this research could already be considered as a first liaison between surface
science and organic chemistry, this relationship grew more intense in 2007–2008
when the two seminal papers by Grill et al. and Porte et al. on Ullmann coupling
and boronic acid condensation indicated that solid surfaces may also be an
advantageous venue for coupling reactions between comparatively large organic
molecules [1, 2]. This had at least two implications: On the one hand, the whole
tool-box of microscopic and spectroscopic surface science techniques became
available to study the progression, intermediates, and products of chemical reac-
tions. On the other hand, the apparent templating effect of surfaces by confinement
of the reacting species in two dimensions has ignited ideas to use “flatlands” for the
synthesis of extended 2D networks or ultimately for the fabrication of novel 2D
materials. It is intriguing to compare self-assembled monolayers (SAMs) on sur-
faces with graphene, the most prominent 2D material. As illustrated in Fig. 1,
graphene is extremely stable and the strong coupling between its carbon atoms by
covalent bonds promotes the ability to conduct electrons, not to mention the unique
electronic band structure and the unprecedented charge carrier mobilities. The
properties of graphene, however, are mostly predetermined by its unalterable
structure, and an atomically precise modification remains extremely challenging.
On the other hand, SAMs are structurally and chemically extremely versatile,
owing to the diversity and variability of its constituents, the organic molecules. Yet,
the typical intermolecular bonds that stabilize these monolayers, i.e. van-der-Waals,
hydrogen, or metal coordination bonds, are relatively weak. This not only accounts
for the comparatively low chemical, mechanical, and thermal stability of SAMs, but
also precludes electronic transport across these structures. This direct comparison
naturally sets the goal of getting the best of both worlds—versatility and stability—

Fig. 1 SAMs versus graphene. Major advantages of SAMs are tunability and versatility which in
turn are disadvantages of graphene. On the contrary, high stability and conductivity are
application-relevant properties of graphene, but substantial drawbacks of SAMs. Both advantages
are united in 2D polymers that bridge these two materials
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by upgrading SAMs to two-dimensional (2D) polymers through covalent
cross-linking. The terminology of the field has not settled yet, so 2D polymers are
not rigorously defined. Distinctions could be made concerning the degree of
structural order or the thickness—one atom versus one monomeric unit.
Nevertheless, the materials which are the ultimate goal of the subsequently
described endeavors would be defined as organic, fully covalently cross-linked
networks which are only one atom thick and crystalline, i.e., exhibit long-range
order and translational symmetry. The pursued synthetic approach toward 2D
polymers is on-surface polymerization, where the coupling reactions are inspired by
synthetic organic chemistry and the preparation and characterization tools are
provided by surface science.

2 Typical Approach

A scheme of the typical approach for on-surface polymerization experiments is
shown in Fig. 2 and comprises three steps: deposition, activation, and characteri-
zation. All individual steps can be carried out either under ambient or ultra-high
vacuum (UHV) conditions. The benefit of working under ambient conditions is the
low experimental effort, but this approach can suffer from limitations, e.g. con-
cerning the usage of more reactive surfaces. Deposition under ambient conditions is
typically performed from solution by drop-casting or spin-coating. Albeit relatively
straightforward, sample homogeneity can still be a challenge.

Deposition in UHV is typically performed through the vapor phase of the
compound. Smaller molecules with sufficiently high vapor pressure at room tem-
perature can just be dosed through a leak valve, for compounds with larger sub-
limation enthalpies standard deposition sources with heated crucibles (Knudsen

Fig. 2 Illustration of the typical experimental approach consisting of the three steps: deposition,
activation, and characterization. Deposition and activation can both be conducted under UHV
(blue) and ambient (green) conditions. Similarly, STM can be carried out in both environments,
whereas XPS measurements are restricted to UHV, but are applicable to ex situ prepared samples

Bottom-Up Fabrication of Two-Dimensional Polymers on Solid Surfaces 201



cells) are used. Limitations can arise for both deposition methods: solution depo-
sition can be limited by low solubility, especially for larger molecules, whereas the
reactivity of a compound can preclude thermal sublimation. Heating the crucible
initiates a kinetic competition between sublimation and reaction. Depending on the
respective enthalpies or activation barriers, reactions in the crucible can become
favored, leading to the formation of larger aggregates that cannot be sublimed
anymore.

Thermal annealing is the most common method for activating reactions on sur-
faces. However, alternative means of activation include irradiation with electrons—
globally by an electron gun or locally by an STM tip—or energetic light. Depending
on the reactivity of the system, thermal energy at room temperature can already be
sufficient; hence, further annealing is not needed. Again external energy input
activates two competing processes, i.e., the intended reaction on the surface, but also
desorption from the surface. A typical solution to this “desorption problem” is
increasing the adsorption energy of the monomers by enlarging the size of the
organic backbone or using already preformed dimers, trimers etc. instead of
monomers. However, by the same token the temperature required for deposition via
sublimation increases. Accordingly, a compromise concerning the monomer size has
to be found, where deposition via sublimation is still possible, and thermal activation
of the polymerization on the surface is not impaired by desorption. In principle, it is
also possible to work with protecting groups for sublimation and subsequent
deprotection on the surface or to use more sophisticated deposition techniques for
thermally instable compounds as electrospray ionization. It is noteworthy, that the
reactivity arises from the specific combination of monomer and surface. This was
nicely demonstrated by the example of alkanes on Au(110), where even the com-
bination of relatively inert molecules with a relatively noble surface gave rise to
unexpected coupling reactions [3].

For characterization mostly typical surface science techniques are used. Since
on-surface polymerization has largely been developed from the self-assembly
community, scanning tunneling microscopy (STM) is one of the favorite charac-
terization tools. Molecular resolution can relatively easily be accomplished with
widely available instruments, and imaging in real space facilitates a direct structure
assessment. Moreover, in many cases, STM derived inter- or intramolecular dis-
tances already facilitate unambiguous verification of covalent coupling. In this
context, it is particularly important that STM is not restricted to long-range ordered
structures, because the covalent networks are in most cases less well-ordered than
their supramolecular counterparts and exhibit high defect densities. The basic STM
sample requirement of electrical conductivity is so far not a serious limitation, as for
many coupling reactions the catalytic activity of metals is indispensable.
Nevertheless, insulator surfaces are particularly interesting, especially for electronic
transport measurements through the covalent nanostructures. On insulators, not
only the reaction mechanisms can be expected to be very different, but also more
sophisticated tools as non-contact atomic force microscopy (NC-AFM) become
necessary.
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Even though formation of new covalent bonds is often concluded from distance
measurements in STM images, a complementary, chemically more sensitive char-
acterization can be quite useful. Therefore, X-ray photoelectron spectroscopy
(XPS) is ideally suited: Chemical core level shifts can unambiguously prove the
proposed reaction or facilitate identification of the chemical state, especially when
STM images are inconclusive. Moreover, the global character of XPS efficiently
leads to solid statistical conclusions that are cumbersome to derive from local STM
data. This is particularly useful for studying the progression of a reaction, e.g. the
ratio between reacted and unreacted monomers in dependence of a specific acti-
vation protocol. At the moment, alternative spectroscopic techniques are less
commonly used, despite their potential to provide additional complementary
information. In particular, vibrational spectroscopy can also reveal the formation of
new bonds or molecular groups. For instance, ex situ Raman spectroscopy was
successfully employed to verify the formation of atomically precise graphene
nano-ribbons [4]. Also first steps to access the electronic structure were taken by
scanning tunneling spectroscopy and photoelectron spectroscopy experiments [5].

At present, the lack of long-range order in most covalent networks precludes the
use of surface-sensitive diffraction techniques as low electron energy diffraction
(LEED). Such experiments facilitate a very efficient and reliable structural char-
acterization on a more global scale and would increase the precision of structural
data. Furthermore, the epitaxial relation between covalent networks and supporting
surface could easily be derived. More sophisticated techniques as Spot-Profile
Analysis LEED may even give access to a global characterization of domain sizes.
The recent advancements of structural quality will also bring LEED experiments on
covalent nanostructures within reach.

3 Coupling Reactions

The volume of organic chemistry textbooks impressively demonstrates the richness
and versatility of suitable functional groups and reactions for chemical coupling.
A distinction can be made between homo- and crosscoupling, i.e., whether the same
or different molecular species react with each other. Crosscouplings are much more
versatile, but their implementation in surface chemistry remains challenging.
Co-deposition of two different monomers in a stoichiometric ratio may be cum-
bersome, but is not a principal problem. However, both functional groups involved
in crosscoupling are reactive and very often have a pronounced affinity for
homocoupling which is difficult to fully suppress. In synthetic organic chemistry, a
kinetic competition between different coupling reactions results in a lower yield, but
on surfaces it hampers the formation of ordered networks. Nevertheless, first
examples such as, for instance, Sonogashira coupling of iodobenzene and pheny-
lacetylene was demonstrated on Au(111) [6]. The art is finding reaction conditions,
i.e., surfaces, coverages, temperatures, deposition sequences, etc. that exclusively
promote crosscoupling.
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A further distinction can be made between reactions that can become reversible
under suitable conditions or remain irreversible in any event. Condensation where a
smaller molecule is formed and eliminated during the coupling is a prototypical
type of possibly reversible reaction. An example is the release of H2O during the
self-condensation (dehydration) of boronic acids or the Schiff base reaction.
According to Le Chatelier’s principle, increasing the amount of H2O in the system
shifts the chemical equilibrium toward the unreacted starting material. In other
words, a water atmosphere induces bond reversibility, and hence promotes error
correction which is so far considered a necessity for the growth of long-range
ordered structures of any kind. A more detailed description of boronic acid con-
densation on surfaces is provided in the next section. Ullmann coupling is a
prominent example for an irreversibly proceeding coupling reaction on surfaces.
The newly formed bonds are kinetically inert and cannot be opened up again under
normal reaction conditions. This implies that Ullmann polymerization is kinetically
controlled and any type of error correction mechanism is absent. Consequently, the
structural quality is significantly lower than for SAMs, or the networks can even be
entirely irregular, respectively. The dimensionality of the targeted covalent
nanostructure plays an important role here: 1D structures as graphene nano-ribbons
or polyphenylene chains do not suffer from high defect densities, because the
monomers are just stringed together and this binding motif does not allow for
topological defects. 2D networks, however, have many more possibilities to form
defects, rendering the growth of long-range ordered structures based on irreversible
coupling reactions truly challenging or even impossible.

4 Boronic Acid Condensation

The introduction of covalent organic frameworks (COF)—purely organic crystalline
porous materials based on covalently cross-linked organic entities—by Yaghi and
co-workers initiated a new and ever growing research direction [7, 8]. COFs are
exclusively composed of light elements and exhibit high permanent porosities. This
leads to ultralow densities which render these materials particularly promising for
mobile gas storage applications. Most COFs exhibit a layered structure comparable
to graphite, i.e. covalent bonds within the layers, whereas relatively weak interlayer
bonds mediate a defined stacking. The first COFs were obtained by either the
self-condensation of 1,4-benzene diboronic acid (BDBA) into COF-1 or the
co-condensation with hexahydroxytriphenylene (HHTP) into COF-5 [7]. X-ray
powder diffractometry revealed a high degree of crystallinity that was attributed
to slightly reversible reaction conditions in the solvothermal synthesis. Apparently,
the layered COF structure was inspiring for surface scientists, and Porte et al. were
the first to demonstrate boronic acid coupling on Ag(111) [1]. Even though the
BDBA monomer is only ditopic, the resulting networks are fully cross-linked in two
dimensions. The reason can be understood by means of the reaction scheme
for para-diboronic acids in Fig. 3a illustrating the cyclocondensation of three
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monomers: three boronic acid groups form a B3O3 boroxine ring, whereby three
water molecules are released. Detailed atomistic simulations of the polymerization
on Ag(111) suggest coupling via an intermediate dimer and propose an overall
endothermic reaction [9]. The driving force of the boronic acid polycondensation is
the entropy gain through the water release. Boronic acid condensation on surfaces
was first demonstrated under UHV conditions, where the released water is imme-
diately removed from the system by the vacuum pumps [1]. In the absence of
gaseous water, boronic acid condensation proceeds irreversibly, i.e. without the
possibility for error correction, resulting in less regular networks with many defects.
To improve the networks, Porte et al. systematically studied the dependence between
structural quality and reaction parameters, e.g., different metal surfaces, tempera-
tures, and deposition rates [10]. For a meaningful comparison and solid conclusions,
a quantitative assessment of the structural quality becomes necessary. For rather
irregular networks, a statistical analysis of STM data is most appropriate. An
elaborate statistical analysis based on the minimal spanning tree revealed that in
UHV the best boronic acid networks could be grown on silver surfaces by working
with higher deposition rates [10].

Yet, the key to structural perfection is taking advantage of bond reversibility. For
boronic acid condensation this means that the polymerization has to be carried out
in a water atmosphere. So far it is not quantitatively known how much water is
actually required. From own experiments, we conclude that a water partial pressure
in the order of 10−6 mbar—the highest bearable in a UHV system—is not sufficient.
Consequently, ambient conditions are the best environment to realize reversible
reaction conditions. In this synthetic approach, the monomers are typically
deposited from solution and the polymerization is activated in a small autoclave or
reactor by heating to temperatures of 100–150 °C. The reversibility inducing water
can be supplied either by adding pure liquid water or by the thermally activated
release of crystal water from hydrates [11]. For instance, blue vitriol
(CuSO4 · 5H2O) reversibly releases part of its crystal water already around 100 °C.
A representative STM image of a 2D COF obtained by reversible condensation of
BDBA on graphite is depicted in Fig. 3b. One interesting aspect of this approach is

Fig. 3 a Reaction scheme of the self-condensation of para-diboronic acids into 2D COFs. b STM
image of a 2D COF-1 monolayer synthesized from BDBA on graphite(0001) under reversible
reaction conditions. The inset shows the corresponding FFT. Reprinted with permission from Refs.
[12, 13]. Copyright 2012 and 2011 American Chemical Society
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that bond reversibility can be switched on and off at will, just by the presence or
absence of water. Even though no in situ microscopic studies of the polymerization
are available, it appears reasonable that a slow transition from the fully reversible
(non-bonding) to the irreversible regime is an important ingredient for high-quality
networks, in order to always remain close to equilibrium. This transition is achieved
by reducing the water partial pressure and/or the temperature. Water can be
removed by working in an open system or when using CuSO4 · 5H2O as a water
source, by rehydration at lower temperature.

In bulk COF synthesis, almost infinite structural versatility is achieved by
co-condensation of boronic acids with diols. Proof of principle for this
co-condensation on surfaces has already been provided with HHTP and BDBA in
the seminal UHV work [1]. However, generally applicable protocols of how this
crosscoupling on surfaces can yield high-quality networks have so far not been
developed. A promising approach to bimolecular covalent networks is deposition of
one monomer onto the surface and supplying the other monomer through the vapor
phase, as nicely demonstrated for the co-condensation of amines and aldehydes
[14]. In case the reactor has to be heated to either activate the reaction or to increase
the vapor pressure of the compound in the gas phase, desorption of the compound
on the surface has to be prevented by a high adsorption energy. Moreover, it is
important to suppress homocoupling on the surface, i.e., by adsorbing a relatively
inert compound.

Yet, structural versatility can already be achieved with the self-condensation of
para-diboronic acids. For instance, tailoring of pore sizes by varying the length of the
organic backbone has been demonstrated with a homologous series of diboronic
acids with backbones ranging from phenyl to quaterphenyl [12]. Similarly,
pyrene-based 2D COFs indicated possibilities to tune the chemical nature of the
organic scaffold. A serious limitation for solution-based approaches, however, arises
from the limited solubility of larger molecules. Deposition of larger boronic acids by
vacuum sublimation is also not possible, because the relatively high sublimation
temperatures required for larger monomers already activate the preferential poly-
merization in the crucible of the deposition source. Alternative concepts would be
using protecting groups for sublimation and subsequent deprotection on the surface
[15]. On the other hand, the high reactivity of boronic acids can also be used for the
“in-crucible” synthesis of more complex molecules from abundantly available
smaller boronic acids as p-bromobenzene boronic acid and 3,5-dibromophenyl
boronic acid [16, 17]. Already these smaller boronic acids are too large for thermal
sublimation. Accordingly, when heating the crucible, three monomers condensate
into the corresponding trimer with a newly formed boroxine ring as threefold sym-
metry center. These compounds are then sufficiently inert for thermal sublimation.

The reversibility of boronic acid condensation in a water atmosphere is a
blessing and a curse. On one hand, it provides the grounds for the synthesis of
long-range ordered covalently cross-linked networks that feature the anticipated
thermal and mechanical stability. On the other hand, not only the surface-supported
2D COFs but also their bulk counterparts degrade under ambient conditions, due to
humidity-induced bond breaking.
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Moreover, it is instructive to study the electronic properties of boronic
acid-derived COFs. Experimental band structure data are unfortunately not avail-
able; however, density functional theory (DFT) simulations for a COF-1 monolayer
suggest a semiconducting behavior with a band gap in the order of *3 eV [17].
Apart from the band gap, the dispersion relation is equally important. The 2D
COF-1 bands come out essentially flat, indicating localized electrons with high
effective mass. The reason for this is the insulating effect of the boroxine rings
which effectively decouple the phenyl rings from each other. In other words, any
2D COF synthesized by boronic acid condensation will not be suitable as an
electronically active material. It is worth mentioning that nominally π-conjugated
networks can be synthesized by condensation reactions, whereby the condensation
of amines with aldehydes is a proven example for on-surface polymerization [18].

Based on the combined properties of boronic acid-derived 2D COFs—structural
versatility, high mechanical stability, and water solubility—applications where a
porous network is required as a template for one processing step, while it should be
removed in a subsequent processing step appear most promising.

5 Ullmann Coupling

The enormous interest in highly stable and electronically conjugated networks calls
for a coupling chemistry that establishes new C–C bonds. To this end, the surface
variant of classical Ullmann coupling as introduced by Grill et al. is highly
appropriate [2]. The principal reaction scheme is relatively straightforward:
brominated or iodinated precursor molecules are deposited onto a metal surface,
typically Cu, Ag, or Au. Upon adsorption, the weakly bonded halogen substituents
are split off with the aid of the catalytic properties of the metal surface. DFT
simulations propose an activation barrier in the order of 0.5–1.0 eV for the overall
exothermic dehalogenation [19]. The energy gain is partly related to the relatively
strong adsorption of the spit off halogens. The activation barrier decreases in the
order Au > Ag > Cu, i.e., with increasing reactivity of the metal surface, and is for
all surfaces studied *0.3 eV lower for iodine than for bromine substituents. This
trend appears plausible, considering the differences in carbon–halogen bond
strength. However, the bond dissociation energy of C–I is *0.65 eV lower than for
C–Br in iodobenzene versus bromobenzene [20], indicating a distinct surface
influence. In any case, iodinated precursors are more reactive, and deiodination
readily takes place at room temperature (RT) even on less-reactive gold surfaces
[21]. On the contrary, the reactivity of the metal surface plays a decisive role for
brominated compounds: on copper, debromination already occurs at room tem-
perature, whereas on gold additional heating to *150–200 °C is required [22]. The
vast differences in activation temperatures for deiodination versus debromination on
gold can be used for a defined sequential coupling by selective activation of iodine
and bromine sites [23, 24]. Silver surfaces occupy an interesting intermediate
position, where partial debromination is observed at room temperature, whereas full
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debromination also requires additional heating [25]. The incomplete debromination
on silver cannot simply be explained with a fixed value for the reaction barrier, and
detailed studies may shine more light on the actual mechanism of surface-catalyzed
dehalogenation.

Dehalogenation results in so called surface-stabilized radicals (SSR), where the
dangling bonds of the dehalogenated carbons bind to the underlying metal surface.
The further progression of the coupling reaction strongly depends on the metal
surface. On Au(111), the generally accepted picture is that the SSR are mobile,
diffuse around and form covalent bonds upon encounter. However, the detailed
atomistic knowledge of these processes is not very advanced: The nucleation
behavior is not well studied, e.g., the role of step-edges for immobilization of
monomers. It is also not clear, how fast the coupling step takes place, i.e., whether
there are effective entropic or even energetic barriers. Nevertheless, the coupling
reaction is kinetically controlled and the irreversibility of newly formed interlinks
typically results in irregular networks with high defect densities. In most studies,
Ullmann polymerization is carried out under UHV conditions, however,
drop-casting of respective solutions onto preheated Au(111) surfaces under ambient
conditions has also yielded covalent structures [26, 27].

On the more, reactive Cu and Ag surfaces intrinsic adatoms interfere with the
coupling step. Instead of directly establishing covalent bonds, the SSR form inter-
mediate organometallic complexes and networks based on carbon-metal-carbon
interlinks [28–30]. Upon further annealing, the metal atoms can be released;
whereby the metastable organometallic bonds are irreversibly converted into
covalent bonds (see Fig. 4a). For example, room temperature deposition of
1,3,5-tris-(bromophenyl) benzene (TBB) onto Cu(111) results in disordered
organometallic networks [30], a typical STM image is depicted in Fig. 4b. The
disorder is attributed to the irreversibility of the relatively strong C–Cu bonds. The
resulting covalent networks are similarly disordered, suggesting that the initial
organometallic arrangement is maintained during the conversion. On Ag(111) partly
ordered organometallic networks were observed [31]. This may be viewed as an

Fig. 4 a Structure of an organometallic dimer with triphenylbenzene backbones. Annealing at
Tconversion triggers the conversion from organometallic to covalent. According to gas-phase DFT
calculations the center-to-center distance shrinks from 1.55 to 1.31 nm. b STM image acquired
after room temperature deposition of TBB (cf. inset for structure) onto Cu(111). Fully
debrominated molecules are interlinked via organometallic C–Cu–C bridges into networks. The
linking copper atoms are imaged as dots between molecules (example marked by arrow)
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indication for reversibility of the weaker C–Ag bonds, indicating possibilities for
error correction. At present, the role of the adatoms for the initial reaction step—the
dehalogenation—has not been clarified; however, it appears likely that the under-
coordinated, thus more reactive, adatoms also promote halogen cleavage. On
Au(111) organometallic networks have only rarely been observed [32]. The differ-
ences of the metal surfaces with respect to dehalogenation and organometallic
intermediates are summarized in Table 1.

An intriguing question is, whether the structural quality of covalent networks
obtained by kinetically controlled coupling reactions can be improved by opti-
mization of reaction parameters (e.g. temperatures, heating or deposition rates) or
the preparation sequence (e.g. room temperate deposition and subsequent heating
versus deposition at elevated substrate temperature). A detailed comparison requires
a quantitative measure of the network quality. Ideal networks based on threefold
symmetric, straight connecting precursors as TBB are hexagonal. However, irreg-
ular tetragonal, pentagonal, heptagonal, and octagonal pores are commonly
observed defects [22]. Consequently, a statistical analysis just by counting the
different pore types in a significant number of STM images provides first insights.
Yet, even networks that exclusively consist of ideal hexagonal pores can be far
from perfect, due to frequently observed branching or vacancies [33]. Therefore,
additional statistical indicators as the average number of adjacent pores have to be
evaluated. For Ullmann polymerization of 1,3-bis(-bromophenyl)-5-(p-iodophenyl)
benzene (BIB, c.f. inset to Fig. 5a) on Au(111), the influence of different reaction
parameters on the network quality was studied in detail [24]. This brominated and
iodinated precursor was also designed to compare hierarchical versus direct poly-
merization: room temperature deposition onto Au(111) selectively activates the
iodine sites, resulting in covalent and kinetically inert dimers; only further
annealing above the debromination threshold (*175 °C) activates full polymer-
ization; whereas upon high temperature deposition, both iodine and bromine sites
become activated, resulting in the direct polymerization into networks. However, no
substantial differences could be found for the two different polymerization
protocols.

In the following, we focus on the influence of deposition rate and surface
temperature for direct polymerization. Figure 5 depicts representative STM images

Table 1 Dehalogenation of brominated versus iodinated precursors and occurrence of
organometallic intermediates for different metal surfaces

d10s1 metal Bromine cleavage Iodine cleavage

Cu(111)
organometallic → disordered

Full @ RT Full @ RT

Ag(111)
organometallic → ordered

Partial @ RT
Full @ *150 °C

Full @ RT

Au(111)
rarely organometallic intermediates

None @ RT
Full @ *180 °C

Full @ RT
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of covalent networks obtained by deposition of BIB onto Au(111) held at 250 °C
with rates spanning over two orders of magnitude. The corresponding pore
geometry distributions are summarized in Fig. 5d. Deposition with “normal” and
“slow” rates (cf. Fig. 5a and b) leads to comparable distributions, while “ultra-slow”
deposition results in a markedly increased number of pentagonal and even tetrag-
onal pores, as also evident from the STM image in Fig. 5c. A comparable series of
experiments where the surface temperature was varied while the deposition rate was
kept constant revealed an increasing amount of pentagonal pores for increasing
surface temperatures.

To develop strategies for improving the network quality, an atomistic under-
standing of defect formation is useful. Increased numbers of pentagonal pores were
experimentally observed for higher surface temperatures or extremely low depo-
sition rates. Both dependencies can consistently be explained by a relatively simple
model. During polymerization, a stage occurs where a five-membered open ring
which is missing one monomer is not yet closed. As sketched in Fig. 6, two
different reaction pathways are conceivable: either the five-membered open ring is
closed in a bimolecular reaction into an ideal hexagonal pore by addition of one

Fig. 5 STM images of covalent networks obtained by deposition of BIB (structure in inset to
a) onto Au(111) held at 250 °C with different deposition rates (indicated in the upper right corners
as frequency decline rates of a quartz crystal microbalance); a “normal” and b “slow” deposition
with 1.3 and 0.1 Hz/s lead to comparable network quality; c whereas networks obtained by
“ultraslow” deposition with 0.01 Hz/s exhibit a substantial amount of tetragonal and pentagonal
pores, as also apparent from the corresponding pore geometry distribution in (d). Reprinted with
permission from Ref. [24]. Copyright 2014 American Chemical Society
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more monomer or the five-membered ring becomes an irregular pentagonal pore in
an unimolecular ring-closing reaction. The latter process requires bond distortion
and is hence associated with an energy barrier. According to chemical kinetics, the
bimolecular reaction rate depends on the concentration product of five-membered
open rings and available monomers which increases with deposition rate. The
unimolecular ring-closing reaction has to overcome an energy barrier, thus the rate
becomes enhanced at higher surface temperatures according to an Arrhenius law.

The studies above have indicated possibilities to improve the quality of covalent
networks by optimizing reaction parameters. Yet, structural perfection or at least
long-range order appears to be beyond this approach. Alternatively, reversibility of
organometallic bonds on Ag(111) might bear the potential to yield significantly
better networks. The basic idea is taking advantage of a two stage protocol: The first
step employs bond reversibility in organometallic networks for equilibration into
highly ordered structures. This can be viewed as a self-assembly process. Yet,
slightly higher temperatures Tequilibration are required, due to the relative strength of
C–Ag bonds as compared to supramolecular interactions. In the second step, these
ordered organometallic networks are converted into similarly ordered covalent
networks by additional heating at Tconversion that is ideally significantly higher than
Tequilibration. This scheme is far from being a topochemical reaction, because the
conversion is accompanied by a considerable shrinkage of intermolecular distances
(cf. Fig. 4a), hence obtaining very large domains might still be difficult.
Nevertheless, the proof of concept is illustrated by the STM images in Fig. 7, where
(a) was acquired directly after room temperature deposition of BIB onto Ag(111).
In the STM contrast of this particular image, the interconnecting Ag atoms appear
as clearly recognizable bright features between the fainter molecules. Molecule–
molecule distances are in accord with organometallic bonds. The corresponding
room temperature C 1s XP spectrum in Fig. 7d exhibits both a shoulder at higher
binding energy corresponding to still brominated carbon (CBr) and a shoulder at
lower binding energy corresponding to Ag-bound carbon (CAg). The STM image in

Fig. 6 Illustration of the kinetic competition between the bimolecular reaction (green) that yields
ideal hexagonal pores versus the unimolecular reaction (red) that results in irregular pentagonal
pores
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Fig. 7b was obtained after moderate heating at 125 °C for extended periods of time
and shows a quite regular porous hexagonal network. The faint dots between
interconnected molecules (example marked by the arrow) correspond to still present
Ag atoms. A comparison of Fig. 7a and b makes obvious: annealing induced a
massive structural reorganization that inevitably required breaking and reforming of
C–Ag bonds, thereby proving their reversible nature at slightly elevated tempera-
ture. First indications of a conversion to covalent were only observed at higher
temperatures of *150 °C, whereas a sizable conversion required *170 °C.
Accordingly, further annealing at 250 °C ultimately results in fully covalent net-
works. The STM image in Fig. 7c shows a structurally perfect domain obtained via
an ordered organometallic intermediate. The annealing was carried out extremely
carefully with a low heating rate, in order to stay close to equilibrium structures
during the progressive conversion. Both shoulders in the C 1s XPS data have
disappeared after annealing, indicating a full conversion of all active sites into C–C
bonds (cf. Fig. 7d).

6 Coupling of Terminal Alkynes

A drawback of Ullmann coupling is surface contamination by strongly adsorbing
byproducts. The split off halogens chemisorb and in particular iodine can block part
of the surface and hamper further polymerization [21]. In this respect, exploring
alternative reactions can be rewarding and ethynyl groups appear to be sufficiently
reactive for on-surface chemistry, but also sufficiently inert for deposition via

Fig. 7 STM images of BIB
on Ag(111) obtained after
a room temperature
deposition b annealing at
125 °C, and c annealing at
250 °C [25]. d C 1s XP
spectra acquired directly after
room temperature deposition
and after annealing to 250 °C.
Reproduced with permission
from The Royal Society of
Chemistry
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thermal sublimation. The only possible reaction byproduct is H2 which readily
desorbs from the surface. Terminal alkynes were already used for the synthesis of
bulk COFs that are porous but not crystalline [34]. A priori different coupling
reactions are conceivable: Glaser-Hay coupling, where a new C–C σ-bond is
formed and only H2 is released as a byproduct; cyclo-trimerization—an
atom-economic reaction, where three ethynyl groups form a new phenyl ring; but
also more complex coupling reaction schemes can occur; In the following, the
surface chemistry of 1,4-diethynylbenzene (DEB) on Cu(111) is discussed as an
example [35]. After room temperature deposition, STM reveals ordered structures
of presumably intact molecules. Thermal annealing induces massive structural
changes, leading to disordered structures and filamentous networks, representative
STM images are shown in Fig. 8. The structures are imaged with uniform apparent
height, suggesting a more or less well-defined coupling. Obtaining these structures
is rather insensitive to the precise preparation protocol. Differences were neither
observed for different annealing temperatures in the range of 175–350 °C nor for
deposition onto a preheated surface. Despite the disorder, reoccurring motifs can be
identified, most frequently: threefold-stars as well as larger and shorter dumbbells.
The limited possibilities of coupling reactions facilitate identification of the reaction
products by overlaying geometry-optimized candidate structures on the STM
images (see Fig. 8). Accordingly, all these structures can be derived from DEB
using only Glaser-Hay coupling and trimerization, the respective reaction schemes
are depicted in Fig. 9: The threefold stars simply result from trimerization of
three DEB into 1,3,5-tris(4′-ethynylphenyl)benzene (TEB) molecules. The larger
dumbbells originate from a secondary Glaser-Hay coupling of two TEB molecules,
whereas the shorter dumbbells form by secondary trimerization of one TEB lobe
with two more DEB. However, also more complex reaction products were
observed, in accord with bulk COF synthesis.

The lack of a clear preference for a specific coupling reaction among the different
possibilities—i.e. the limited regioselectivity—inhibits polymerization into ordered

Fig. 8 STM images obtained after the thermally activated polymerization of DEB on Cu(111).
Frequently encountered motifs as a threefold stars as well as b longer and shorter dumbbell are
overlaid with optimized geometries of candidate structures. Size and shape consistency aids in the
identification of reaction products [35]. Reproduced with permission from The Royal Society of
Chemistry
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networks. Similar observations were already made for the reaction of acetylene—the
smallest ethynyl molecule—on copper surfaces. Exclusive trimerization would yield
benzene; however, on Cu(111) various alternative reaction products as butadiene
and cyclooctatetraene were identified by temperature-programmed desorption
experiments [36]. Yet, a significantly higher benzene yield on Cu(100) hints toward
possibilities to enhance the regioselectivity by using different crystallographic sur-
face orientations.

Similarly, polymerization of TEB on Ag(111) resulted in covalent, but not very
well-ordered networks [37]. Even though a competition between Glaser-Hay cou-
pling and trimerization was similarly observed, irregular, e.g., pentagonal pores are
more common defects. The origin of these defects lies in the flexibility of the
molecular backbone. The deformation energy associated with irregular pores is not
exceedingly high [21], thereby promoting thermally activated defect formation.
Moderate annealing of TEB on Ag(111) only leads to dimers, while full poly-
merization required higher temperatures [37]. A possible origin was proposed on
the basis of elaborate DFT calculations: The substrate registry of the covalent dimer
is less favorable, resulting in an enlarged molecule–surface distance. This reduces
the catalytic effect of the surface, and gives rise to a higher activation barrier for
coupling beyond the dimer. Such registry effects might also be important for other
surface-catalyzed reactions, as the growing covalent aggregates are less flexible and
cannot easily adopt to the surface as supramolecular structures.

Fig. 9 Schemes of primary and secondary coupling reactions observed for DEB on Cu(111).
a Threefold stars b shorter dumbbells c larger dumbbells
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A combined STM and DFT study of ethynyl trimerization on Au(111) proposes
a reaction mechanism via a dimeric intermediate state and a significantly lower
reaction temperature on the surface as compared to solution [38]. Interestingly, on
Au(111) a clear preference for trimerization was observed for TEB [39], again
indicating possibilities to selectively catalyze a specific coupling reaction by the
choice of surface.

Imposing additional geometrical constraints on the adsorbed monomers is an
interesting concept to promote regioselectivity. An experimental implementation
thereof is working on vicinal surfaces that consist of small terraces of defined width
and crystallographic orientation. Confining monomers on smaller terraces can
prohibit certain molecular arrangements that are necessary for specific couplings.
A proof of principle experiment is the polymerization of ethynyl terminated
p-oligophenylenes on Ag(877) [40]. Constraining the 18.8 Å long monomers on the
36.6 Å wide terraces could suppress trimerization and exclusively yielded graph-
diyne wires by Glaser-Hay type coupling. Even though this approach is elegant and
very appealing, its application is most likely limited to the targeted synthesis of 1D
structures.

7 Conclusions and Outlook

On-surface polymerization has already demonstrated its potential as a facile
bottom-up approach for the fabrication of novel covalent nanostructures that are
synthetically not accessible by any other means. Limited solubility of larger
molecules and aggregates is a serious limitation for solution chemistry that does not
necessarily apply to surface chemistry. The holy grail of structural perfection has so
far only been achieved for polymerization under slightly reversible reaction con-
ditions or for one-dimensional structures that are less prone to defect formation. In
principle, bond reversibility is a matter of the ratio bond energy to thermal energy,
i.e., kT. However, the limited thermal stability of organic molecules precludes
extremely high temperatures that have helped to improve the structural quality of
bottom-up fabricated graphene. The currently best covalent 2D networks are syn-
thesized by condensation reactions. Yet, alternative coupling reactions might be
desirable in terms of chemical stability or electron mobility.

Long-range order is not a strict requirement for any type of application.
However, crystallinity promotes evolution of a defined band structure for electronic
applications, but is also very advantageous for simulations. Similarly, membrane
applications, e.g. for gas separation, become much more powerful through atomi-
cally precise pores. Long-range order is difficult to achieve for several reasons: one
reason is the kinetically driven and irreversible formation of topological defects as,
for instance, irregular pentagonal or heptagonal pores in hexagonal networks.
Competing coupling reactions can be a further problem. Obviously, this is a severe
issue for crosscoupling, but is, for instance, similarly crucial for homocouplings of
chemically versatile ethynyls. Even though it is hard to imagine strategies to
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completely avoid defects during kinetically controlled growth, a detailed study of
defect formation is worthwhile. An atomistic understanding of defect formation is
the first step toward a systematic development of strategies to avoid or at least
minimize defects.

On surfaces, Ullmann coupling is the best studied and most applied polymer-
ization reaction. It works reliably on metals, in a sense that the topology of ideal
networks is predefined by the halogen substitution pattern of the precursor mole-
cule. Since unwanted side-reactions do not occur for Ullmann coupling, topological
defects remain the most severe issue. These defects are associated with bond dis-
tortion; consequently, energy is required for their formation. A promising concept
would thus be the development of low-temperature polymerization schemes to
suppress thermally activated defect formation.

The most appealing property of covalent nanostructures is the prospect of charge
transport [41]. A requirement for meaningful experiments in this direction is
working on insulating surfaces, which means either in situ synthesis or subsequent
transfer. In the common Ullmann approach, the metal surface is needed to initiate
the coupling by dehalogenation. However, first experiments on calcite surfaces
have shown that Ullmann coupling on bulk insulator surfaces is feasible [42]. In
this particular case, carboxylic acid groups were used as anchors to prevent des-
orption during heating until sufficiently high temperatures for the dehalogenation
have been reached. Yet, other strategies are similarly conceivable. Since adatoms
may play a so far unrevealed role for the dehalogenation, hybrid metal–insulator
approaches, where metal atoms are deposited onto an insulator, might also be
worthwhile pursuing. Alternatively, transfer procedures as template stripping have
been further developed for graphene research, but might be similarly applicable to
covalent organic nanostructures.

Organic chemistry is extremely diverse, thus an obvious strategy is to further
explore different coupling reactions on surfaces. Boronic acid condensation and
ethynyl polymerization was inspired from bulk COF synthesis. In this respect, the
ionothermal synthesis of carbonitride COFs by nitrile trimerization appears par-
ticularly rewarding, as there are no known side-reactions and byproducts in this
atom-economic reaction [43]. However, the harsh reaction conditions at tempera-
tures of 400 °C in liquid ZnCl2 may already indicate a low reactivity, and it remains
to be explored if nitrile trimerization on surfaces is possible at all. Even though for a
limited number of couplings, the potential energy landscape of a presumed reaction
pathway has been simulated by DFT [33, 37, 44], on-surface chemistry remains far
from being predictable. In many cases, the intuition even of most experienced
organic synthetic chemists fails to predict whether and how a particular reaction
proceeds on a specific surface. Many examples have proven that the geometric
templating effect in combination with the chemically active role of the surface
and/or the interplay with adatoms can totally alter reaction geometries and barriers
or even mechanisms.

In summary, the current approach is mostly empiric. This can be cumbersome
not only due to the inherent slowness of UHV experiments, but also due to the
almost infinite parameter space. A reaction that does not work on one surface might
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readily proceed on another surface. Nevertheless, the increasing number of joint
surface scientists and organic chemists’ teams will inevitably generate a wealth of
interesting, insightful, and surprising results as well as novel organic nanostruc-
tures, and even maybe the perfect 2D polymer.
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On-Surface Dynamic Covalent Chemistry

Jie-Yu Yue, Li-Jun Wan and Dong Wang

Abstract On-surface synthesis has become a very promising bottom-up approach
to obtain a functional surface with designable chemical structures. Dynamic covalent
chemistry is an interesting reaction strategy to form thermodynamically controlled
products utilizing the reversible covalent bond as linkage, which can be formed,
broken, and reformed during the reaction and therefore provide an incidence of
error-checking and self-healing. In this chapter, we focused on the surface-assisted
synthesis of molecular nanostructures using dynamic covalent linkers. By proper
tuning the on-surface dynamic covalent reaction processes, highly ordered covalent
bond connected nanostructures can be obtained on surfaces.

1 Introduction

One of the exciting prospects with the development of nanoscience and nan-
otechnology is to build up functional systems using molecules, which is not only a
subject for fundamental surface science study, but also closely related to many
emerging technologically important applications, such as catalysis, sensor, and
organic electronics. The self-assembled molecular nanostructures on surface are
driven by the molecule–substrate interaction and intermolecular interaction. The
most important feature of the self-assembly is the highly ordered structure, which is
generally thermodynamically favored. The key to achieve thermodynamic equi-
librium is that the non-covalent interactions are generally weak and reversible. By
tuning the weak but appreciable non-covalent interactions, a variety of
supramolecular nanostructures on surfaces have been constructed. At the same time,
the weak nature of the non-covalent interaction imposes great challenge to the
molecular engineering of molecular nanostructures. For example, the self-assembly
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is generally very difficult to predict. Slight modification of molecular structures,
even for homologue molecules with the very same functional groups, may result in
the significant change of interaction modes and therefore the resulting architectures
[1]. Moreover, molecular nanostructures fabricated by non-covalent interaction
generally lack the necessary stability to be used in functional systems.

Recently, great attention has been paid to construct molecular nanostructures via
covalent synthetic chemistry on surface [2]. The covalent bond is robust and
suitable to be used to direct the topology of the resulted nanostructures. On one
hand, the on-surface synthesis chemistry has unique features from the viewpoint of
fundamental surface science. At a first glance, the chemical reactions taking place
on the surface seem quite similar to the corresponding bulk reaction, since utilizing
the same reaction precursors and reaction process. However, the introduction of
surface provides an active element to modulate the reaction. Due to the
surface-confinement effect, many reaction routes, which can take place in the
three-dimensional space, probably cannot act [3]. In addition, the surface–molecule
interaction may modulate the configuration and diffusion of precursors and inter-
mediates on the surface and thereafter affect the reaction process. More obviously,
the surface, especially the transition metal surface, may catalyze the reactions [4–8].
On the other hand, on-surface synthesis provides new venue to obtain molecular
architectures. The covalent bond not only significantly improves the stability of the
resulted nanostructures, but also may facilitate the charge transportation and thus
brings great application prospects of the resulted nanostructures for electronic
device application. Furthermore, the surface-assisted synthesized strategy could be
a facile route to achieve novel nanostructures that cannot be constructed by other
methods. For example, on-surface polymerization can overcome the solubility issue
and has been applied to obtain highly regular polythiophene [9]. In addition, surface
can be used as template and support to synthesize highly ordered 2D polymers,
which is difficult to achieve from a solution-phase synthesis route [10].

Recently, great progress has been made in the field of on-surface synthesis
[11–14]. A variety of nanostructures, including one-dimensional lines, oligomers or
polymers, macrocycles, and two-dimensional porous networks, have been suc-
cessfully fabricated. The typical coupling reactions investigated in these studies
include Glaser coupling, Ullmann coupling, Sonogashira coupling, boronic acid
condensation, the reaction between boronic acid and diols, the schiff base coupling
reaction, the polyester formation reaction, the polyimide formation reaction, and the
polyimide formation reaction. Among them, we are particularly interested in
applying dynamic covalent bonds as linkers during the construction of
surface-assisted organic nanostructures. Compared to conventional covalent bond,
the formation of the dynamic covalent bond is a thermodynamically controlled
process. Dynamic covalent bond is reversible and can be reconstructed, and
therefore, an error-checking and self-healing process can be realized during the
reaction. By applying the dynamic covalent bonds, the most thermodynamically
stable product can be obtained. Previously, dynamic covalent chemistry [15] has
been widely explored to construct molecular nanostructures and to form responsive
materials. When interfacing dynamic covalent bond with on-surface synthesis
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strategy, the benign feature of reversibility has been demonstrated to be very
important to facilitate the formation of highly ordered covalently linked molecular
nanostructures.

In this chapter, we focus on the on-surface dynamic chemical reactions. The
chapter is sectioned by coupling reaction types, such as boronic acid dehydration
reaction, Schiff base coupling reaction, and others. Furthermore, each section is
organized in term of the dimensionality of the targeted molecular nanostructures.
Finally, a conclusion and outlook section conclude the chapter.

2 Boronic Acid Dehydration Reaction

The dynamic covalent chemistry involving boronic acid group has been well known.
As shown in Scheme 1, self-condensation of three boronic acids with elimination of
three water molecules can form the boroxine rings, whereas the condensation
between boronic acid and catechol can lead to a boronate ester. Both reactions are
highly reversible and can be applied to synthesize 2D and 3Dmaterials. The first bulk
covalent organic framework (COF) [16] material was synthesized by boronic acid
dehydration reaction. The boronic acid-based coupling reactions have been applied
to construct nanostructures on the surface. A series of boronic acid-based and bor-
onate ester-based surface covalent organic frameworks (SCOFs) have been obtained
as shown in Scheme 1. 1,4-benzenediboronic acid (BDBA) was utilized as building
blocks to construct surface covalent organic frameworks on Ag(111) surface in
ultrahigh vacuum (UHV) as shown in Fig. 1a [17]. Hexagonal network with pore size
about 1.5 ± 0.1 nm was formed by BDBA on Ag(111) surface. SCOF-2, a hexagonal
network with pore size about 2.9 nm as displayed in Fig. 1b, was synthesized by the
co-condensation of BDBA and 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP).
During the synthesis process of SCOF-2, in order to avoid the self-condensation of
the BDBA, a small amount of HHTP was untimely dropped on the Ag(111) surface.

Scheme 1 Molecular structures of diboronic acid and catechol building blocks. BDBA (1,4-
benzenediboronic acid). HHTP (2,3,6,7,10,11-hexahydroxytriphenylene). BPDA (biphenyl-
diboronic)
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Other than the regular hexagonal networks, many polygon structures such as pen-
tagon, heptagon, and octagon were formed at the same time. In the formation of
covalent bond, a small number of faults resulted in the irregular polygon distribution.
Deformation of the perfect hexagon structure or an incomplete ring closure in the
boroxine may lead to the different polygons. Unfortunately, annealing the network at
high temperature has little effect to remove the bond faults.

Obviously, the orderliness of the covalent networks from boronic acid-based
condensation reactions is not comparable to that of supramolecular assembly. Since
then, great efforts have been made to improve the quality of the boronic acid-based
covalent networks. Dienstmaier and coworkers synthesized ordered surface cova-
lent organic framework based on the condensation of BDBA (Scheme 1) in two
different methods [18]. In method 1, the precursors were prepolymerized in a
solvothermal condition to form oligomers, which were then casted on HOPG.
Hexagonal frameworks with small domains up to 40 nm, which is related to the
reaction temperature, were obtained. In method 2, they deposited the BDBA solvent
on HOPG and directly heated the precursor-containing surface. By applying
method 2, hexagonal frameworks with larger domain size were formed compared
with method 1. Such a procedure was applied to reticular synthesis of a series of
porous networks with tunable pore size ranging from 1.0 to 3.2 nm by choosing
precursors with the same two boronic acid functionalities and different skeleton
lengths [19].

In order to improve the regularity and increase the typically domain size of the
SCOFs, thermodynamic equilibrium control method has been utilized in the
surface-assisted synthesis. Guan and coworkers synthesized three highly ordered
boronic acid-based SCOFs with large scales on the HOPG [20]. Figure 2a, b
displays the SCOF from BPDA as the reaction precursor. They introduced
CuSO4 · 5H2O powder into the sealed autoclaves, which can release water
molecular during the heating process. The water molecular can shift the reaction
direction and control the chemical equilibrium of the dehydration reaction of

Fig. 1 a Self-condensation of BDBA. b Co-condensation of BDBA and HHTP. The
corresponding structural models and the lattice parameters as indicated in the Insets. Copyright
2008 American Chemical Society
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boronic acid. Therefore, this strategy significantly promoted the degree of the
reversible dehydration reaction, and the miss-linked defects have more chances to
be remedied. As shown in Fig. 2c, d, the coverage of the ordered hexagonal SCOF
can achieve 98 % and the size of ordered domain can reach more than 200 nm when
using H2O as equilibrium control agent. In contrast, without the present of water,
only about 7 % hexagonal ring was found on the HOPG as shown in Fig. 2e, f,
according to the statistical analysis. Similarly, by applying water as chemical
equipment agent, a series of boronic acid dehydration-based 2D COFs with dif-
ferent pore sizes and large domain sizes were synthesized on the surface. Such an
equilibrium control method can be understood by Le Chatelier’s principle. The
boroxine reaction is a dynamic covalent reaction with H2O as by-product. Adding
water to the closed system can change the Gibbs energy of the reaction and shift the
reaction backward to favor the correction of defects and promote the self-healing
abilities. Finally, the highly ordered surface nanostructures with thermodynamically
more favored hexagonal structures were obtained.

A covalent organic framework based on a two-step strategy though the
sequential boronic acid dehydration reaction and Ullmann reaction has been pre-
pared by Faury et al. [21]. They utilized p-bromo-benzene boronic acid, a

Fig. 2 a A STM image of SCOF on HOPG formed after dehydration of BPDA precursors at
150 °C. The inset depicts the corresponding FFT of the image. b A high-resolution STM image
showing the hexagonal structure. Model of the hexagonal structures is overlaid and drawn to scale.
c and d A STM image and the delineated image of SCOF obtained in the presence of H2O. e and
f A STM image and the delineated image of SCOF obtained without the presence of H2O.
Copyright Royal Society of Chemistry
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bifunctional molecule, and had the potential to take place boronic acid dehydration
reaction and Ullmann reaction, as building block. When annealing the molecules
under UHV conditions on Au(111) surface, the boronic acid dehydration reaction
firstly took place and resulted in boroxine rings-linked trimers. With increasing
temperature, the Ullmann reaction was activated and a final porous network could
be formed. This sequential synthesis strategy gives us new inspiration in the
surface-assisted synthesis of complex structures.

3 Schiff Base Reaction

Imines, or C=N, is an important functional unit and has multiple applications in
organic synthesis, such as for the preparation of metal complex and shape-persistent
macrocycles [22, 23]. The generation of imine bond from aldehyde and amine
groups is reversible and is a dynamic covalent bond. The Schiff base reaction
unusually takes place under mild reaction conditions and has attracted great interests
for on-surface synthesis. Many surface nanostructures with different topologies, such
as the molecules, the oligomers, and the COFs, have been successfully constructed.

3.1 Surface Schiff Base Reactions

Weigelt et al. utilized octylamine and aromatic dialdehyde as building blocks and
directly got a covalent interlinked product through surface-assisted synthesis.
Experiments were carried out on Au(111) under UHV conditions. The ex situ STM
and near-edge X-ray absorption fine structure spectroscopy experiments certified
that the diimine can be directly obtained by on-surface synthesis [24].

Exchange reaction is an important feature of dynamic covalent chemistry. For
example, the primary amine can react with imine group to result in transimination.
Such process has been extensively explored in solution phase to form so-called
dynamic covalent library. Ciesielski and coworkers investigated surface-mediated
transamination process and compared with solution processes. The reactions were
carried out between a long aliphatic-equipped dialdehyde (A) and three α,ω-di-
amines (B2, B6, B12) with different lengths of aliphatic chains at the liquid–solid
surface [25]. Firstly, the formation of monolayer diimines A2B2, A2B6, and A2B12

was achieved by the reaction of A with B2, B6, and B12, respectively, and observed
by in situ STM. When B6 solution was added to the preexisting A2B2 structure,
A2B6 layer was obtained. Then, the addition of B12 solution led to the formation of
A2B12 monolayer. However, the reverse experiment from A2B12 to A2B6 can only
be realized by the presence of large excess of B6 at the solid–liquid interface and
over a period of time. More interestingly, the A2B2 cannot be formed even further
adding the concentration of B2 solution. The control experiments carried out in
solution phase indicate that the transamination reaction can take place smoothly and
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the mixture of the A2B2, A2B6, and A2B12 can be obtained independently to the
transformation sequence. The results confirmed that the molecule–surface interac-
tion is the critical selective force that drives the on-surface reactions, which is
different from the solution reaction.

3.2 Schiff Base Reaction Induced Self-assembly

Generally, self-assembly process is driven by weak interactions, such as van der
Waals forces and hydrogen bonds. In most cases, building blocks were firstly
synthesized in solution by normal organic routes and then loaded on the surface for
surface self-assembly process. However, by dynamic covalent chemistry, the for-
mation process of building blocks and the reaction process of building blocks can
take place on the surface at the same time. When surface reactions are combined
with self-assembly process, the surface nanostructures can be tuned and novel
nanoarchitectures can be obtained.

Li and coworkers demonstrated the Schiff base reaction induced transformation
of surface assembly. 1,3,5-tri(4-formylphenyl)benzene, which carries three alde-
hyde groups, is observed to form lamellar structures on HOPG by self-assembly
[26]. When another building block 5-aminoisophthalic acid was added, the
nanostructure changed from lamella to honeycomb network. The structure transi-
tion resulted from the reaction of the two building blocks. The Schiff base reaction
occurring at the liquid–solid interface between aldehyde and amine led to a car-
boxyl group-containing triangular imine oligomers. By the hydrogen bonds of the
carboxyl terminus, the triangular imine oligomers self-assembled and the hexagonal
nanostructure were formed. Furthermore, the on-surface Schiff-base reaction can be
utilized to construct chiral nanostructures [27].

Liu and coworkers constructed nanoporous networks by self-assembly of
melamine-capped molecules through surface-assisted synthesis method [28]. When
melamine (MA) reacted with twofold symmetrical terephthalaldehyde (TPA) as
shown in Fig. 3a, a hexagonal porous network was obtained as shown in Fig. 3c.
Two molecules MA reacted with one molecule TPA leading to the formation of
candy-shaped imine oligomers. Then, the imine oligomers self-assembled through
the hydrogen bonds existing at the unreacted MA units, and therefore, a porous
network was formed. When MA reacted with threefold symmetrical
1,3,5-triformylbenzene (TFB) displayed in Fig. 3b, a hexagonal nanostructure with
pore size about 1.3 nm was obtained as shown in Fig. 3d. Three molecules MA
reacted with one molecule TFB leading to windmill-shaped imine oligomers. Then,
the imine oligomers self-assembled through the hydrogen bonds existing at the
unreacted MA units, and therefore, a porous network was formed. The on-surface
Schiff base reaction taking place between melamine and aldehyde with different
symmetries resulted in molecules terminated by MA. The hydrogen bonds formed
between the unreacted amines of the MA play a significant role in the nanostructure
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formation process. The combination of the surface coupling reaction and assembly
processes provides a new perspective to the fabrication of surface nanostructures.

3.3 The Schiff Base Reaction-Based Covalent Organic
Frameworks

Two-dimensional COFs, which have monolayer thick sheet and covalently bonded
linkage, are expected to display unique properties resulting from the reduced
dimensionality, planer structures. Many SCOFs have been fabricated on the surface
by Schiff base coupling.

Tanoue and coworkers synthesized a series of 1D imine-linked polymers and 2D
porous networks at the interface of Au(111) surface through thermodynamic control
method by controlling the pH of the solution [29]. A pair of the building blocks
4,4′-diaminostilbene dihydrochloride (ASB) and terephthaldicarboxaldehyde
(TPA) was utilized as example. Mixing the ASB and TPA in water at room tem-
perature results in an irreversible oligomer. However, when the pH was lower than
the pKa of the amine group of the ASB, the reaction shifted to the left direction

Fig. 3 a Chemical structures of imine oligomer 1. b Chemical structures of imine oligomer 2.
c High-resolution STM image of imine oligomer 1. d High-resolution STM image of imine
oligomer 2. Copyright Wiley-VCH
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because of the protonation of the amine. By tuning pH of the solution, the chemical
equilibrium of the Schiff base reaction can be controlled, and thus, more ordered
domains of polymeric structures can be obtained.

Liu and coworkers constructed highly ordered SCOFs through Schiff base
coupling [30]. Molecules with threefold symmetry and twofold symmetry were
chosen as precursors for on-surface Schiff base reaction, as shown in Fig. 4a.
A gas–solid interface method was exploited. As shown in Fig. 4b, the building
block A was first deposited on HOPG by drop-casting, and the substrate was then
placed in a sealed autoclave containing another building block B. During the
heating progress, building block B can be vaporized and deposited on the HOPG,
and therefore, the polymerization progress between building block A and B took
place. During the reaction progress, the gas-phase dosing of the building block B
determines the growth, and the disordered oligomers can be significantly reduced.
As shown in Fig. 4c, d, the method can be applied to obtain highly ordered SCOFs
with typical domain size larger than 200 nm. In contrast, heating the HOPG

Fig. 4 Schematic diagram of SCOFs formation. a Condensation of two precursors A and B
carrying different reactive partner groups results in the formation of SCOF. b Scheme diagram for
solid–vapor interface reaction. c, d Condensation of trigonal precursors TAPB or TFB and linear
precursors TPA or PPDA can form SCOF-IC1 or SCOF-LZU1, respectively. Copyright American
Chemical Society
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preloaded with the mixtures of precursors A and B in the same experimental
conditions only gives SCOFs with small domains and lot of defects. The results
confirm the importance of the growth process control for on-surface synthesis.

From the viewpoint of reticular design, the porous networks with the same
dimension can be designed by isomeric routes via exchanging the reaction groups
on precursors with different symmetry. It is interesting to carry out comparative
study to understand the thermodynamics and kinetics of the isomeric routes. Liu
and coworkers fabricated a range of isomeric SCOFs with larger pore size by schiff
base coupling reaction and investigated their growth processes [31]. One pair of the

Fig. 5 a Molecular structures of monomers 1, 3 and their reaction products. b High-resolution
STM images of reaction product of 1 + 3 at lower temperature. White lines indicate graphite
symmetry axes. c High-resolution STM image of SCOF1+3 at higher temperature. d Molecular
structures of monomers 2,4 and their reaction products. e High-resolution STM images of reaction
product of 2 + 4 at lower temperature. White lines indicate graphite symmetry axes.
f High-resolution STM image of SCOF2+4 at higher temperature. Copyright Wiley VCH
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building blocks was a threefold symmetrical aromatic aldehyde 1 and a two-old
symmetrical aromatic amine 3 as shown in Fig. 5a. At a lower reaction temperature,
a mixed assembly structure composed of unreacted monomer 3, partially coupled
linear oligomer, and ring structure. Interestingly, the mixed assembly shares the
similar assembly motif to the close-packing assembly of pure molecule 1 on HOPG
at room temperature. When reacted at a high temperature, SCOFs1+3 can be
obtained as displayed in Fig. 5c. In the isomeric synthetic route, the terminal
reactive groups were exchanged in two aromatic skeletons, as shown in Fig. 5d. At
a low reaction temperature, mixed assembly structures of molecule 2, the oligomer
A′ and macrocycle A′, and SCOFs2+4 were got as shown in Fig. 5e. Again, the
assembly motif is determined by the intermolecular interactions between the ter-
minal amine groups. At a high temperature, large scales of SCOFs2+4 can be
obtained. This experimental phenomena demonstrated that there exists a competi-
tion between the self-assembly and surface reaction. By changing the reaction
temperature, the surface mobility of the building blocks and the molecular–surface
interaction is changing, which leads to the evolutions of the nanostructure from
blended assemblies structures to SCOFs.

A condensation reaction between aromatic amine and aldehyde was performed
by Xu and coworkers on HOPG at solid–liquid interface at room temperature or by
moderate heating under the conditions of low vacuum [32]. Through this mild
method, SCOFs have been constructed on HOPG. Xu and coworkers used a
threefold symmetric 1,3,5-tricarbaldehyde and a series of diamines with different
aromatic backbone lengths as building blocks and obtained a series of SCOFs with
tunable pore size ranging from 1.7 to 3.5 nm. They also fabricated the COFs on
single-layer graphene on copper foil by CVD and applied DFT simulations to
investigate the electronic structures and the SCOF–graphene interaction [33].

4 Other Dynamic Chemical Reactions
for On-Surface Synthesis

Apart boronic acid dehydration reaction and schiff base coupling, many chemical
reactions have been applied in surface-assisted synthesis, as shown in Scheme 2.
Based on the reaction displayed in Scheme 2a, a trifunctional acid chloride and a
bifunctional amine have been utilized as precursors to fabricated nanostructures on
Ag(111) surface in UHV conditions [34]. By changing the annealing conditions, a
series of corresponding oligomers and disordered two-dimensional polyamide
covalent networks with different pore sizes were obtained. Jensen and coworkers
applied melamine and trimesoyl chloride as building blocks and carried out
on-surface synthesis experiment on Au(111) surface under UHV conditions [35].
They found that new diamide structures formed between adjacent melamine domains
at room temperature. With annealing temperature increase, larger oligoamides were
formed and the melamine domains transformed into a close-packed arrangement
resulting from the incorporation of melamines into the original phase. Based on the
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reaction shown in Scheme 2b, 3,4,9,10-perylenetetracarboxylic dianhydrides and
2,4,6-tris(4-aminophenyl)-1,3,5-triazine have been used as building block of
on-surface synthesis on Au(111) surface under UHV conditions [36, 37]. When
annealing at a low temperature, the authors could only get H-bonded structures
increasing temperatures, and amic acid intermediates began to be formed. Further
temperature increase resulted in surface polyimide networks. By applying 1,3,5-tris
(4-hydroxyphenyl)benzene and benzene-1,3,5-tricarbonyl trichloride as building
blocks, a novel COF based on polyester condensation as shown in Scheme 2c has
been fabricated on Au(111) surface [38]. Variable-temperature STM and XPS were
adopted for in situ characterization, which confirmed the growth of hexagonal
porous networks with uniform pore size about 2 nm. By means of low-temperature
STM, the construction of polyimide films resulting from the condensation between
diamines and dianhydrides in the UHV conditions has been investigated on Au(111).
Based on the chemical reaction shown in Scheme 2d, the condensation reaction of
1,4-diaminobutane(1,4-DAB) with 1,3- and 1,4-phenylene diisocyanate (PDI) on
Au(111) in UHV has been investigated by Greenwood and coworkers [39]. They
chose an aliphatic diamine as one of their building blocks, which introduced chirality
into the final structures by functionalizing the sp3-hybridized methylene backbone.
Urea oligomers formed at room temperature for each isocyanate isomer. When the
temperature was increased, the length of the oligomer chains increased and finally
extended ordered domains of oligomers were formed.

5 Conclusions and Outlook

Dynamic covalent bond not only has the robustness of conventional covalent bond
but also can be reformed like the weak interaction in supramolecular chemistry.
Through dynamic covalent chemical reaction, the growth process is more inclined
to produce ordered structures due to the existence of correction and self-healing

Scheme 2 Other dynamic
chemical reactions utilized in
the surface-assisted synthesis
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process thanks to the natural reversibility of these formed bonds. Therefore,
applying dynamic covalent chemistry in the surface-assisted synthesis is a
promising bottom-up strategy to obtain regular nanostructures with covalent linker.

Compared to the solution-phase reaction, on-surface dynamic covalent chemistry
has some unique features. When the reaction takes place on a surface, due to the
surface confined effect, the mobility and movement of the building blocks is
severely restricted. The precursors have different freedom on the surface compared
to in the solution-phase reaction conditions. The involvement of adsorption, des-
orption, diffusion, and reaction steps in the whole process makes on-surface syn-
thesis equally, if not more, complicated than the solution-phase reaction. Therefore,
simply introducing the dynamic covalent chemistry into the on-surface synthesis is
not a guarantee to achieve ordered nanostructures due to the characterization of the
surface science. A lot of factors must be taken into consideration to regulate the
reversibility of the dynamic covalent bond and the kinetics of the chemical reaction.

With great efforts in the past decade, a deep insight into the physical chemistry
of on-surface synthesis has been gained and effective synthesis methods have been
developed to make the final nanostructure more regular. Through surface-assisted
synthesis based on dynamic covalent chemical bonds, we have achieved a series of
macromoleculars, novel nanostructures, and two-dimensional covalent porous
networks which combine stability and regularity. In particular, the chemical equi-
librium control has been demonstrated in several different reaction systems and
could be a universal strategy to tune the regularity. By surface-assisted synthesis,
functionalized surfaced have been achieved, which can be and has the potential to
be applied in making molecular devices, solar cells, molecular sieves, and gas
absorbtion [40, 41]. In particular, two-dimensional organic frameworks, which have
a structure similar to graphene, are the most challenging covalent structures to date
from a synthesis perspective. By applying proper reaction control methods, highly
ordered SCOF structures have been achieved. This gives a new perspective to
design and fabricate complex nanostructures. Finally, we envision that the funda-
mental principle gained from the study of on-surface dynamic covalent chemistry
can be beneficial to tailor more challenging non-reversible coupling reactions.
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Synthesis of Atomically Precise
Graphene-Based Nanostructures:
A Simulation Point of View

L. Talirz, P. Shinde, D. Passerone and C.A. Pignedoli

Abstract We illustrate how atomistic simulations can complement experimental
efforts in the bottom-up synthesis of graphene-based nanostructures on noble metal
surfaces. After a brief introduction to the field, we review the state of the art of
relevant computational methods. We then proceed by example through questions
related to adsorption and diffusion, reactions and electronic structure, indicating
both the strengths and limitations of computational approaches.

1 Introduction

In graphene-based nanotechnology, the motivation to explore bottom-up approa-
ches emerges from a need for atomic precision that cannot be satisfied by traditional
top-down fabrication methods.

Graphene, “a flat monolayer of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice” [1], is a material with many extraordi-
nary properties [2, 3]. From the perspective of applications in electronic switching
devices, there is first of all the exceptional electron mobility that has enabled
switching speeds exceeding 400 GHz [4]. Furthermore, the two-dimensional nature
of graphene is beneficial to the electrostatics in transistor configurations, allowing
to move source and drain contacts very close together before adverse short-channel
effects set in [5]. And last, but not least, graphene is mechanically flexible, making
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it a promising candidate for applications in high-frequency organic electronics on
flexible substrates. When it comes to room temperature digital logic applications,
however, sufficient on-off ratios can be achieved only by introducing a sizeable
band gap into the electronic structure of the semimetal graphene [5]. And one way
of achieving this goal is by quantum confinement at the nanoscale.

There are different classes of nanostructures in this category. Prominent exam-
ples are stripes of graphene with widths in the low nm range, termed graphene
nanoribbons (GNRs), but also their rolled-up counterparts, the single-wall carbon
nanotubes (SWCNTs). While this chapter is dedicated to GNRs and other flat
graphene nanostructures, we point out that on-surface chemistry is relevant also to
the field of SWCNTs, where the surface-supported synthesis of specifically
designed end-caps has recently enabled the controlled fabrication of monodisperse
SWCNTs for the first time [6].

An obvious difference between GNRs and SWCNTs is that GNRs have edges,
and it has been predicted early on that the atomic structure of the edges plays an
important role in determining their electronic properties [58]. Therefore, the limited
control over edge roughness and edge passivation in top-down approaches, such as
lithography and etching [7], sonochemical cutting and breaking [8], or even
unzipping of carbon nanotubes [9] seriously hampers the production of GNRs with
reliable electronic transport characteristics. But while the need for atomically
smooth edges seems to call for a bottom-up strategy, traditional solution-based
polymerization chemistry faces a solubility problem, when macromolecules con-
taining several hundreds to thousands of atoms are to be synthesized.

This is, where on-surface chemistry has come in to play, following pioneering
works in the years 2007–2009 that described the surface-supported covalent
assembly of networks and conjugated molecular wires [10–12]. Figure 1 summa-
rizes the bottom-up approach for the synthesis of GNRs developed in collaboration
between the nanotech@surfaces Laboratory at Empa, led by Roman Fasel, and the
Department for Synthetic Chemistry at the Max Planck Institute for Polymer
Research, led by Klaus Müllen [13]. The starting point is a molecular precursor that
is designed specifically to yield a particular GNR. Figure 1 shows the 10,10′-
dibromo-9,9′-bianthryl (DBBA) molecule, which yields an armchair graphene
nanoribbon of width N = 7 (7-AGNR). The molecular precursor is then deposited
onto a noble metal substrate under UHV conditions. Upon annealing at a charac-
teristic temperature T1, the molecules undergo dehalogenation and the radical
intermediates start diffusing across the surface. When the radicals meet, they
self-assemble into flexible polymer chains via aryl–aryl coupling, similar to the
classical Ullmann reaction [14]. Finally, annealing at a temperature T2 > T1 acti-
vates the cyclodehydrogenation reaction, which transforms the polymers into planar
GNRs.

While on-surface chemistry has proven to deliver a framework that works, this
new route is not without its challenges. In particular, approaching the design of
suitable precursors on the basis of trial and error risks substantial waste of resources
both during precursor synthesis and subsequent on-surface coupling trials. Strong
computational support can therefore be of great value, not only in order to avoid
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synthesis routes that are predicted to fail or to provide products with unwanted
properties, but also in aiding the interpretation of microscopy and spectroscopy data
as well as in unraveling the underlying reaction mechanisms, allowing for the
systematic optimization of processing parameters.

In order to be successful at this ambitious task, atomistic calculations must reach
appropriate levels of precision in describing the following aspects:

(I) The closely related processes of adsorption and diffusion on the surface. This
concerns questions about preferred adsorption sites, adsorption energies, the

Fig. 1 Basic steps of surface-supported GNR synthesis. Top Dehalogenation of precursor
monomers (here, 10,10′-dibromo-9,9′-bianthryl) after deposition on noble metal substrate. Center
Formation of linear polymers by covalent coupling of diffusing dehalogenated intermediates.
Bottom Formation of fully aromatic GNRs (here, 7-AGNR) by cyclodehydrogenation. Figure and
caption reproduced with permission from Macmillan Publishers Ltd: [13], Copyright (2010)
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cleaving of weaker bonds (activating precursors for the reaction with other
molecules), and diffusion coefficients.

(II) The chemical reaction between molecules. This entails the prediction of
reaction paths and activation energies that determine the required annealing
temperatures, possibly including limiting factors such as the presence of
hydrogen on the surface.

(III) The electronic properties of the reaction product. Of interest are both its
intrinsic properties in order to judge its potential for applications and the
influence of the nearby surface in order to enable comparison with microscopy
and spectroscopy experiments. Important figures of merit include the funda-
mental and optical gap, the density of states (band structure) and the optical
absorption spectrum.

After an overview of the relevant tools offered by state-of-the-art atomistic
simulations, the remaining sections of this chapter will address each of the above
aspects through recent examples from the field of graphene-based nanostructures,
illustrating how experiment and theory can join forces on the path toward a nan-
odesign strategy that is reliable, accurate, and efficient at the same time.

2 Computational Methods

The study of molecules on surfaces represents an interface between two
well-established fields of computational research. Molecules traditionally are con-
sidered the domain of quantum chemistry, meaning wave-function-based methods
with an underlying variational principle, using localized basis sets. Solids and their
surfaces on the other hand are the domain of computational solid-state physics, with
methods such as density functional theory (DFT) [15] using plane-wave basis sets
with periodic boundary conditions. Combining molecules and surfaces thus
requires some level of choice and compromise.

When choosing to adopt periodic boundary conditions, a typical unit cell is
shown in Fig. 2. The molecule is supported by a slab of several atomic layers of the
substrate. Spurious interactions between periodic replica of the molecule are min-
imized by increasing the lateral dimensions of the unit cell, while spurious inter-
actions between slabs are avoided by introducing sufficient amounts of vacuum.
Starting from a precursor molecule consisting of several tens of atoms, the unit cell
may contain several hundreds, sometimes thousands of atoms. Systems of this size
are currently out of reach for most quantum chemistry methods, and they remain
challenging even for the most efficient DFT codes commonly used for large-scale
ab initio simulations, such as CPMD, CP2K, or SIESTA [16–18].

In the following, we describe different ways of modeling the interaction between
molecule and surface and their consequences for the simulation of on-surface
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chemistry (see also [20] for a recent review on the topic). The last part of the section
is dedicated to the prediction of the valence electronic structure of graphene-based
nanomaterials, both on a qualitative level and with the goal of comparing to (in-
verse) photoemission, tunneling, or optical absorption spectroscopy. For ab initio
calculations of core-level [21, 22], infrared [23] and Raman spectra [23–25], we
point the interested reader to the corresponding references.

2.1 Physisorption

If the molecule–substrate interactions are dominated by dispersion forces, a com-
bination of quantum mechanics and molecular mechanics (QM/MM) [26, 27] can
be considered. In the example illustrated by Fig. 3, the metallic substrate is treated
within the empirical embedded atom method (EAM) [28]. The molecule is
described by standard Kohn–Sham DFT [15, 29] and interacts with the substrate
through an atomic pair potential [30] giving rise to an interaction energy

E ¼
X
AB

CAB
v e�aABv RAB þCAB

c e�aABc RAB � CAB
6

ðRABÞ6

where the sum goes over all atoms A of the molecule and B of the slab. The first
two terms describe the Pauli repulsion due to valence and core electrons of the
metal substrate, while the third term describes the attractive dispersion force. The
considerable computational advantage of such a QM/MM approach provides access
to the dynamics of the system, allowing for an unbiased search for possible reaction

Fig. 2 Top and side view of slab geometry adapted from [19]. The cyclohexa-o-p-o-p-o-p-
phenylene (CopP) molecule is supported by a Cu(111) slab of four atomic layers. While the
molecule itself consists of 60 atoms, the unit cell (black lines) contains 420 atoms
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paths. If the process of interest involves significant energy barriers, making it a
“rare event,” the molecular dynamics need to be accelerated.

In the case of direct metadynamics [32, 33], the system begins moving freely,
but over time is biased against revisiting configurations that have already been
explored. The repulsive bias potential is placed not on the set of atomic positions
x visited by the system, but on the corresponding values of a limited number of
collective variables (CVs) Sa xð Þ; a ¼ 1. . .d, thereby drastically reducing the
dimensionality of the problem. In typical applications, d = 2 or d = 3, and the CVs
describe distances, angles, or coordination numbers that are deemed important
indicators of the reaction of interest. By keeping track of the bias potential
deposited during the time evolution of the system, the free energy surface can be
constructed in the space of the collective variables.

We note that while the concept of collective variables is very flexible [34],
finding adequate CVs for complex reactions can be delicate and attempts have been
made to automate this process [35]. For a recent review, we refer interested readers
to [36].

2.2 Chemisorption

In many cases, bond formation between the molecule and the substrate is an
essential ingredient of the reaction. Since no empirical potentials are available that
accurately model the formation of metal–organic bonds, a complete quantum
mechanical description of the system is then the only option. Kohn–Sham DFT

Fig. 3 Schematic representation of the QMMM approach used in [31] to study the cyclodehy-
drogenation of CopP on a Cu(111) substrate. While the physisorbed molecule is described within
DFT, the substrate is modeled with the EAM. The two systems are coupled via an empirical
potential [30] mimicking van der Waals attraction and Pauli repulsion
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using (semi-)local approximations to the exchange-correlation functional has a very
successful track record in applications of dense matter and covalently bound
molecules. However, it was recognized early on that this type of approximation is,
by construction, unable to capture the non-local nature of dispersion forces [37].
Since these forces are a crucial component of the interaction between molecules and
surfaces, we discuss three common approaches to ameliorate the problem (for more
details see [38]).

To some degree, it is possible to adapt semi-local exchange-correlation func-
tionals to emulate dispersion effects at near-equilibrium atomic distances. At the
expense of higher computational complexity, further improvements can be made by
admixing a portion of the non-local Hartree–Fock exchange (“hybrid functionals”)
and including the second derivative of the density as a variable (“meta functionals”)
[39]. Nevertheless, a (semi-)local approximation of the correlation energy ulti-
mately leads to an exponential decay of the interaction for large atomic separations
[37]. These functionals can therefore not be expected to adequately describe sys-
tems such as large molecules or molecules on surfaces, if interactions over larger
distances are important.

Another class of dispersion corrections approaches the problem in a
semi-classical manner, neglecting all knowledge of the electron density and for-
mulating the dispersion interaction in terms of an interatomic potential [38]:

Edisp ¼ �
X
AB

X
n¼6;8;...

sn
CAB
n

ðRABÞn
fdampðRABÞ

Here, AB runs over all pairs of atoms, RAB is their distance and CAB
n denotes the

averaged (isotropic) nth-order dispersion coefficient between atoms of the corre-
sponding kind, which can be computed ab initio. This dispersion energy is then
simply added to the total DFT energy, thus ensuring the asymptotic form 1=ðRABÞ6
of the interaction. In order to avoid double-counting of correlation, the dispersion
interaction is damped at short distances by a continuous function fdampðRABÞ, where
details of the damping function as well as the scaling factors sn may be used to
adapt to particular (semi-)local density functionals. Extensions of the scheme
include the treatment of three-body interactions [40] as well as the effects of the
hybridization state on the dispersion coefficients, based on fractional occupation
numbers [40] or atomic volumes [41]. This class of corrections delivers a com-
putationally cheap way to add dispersion forces on top of various (semi-)local
exchange-correlation functionals, providing, in the case of DFT-D3, dispersion
coefficients for the first 94 elements of the periodic table [40]. While this has lead to
a widespread adoption, some criticism remains. The first concerns the dispersion
coefficients, which need to be determined on one or several reference systems, be it
computationally or experimentally. These are traditionally chosen to be either the
bare elements or small molecules containing the elements in question [40], which is
suitable for applications in molecular systems, but provides an electronic envi-
ronment that can be very different from bulk materials. For the particular
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application of molecules on coinage metal surfaces, a scheme has been proposed to
include screening and polarization effects at the level of atomic pairwise interac-
tions [42]. The second and perhaps more worrying remark concerns the finding that
molecular binding energies in many cases depend more sensitively on the empirical
parameterization of the damping function than on the physically sound dispersion
coefficients [43].

A third approach that has gained popularity in recent years is a density-based
treatment of the non-local correlation energy, which takes the form

Enl
c ½n� ¼

Z
nðrÞ/½n�ðr; r0Þnðr0Þ d3r d3r0

The kernel / is derived from first principles using a plasmon pole approximation
to the local dielectric function and is a function of jr � r0j, the electron density
n and its gradient at positions r; r0 [44, 45]. Treated self-consistently, the variational
derivative Vnl

c ðrÞ ¼ dEnl
c =dnðrÞ modifies the exchange-correlation potential Vxc ¼

Vl
xc þVnl

c and thus acts directly on the Kohn–Sham wave functions. One significant
advantage over DFT-D methods is therefore that the effect of the electronic envi-
ronment, including charge transfer, on dispersion interactions is captured in a
general and physically sound manner [38]. Contrary to DFT-D methods, the
non-local correlation term is not damped at short distances, meaning that particular
care needs to be taken in selecting the (semi)-local exchange-correlation functional
in order to avoid double-counting of correlation. Besides existing functionals, such
as PW86 [45], some have thus been designed specifically for this purpose [46].
Regarding computational cost, linear scaling algorithms are available [47] that
render the overhead of these so-called van der Waals density functionals negligible
as compared to standard semi-local calculations.

Using DFT with dispersion corrections, the calculation of adsorption geometries
and adsorption energies is feasible for systems containing several hundred [48] to
more than thousand atoms. Dynamics and thus free energy profiles are typically out
of reach. If the initial and final states of a process are known, the pioneering
methods of Elber and coworkers [49], the nudged elastic band (NEB) [50, 51], and
string [52] methods can be used to compute 0K reaction barriers and provide a
description that can afterward be extended to finite-temperature free energy effects
[53, 54].

As illustrated by Fig. 4, the NEB method requires not only the knowledge of the
initial (green bead) and the final states (red bead), but also an initial guess for the
reaction path that connects the two (white beads). After optimization of the “elastic”
band, the intermediate configurations, also known as “images,” follow the mini-
mum energy profile and one image (black bead) has climbed to the saddle point
[51]. In simple cases, a first guess for the images is obtained by linear interpolation
between initial and final coordinates or a sequence of constrained geometry opti-
mizations. However, the initial guess constitutes a strong bias of the overall picture
of the reaction and in general different paths have to be considered (on top of the
possibility of different final states).
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2.3 Electronic Structure

Since the synthesis of graphene-based nanostructures is often aimed at electronics
applications, a reliable prediction of the intrinsic electronic structure of different
possible targets is very useful. The main focus tends to lie on the sp2-hybridized
carbons and their p-electronic structure. Some insights can be gained already with
pen and paper, using intuitive chemistry rules such as Clar’s theory of the aromatic
sextet [55]. These include qualitative information about the p–electron distribution,
bond-length alternation and, in the case of zigzag edges, the presence of
edge-localized unpaired electrons [56].

The next level of understanding is provided by tight-binding models.
Considering only the p-electrons, the system is described by a Hamiltonian

H ¼ �t
X
hiji

ayj ai þ h:c:

where t � 3 eV is the hopping integral, ayi ; ai are the electron creation and annihilation
operators at carbon site i and the sum runs over nearest neighbors [57, 58]. In the case
of armchair and zigzagGNRs, thismodel can be solved analytically [59, 60], allowing
for in-depth investigations of the width- and edge-dependence of the electronic band
structure. Further physics can be introduced by including site-dependent potentials
[61], hopping between 3rd-nearest neighbors [62], Coulomb interactions between
electrons [63] or larger basis sets [64]. These models, however, need to be parame-
terized and are typically fitted to band structures calculated ab initio.

Kohn–Sham DFT with (semi-)local exchange-correlation functionals provides
qualitatively correct answers to many relevant questions, including band ordering,
band gap hierarchy, band dispersion, shape of wave functions, and spin polarization
[65–67]. This makes Kohn–Sham DFT suitable for comparing the electronic

Fig. 4 Pictorial representation of a NEB calculation describing a dehydrogenation step in the
synthesis of tribenzo[a,g,m]coronene. Left panel Initial guess of the reaction path from initial state
(green bead) to final state (red bead) on the potential energy surface. Right panel After
optimization, the intermediate configurations (white beads) follow the minimum energy profile.
One configuration (black bead) has climbed to the saddle point
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structure of different nanostructures. Still, direct comparison with experiments is
challenging, even at this level. One area, where DFT can be of great value, is the
interpretation of scanning tunneling microscopy (STM) images. The shape of the
Kohn–Sham orbitals is typically very accurate [68] and adequate adsorption
geometries can be obtained by including the substrate together with a suitable
dispersion correction. For a quantitative prediction of spectroscopic information,
however, the independent-particle approximation is too simplistic. Not only does
the Kohn–Sham gap significantly underestimate the band gap of bulk semicon-
ductors [68], the discrepancy is amplified in low-dimensional materials, such as the
quasi-one-dimensional GNRs or carbon nanotubes, where screening of the
Coulomb interaction between electrons is strongly reduced [65].

One approach to tackle the problem is many-body perturbation theory (MBPT), in
which the strongly interacting electrons are replaced by the concept of weakly
interacting quasi-particles. In the form of the GW approximation [69], MBPT has
provided very accurate quasi-particle band gaps of bulk materials [70] and is
increasingly applied also to graphene-based nanomaterials [65, 71]. While we refer
interested readers to [72] for an extensive introduction of the underlying theory, we
stress one important fact: In nanostructures, where the Coulomb interaction is
screened only weakly, the energy gap extracted from spectroscopy experiments
strongly depends on the nature of the excitation. In the case of (inverse) photoe-
mission spectroscopy and scanning tunneling spectroscopy (STS), the system under
study is promoted from an N-electron ground state to an excited state with N ± 1
electrons. The fundamental gap associatedwith these charged excitations is defined as

D ¼ IP� EA ¼ EðNÞ � EðN þ 1Þ � ðEðN � 1Þ � EðNÞÞ;

where IP (EA) denote the ionization potential (electron affinity) of the system and
EðNÞ the ground-state energy of a system with N electrons. D coincides with the
quasi-particle gap in the GW approximation. In optical absorption experiments,
using techniques such as reflectance anisotropy spectroscopy, electron–hole pairs
are created and the number of electrons is conserved. Within MBPT, these neutral
excitations are described by the Bethe–Salpeter equation [73], often using the GW
electronic structure as a starting point. The resulting optical gap is reduced with
respect to the fundamental gap by the binding energy of the lowest-lying exciton. In
graphene-based nanostructures, this energy can be substantial, even exceeding 1 eV
[71, 74, 75].

Finally, additional complications arise from the presence of the nearby substrate,
which significantly increases the screening of the Coulomb interaction with respect
to the nanostructures in vacuum. The computational cost of GW calculations scales
with M3 �M4, whereM is the number of atoms in the system [76], making systems
with M > 100 extremely challenging to handle. Full GW calculations of molecules
on surfaces have thus far concentrated on small molecules and correspondingly
small surface unit cells [77, 78, 81] and/or thin supporting substrates [79].
Alternatively, substrate effects may be included into GW calculations of the isolated
molecule via classical image charge models [77, 80–82].
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3 Adsorption and Diffusion

Once the molecular precursors are adsorbed on a metallic substrate, the factors
influencing their diffusion are the surface geometry (the presence of steps, corru-
gations, defects, or adatoms), the surface–molecule interactions (dominated either
by dispersion forces or by chemical bonding) and the molecule–molecule interac-
tions. The study of diffusion mechanisms starts from the identification of stable
adsorption sites and requires a systematic verification of all geometrically possible
and chemically sound adsorption sites by means of geometry optimization. This
analysis can be performed at different levels of theory, the system size typically
being a limiting factor for beyond-DFT methods.

Some general insight into molecular self-assembly can be obtained from simple
models, such as the “patchy-disk” model [83], accounting only for the geometry
and the strength of the interaction. As illustrated in Fig. 5, Whitelam et al. con-
centrate on threefold-coordinated building blocks, which are represented as disks
with angular domains that either allow for bond formation (green) or do not (blue).
Bond strength and bond flexibility are characterized by the interaction energy ��
and the opening angle 2x of the interacting stripes. Varying only these two
parameters within Monte Carlo simulations, Whitelam et al. are able to reproduce
the characteristics of networks ranging from graphene to DNA-based polymers with
building blocks spanning three orders of magnitude in length scale.

We now turn our focus to graphene-based nanostructures formed by polymer-
ization through Ullman-type reactions [14] on noble metal surfaces. We concentrate
on high-symmetry close-packed surfaces, in particular the (111) surface, although
vicinal surfaces [82, 89] as well as the (110) surface [90] have also been explored.

Fig. 5 “Patchy-disk” model of threefold-coordinated building blocks. In equilibrium, the periodic
honeycomb network [84] (A) or a non-periodic polygon network [85] (E) can be formed.
Out-of-equilibrium structures include honeycomb polycrystals [86] (B), polygon networks that can
evolve to the honeycomb [87] (C), or kinetically trapped polygon network glasses [88] (D).
Figure and caption adapted with permission from [83]. Copyright (2014) American Physical
Society
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A selection of successful molecular precursors is shown in Fig. 6. The molecules
contain carbon–halogen (typically Br or I) bonds that are intended to be cleaved by
the formation of metal–organic bonds on the surface. The broken C–halogen bonds

Fig. 6 Chemical drawings of molecular precursors for the metal-supported synthesis of atomically
precise graphene nanostructures. Besides DBBA (top) used for the synthesis of 7-AGNRs [13] and
hexaiodo-substituted cyclohexa-m-phenylene (CHP) used for the synthesis of porous graphene
[92], the dibromo-tetraphenyltriphenylene molecule provides chevron-like GNRs [13], including
the possibility of atomically precise doping with nitrogen atoms [93, 94]
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are then the anchoring points for the self-assembly into polymers. In most of the
cases (but not always [91]), dehalogenation occurs at low temperature and diffusion
needs to proceed in the presence of metal–organic bonds that stabilize the radicals.

In the case of iodine, the dehalogenation process starts already below room
temperature. Scission of C–I is reported at 166 K on Au(111) [95] and is completed
at room temperature also on other noble metal substrates (see e.g., [92, 96]).
However, iodine can still be present on the substrate at 500 K, as reported in [12]
for Cu(110).

A simple case of the interplay between adsorption sites and the diffusion process
is offered by the Ullmann coupling of two iodobenzene molecules on Cu(111).
Starting from the evidence that iodobenzene undergoes dehalogenation already at
room temperature, Nguyen and coworkers studied the adsorption sites and diffusion
paths for phenyl radicals on the Cu(111) surface [97]. The formation of a single
metal–organic bond leaves high rotational freedom to the adsorbed molecule.
Figure 7 depicts the most energetically favorable adsorption geometry. The mole-
cule is bound to the surface atom and may diffuse to its six first neighbors with
equal probability. A direct jump between initial state (IS) and final state (FS) is
associated with a high energy barrier, but a different initial guess for the NEB
allows to identify a low-energy, two-step diffusion mechanism. This mechanism
can be ported to the (111) surfaces of the other noble metals.

Fig. 7 Possible high-energy (top) and low-energy (bottom) diffusion pathways for a phenyl
radical on the (111) surface of a noble metal. Figure and caption adapted from [97] with
permission from PCCP Owner Societies

Synthesis of Atomically Precise Graphene-Based Nanostructures … 249



As demonstrated by this simple example, the rotational freedom of the molecule
and the number of metal–organic bonds formed with the substrate can play a pivotal
role in the diffusion process. Increasing complexity of the molecular precursor is
reflected by a more complex diffusion mechanism. A remarkable example of the
diffusion of a large molecular precursor is provided by the case of
hexaiodo-substituted cyclohexa-m-phenylene (CHP) used to synthesize networks of
porous graphene [86]. Again, the experimental evidence, supported by ab initio
calculations, suggests that the C–I bonds are broken upon adsorption and iodine
desorbs, when the temperature is increased to promote diffusion. The molecule is
able to form six metal–organic bonds, one for each lost iodine atom. Due to the
strong anchoring to the substrate, a naive initial guess for a NEB calculation of the
diffusion pathway leads to very high activation barriers. A low-energy diffusion
path, where the molecule rotates around one of the metal–organic bonds to diffuse
to neighboring sites, can be identified with appropriate NEB guesses.

Also in this case, the “geometric” details of the diffusion mechanism apply in a
similar fashion to Ag(111), Cu(111) and Au(111). Diffusion barriers vary due to the
different matching of the molecular size with the substrate lattice and the different
nature of the metal–organic binding. However, the transition from a dendritic
growth mode of the network to a 2D growth mode, reported as shown in Fig. 8,

Fig. 8 The dramatic effect of the substrate on the network geometry obtained by self-assembly of
CHP on noble metal substrates [Cu(111), Au(111) and Ag(111)] is explained by the interplay
between mobility of the molecules at the surface and reactivity of the molecules toward C–C
coupling. Figure and caption adapted with permission from [92]. Copyright (2010) American
Chemical Society
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cannot be attributed solely to the difference in diffusion barriers. As will be dis-
cussed in the next section, the barrier to form the “irreversible” coupling between
two molecular species also plays a crucial role.

Compared to the C–I bond, scission of the C–Br occurs at higher temperature.
While the C–Br bond is reported to be cleaved at room temperature on the Cu(111),
Cu(110) and Ag(110) surfaces [98], it is reported to remain intact on Au(111) and
Au(110) [88, 90, 98, 99]. In the case of Ag(111), the onset of C–Br bond cleavage
is reported at room temperature [98, 100].

Desorption of Br typically occurs at temperatures above 200 °C [90, 98, 101]. At
least in the case of brominated precursors, halogen atoms are therefore present on
the surface during the diffusion of the precursor molecules. We are not aware of any
study that investigates how the presence of halogen atoms on the metallic substrate
influences the diffusion of the molecular precursors and their assembly. An
exhaustive unbiased analysis of possible processes is challenging for computational
approaches, but would be highly welcome.

4 Reactions

The synthetic approach toward nanographenes described here relies on annealing
procedures to activate the two sequential steps of the reaction. If the temperature
ranges for intermolecular polymerization and intramolecular cyclodehydrogenation
are not well separated, the formation of large homogeneous polymers can be
seriously hampered by steric hindrance between dehydrogenated monomers or by
saturation of the radical species with hydrogen [66]. For this reason, the charac-
teristic activation temperatures for a particular combination of substrate and pre-
cursor molecule are valuable information that may be predicted by atomistic
simulations.

Also in this case, mechanisms identified for simple precursors can help in
understanding more complex scenarios. Regarding the polymerization through
Ullmann coupling, we start again from the investigation of iodobenzene [97]. As
illustrated in Fig. 9, NEB calculations reveal that the coupling requires the
dehalogenated molecules to reach a common surface atom. As a result of the metal–
organic bonds, the shared metal atom pops out of the surface plane. When the two
molecules approach each other and form the C–C bond, the surface atom retracts to
its equilibrium position. This simple mechanism was later confirmed by Björk and
coworkers on different noble metal substrates, including an investigation of the
dehalogenation process [102].

While the mechanism is simple, the intrinsic properties of the metal substrate,
such as its cohesive energy, and the interplay between molecular geometry and
molecule–substrate interactions can result in quite different barriers along the
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reaction path. One example mentioned previously is the polymerization of cyclo-
hexa-m-phenylene radicals (CHPR). As in the case of phenyl radicals, the reaction
pathway in Fig. 10 [92] suggests that coupling can proceed, once two precursor
molecules bind to the same surface atom. However, the large differences in diffu-
sion barriers and activation energies between Cu(111) and Ag(111) drive a dramatic
change in the network topology, as shown in Fig. 8. Diffusion of CHPR on Cu(111)
is more difficult compared to the Ag(111) substrate, since the perfect lattice match
in the case of copper allows the molecule to anchor strongly with six metal–organic
bonds. The imperfect matching with the Ag(111) substrate makes it much easier to
break C–Ag bonds. On the other hand, the different cohesive properties of the two
metals result in different barriers for the coupling step.

In analogy with the picture provided by the “patchy-disk” model [83], a simple
Monte Carlo simulation reproduces the phenomenology of the networks depicted in
Fig. 8 [92]. In this particular case, a single parameter, representing the ratio between
diffusion probability and sticking probability, is sufficient. A nice rationalization of
the interplay between diffusion and coupling reaction for this kind of systems is also
given in [102].

Once polymerization of the molecular precursors is achieved, the temperature
has to be increased to activate the cyclodehydrogenation reaction. While
surface-supported cyclodehydrogenation reactions were reported as early as 1999
[103], no theoretical investigations of the atomistic details of the reaction were
available at the time. In a pioneering study, Treier and coworkers [19] investigated
the fundamental role played by van der Waals dispersion forces in these processes.
Dispersion forces favor flat geometries, meaning that significant distortions of the

Fig. 9 Final step of the Ullmann coupling of phenyl radicals on a noble metal substrate. The two
radicals share a surface atom that pops out from the surface plane (left). The transition state shows
a partial bending of the molecules and a partial retraction of the surface atom (center). Upon
completion, the surface atom retracts to its equilibrium surface position (right). Figure and caption
adapted from [97] with permission from PCCP Owner Societies

252 L. Talirz et al.



molecules or polymers may be necessary in order to form metal–organic bonds.
Activation energies are thus determined by a delicate interplay between short-range
interactions during bond formation and long-range dispersion forces.

An example of this concept is provided by the first step in the cyclodehydro-
genation of cyclohexa-o-p-o-p-o-p-phenylene (CopP). As shown in Fig. 11, the
molecule contains three para-phenylene rings that are free to rotate (containing C

Fig. 10 Energy diagrams of the reaction pathways for CHPR−CHPR coupling on Cu(111) (top)
and Ag(111) (bottom) obtained via NEB calculations. Pictorial representations of the molecule
−surface configuration are given for the initial (II), intermediate (IM), and final (FI) states. The
energies below each configuration are given with respect to the total energy of the final state. On
both surfaces, the orange sphere indicates the central metal atom bonded to both CHPRs prior to
intermolecular bond formation. Figure and caption reproduced with permission from [92].
Copyright (2010) American Chemical Society
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atoms labeled from 1 to 6) and three “rigid” ortho-phenylene rings. When the
annealing temperature is properly controlled, each para-phenylene ring looses two
hydrogens, while the hydrogens of the para-phenylene rings all remain attached: In
the case of o-H cleavage, the formation of a metal–organic bond would be asso-
ciated with considerable distortion of the molecule, driving up the corresponding
energy barrier. In the case of p-H, the rotational freedom of the mobile para-
phenylene unit enables metal–organic bond formation with little distortion. The full
reaction path from CopP to tribenzo[a,g,m]coronene is essentially a sequential
repetition of simple reaction steps, where dispersion forces aid in the approach of
flexible subunits, hydrogen atoms are detached due to the formation of metal–
organic bonds and irreversible C–C bonds are formed.

Another remarkable example of a cyclodehydrogenation reaction proceeding by
the repetition of simple atomic mechanisms is given by the transformation of
polyanthryl chains into 7-AGNRs. This particular reaction was studied first by
Björk and coworkers [104] and later by Blankenburg and coworkers [105] in more
detail. As illustrated in Fig. 12, the reaction is initiated by an approach of the
terminal phenyl rings of two neighboring anthryl units. After the formation of a C–
C bond, the hydrogen atom pointing downward is collected by the catalytic surface.
The hydrogen atom pointing upward migrates to an edge carbon atom of the
polymer, which adopts the sp3 configuration. The mechanism is repeated until
planarity of the full structure is reached. Provided that the temperature is high
enough, the downward-pointing hydrogens at the edge are removed as well, leaving
behind a monohydrogenated armchair edge.

Fig. 11 Cyclodehydrogenation of CopP. As indicated in step 1, o-H and p-H denote hydrogen
atoms of ortho- and para-phenylene units, respectively. Figure and caption adapted from [19] with
permission

254 L. Talirz et al.



The detailed understanding of this sequence revealed that the reaction, once
started on one side of the polymer chain, tends to proceed on the same side. Guided
by this insight, a consistent tuning of the annealing temperature allowed to obtain
partially reacted structures that represented the first realization of an atomically
precise heterojunction between two GNRs with different band gaps. Intraribbon
quantum dots formed in between two successive heterojunctions were predicted
earlier to have interesting optical properties with potential for optoelectronic
applications [106].

5 Electronic Structure

The prediction of electronic properties can aid the synthesis of graphene-based
nanostructures already at the design stage: only structures with desired electronic
properties are worth the effort of synthesis experiments. This pruning of undesirable
structures is typically based on the “gas-phase” calculations that consider the bare
nanostructures without a supporting substrate. In the field of GNRs, early theo-
retical predictions of their edge-related electronic and magnetic properties date back
to 1996 [57, 58]. Since then, they have been studied extensively, moving from the
framework of tight binding [60] to ab initio methods such as DFT [61] and
many-body perturbation theory [65, 74].

Apart from the well-studied armchair and zigzag GNRs, GNRs with chiral edges
can also have interesting electronic and magnetic properties [107]. A more exotic
example is a class of GNRs with a backbone of zigzag edges, surmounted by a
triangular-notched region of variable size, as depicted in Fig. 13. The asymmetry in
their atomic structure gives rise to a ferromagnetic ground state, whose total
magnetization can be tuned by changing the imbalance between the “A” and “B”
sublattices [108, 109]. Furthermore, substitutional doping by boron or nitrogen
induces half-metallicity. The most effective doping sites can be inferred from the

Fig. 12 First three steps in the cyclodehydrogenation reaction that transforms a polyanthryl chain
into a 7-AGNR. Van der Waals interactions favor proximity of phenyl rings (S0) that then react
forming a C–C bond (S1). After formation of the bond, hydrogen atoms pointing toward the
surface are detached through catalytic action of the substrate and hydrogen atoms pointing upward
migrate to the edge of the polymer (S2). These three basic steps are iterated during the whole
dehydrogenation process. Figure and caption adapted with permission from [105]. Copyright
(2012) American Chemical Society
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spatial distribution of the frontier electronic states of the undoped GNR (see
Fig. 13). Experiments for the synthesis of polymers with very large spin have been
described [110], and the analogous realization of magnetic graphene-derived
structures can be envisaged for the future [111].

Another important question concerns the stability of electronic and magnetic
properties with respect to defects. With the motivation of synthesizing corre-
sponding GNRs in the laboratory, we have considered GNRs with cove defects as

Fig. 13 Spin-resolved band structure and density of states for pristine (top) and nitrogen-doped
(bottom) asymmetric zigzag GNR. The right panels show Kohn–Sham states of the indicated band
at selected wave vectors. Upon doping with nitrogen (position marked by an orange circle) a
spin-down band crosses the Fermi energy, signaling half-metallicity. Figure and caption adapted
from [109]
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depicted in Fig. 14. While the case of cove defects facing each other leads to a
monotonous decrease in band gap with increasing width of the GNR [112], the
staggered geometry shown in Fig. 14 gives rise to an interesting alternation between
finite and zero band gap within DFT using the PBE exchange-correlation functional
[113]. We find that spin polarization is suppressed at least up to N = 9, with further
investigations needed into possible antiferromagnetic solutions for wider GNRs.

We note, however, that the magnetism of freestanding GNRs may easily be
quenched, when the GNRs are adsorbed on a substrate. The case of zigzag GNRs
adsorbed on the (111) surfaces of the coinage metals has recently been investigated
using DFT with dispersion corrections in the DFT-D2 scheme [114]. For unpas-
sivated zigzag edges, edge magnetism is shown to be suppressed on Cu, Ag, and
Au due to strong hybridization of the carbon 2p with the metal d states. But even for
hydrogen-passivated zigzag edges, n-doping of the GNR is reported to suppress
edge magnetism on the more reactive Cu and Ag surfaces.

Unfortunately, charge transfer predicted by Kohn–Sham DFT with semi-local
exchange-correlation functionals is often unreliable due to its inherent
self-interaction error [115, 116]. The case of hydrogen-passivated ZGNRs on metal
surfaces is particularly delicate: it tends to fall in between the regimes of
physisorption and chemisorption, meaning that the semi-local exchange-correlation
functional and the dispersion correction need to join seamlessly in order to obtain
correct adsorption geometries. Preliminary results from the authors indicate that

Fig. 14 Electronic structure of zigzag GNRs (ZGNRs) with cove defects. Top panel Geometry of
freestanding GNR with unit cell indicated in red. Non-planarity arises from steric hindrance
between nearby hydrogen atoms. Bottom panel a, b Band structures for odd and even cases of
width N. c Band gap as a function of the width N indicating alternation between finite and zero
gap. Unpublished data from the authors
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varying the ribbon–substrate distance by as little as 0.2 Å can strongly affect its
magnetization, making the outcome of calculations critically dependent on the van
der Waals correction employed.

Besides guiding at the design stage, simulations can provide important insights
also during and after the experimental synthesis, for example, by helping to
interpret and rationalize spectroscopy data. While this often requires taking the
substrate into account or going beyond mean-field theories, standard gas-phase
DFT calculations can also provide very useful information.

One interesting example concerns the band bending in heterojunctions between
pristine and nitrogen-doped chevron-type GNRs [94]. Figure 7 shows two different
precursor monomers for obtaining chevron-type GNRs, in one of which four carbon
atoms have been replaced by nitrogens. Heterojunctions between pristine and
N-doped GNRs can simply be obtained by sequential deposition and polymeriza-
tion of pristine and doped precursors. Since nitrogen is more electronegative than
carbon, the band onsets in the N-doped domains are expected at lower energy than
in the pristine domains and band bending has to occur at the interface. DFT predicts
a band shift of 0.5 eV and an electric field of 0.2 V/nm at the interface, in agreement
with STS experiments of the heterojunctions measured on the Au(111) substrate.
While STS involves electronic excitation of the GNR, we note here that the electric
field at the heterojunction (and thus in essence also the band bending) is a
ground-state property, providing justification for the use of DFT. Based on the
established agreement with experiment, DFT can now tell us how to design the
details of the band bending (see Fig. 15), for example, in view of possible appli-
cations in photovoltaics and electronics.

Another frequent task is the simulation of STM images. Since the tunneling
current is exponentially sensitive to the tip–sample distance, an accurate description
of the adsorption geometry is mandatory. If metal–organic bond formation between
substrate and adsorbate can be excluded, it can be sufficient to model the substrate
with empirical potentials in a QM/MM approach (see Sect. 2.1). This is the case in
the example of the polyanthryl chain on Au(111) shown in the left panel of Fig. 16.

If, however, the substrate interacts chemically with the adsorbate, both need to
be treated on the quantum mechanical level. The right panel of Fig. 16 shows the
termini of the 7-AGNR on Au(111), where simulations considered different pos-
sible bonding partners of the central carbon at the terminus. In case II, a metal–
organic bond is formed between the substrate and the radical, leading to a down-
ward bend of the central carbon atom by about 1Å. This geometrical effect dis-
tinguishes the electronically similar cases II and III and would be missed using an
empirical model for the substrate.

Besides the adsorption geometry, one important question in STM simulations
concerns the geometry of the tip. In experiments with metal tips, information on the
tip shape is typically not available. The popular Tersoff–Hamann approximation
[117] therefore assumes a tip wave function with perfect s-wave character, making
both the calculation and the physical interpretation of STM images particularly
easy. As illustrated by Fig. 16, this simple approximation can provide simulations
in good qualitative agreement with experiment, if the sample wave functions are
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properly extrapolated into the vacuum region [118]. Tip wave functions with higher
angular momentum, as required, for example, when using a CO molecule as the tip
[119], can be treated in a similar fashion using Chen’s derivative rule [120]. For
studies with quantitative aspirations, the tip shape can be taken into account through
simple step functions [121] or even through explicit treatment of the tip atoms [122,
123].

Going beyond qualitative predictions, however, can be a challenging task. In the
following, we present two recent attempts, where substrate effects have been shown
to play an essential role in determining the quantitative electronic and optical
properties.

Fig. 15 Control of band bending in GNRs via monomer chemical substitution. Top Illustration of
GNR consisting of molecules with increasing degrees of nitrogen substitution. Bottom Energies of
valence band maxima (VBM) and conduction band minima (CBM) for GNRs with increasing
degrees of nitrogen substitution. A linear fit yields a band shift of −0.13 eV per nitrogen atom.
Energies are given with respect to the vacuum level. Figure and caption adapted with permission
from [94]
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Ruffieux and coworkers measured the band gap of 7-AGNRs supported on Au
(111) [82] through scanning tunneling spectroscopy (STS). The reported value of
D � 2:3eV appears to contradict the theoretical prediction of D � 3:7eV for the
fundamental gap obtained from GW calculations [65]. The origin of the discrepancy
lies in the screening of the Coulomb interaction by the nearby substrate.
Unfortunately, accurate GW calculations of the 7-AGNR on the Au(111) substrate
are not yet attainable with reasonable computational effort (although calculations on
“simpler” substrates are being undertaken [79]). In this particular case, however,
hybridization of molecular states with the substrate is weak and there is no
appreciable charge transfer [82], making it possible to include the screening effect
through classical image charge corrections [77, 124]. As illustrated in Fig. 17, the

Fig. 16 Comparing STM simulations and experiments. The left panel shows STM images of the
polyanthryl chains obtained in the synthesis of 7-AGNRs. STM simulations (top) were performed
using an empirical model for the substrate. Figure and caption reproduced with permission from
Macmillan Publishers Ltd: [13], copyright (2010). The right panel shows STM images of the
7-AGNR terminus (b–c experiment, d–g simulation) with different bonding partners (I–IV) for the
central carbon atom. The substrate was treated within DFT using the DFT-D3 dispersion
correction [40]. Figure reproduced with permission from [66]. Copyright (2010) American
Chemical Society
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GW correction brings the DFT gap of the isolated 7-AGNR from 1.6 to 3.7 eV.
The IC correction that mimics the presence of the metallic substrate reduces the
energy gap by 1.0–1.4 eV. Overall, this results in an energy band gap of 2.3–2.7 eV
for the 7-AGNR on Au(111), in agreement with the experimental value of 2.3 eV.

More recently, the optical properties of 7-AGNRs aligned on stepped Au(788)
surfaces have been measured with reflectance difference spectroscopy (RDS) [125].
RDS measures the difference in complex reflectance for incident light polarized
along two orthogonal directions, chosen here to point along and across the aligned
GNRs (Fig. 18a). Since Au is optically isotropic [126], the RD signal is determined
essentially by the optical response of the GNRs, which absorb light polarized along
the GNR axis much more efficiently. The RD spectra shown in Fig. 18b are used to
construct the dielectric function of the GNR, which is characterized by three dis-
crete transitions at 2.1, 2.3, and 4.2 eV. The energies of these optical transitions are
compared to calculations for freestanding 7-AGNRs in the GW/Bethe–Salpeter
framework, yielding 1.9, 2.3, and 4.1 eV. It is interesting to observe that the optical
gap computed for freestanding GNRs is in good agreement with experiment, while
their fundamental gap is strongly affected by screening from the substrate. This
suggests that the substrate-induced reduction in the fundamental gap is outbalanced
by a corresponding reduction in the electron–hole binding energy. As discussed in
[81] in more detail, this is expected, when the corresponding transition dipole
moment vanishes. In this particular study, the clear assignment of RDS spectra also
allowed to discriminate between the signatures of precursor molecules, polymers,
and the planar GNRs, thus making RDS a powerful tool to monitor the synthesis
during the different annealing phases in real time.

Fig. 17 Density of states (DOS) and electronic band gap Δ of the 7-AGNR. Left Scanning
tunneling spectra recorded on the GNR (red, offset for clarity) and on the Au(111) substrate
(black). Right LDA and GW-corrected DOS for the 7-AGNR in the gas phase and band gap
reduction via image charge corrections on Au(111). Figure and caption adapted with permission
from [82]. Copyright (2012) American Chemical Society
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Formation Mechanisms of Covalent
Nanostructures from Density Functional
Theory

Jonas Björk

Abstract In this chapter, it is demonstrated how electronic structure calculations,
with focus on density functional theory, can be used to gain insight about
on-surface reactions. I first give a brief introduction to how density functional
theory can be used to study reactions. The focus is then shifted to two different
types of on-surface reactions, highlighting the theoretical work that has been per-
formed to gain detailed atomistic insight into them. First, the state of the art of the
theory behind on-surface Ullmann coupling is described. In this reaction, molecular
building blocks dehalogenate, which enables them to covalently couple. The most
crucial reaction parameters are identified—the diffusion and coupling barriers of
surface-supported radicals—and the potential for theory to optimize these is dis-
cussed. We then concentrate on the homo-coupling between terminal alkynes, a
rudimentarily different process where molecules initially couple before undergoing
a dehydrogenation step. The theory of the mechanism behind this coupling strategy
is less developed than that of the on-surface Ullmann coupling, where fundamental
questions remain to be unraveled. For example, by the subtle change of substrate
from Ag to Au, the on-surface alkyne chemistry is completely altered from the
homo-coupling to a cyclodehydrogenation reaction for the same molecular building
block, of which origin remains unknown. The main objective of the chapter is to
give an impression of what kind of information theory can obtain about reaction on
surface, as well as to motivate and inspire for future theoretical studies, which will
be needed to turn on-surface synthesis into a more predictive discipline.
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1 Introduction

As demonstrated throughout this book, on-surface synthesis is a versatile tool for
tailoring novel covalent nanostructures. At the moment, though, it is difficult to
predict how a molecule will react on a surface, mainly due to that the on-surface
reactions in many cases behave rudimentarily different from their wet chemistry
counterparts. In order to make use of the true potential of the on-surface synthesis
approach toward covalent nanostructures, we need to gain full control over each
step of the relevant on-surface reaction protocols. An important course of action
toward such a control is the detailed understanding of the reaction mechanisms
governing the various on-surface synthesis strategies. Such information is in most
often not accessible from experiments, due to short-lived transition and intermediate
states of the reactions. Instead, atomic-level theoretical modeling is employed to
study reaction mechanisms of on-surface synthesis. The immediate impact of such
theoretical modeling is to establish a chemical intuition of on-surface reaction that
is currently missing, aiding surface scientists in making more qualified choices
when designing their experiments.

This chapter aims to highlight some of the work that has been performed from
theory to obtain an understanding of the fundamental mechanisms underlying
on-surface reactions. We will further identify questions of particular importance
about on-surface synthesis, which theory will have to encounter during the forth-
coming years. The chapter is divided into three main parts: First, it will be briefly
discussed how density functional theory can be used to study reaction mechanisms.
Secondly, the current state of the art of the theory behind on-surface Ullmann
coupling will be discussed. Finally, the complexity of on-surface synthesis will be
demonstrated, showing a completely different type of coupling scheme recently
introduced [33], namely the homo-coupling of terminal alkynes. The chapter is
concluded by a brief outlook.

2 Studying Reaction Mechanisms with Density Functional
Theory

The method of choice for studying on-surface reactions is density functional theory
(DFT), which is basically the highest level of theory that is numerically affordable
for treating the adsorption of relatively large organic molecules on surfaces.
Furthermore, it has been successful in studying reactions relevant to heterogenous
catalysis, such as ammonia synthesis [27]. In DFT, the total energy of a system is
calculated as a functional of the electron density nðrÞ [24]

E n rð Þ½ � ¼ Ts n rð Þ½ � þ
Z

drvðrÞnðrÞþ 1
2

Z
drdr0

nðrÞnðr0Þ
r� r0j j þExc n rð Þ½ �; ð1Þ
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where the first term is the kinetic energy of non-interacting electrons, the second
and third terms give the electron-nuclei and electron-electron Coloumb energy,
respectively, and the final term is the so-called exchange-correlation (XC) energy.
All these terms can be determined exactly, except for the XC energy, which has to
be approximated. Popular approximations include for example the local density
approximation and the generalized gradient approximation.

An important point when computing molecules on surfaces with DFT is how to
treat the so-called van der Waals (vdWDF) interactions, or London dispersion
forces. By construction, the conventionally used generalized gradient approxima-
tion and local density approximation fail to describe these interactions, with the
result that adsorption heights are generally overestimated for weakly adsorbed
systems, which may result in that the computed reactivity between a molecule and a
surface is not described correctly. Two main schools of thought for treating vdW
interactions have emerged: dispersion-corrected DFT [18, 31] and the van der
Waals density functional [12, 32]. Without going into any details about either of the
methods, considering their most recent advances, both approaches have demon-
strated the ability of describing adsorption heights with an accuracy of about 0.1 Å
[4, 7, 28, 31].

The relevant reactions for on-surface synthesis are often rare-event processes,
occurring at rates order of magnitudes smaller than typical vibrational frequencies
of molecules. Simulating the complete atomistic dynamics of these reactions at the
DFT level of theory is therefore not computationally feasible, nor even possible
with state-of-the-art computational resources in most cases, and we have to relate
on alternative methods. The work presented in this chapter has all been performed
with transition state theory, where we describe a reaction by the energy at the initial
state, the final state, and the transition state, which is the lowest-energy saddle point
separating the final from the initial state.

2.1 Methods for Finding Transition States

The initial and final states of a reaction are local minima at the potential energy
surface, which can be found by means of standard minimization algorithms.
Finding a transition state, which is a saddle point at the potential energy surface, is
less straightforward and requires minimization algorithms with special constraints
ensuring that a saddle point, rather than a local minimum, is found. There are
several methods for finding transition states using electronic structure theory, which
can be divided into two groups: chain of state methods and minimum mode fol-
lowing methods.

The most popular chain-of-state method is probably the nudged elastic band
(NEB) method [21], including the climbing image NEB (CI-NEB) [22], which is a
slightly tweaked version of NEB for more efficient convergence of transitions
states. In the NEB method, one starts from an initial guess of the reaction path,
leading from the initial to the final state. The path is represented by a number of
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images (atomic configurations). The reaction path is optimized by minimizing the
forces on the atoms of each image perpendicular to the tangent of the path
(nudging). Furthermore, images are kept separate from one another by springs
(elastic bands). In the CI-NEB method, the spring force is removed for the image
with highest energy and is replaced with the negative of the force parallel to the
tangent of the path [22]. This way, the highest energy image is forced to move
up-hill along the path toward the saddle point. In other words, the highest energy
image converges toward the transition state of the reaction pathway. It should be
noted that a reaction path determined by the NEB methods depends on the initial
guess of the path (how we interpolate between initial and final states). Depending
on the type of reaction, we may need to consider several initial guesses when
calculating reaction paths with NEB and CI-NEB.

With some caution, the NEB and CI-NEB methods present reliable ways of
optimizing reaction paths, and in particular they provide information of how many
barriers separate the initial and final states. However, they rely on an accurate
tangent of the reaction path (determined by finite differences between images) and
thus require a sufficient number of images to converge the reaction path. Therefore,
the method becomes numerically expensive since an individual DFT calculation is
needed for each image. Minimum mode following methods, which we exemplify
by the Dimer method [20, 23], provide a numerically cheaper approach since we
focus on the optimization toward a transition state without having the information
about the complete reaction path. Using the Dimer method, there are different ways
to make an initial guess for the calculation. We can either move the dimer in
different directions from the initial state (even without knowledge of the final state),
interpolate between initial and final states, or use the results from a NEB calculation
to initialize the calculation. For complex multidimensional reactions, often
encountered in on-surface synthesis, the last alternative is most appealing, since we
have the full trajectory between initial and final states from NEB and thus know
how many barriers separate the final from the initial state, and we use for example
the Dimer method to refine the transition state(s) found from NEB.

2.2 A Recipe for Efficient Reaction Path Determination
Using the Nudged Elastic Band and Dimer Methods

In the previous section, we deduced that the NEB and Dimer methods in combi-
nation give a reliable method for finding the transition states separating an initial
and a final state of a reaction. It should nevertheless be noticed that all barriers
found with DFT should be taken with caution since they to some extent will depend
on the employed exchange-correlation functional. If we play with the idea that our
density functionals can be trusted, which is certainly not always the case, the recipe
for finding transition states along for a reaction goes as follows:
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1. Determine initial and final states of the reaction (high numerical accuracy).
2. Interpolate between initial and final states to obtain an initial guess for the

reaction path.
3. Use the NEB method to preoptimize the reaction path (low numerical accuracy).

If a multibarrier reaction is found, divide the overall reaction into several sub-
paths and return to point 1 for each of these paths.

4. Use the CI-NEB method [21] to further optimize the reaction path and find an
initial guess of the transition state (low numerical accuracy).

5. Use the Dimer method to optimize the initial guess of the transition state
obtained in Step 4 (high numerical accuracy).

The numerical accuracy for each step refers to for example the size of basis set
and the k-point sampling used in the calculations. A relatively low numerical
accuracy may be used for the NEB and CI-NEB calculations, since we are mainly
interested in determining the number of barriers of the reaction, and obtaining initial
guesses for transition states to be used as input in the Dimer method. Thus, we only
need to describe the pathway with NEB and CI-NEB at a qualitative level.
Numerically converged reaction energies and energy barriers are ensured by the
high numerical accuracy in the calculations of initial and final states, as well as of
the transition state using the Dimer method.

Already at point 1 in the above recipe, we can calculate the overall reaction
energy according to

Ereact ¼ EFS � EIS; ð2Þ

where EIS and EFS are the energies of the initial and final states, respectively.
Finally, after optimizing the transition state in Step 5, we can calculate the energy
barrier of the reaction

Ebarrier ¼ ETS � EIS; ð3Þ

where ETS is the energy of the transition state.

3 Theory of On-Surface Ullmann Coupling

The Ullmann-type coupling is probably the most frequently used reaction scheme in
on-surface synthesis. Within the concept of covalent organic nanostructures, it was
introduced by Grill et al. in 2007 [17], who shown that porphyrins can be coupled
into 0D, 1D, and small 2D structures, depending on the number of halogens
attached to each molecular precursor. Since then, it has been used numerous of
times to form different types of structures [11, 14, 25], such as porous graphene [1],
and atomically precise graphene nanoribbons [8]. It should, however, be noted that
the principle of on-surface Ullmann coupling was proven earlier for the formation
of biphenyl from iodobenzene on Cu(111) [34].
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The on-surface Ullmann coupling is conceptually easy to grasp. Firstly,
halogen-substituted molecules are deposited on a surface. Since the halogen–carbon
bonds are more easily dissociated than other intramolecular bonds, for example
carbon–hydrogen bonds, it is possible to tune the temperature such that only the
halogens are abstracted from the molecules. A dehalogenated molecule diffuses on
the surface until it finds another dehalogenated molecule, with which it can cova-
lently couple. By designing molecules with different dimensions and with halogens
at different sites, one could in principle tailor any type of covalent nanostructures.
This is, of course, not the case as there are factors obstructing the assembly process.
In particular, self-healing, which is inherent in supramolecular self-assembly, is in
general missing, making the assembly into well-ordered two-dimensional covalent
networks a formidable task.

Bieri and coworkers identified [2] two processes that are of extra importance for
the on-surface synthesis of well-ordered two-dimensional covalent networks,
namely the diffusion of dehalogenated molecules and the coupling between two
dehalogenated molecules. They defined a recombination probability between two
molecules as [2]

Precomb ¼ mcouple
mcouple þ mdiffuse

; ð4Þ

where mcouple is the coupling rate and mdiffuse is the diffusion rate. It was shown that
small recombination probabilities, in other words mdiffuse � mcouple, are necessary for
limiting the number of defects in two-dimensional networks. Later, we have
demonstrated that the overall recombination rate may be approximated as [5]

mrecomb ¼ h
mcouple mdiffuse
mcouple þ mdiffuse

; ð5Þ

where h is a parameter depending on the coverage of molecules and the fraction of
molecules that has already reacted. This has the implications that the recombination
rate is given by

mrecomb ¼ hmcouple for mdiffuse � mcouple; ð6Þ

for coupling-limited processes, and

mrecomb ¼ hmdiffuse for mdiffuse � mcouple; ð7Þ

for diffusion-limited processes.

For a diffusion-limited process, the rate of diffusion is much smaller than that
of coupling, while for a coupling-limited process the rate of diffusion is much
larger than that of coupling. For the formation of well-ordered
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two-dimensional covalent networks, a coupling-limited process is a
prerequisite.

Reaction rates are directly related to energy barriers Ebarrier through the
Arrhenius relation

m ¼ A exp½�Ebarrier=kBT �; ð8Þ

where A is a pre-exponential factor, kB is the Boltzmann’s constant, and T the
temperature. Knowledge about the barriers of the different processes in the
on-surface Ullmann coupling is a necessary step toward the controlled fabrication
of covalent materials with this approach. In particular, how the energy barriers
depend on the type of molecule and the choice of substrate will aid us choosing the
right molecule–surface combination for the assembly of a certain structure. With
sufficient amount of information about these reactions, we may be able to derive
rules, or a chemical intuition, governing the on-surface reactions [3]. Here, we use
the formation of biphenyl from halogen-substituted benzene molecules as a model
reaction for the on-surface Ullmann coupling. By eventually increasing the com-
plexity of the studied processes, through alteration of the size of, and number of
halogens in, the molecule, the trends of the various reaction parameters can be
studied, with the intention to arrive at the aforementioned rules/chemical intuition.

3.1 The Formation of Biphenyl from Halogenated Benzenes

We consider the formation of biphenyl from halogenated benzene molecules as a
model reaction of on-surface Ullmann coupling. The reaction is divided into three
fundamental processes: (i) dehalogenation of the molecular building blocks;
(ii) diffusion of dehalogenated molecules; and (iii) coupling of two dehalogenated
molecules. The dehalogenation step is described in a separate section, while the
diffusion and coupling are described as an overall recombination step because of the
reasons discussed above.

3.1.1 Dehalogenation of Bromobenzene and Iodobenzene

The dehalogenation of both bromobenzene and iodobenzene is characterized by an
intact physisorbed molecule in the initial state, and a chemisorbed halogen atom
and phenyl radical in the final state [5]. The initial and final states are separated by a
transition state where the halogenated carbon has initiated a chemical bond with the
metal surface and the carbon–halogen bond has begun to break. The initial, tran-
sition, and final states are demonstrated for bromobenzene on Ag(111) in Fig. 1,
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and the picture is universal for both bromobenzene and iodobenzene on all the three
surfaces Cu(111), Ag(111), and Au(111). Figure 1 also depicts a typical energy
profile for a dehalogenation reaction, indicating the reaction energy and energy
barrier, as defined by Eqs. (2) and (3), respectively.

Using these definitions of the energy barrier and reaction energy, we can
compare these for the different surfaces. Figure 2a shows the energy barrier for
bromobenzene and iodobenzene on the three surfaces. Given that both reactions are

IS TS FS 

Fig. 1 a The dissociation of bromobenzene on Ag(111) showing top and side views of the initial
state (IS), transition state (TS), and final state (FS), exemplifying a typical dehalogenation reaction
on a (111)-surface of a noble metal. b Representative energy profile of a dehalogenation reaction,
indicating the reaction energy (Ereact) and the energy barrier (Ebarrier) as refined by Eqs. (2) and (3),
respectively
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Fig. 2 a Energy barriers (Ebarrier) and b reaction energies for the dehalogenation of bromobenzene
and iodobenzene on the (111)-facets of the coinage metals, as indicated. c Relationship between
the energy barrier and the reaction energy; the two molecules follow separate Brønsted–Evans–
Polanyi relationships. The figure was produced with data from Ref. [5]
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highly endothermic in gas phase, with reaction energies of 3.85 and 3.33 eV for
bromobenzene and iodobenzene, respectively, it is evident that all the three surfaces
have a prominent catalytic effect for abstracting the halogens. For bromobenzene,
the barrier ranges from 1.02 eV on Au(111) to 0.66 eV on Cu(111). The exact same
trend is found for iodobenzene, with the barriers shifted by roughly 0.3 eV, now
ranging from 0.71 eV on Au(111) and 0.40 eV on Cu(111). Interestingly, the
reaction energies follow a quite different trend, with a significant larger difference
between the two molecules on Au(111) than on Cu(111), as shown in Fig. 2b.

With the small database of reaction characteristics for bromobenzene and
iodobenzene, we can investigate the relationship between the reaction energy and
the energy barrier. Such a relation would be valuable since reaction energies are
much more easily calculated than energy barriers, in the sense of requirements on
the computational resources, since we would only need to carry out Step 1 of the
recipe in Sect. 2.2. In other words, we would save plenty of time if the energy
barrier for a dehalogenation reaction for a given molecule could be estimated
directly from the reaction energy. As it turns out, for each of the molecules there
exist a Brønsted–Evans–Polanyi relationship; a linear relationship between the
energy barrier and the reaction energy

Ebarrier ¼ aEreact þ b; ð9Þ

which is illustrated in Fig. 2, where also the values of the parameters a and b are
indicated for the two molecules. Importantly, we have to consider the molecules
one-by-one to find such a relationship. Thus, there is not a single rule determining
the barrier from the reaction energy for dehalogenation reactions, which is not
surprising considering that the molecules have different reaction energies in the gas
phase. It should be further noted that it is not clear whether the relationship for
bromobenzene holds for other brominated molecules (and similar for iodobenzene).
One of the objectives of future research will thus be to investigate barriers and
reaction energies for other halogenated molecular building blocks, to derive a more
general rule for how the barrier height relates to the reaction energy.

To better understand the splitting-off of halogens from molecular precursors,
the common step in all on-surface Ullmann coupling schemes, we are
encouraged to investigate different types of halogen-substituted molecules.
We will build a database of reaction characteristics that can later be used to
derive general rules for on-surface dehalogenation reactions.

It is important to point out that dehalogenation on atomically flat surfaces is not
necessarily the most realistic model for describing this reaction. In reality, a surface
has defects, such as step edges and thermally generated adatoms that diffuse over
the terraces of the surface. The latter case may be of particular importance, as it has
been shown that on both Cu(110) [11], Cu(111) [19], and Ag(111) [14], following
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the dehalogenation but prior to the covalent bond formation, metal-organic net-
works can be formed with the dehalogenated molecules coordinated to thermally
generated adatoms. At this point, we do not know the exact role of these adatoms;
whether they participate in the dehalogenation process or form the bond with the
dehalogenated molecules at a later stage. This is a question theory should be able to
answer during the next few years.

3.1.2 Recombination of Surface-Supported Phenyl Radicals

Following the dehalogenation, the surface-supported radicals will diffuse on the
surface until they meet another molecule with which it can covalently couple.
Notice the use of the term surface-supported radical. A dehalogenated molecule is
formally considered a radical in gas phase. However, due to the strong interaction
with the metal surface, its unpaired spin is quenched. This is actually the reason
why the dehalogenation barrier is significantly reduced on a metal surface. Thus, in
case of on-surface Ullmann coupling a surface-supported radical refers to a
dehalogenated molecule interacting chemically with the underlying surface. As
previously discussed, both the diffusion and the coupling barriers are of uttermost
importance, since they determine whether the overall recombination process is
coupling limited or diffusion limited, see the discussion around Eqs. (6) and (7).

The diffusion on Au(111) is slightly different compared to Ag(111) and Cu(111).
As shown in Fig. 3, it is a single-barrier process, in which the molecule is standing

IS TS FS 

0.00 eV 
0.03 eV 

0.22 eV 

Fig. 3 Diffusion of the phenyl radical on Au(111). The initial, transition, and final states are
depicted in (a), with the two surface atoms that the phenyl diffuses between rendered darker than
other surface atoms. In (b) the energy profile is shown for the diffusion with energies indicated
with respect to the initial state. The small difference in energy between the initial and the final
states is due to difference in adsorption geometry with respect to the subsurface layers. Data from
Ref. [5]
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up-right on the surface in the transition state. On the other hand, the diffusion on Ag
(111) and Cu(111), illustrated for Ag(111) in Fig. 4a, is a two-barrier process.
Similarly to Au(111), the molecule goes through a state where it is standing
up-right on the surface, but for Ag(111) and Cu(111) this is a shallow intermediate
state in an overall two-step process. It should be noted that the phenyl radical points
in opposite direction with respect to the surface in the intermediate and final states
for all surfaces such that it is in a way flipping across the surface [5], a conclusion
that was previously made for the Cu(111) surface [30].

Considering the diffusion barrier, it is significantly larger for Au(111) compared
to Ag(111) and Cu(111). For Ag(111) and Cu(111), there also exist an alternative
reaction path, in which the molecule has the same orientation in the initial and final
states without going through the up-right intermediate state [5]. This may better
resemble the behavior for a larger molecule, which will not be able to flip between
one site and another via an up-right intermediate. In this case, the diffusion barriers
on Ag(111) and Cu(111) are increased to 0.29 and 0.44 eV, respectively. This
correlates well with the diffusion of the surface-stabilized cyclohexa-m-phenylene
radical, which has a significantly larger barrier on Cu(111) than Ag(111) [2], while
no barrier has been calculated on Au(111).

When two surface-stabilized phenyl radicals are close enough together they may
couple to form biphenyl. Figure 5 shows the coupling path of two phenyl radicals
given an initial state where the two molecules are chemically bonded to the same
surface atom; in other words, they are as close to each other they could possibly be
without coupling. The energy profiles in Fig. 5b are given with respect of having

IS TS1 FS 
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60 meV 64 meV 63 meV 

Fig. 4 Diffusion of the phenyl radical on Ag(111) and Cu(111). On both surfaces the initial and
final states are separated by an intermediate state and two transition states, depicted for Ag(111) in
(a). In (b) the energy profiles for the two surfaces are shown with energies indicated with respect to
the initial state. Data from Ref. [5]
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the molecules well separated from each other, thus the energy of the initial state
gives the net energy cost of bringing the molecules to this position. Notably, on Au
(111) there is no barrier separating the initial from the final state. However, the
reaction is not spontaneous since one needs to pay a net energy to bring the
molecules into the position of the initial state. Also worth noting is that the coupling
barrier is largest on Ag(111). The coupling reaction is exothermic with an energy
gain larger than 2 eV on all surfaces, resulting from that the carbon–carbon bond is
much stronger than a carbon–metal bond. This basically expresses the irreversibility
of the coupling reaction.

We previously discussed diffusion-limited versus coupling-limited processes. In
case of the biphenyl formation, Ag(111) is the most prominent surface from such an
analysis. On this surface, the phenyl diffusion has a barrier of 0.06 eV, while the
barrier of the phenyl–phenyl coupling is considerably larger (0.46 eV); in other
words, a coupling-limited reaction is expected. In fact, the same conclusions were
drawn for the surface-stabilized cyclohexa-m-phenylene radical, for which also a
coupling-limited process was found on Ag(111) and was also verified from
experiments [2].

Similar to the dehalogenation reaction, it will be of great interest to understand
how the diffusion and coupling barriers depend on the molecular size and the
number of halogen sites. Furthermore, of particular concern will be how adatoms, in

IS TS FS 

0.05 eV 

0.16 eV 
0.25 eV 

-2.56 eV 

-2.41 eV 

-2.01 eV 

0.46 eV 

0.25 eV 
0.19 eV 

Fig. 5 Coupling of two phenyl radicals into biphenyl, illustrated on Ag(111) in (a). The initial
state, in which the two phenyls share the same surface atom, and the final state with the molecules
covalently coupled are separated by a single transition state. In (b) the energy profiles are
compared for the reaction on Cu(111), Ag(111) and Au(111). The energies are given with respect
to a state where the two molecules are well separated from each other. Notably, on Au(111) there
is no barrier separating the initial from the final state. Data from Ref. [5]
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particular on Cu and Ag surfaces, affect these processes. Again, the suggested
approach would be to step-wise increase the complexity of the problem and
investigate the trends that may emerge. Scrutinizing the trends of diffusion and
coupling may be even more crucial than those for dehalogenation considering the
importance whether a process is diffusion or coupling limited.

4 Homo-Coupling of Terminal Alkynes

Another type of on-surface reaction that has become quite popular the last few years
is the homo-coupling of terminal alkynes. It was first reported as late as 2012 [33]
on Ag(111) with the two molecular building blocks 1,3,5-triethynyl-benzene
(TEB) and 1,3,5-tris-(4-ethynylphenyl)benzene (Ext-TEB), depicted in Fig. 6a.
Since then, it has been demonstrated also with other molecules on different surfaces
[9, 10, 13, 16]. The basic principle of the reaction is illustrated in Fig. 6b: Two
terminal alkynes couple on a surface together with the release of two hydrogen
atoms. An advantage of this coupling scheme compared to the on-surface Ullmann
coupling is that the only by-product is in the form of hydrogen instead of halogens.

Regarding the overall reaction process, it has been evidenced that the covalent
coupling occurs together with the release of hydrogen [6, 33]. However, as will be
discussed in this section, there are fundamental aspects of the reaction mechanism
that are not completely clear, and which will require additional attention in the
future.

(a)

(b)

Fig. 6 a The molecular building blocks 1,3,5-triethynyl-benzene (TEB) and 1,3,5-tris-
(4-ethynylphenyl)benzene (Ext-TEB) that was initially used to demonstrate the homo-coupling
of terminal alkynes on Ag(111) [33]. b The basic principles of this reaction scheme: terminal
alkyne groups of two molecules couple and release hydrogen
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4.1 Initial Coupling of Two Molecules

Two independent studies for the reaction mechanisms of the homo-coupling have
been carried out [6, 15]. Both studies made the conclusion that instead of removing
the hydrogen atoms from the molecular building blocks, the reaction is initiated by
the covalent coupling between two molecules. This is illustrated in Fig. 7 for the
TEB molecule on Ag(111). Notably, the initial coupling barrier of 0.90 eV is just
half the barrier for splitting-off a hydrogen atom directly from a single TEB
molecule [6]. Similar values were found for a model component on both the Ag
(111) and the Au(111) surfaces [15], and has to be considered as the commonly
accepted initial step of the reaction mechanism.

Following the coupling of two TEB molecules on Ag(111), the TEB dimer can
exist in two isomeric forms: a trans-isomer (IntS1trans) in which one carbon is
chemically bond to the surface, and a cis-isomer (IntS1cis) with two carbon atoms
chemically bonded to the surface. Considering that the cis-isomer is the consider-
ably more stable of the two, it appears likely that following the initial coupling, the
majority of dimers will at some point reside in this form prior to further reactions.
The stability of cis-compared to the trans-isomer is due to that the dimer has two
carbon atoms chemically bonded in the former while only one in the latter.

IS TScouple IntS1cis TSiso IntS1trans 

0.00 eV 

0.90 eV 

-1.32 eV 

-0.25 eV 
-0.57 eV 

0.32 eV 

Fig. 7 The homo-coupling of terminal alkynes is initiated by the covalent bond formation
between two molecules, with the hydrogen remaining on the molecules, here illustrated for TEB
molecules on Ag(111). The coupled intermediate state can exist in a trans- and cis-isomer, where
the latter is the more stable one. The two hydrogen atoms taking part in the coupling are shown in
red for clarity. Reprinted (adapted) with permission from Ref. [6]. Copyright (2014) American
Chemical Society
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4.2 Removing Hydrogen from a Covalent Intermediate State

Starting from the cis-isomer of the coupled TEB dimer, one needs to climb two
rather large energy barriers, of 1.27 and 1.53 eV, respectively, to split-off the two
hydrogen atoms in order to reach the final state of the reaction, shown in Fig. 8.
Having in mind that the reaction takes place at temperatures as low as 330 K [33] in
particular the second barrier is considerably larger than expected. It is clear that the
hydrogen atoms are abstracted following the covalent coupling step; however, it is
not completely trivial how. It should be noted that several alternative pathways for
removing the hydrogens have been investigated, but without success [6].

One possibility may be that the system has no time to thermally equilibrate
following the highly exothermic coupling step. In other words, the energy gained in
the coupling is invested into the dehydrogenation steps, reminiscent with the hot
adsorbates that can be formed following dissociative adsorption [29]. This would
also explain why none of the intermediate states have been observed experimen-
tally. However, to challenge this hypothesis one would need to go beyond basic
transition state theory. Importantly, as hydrogen is known to desorb associatively
from Ag(111) well below room temperature, the split-off hydrogens will leave the
surface and are therefore kinetically hindered to recombine with the molecules.

IntS1cis TSdeH1 IntS2 TSdeH2 FS

-1.32 eV 

0.90 eV 

-0.63 eV 

0.40 eV 

-0.05 eV 

Fig. 8 Following the initial coupling of two TEB molecules, shown in Fig. 7, the dimer undergoes
two dehydrogenation steps in order to finalize the overall homo-coupling. The two hydrogen atoms
being dehydrogenated are shown in red for clarity. Reprinted (adapted) with permission from Ref.
[6]. Copyright (2014) American Chemical Society
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4.3 Additional Aspects of the Surface Chemistry of Terminal
Alkynes

It is important to note that the homo-coupling discussed here is not the only
possible reaction between terminal alkynes on metals. For example, by using linear
molecular building blocks, a variety of products have been obtained on both Au
(111) [16] and Ag(111) [10]. In the latter case, the chemoselectivity toward the
homo-coupling was retained when using the Ag(887) vicinal surface [10]. The role
of the vicinal surface is to line-up the molecules along the step edges, effectively
quenching other reaction possibilities.

The importance of the underlying surface for controlling the reaction was also
demonstrated by Liu and coworkers [26]. Putting the Ext-TEB molecule on Au
(111), which on Ag(111) yield the homo-coupling [33], activates a cyclotrimer-
ization reaction, resulting in the formation of a porous graphene structure [26].
Comparisons of the pathways of the cyclotrimerization and homo-coupling are
anticipated to provide valuable clues for how to control the chemoselectivity of the
multifaceted surface chemistry of terminal alkynes.

5 Outlook

This chapter has given a quite rough overview of how density functional theory can
be used to investigate chemical reactions on surface and illustrated a couple of
examples where it has been employed for processes relevant for the formation of
covalent nanostructures. We have highlighted some of the limitations by consid-
ering the formation of biphenyl from halogenated benzenes as model reactions for
on-surface Ullmann coupling and it is quite clear that further studies are needed for
a more comprehensive theory. For example, we will need to take into account how
the dimension of the molecular building blocks, number of halogens per molecule,
and positions of halogens within the molecules affect the different reaction steps.
This needs to be done systematically, by step-wise increasing the complexity of the
studied reaction. When we have reached a critical complexity of the studied sys-
tems, patterns will hopefully emerge and we should be able to predict the reaction
behavior of far more complex systems, without the requirement to explicitly cal-
culate them.

Whereas the on-surface Ullmann coupling has quite well-defined fundamental
reaction steps, where the main challenge remains how to tune the barriers of the
various processes, the homo-coupling of terminal alkynes presents a challenge at a
more fundamental level. First of all, we do not have the full understanding of how
the hydrogen atoms are released in the overall reaction process. Secondly, and
maybe more importantly, due to versatile on-surface alkyne chemistry we will need
to investigate, and compare, pathways of alternative reactions. This includes not
only the cyclotrimerization reaction that has been observed on Au(111) [26], but
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also understanding the various reaction products that are formed, particularly for
linear molecular building blocks.

This chapter has covered only two of the many possible reaction schemes that
can be employed in on-surface synthesis, several of which very limited information
about the reaction mechanism exist. During the next decade theoretical surface
scientists have a quite daunting, but exciting, task in front of them, to develop
accurate and, for experimentalists, useful theories that can be used to bring the field
of on-surface synthesis forward, toward a more predictive theory.
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