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Preface

Due to the rise of new technologies building on ever smaller structures, there is an
increasing need of control in the construction of architectures with atomic precision.
Molecular materials are very promising candidates, for which the ultimate goal is
first being able to design them with pre-defined properties according to our needs,
and then, synthesizing them with atomic precision to allow their use in the ultimate
device implementation. In this context, on-surface synthesis is appearing as a
revolutionary production method at the nanoscale.

Zero-, one-, or two-dimensional materials, such as quantum dots, nanoribbons,
or covalent organic frameworks, respectively, are nowadays routinely synthesized
in solution or with different top-down methods. However, the fabrication of
molecular electronic or spintronic devices requires their controllable arrangement,
as well as well-defined connections between the molecular part and the contacts or
substrates. Profiting from the clean environment, ultra-high vacuum and surface
science in general stand as ideal platforms for the atomically precise creation and
characterization of such functional structures. Thus, the use of molecular building
blocks that link covalently into functional materials, driven by self-assembly, is an
extremely powerful bottom-up strategy toward the controllable construction of
nanoarchitectures.

This very attractive and relatively new concept is drawing the interest of an
increasing number of researchers from different fields. Organic chemistry, con-
densed matter physics, or electronic engineering are only some examples of the
disciplines that interact within this emerging field. Important efforts are being
devoted to augment the still scarcely equipped on-surface synthesis toolbox, to
improve the understanding of the chemical reaction mechanisms on the surfaces,
which may in turn feed back into the design and synthesis of new optimized
precursors, as well as to the characterization of molecular architectures of potential
functionality in diverse applications. In this context, this book comprises contri-
butions from expert researchers that have participated in the second edition of the

v



“On-Surface Synthesis” international workshop celebrated in San Sebastian, Spain,
in June 2016, providing a state-of-the-art description of the current activities and
research directions being followed in this blooming field.

San Sebastián, Spain Dimas G. de Oteyza
Celia Rogero
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Mechanistic Insights
into Surface-Supported Chemical
Reactions

Alexander Riss

Abstract Its excellent spatial resolution makes scanning probe microscopy a
capable method to investigate chemical reactions at the single-molecule level and
obtain fascinating and unprecedented insights into the mechanisms of chemical
transformations. Particularly exciting are recent advances in atomic force micro-
scopy that allow bond-resolved imaging and thus make the chemical identification
of organic molecular reaction intermediates and products possible. In this chapter
we will give an overview about recent fundamental research on reaction mecha-
nisms and kinetics of surface-supported reactions by scanning probe microscopy.
Particular emphasis will be placed on the stabilization and statistical analysis of
intermediates, which provides fundamental understanding of the microscopic
driving forces of complex chemical transformations of organic molecules.

1 Introduction

One of the greatest challenges in fundamental as well as technological research in
chemistry is the determination of mechanistic aspects of reactions of organic
molecules. Design of novel synthesis protocols and thus controlled fabrication of
new materials critically rely on the understanding of reaction mechanisms.
Information about the reaction mechanisms can be obtained from measurements of
the time-dependence of the concentration of reactants and products of a chemical
reaction. But such analysis of chemical kinetics cannot uniquely determine the
precise sequence of transformation steps, because certain details of the mechanisms,
such as the occurrence of intermediate steps, might be overlooked [1, 2].

Therefore—particularly for complex organic reactions—it is crucial to identify
reaction intermediates and their respective structures. In chemistry, structure
identification is commonly based on spectroscopic techniques, such as nuclear
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magnetic resonance, infrared spectroscopy, and mass spectrometry. These tech-
niques provide a plethora of information about the chemical (and electronic)
structure and in most cases yield unique fingerprints for different species. However,
chemical reactions of organic molecules commonly yield reaction mixtures con-
taining different chemical species, which hampers the use of such
ensemble-averaging techniques. The respective reaction intermediates are difficult
to separate from the reaction mixture and often are not available in sufficiently high
concentrations. Also, for unknown intermediate species (which in many cases are
highly reactive), reference spectra are not available and thus structure determination
can be difficult.

Recently, progress has been made in the visualization of intermolecular reactions
by aberration corrected transmission electron microscopy in real space [3, 5–9].
Reactions can be induced via the electron beam and followed in situ. The rather high
energy of the electron beam imposes requirements on the stability of the chemical
species to be investigated, as well as on the support. In a recent study, hetero-atoms
(such as Cl and S) have been introduced for enhanced contrast for single-molecule
imaging and higher stability under the electron beam [3] (Fig. 1a, b).

Scanning probe techniques, scanning tunneling microcopy (STM) and atomic
force microscopy (AFM), provide superior spatial resolution for single-molecule
investigations of chemical transformations [10–16] (Fig. 1c–e). Recent advances in
AFM with functionalized tips allow to image the chemical structure of organic
molecules [17–20] making this technique particularly suitable for investigations of
on-surface chemistry. One of the main drawbacks of this technique, however, is the
relatively long acquisition time that is needed to record images with
chemical-structure resolution. In principle it is possible to control the reaction rate
of a chemical transformation by variation of the reaction temperature, which opens
up the possibility to investigate reactions in situ. In practice, however, it is sub-
stantially more difficult to overcome experimental difficulties associated with tip
functionalization and sample drift when scanning at non-cryogenic temperatures.
Another possibility to follow reactions in situ and even observe intermediates is to
trigger reactions with light [21–25], by a change of the chemical potential of the
surface by gating [26, 27], or via the scanning probe tip [11, 28–33] (different
mechanisms have been reported, such as the creation of electronically and/or
vibrationally excited states in the molecules, as well as force-induced chemical
changes [28, 33]). However, so far this has only been demonstrated for relatively
simple chemical transformations. Thus, a major research focus is put on thermally
induced chemical transformations that allow exploration of a wide variety of
chemical synthesis routes.

To investigate reaction mechanisms of thermally induced chemical transforma-
tions, it is necessary to stabilize potential reaction intermediates. As will be dis-
cussed below, whether and which intermediates are stabilized depends on a variety
of parameters: the potential-energy landscape, energy flow at the microscopic scale,
as well as entropic effects. One of the main parameters that can be controlled is the
reaction temperature, the adjustment of which can be used to slow down reaction
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rates and in certain cases lead to “freezing” of the reaction at different steps (see for
example [34–45]). Furthermore, it is possible to chemically quench a reaction at a
certain step, for instance by use of additional reactants that are dosed to passivate
(reversibly or irreversibly) specific reactive centers of intermediates along the
reaction pathway.

In the following, a few examples will be shown demonstrating what level of
understanding can be achieved based on scanning probe investigation of
surface-supported reactions. In most of these examples, the experimental studies are
corroborated by theoretical calculations [46]. Based on data gained through

Fig. 1 Real-space imaging of chemical reactions at the single-molecule level by TEM, STM, and
AFM. a Aberration-corrected high-resolution transmission electron microscopy (AC-HRTEM)
images showing the transition of perchlorocoronene from a face-on orientation to an edge-on
orientation on graphene. This reaction is triggered by the 80 keV electron beam and has been
recorded in situ [3]. b Reaction scheme derived from the experimental data and additional DFT
calculations shows cleavage of C–Cl bonds by the electron beam and subsequent Diels-Alder
cycloaddition of the formed aryne to the graphene substrate [3]. c STM and d AFM images along
with e the derived chemical structure models show the thermally induced cyclization of 1,2-bis
(2-ethynylphenyl)ethyne on Au(111) towards an (E)-1,1′-bi(indenylidene) diradical, which then
reacts towards poly-(E)-1,1′-bi-(indenylidene) chains via radical step growth [4]. a, b were
included with permission from Ref. [3]. Copyright 2017 American Chemical Society; original
figure is available under the terms of the ACS AuthorChoice license

Mechanistic Insights into Surface-Supported Chemical Reactions 3



experiments, calculations can unveil chemical and physical details of molecular
behavior at length and time scales that are not accessible experimentally. In the
context of the investigation of reaction mechanisms and intermediate species it is
particularly important to provide compelling evidence that the theoretical simula-
tions are indeed resulting in (or based on) a relevant reaction path, i.e. a reaction
path that is observed in experiment. Such crucial connections between theory and
experiment can be established indirectly (for instance by comparing simulated and
experimentally observed reaction kinetics) and/or, preferably, directly by identi-
fying reaction intermediates.

2 Imaging and Counting Intermediates

In a recent study the reaction pathway of Ullmann-type coupling between bro-
motriphenylene molecules on a Cu(111) surface was elucidated using AFM mea-
surements supported by theoretical calculations [37]. The exact reaction mechanism
of the Ullmann reaction, i.e. coupling of aryl halides, is still under debate [10, 47–
51]. Of particular interest is the occurrence and nature of radicals and
organometallic intermediates (the molecules can form carbon-metal-carbon moi-
eties with surface atoms), which can shed light on the catalytic role of substrate.

Intermediates of the transformation and coupling of bromotriphenylene mole-
cules can be observed when subjecting the sample to a series of annealing steps to
temperatures between 100 and 660 K (Fig. 2). After each annealing step, the
sample was cooled down to cryogenic temperatures for AFM experiments
(high-resolution AFM measurements are commonly performed at 4–6 K with CO
modified tips [17, 18, 37, 52]). When the sample temperature is kept below 100 K,
the precursor molecule bromotriphenylene can be detected (labeled “Br–TP” in
Fig. 2). Increase of the sample temperature triggers cleavage of the bromine atom to
form triphenylene molecules (labeled “TP” in Fig. 2) that—as the asymmetric
distortions and local reduction of the brightness in the AFM images suggest—
exhibit radical character. In the next step, at temperatures closer to room temper-
ature, where TP molecules can more freely diffuse across the surface, intermolec-
ular coupling leads to organometallic intermediates (labeled “TP–Cu–TP” in
Fig. 2). These exist in two configurations: cis and trans. In both cases, the exper-
imental data in conjunction with theoretical calculations shows that the molecular
units are connected by Cu adatoms (as opposed to surface atoms). Finally, when the
sample is heated above 500 K, bistriphenylene (“TP–TP”) are formed via trans-
formation of the C–Cu–C bond into a covalent C–C bond.

Statistical analysis of the observed chemical species as a function of annealing
temperature is shown in Fig. 2c. The precursor molecule “Br–TP” can only be
observed when the sample temperature is kept below 300 K. The intermediates
“TP” and “TP–Cu–TP” start to form at sample temperatures of 100 and 200 K,
respectively. The reaction product “TP–TP” starts to form at 500 K. At 600 K the
majority of the molecules have been transformed into “TP–TP”.
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A recent scanning tunneling microscopy study investigated the kinetics of the
transformation of 2,3,7,8,12,13,17,18-octaethylporphyrin Fe(III) chloride
(FeOEP-Cl) towards iron-II-tetra-benzo-porphyrin (FeTBP) on a Cu(111) surface
[40, 53]. The reaction proceeds via a dechlorination step and dehydrogenation of
the molecule’s eight terminal ethyl groups. Dehydrogenation of an ethyl group
leads to the formation of a vinyl group. When neighboring ethyl group are dehy-
drogenated, benzene rings are formed. Even though only these few types of reaction
steps occur, 22 intermediate states are found depending on the sequence of these
steps (Fig. 3). These transformations give rise to characteristic changes of molec-
ular features, based on which the different species can be identified by STM
measurements (with support of theoretical simulations).

Fig. 2 Ullmann-type coupling reaction of Br–TP via TP and TP–Cu–TP towards TP–
TP. a Chemical structure models and b corresponding AFM images show the stepwise
transformation that includes an intermediate with radical character (“TP”) and an organometallic
intermediate (“TP–Cu–TP”). The trans configurations of TP–TP and TP–Cu–TP are shown, cis
configurations were observed as well. c The relative counts of the respective chemical species were
determined as a function of annealing temperature. Adapted with permission from Ref. [37].
Copyright 2017 American Chemical Society

Mechanistic Insights into Surface-Supported Chemical Reactions 5



Using STM, the authors were able to identify and count more than 10,000
molecular species that were present after one annealing step. This gives a snapshot
of the reaction kinetics, which is fitted to a model that is based on a few reasonable
assumptions about the reaction sequence and its energetics (these assumptions are
needed to reduce the number of free fitting parameters). Based on this fit, differ-
ences in activation energies of the respective types of reaction steps (vinyl group
formation of chlorinated molecules, benzene ring formation of chlorinated mole-
cules, dechlorination, vinyl group formation of dechlorinated molecules, benzene
ring formation of dechlorinated molecules) can be estimated.

The prowess of single molecule bond-resolved AFM measurements is shown in
recent studies on enediyne cyclization reactions [4, 29, 35, 36, 54]. These reactions
are more complex than the reactions presented above, as multiple chemical bonds
are affected in such transformations. Furthermore, different reaction pathways can
occur leading to a complex reaction mixture that needs to be analyzed molecule by
molecule [4, 36, 54, 55].

On a Ag(100) surface, 1,2-bis(2-ethynyl phenyl)ethyne (1) can undergo inter-
molecular coupling and different types of intramolecular cyclization reactions upon
thermal annealing. These transformations yield a plethora of different chemical
species that were analyzed using bond-resolved AFM using CO-functionalized tips
[36]. The major focus of this study was put on the dimeric species, which are
formed through monomer coupling by formation of covalent bonds between the
terminal alkyne groups of two precursor molecules (1). Different chemical coupling

Fig. 3 Transformation of FeOEP-Cl towards FeTBP. a STM images after heating FeOEP-Cl on
Cu(111) to 430 K for 60 min. (T = 80 K, VS = 0.2 V, I = 50 pA). b STM image of FeOEP-Cl,
c corresponding simulated STM image based on the DFT calculations. d STM image of FeTBP,
e corresponding simulated STM image. Structural models of f FeOEP-Cl and g FeTBP. The graph
shows the relative population of the reactant, intermediate species and the product after the heating
step. Adapted from Ref. [40] with permission of The Royal Society of Chemistry
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of the precursors (1) and different types of cyclization reactions can occur giving
rise to a complex reaction mixture consisting of a wide variety of chemically dis-
tinct dimers. However, the dimers can be grouped based on their cyclization grade:
uncyclized dimers (dimers that consist of two uncyclized subunits), half-cyclized
dimers (dimers that consist of one cyclized subunit and one uncyclized monomer
subunit) and fully cyclized dimers (dimers that consist of two cyclized monomer
subunits). With each annealing step the relative ratio of these different forms of
dimers gradually shifts towards increasing cyclization grades.

Figure 4 shows molecular species representing one of many competitive reaction
pathways, identified by high-resolution AFM. An intermolecular C–C bond is
formed between two precursor molecules (1) leading to the eneyne intermediate 2b.
Via C1–C6 and C1–C5 cyclizations and hydrogen transfers within 2b, the benzo[a]
fluoren intermediate 3c is formed. Another cyclization and hydrogen transfer

Fig. 4 Thermally induced intermolecular coupling and intramolecular cyclization of enediyne
molecules. a–d AFM images show the reaction pathway from the precursor molecules 1 via the
intermediate species 2b and 3c towards the product 4c. e The relative abundance of the
experimentally observed species after each annealing step was determined by single-molecule
counting. f Sample temperature measured for each annealing cycle. Adapted by permission from
Macmillan Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016

Mechanistic Insights into Surface-Supported Chemical Reactions 7



sequence leads to formation of the cumulene 4c, the final product of this reaction
sequence.

The relative abundance of the species associated with this reaction pathway was
determined by identification of individual species in the complex reaction mixture
via AFM and single-molecule counting. As can be seen in Fig. 4e, sequential
annealing of the sample initially causes an increase of the relative abundance of the
intermediate species (2b and 3c) and eventually leads to the prevalence of the
reaction product 4c (Fig. 4e, f).

Theoretical calculations reveal the reaction barriers associated with every
transformation step in the reaction pathway from 1 to 4c (Fig. 5). Surprisingly, the
experimentally observed intermediates 2b and 3c exhibit the lowest transformation
enthalpy barriers: DH‡ = 0.7 eV for 2b and DH‡ = 0.5 eV for 3c. This can at first
seem like a contradiction to the experiment. However, the next section will give an
in-depth look at why intermediates are stabilized and which other factors need to be
considered to assess reaction kinetics of surface-supported reactions.

Fig. 5 Calculated energy landscape of the transformation from 1 to 4c. Strikingly, the two
experimentally observed intermediates exhibit comparably low activation enthalpy barriers
(DH‡ = 0.7 eV for 2b and DH‡ = 0.5 eV for 3c). Reprinted by permission from Macmillan
Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016
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3 Why Are Intermediates Stabilized?

The concentration cI of a particular reaction intermediate I is increased by reaction
steps leading towards intermediate I, and at the same time decreased by any pos-
sible reaction steps, in which the intermediate I is transformed into other inter-
mediates or a reaction product. For simplicity we will restrict our considerations to
reactions consisting of a sequence of unimolecular transformations of first order
without side-reactions (the main insights obtained for this simple case are also
relevant for more complex reaction types). In this case the change of the concen-
tration of the reaction intermediate I with time (t) can be written as:

dcI
dt

¼ kI�1 � cI�1 � kI � cI ð1Þ

where cI and cI�1 are the concentrations of the intermediate I, as well as the
preceding intermediate I � 1, while kI and kI�1 are the respective rate constants [2].
The temperature-dependence of the rate constants can be expressed by the
Arrhenius equation [56–59]:

k ¼ A � exp �DEA

kBT

� �
ð2Þ

Here, A is the so-called preexponantial factor, DEA is the activation energy for
the respective transformation step, kB is the Boltzmann constant and T is the
temperature. Using the Eqs. (1) and (2), one can establish a system of coupled
differential equations that—even for the simple case of a sequence of unimolecular
transformations of first order without side-reactions—can give rise to complex
reaction kinetics, where stabilization of potential intermediates is strongly influ-
enced by the applied reaction temperature.

However, this apparently simple description of reaction kinetics hides certain
intricacies. In particular, the local temperature T can deviate from the “macro-
scopic” sample temperature due to energy release associated with chemical trans-
formations in previous reactions steps. Particularly for surface-supported reactions,
this can lead to complex dynamics demanding further refinements of the kinetic
modelling. Energy dissipation to the surface can occur at the same timescale as
subsequent chemical transformations. The efficiency of the energy exchange
between substrate and adsorbed molecular species can strongly vary dependent on
the chemical structure and adsorption configuration of the respective intermediates
[36].

Furthermore, entropy changes along the reaction pathway need to be taken into
consideration. These can stem from vibrational entropy changes of the respective
species, as well as from changes in rotational and or/translational entropy of the
adsorbates. Similarly, desorption of atomic or molecular species can be associated
with a substantial entropy change. Transition state theory provides a way to include

Mechanistic Insights into Surface-Supported Chemical Reactions 9



the effect of entropy changes on the reaction kinetics [59–62]. According to the
Eyring equation, the rate constant k can be expressed as [61]:

k ¼ kBT=h � exp DSz
kB

 !
� exp �DHz

kBT

 !
ð3Þ

where h is Planck’s constant, DSz is the activation entropy and DHz is the acti-
vation enthalpy for the respective reaction step.

4 Bringing It All Together

The influence of microscopic energy dissipation and entropy changes along the
reaction pathway was investigated in detail for the case of the enediyne coupling
and cyclization cascade from 1 to 4c [36]. According to the reaction pathway shown
in Fig. 5, a system of temperature-dependent kinetic rate equations can be estab-
lished [see Eqs. (1) and (3)]. The temperature-dependent concentrations of the
reactants, intermediates and product species are obtained by numerically solving
this system of differential equations (Fig. 6). Different models can be considered:

• In an adiabatic approximation (Fig. 6a) it is assumed that the chemical energy
released in previous reaction steps is not dissipated to the substrate, but instead
remains within the molecule. That means that extra energy is available to trigger
the subsequent reactions steps. The simulations for this case show that no
intermediates are stabilized (contradicting experimental observations). This can
directly be rationalized based on the energy landscape shown in Fig. 5: once the
first transition state is reached, sufficient energy is available within the molecule
to overcome all subsequent transformation barriers. The reaction kinetics are
determined by the first reaction barrier.

• Instant thermalization (Fig. 6b): This approximation, which is often used in
heterogeneous catalysis [63–66], assumes that the chemical energy released in
previous reaction steps is dissipated to the surface before the next reaction step
takes place. In this case the intermediates with the highest reaction barriers are
stabilized, i.e. 2a and 3a—again contradictory to experimental observations.

• Selective dissipation (Fig. 6c): In this approximation the dissipation of the
released chemical energy is determined for each reaction step by theoretical
simulations. Energy dissipation is strongly dependent on the phonon coupling
between vibrational modes of the respective adsorbate and the substrate. Thus
the energy dissipation can strongly vary for different intermediates. However,
this model predicts stabilization of the intermediate 3b and thus also contradicts
the experimental observations.

• Selective dissipation and entropy (Fig. 6d): In addition to selective dissipation,
entropy changes along the reaction pathway are taken into account [see Eq. (3)].

10 A. Riss



Fig. 6 Simulation of reaction kinetics for the reaction pathway from 1 to 4c. a In the adiabatic
model only the reactant 1 and the product 4c are stabilized. b Instant thermalization stabilizes
intermediates with the highest transformation barriers (2a and 3a). c Taking into account selective
dissipation lowers the formation temperature of 4c and leads to the stabilization of intermediate 3b.
d A model taking into account selective dissipation and entropy predicts stabilization of the
intermediates 2b and 3c in agreement with experimental observations. Solid (dashed) lines
represent the relative concentrations of species that are (are not) experimentally observed. Adapted
by permission from Macmillan Publishers Ltd: Nat. Chem. 8, 678 (2016), copyright 2016

Mechanistic Insights into Surface-Supported Chemical Reactions 11



In this case entropy differences are to a large extent determined by the roto-
translational mobility of the adsorbates (vibrational contributions play a smaller
role). This model correctly predicts the stabilization of the intermediates 2b and
3c—in agreement with experimental observations (Fig. 4e).

Remarkably, the match between experiment and theory was achieved without
the need of any free fitting parameters in the kinetic simulations. The simulations
are based only on the theoretical calculations of the energy landscape, energy
dissipation, and entropy. Thus, the imaging and identification of the chemical
structure of intermediate species together with the agreement between simulated
and experimentally observed reactions kinetics provides conclusive evidence for the
reaction pathway presented in Fig. 5. Importantly, the reaction kinetics are deter-
mined not only by the potential-energy landscape, but energy dissipation to the
substrate and entropy changes also need to be taken into account.

5 Outlook

The use of scanning probe microscopy to visualize bond formation and bond
rearrangements in individual molecules along a reaction pathway from reactants via
intermediates to the reaction products provides a tantalizing opportunity to explore
mechanisms and driving forces of complex chemical reactions at the nanoscale.

It is even possible to extract three-dimensional information by atomic force
microscopy [67–70], as well as information about the chemical nature of atoms
[71–74]. Tip-functionalization [18, 52, 75–77] with organic molecules can be
envisioned, which can serve as sensors that are sensitive to specific functional
groups (such as radicals or other reactive centers) thereby allowing to directly
assess the local chemical reactivity of organic species or certain surface
terminations.

Furthermore, recent studies show how scanning probe setups can be combined
with optical pump-probe techniques facilitating time-resolved measurements down
to the femtosecond regime [78, 79]. Such new developments bring the realm of
real-time observation of molecular movement and chemical transformations at the
single-molecule level within reach.

There are exciting times ahead.
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Kinetic and Thermodynamic
Considerations in On-Surface Synthesis

Jonas Björk

Abstract In this chapter it will be explained how kinetic and thermodynamic
aspects of on-surface reactions may be accounted for by electronic structure theory
together with transition state theory. The focus of the chapter is to discuss what free
energy contributions, particularly in terms of entropy, we need to account for to
properly describe chemical reactions on surfaces. For example, dehydrogenation
reactions are often endothermic and their occurrence on surfaces can be explained
by the entropy gain of associatively desorbing hydrogen, which make them ther-
modynamically favorable. In another example, experimentally observed interme-
diate structures of a bimolecular enediyne coupling were concluded to be stabilized
by differences in surface dissipation of excess energy and translational entropy,
requiring a quite complex free energy description to understand the reaction.
Calculating reaction pathways is becoming a frequent practice within on-surface
synthesis, but are often considered at 0 K to reduce computational efforts. The
recent advances in describing in particular entropic contributions of on-surface
reactions provide important guidelines for how calculations can be refined, and for
what kind of scenarios we may expect the necessity for more sophisticated
descriptions of kinetics and thermodynamics of reactions.

1 Introduction

Kinetics and thermodynamics are well-used concepts to describe chemical reactions
and we often refer to reactions as being either kinetically or thermodynamically
driven. In a thermodynamically governed reaction the system is allowed to reach its
(global) free energy minimum, while for a kinetically driven reaction thermody-
namically less favorable products are formed due to smaller activation energies. The
concept is demonstrated for a simplified reaction in Fig. 1, where the reactant can
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end up in either of two products. The free energies of both product A and B are
smaller than that of the reactant, and product A represents the global free energy
minimum of the system. On the contrary, the activation energy to form product A is
larger than the one yielding product B. A reaction leading to product A is thus
known as a thermodynamically driven process, while a reaction leading to product
B we call a kinetically driven process. Reality is of course more complicated. In
particular, it is difficult to anticipate what is the global free energy minimum of a
system, and we need to define this within some boundaries.

Independent of whether a reaction should be considered being a thermodynam-
ically or kinetically driven process, it is of great interest being able to investigate
kinetic and thermodynamic aspects within on-surface synthesis. To do so we need
methods that can calculate the energy landscapes of reactions. The highest level of
theory that could feasibly achieve this is density functional theory (DFT), which has
been used in several examples for studying reaction mechanisms [1], while also the
computationally less demanding density functional-based tight binding (DFTB) has
been used [2]. One may even anticipate the use of reactive force fields, but which has
not yet found its way into the on-surface synthesis community.

The approach for studying kinetics and thermodynamics of reactions is the same
independent of the underlying theoretical machinery we prefer. We need to cal-
culate the Gibbs free energy of reactant, product and eventual intermediates (local
minima), and the transition state(s) separating these. For a reaction with only one
transition state (i.e. without intermediate states) the reaction energy is defined as
the energy difference between product and reactant, and the activation energy as the
energy difference between transition state and reactant. Knowing these factors, the
rate m going between two states at a temperature T is given by the Eyring equation

m ¼ kBT
h

eDS
z=kBe�DHz=kBT ¼ kBT

h
e�DGz=kBT ð1Þ

where kB is Boltzmann’s constant and h is Planck’s constant. DGz ¼ DHz � TDSz
is Gibb’s free energy of activation, where DHz and DSz are the activation enthalpy

Reactant

Product A

Product BFr
ee
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Thermodynamically driven process Kinetically driven process

Fig. 1 Comparison between a thermodynamically driven process, leading from reactant to
product A, and a kinetically driven process, ending up in product B
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and entropy, respectively. This is the essence of transition state theory (TST), which
assumes that a reaction step leading from one local minimum to another is asso-
ciated with a transition state—a saddle point on the free energy surface—separating
the two states. The preferred pathway, from a kinetic point of view, may be found
by considering the activation energies, where, as a rule of thumb, the path with
lowest activation energy will be preferred. At least for a kinetically driven process,
whereas a thermodynamically driven process prefers the pathway with the most
negative reaction energy.

To calculate activation and reaction energies we need to evaluate the free
energies of local minima and transition states, for which we need the enthalpy H
and entropy S. The enthalpy is given by

H ¼ Helec þHvib þHrot þHtrans; ð2Þ

where Helec is the electronic enthalpy, Hvib is the vibrational enthalpy, Hrot is the
rotational enthalpy and Htrans is the translational enthalpy. The two first terms are
quite straightforward to obtain. Helec is simply the total electronic energy of the
system while Hvib can be obtained from the vibrational frequencies

Hvib ¼ kB
X hmi

2kB
þ hmi

kB

1
ehmi=kBT � 1

� �
; ð3Þ

where mi are the vibrational frequencies of the system. The final two terms
Hrot þHtrans are easily evaluated for molecules in an ideal gas, but are more
complicated for molecules on surfaces, in particular if the molecules are chemically
interacting with the substrate. For example, chemical bond(s) may compromise
some, or all, rotational degrees of freedom, and also, to an even larger extent,
translational degrees of freedom. Within harmonic transition state theory, however,
these terms are ignored and we only consider the contributions from Helec and Hvib

to the enthalpy.
Similarly, the total entropy is given by

S ¼ Selec þ Svib þ Srot þ Strans; ð4Þ

where Selec is the electronic entropy, Svib is the vibrational entropy, Srot is the
rotational entropy and Strans is the translational entropy. The electronic entropy is
typically ignored, as it differs insignificantly between different chemical states of
the same system. As for the enthalpy, the rotational and translational contributions
are non-trivial to evaluate for molecules on surfaces, while the vibrational entropy
can be obtained from the vibrational frequencies

Svib ¼ kB
X hmi

kBT
1

ehmi=kBT � 1
� ln 1� e�hmi=kBT

� �� �
: ð5Þ
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It should be noted that although translational and rotational contributions of the
free energy are often neglected, they might play important roles. In particular, if the
strength of the molecule-surface interactions is strongly affected throughout a
reaction, as in the final example of this chapter. Notably, as including vibrational
contributions is already quite demanding from a computational point of view, the
majority of theoretical studies take only the electronic enthalpy into consideration,
neglecting any effect of temperature.

2 Dehydrogenation Reactions

Dehydrogenation processes—the removal of hydrogen atoms from molecules—are
important in several on-surface synthesis protocols. The cyclodehydrogenation of
linear polymers results in graphene nanoribbons [3, 4], the homo-coupling of ter-
minal alkynes [5–8] gives graphdiyne structures, and a range of other reactions are
associated with removal of hydrogen [9–11].

Dehydrogenation reactions on surfaces are often endothermic. For example, the
dehydrogenation of quaterphenyl molecules on Cu(111) has a reaction (electronic)
enthalpy of around 1.5 eV [9], and the reaction enthalpy has shown to be positive
for a series of model dehydrogenation reactions on the (111) facets of the coinage
metals, with a few exceptions [12]. Recently, an electrocyclic ring closure reaction
was reported of an octaethylporphyrin into a tetrabenzoporphyrin [13] and later a
similar type of reaction was reported for the transformation of a tetraazaporphyrin
into a freestanding phthalocyanine [14]. The reaction mechanism in the latter case,
was studied for the model reaction shown in Fig. 2, with an overall reaction
(electronic) enthalpy of 2.32 eV [15].

Evidently, many dehydrogenation reactions are endothermic. But still, they take
place on surface, and their occurrence is often explained—handwavingly—by the
entropy gain by the associative desorption of H2 into the vacuum. The question is
then still remaining; how large is the entropy of the desorbing H2?

-4H -2H

Fig. 2 An electrocyclic ring closure reaction, consisting of four initial dehydrogenation steps, in
which the two ethyl legs of the molecule are transformed into ethenyl, which is followed by the
actual ring closure and finalized by two dehydrogenation steps. On the Au(111), the overall
reaction is highly endothermic, with a reaction energy of 2.23 eV [15]. Reprinted with permission
from [15]. Copyright 2016 American Chemical Society
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3 Entropy of Desorbed Hydrogen Molecules

To estimate the entropy of H2 in the vacuum, all we need is the entropy of an H2 gas
at the temperature T of our system and the pressure p of the ultrahigh vacuum. This
is a quite straightforward procedure. Especially, if knowing the entropy at a stan-
dard pressure p0, it may be calculated for any pressure p with the equation [12]

SH2 T ; pð Þ ¼ SH2 T ; p0ð Þ � kBln
p
p0

� �
: ð6Þ

This assumes an ideal gas, i.e. that the vibrational and rotational components of the
entropy are not dependent on pressure and we only need to consider changes in
translational entropy, leading directly to this expression. The entropy at a standard
pressure p0 can be found tabulated for a range of temperatures [16].

Svane and Hammer calculated the entropy of a hydrogen gas as a function of
temperature and pressure [12], as shown in Fig. 3. This gives only a rough estimate
for the entropy-gain per split-off hydrogen, as we need to remember that a hydrogen
atom bonded to a molecule has some vibrational entropy, and it does not cover the
full temperature range at which dehydrogenation reactions within on-surface syn-
thesis are relevant. Nevertheless, it shows how greatly the experimental conditions
influence the entropy of the desorbed hydrogen, and to what extent split-off
hydrogen contributes to the free energy.

Fig. 3 Entropic contribution to the free energy of a hydrogen gas � 1
2TSH2 T ; pð Þ as a function of

temperature and pressure, with the pressure dependence given in Eq. (6). Typical experimental
conditions are indicated by the rectangle, although higher temperatures are commonly used in
on-surface synthesis. The reference pressure p0 is 1 bar. Reprinted with permission from [15].
Copyright 2014 American Institute of Physics
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4 Electrocyclic Ring-Closure Reaction

Recently, I studied both the thermodynamics and the kinetics of the electrocyclic
ring-closure reaction on Au(111) previously mentioned, for the model compound
shown in Fig. 2. This reaction is initiated by four dehydrogenation steps, followed by
the actual ring-closure, and finalized by splitting-off two hydrogen atoms. Thus, the
overall reaction is associated with six dehydrogenation steps. Given that the reaction
occurs at 300 °C under an ultrahigh vacuum well below 10−10 bar the entropic con-
tribution from the split-off hydrogen atoms can be expected to be quite significant [15].

Figure 4 shows the reaction pathway for the first four dehydrogenation steps of
the reaction, comparing the electronic enthalpy at 0 K to the free energy obtained at a
temperature of 300 °C and a pressure of 10−10 bar. These four dehydrogenation steps
can be summarized by the transformation of the two ethyl groups into ethenyl. First, a

(a)

(b)

(c)

Fig. 4 Reaction mechanism of the four dehydrogenation steps initiating the electrocyclic ring
closure reaction, with a valence bond structures of local minima, b top and side views of the
structures of local minima (S0–S4) and transition states (TS1–TS4) on Au(111), and c electronic
enthalpy profile in blue and the free-energy profile (calculated at T = 300 °C and p = 10−10 bar) in
red. Units in eV. Reprinted with permission from [15]. Copyright 2016 American Chemical
Society
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methylene bridge is dehydrogenated followed by dehydrogenation of the associated
methyl group, and in an equivalent process for the other ethyl group. In these pro-
cesses, the dehydrogenation steps of the methylene bridges have the highest barriers.
Importantly, initiating the reaction by abstracting hydrogen from a terminal methyl
was shown to have an even larger barrier. Notably, the four initial dehydrogenation
steps in Fig. 4 are highly endothermic, considering the electronic enthalpy [15].

The free energy differences in Fig. 4 were calculated as

DG T ; pð Þ ¼ DHelec þDHnuclei Tð Þ � TDSvib Tð Þ � 1
2
nHTSH2 T ; pð Þ: ð7Þ

DHelec gives the electronic enthalpy difference, DSvib the vibrational entropy
difference and the entropy SH2 of the H2 gas is defined by Eq. (6). The nuclei
enthalpy difference DHnuclei contains the vibrational enthalpy difference, and in
addition the translational and rotational enthalpy of the H2 gas. Since SH2 contains
all entropy contributions of the H2 gas it is appropriate that also the enthalpy does,
since the entropy and enthalpy to some extent cancel out each other. The integer nH
is the number of split-off hydrogen atoms.

When comparing the free energy to the electronic enthalpy curve in Fig. 4 it is
clear that the barriers are only weakly affected by temperature. However, the overall
free energy is lowered after the abstraction of each H atom. In fact, following each
dehydrogenation step, the free energy path is lowered by *1 eV compared to the
electronic enthalpy path, which will be explained below.

The initial dehydrogenation steps are followed by the actual ring closure and two
additional dehydrogenation reactions. These final three steps of the overall reaction
are shown in Fig. 5. The ring closure has a relatively large barrier, considering all
other steps of the reaction, while the final two dehydrogenations are considered
having small barriers. Again, the barriers do not differ significantly between the free
energy and electronic enthalpy path, while for each split-off hydrogen the free
energy path is shifted in a negative direction of *1 eV with respect to the elec-
tronic enthalpy path [15].

In the overall reaction, the free energy of the final state (S7) is 6.06 eV lower
than the corresponding electronic enthalpy. This is in agreement with what we
observed previously, that each split-off hydrogen lowers the free energy by *1 eV
compared to the electronic enthalpy. Thus, it is quite tempting to say that the
difference between the two paths is due to the abstracted hydrogen atoms. And it
appears this is the case. Notably, the contribution � 1

2 nHTSH2 has a value of
−6.08 eV for nH ¼ 6, almost perfectly coinciding with the overall difference
between the two curves. Thus, we can say that for each split-off hydrogen we gain
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1 eV due to the entropy of the H2 gas, perfectly explaining the differences between
the two curves. One may make the interpretation that the two terms DHnuclei and
�TDSvib are not important, and that we could add temperature effects by simply
just adding � 1

2 nHTSH2 T ; pð Þ. However, both DHnuclei and �TDSvib are quite sig-
nificant, but cancel out each other almost perfectly by chance at these specific
conditions. Thus, although the main difference between the free energy and elec-
tronic enthalpy curves comes from the entropy of the split-off hydrogen, DHnuclei

and �TDSvib could still give important contributions [15]. For future studies, it
would be interesting to investigate whether there is a general rule under which
conditions these two terms cancel each other and how such a rule would differ
between types of reactions. With prevailing knowledge, however, it is impossible to
make such an assessment.

S4 TS5 S5 TS6 S6 TS7 S7

(a)

(b)

(c)

Fig. 5 Reaction mechanism of the steps finalizing the electrocyclic ring closure reaction,
including the actual ring closure and two dehydrogenation steps, with a valence bond structures of
local minima, b top and side views of the structures of local minima (S4–S7) and transition states
(TS5–TS7) on the Au(111) surface, and c electronic enthalpy profile in blue and the free energy
profile (calculated at T = 300 °C and p = 10−10 bar) in red. Notice that the blue and red curves
have been moved closer together to minimize the amount of white space in the figure, which
makes the energy difference between the two curves appear too small. Units in eV. Reprinted with
permission from [15]. Copyright 2016 American Chemical Society
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To understand how the thermodynamics of the electrocyclic ring closure is
governed by the temperature and pressure, the reaction free energy of the overall
reaction (thus the free energy difference between product and reactant) was cal-
culated, as shown in Fig. 6. At pressures of 10−12–10−10 bar, typical for UHV
experiments, the reaction is thermodynamically favorable (free energy difference is
negative) even at temperatures below 200 K. As the reaction occurs experimentally
around 300 °C, kinetics rather than thermodynamics restricts the reaction from
occurring at lower temperatures. Furthermore, it is worthwhile noticing that the
reaction is thermodynamically favorable at relatively high pressures at 300 °C,
indicating the possibility of inducing the reaction outside the UHV chamber, at least
under a pure hydrogen atmosphere [15].

5 C–H Activation and Coupling of Porphyrins

Floris and coworkers investigated the driving forces between the C–H activation
and coupling between tetra-trimethyl-phenyl-porphyrin (TMTPP) molecules on the
Cu(110) surface [17]. In this reaction, the TMTPP molecules dehydrogenate in a
selective fashion, such that only specific C–H bonds are dissociated. This is fol-
lowed by the intermolecular coupling between activated C atoms. The dehydro-
genation is endothermic, while the coupling is slightly exothermic, making the
overall reaction endothermic with a reaction electronic enthalpy of almost 1 eV.
The barriers of the different processes are compared in Fig. 7.

Fig. 6 Free-energy difference between the product (S7) and reactant (S0), of the electrocyclic ring
closure reaction shown in Figs. 4 and 5, as a function of temperature and pressure of the hydrogen
gas. The solid black line shows where the free-energy difference is zero, and the dashed green line
indicates T = 300 °C, at which the reaction was observed experimentally. The reference pressure
p0 is 1 bar. Reprinted with permission from [15]. Copyright 2016 American Chemical Society
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Similar to the dehydrogenation steps associated with the electrocyclic ring
closure above, the C–H activation and concomitant coupling of porphyrins can only
be understood when accounting for entropy of the desorbed H2. This becomes quite
evident just by considering the associative desorption of hydrogen, shown in
Fig. 7c. The associative desorption is endothermic, with a reaction energy of
0.56 eV. This process is thermodynamically favorable due to the entropic contri-
bution of −2 eV per hydrogen molecule (compare to −1 eV per hydrogen atom
above). Adding this free energy gain to the overall reaction (Fig. 7e), it becomes
thermodynamically favorable. Again, a lot of insight is provided to a chemical
reaction by simply considering the entropy of the desorbing H2 molecule.

Fig. 7 Energetics for the dehydrogenation and subsequent intermolecular coupling of porphyrin
molecules, with the overall reaction shown in (a), each of the three reaction steps in (b–d) and the
overall energetics of the reaction in (e). The reaction is initiated by a b dehydrogenation step, in
which an adsorbed TMTPP molecule (f-H)s forms a dehydrogenated molecule (de-H)s and a
hydrogen atom Hs adsorbed on the surface. c Two adsorbed hydrogen atoms may desorb
associatively, in which the entropy of the H2 gas contributes with −2.00 eV to the free energy.
Furthermore, d the dehydrogenated TMPTPP molecules can diffuse and couple to each other on
the surface, resulting in a dimer. e The overall reaction is endothermic with a reaction energy of
0.94 eV, but becomes thermodynamically favorable due to the entropy of the desorbed H2. Units
in eV. Reprinted with permission from [17]. Copyright 2016 American Chemical Society
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6 Reaction Intermediates Stabilized by Surface
Dissipation and Translational Entropy

Typically, within on-surface synthesis we do not take into account the translation
and rotation for molecules on surface as it would lead to quite complex calculations.
Ignoring these terms is perfectly justified for molecules strongly chemisorbed on
surfaces, with large barriers of translation and rotation. However, for weakly
adsorbed (physisorbed) molecules these may be important, but are still difficult to
account for.

Riss and coworkers suggested a crude, but elegant, way to tackle this problem
[2]. They proposed that a molecule interacting weakly with the surface can be
considered as an ideal two-dimensional gas and are able to rotate freely around the
normal axis to the surface, for which translational and rotational entropies are quite
trivial. On the other hand, if the molecule is chemisorbed on the surface, these terms
are ignored. Of course, it is not always possible to make the classification if a
molecule interacts strongly or not and even though a molecule is chemisorbed to the
surface it may be able to rotate around a chemical bond, and the methodology will
possibly experience some refinement. But it can still be used to understand fun-
damental aspects of on-surface reactions.

In particular, it was used to study the surface-catalyzed cross-coupling and
sequential cyclization cascade of 1,2-bis(2-ethynyl phenyl)ethyne molecules on Ag
(110) [2]. Non-contact atomic force microscopy (nc-AFM) experiments were able
to resolve reactant, product as well as two intermediate structures for a dimerization
process, as shown in Fig. 8.

To understand the dimerization reaction in Fig. 8, the reaction pathway was
calculated at the DFTB level of theory [2]. The resulting pathway is illustrated in
Fig. 9. Without going into detail about the specific reaction steps, it is quite
interesting to notice that the two intermediate structures observed experimentally
(2b and 3c) are followed by relatively small activation enthalpies. Thus, at first
sight, it is unclear why these intermediates are observed in the experiments.

To better understand the experimentally observed reaction behavior, kinetic rate
equations were solved for different temperatures [2]. First, an adiabatic model was
used, in which the energy gained during the reaction is assumed to be kept within
the molecular system (Fig. 10a). This model results in that only the reactant and
product may be observed, independent of temperature. Second, the instant ther-
malization model was used (Fig. 10b). In this model, it is assumed that the
molecular system has time to release all its excess energy at every intermediate
step, before continuing to the next step. Such a model is bound to favor the
occurrence of states followed by large energy barriers. This is also the case, as it
predicts state 2a and 3a to be stable intermediates. Furthermore, the final product is
predicted to be formed at significantly higher temperatures than observed
experimentally.

As a third option, Riss and coworkers adapted a selective dissipation model, by
calculating dissipative energy transfer with molecular dynamics simulations within
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the DFTB framework (Fig. 10c). The redistribution of energy from the molecular
system to the substrate is a quick process which significantly reduces the available
energy to overcome subsequent barriers. Furthermore, it was found that this dis-
sipation of energy varies significantly for each reaction step. By adding this
selective dissipation (the details of which are explained in Ref. [2]) it was found that
the product can form at a lower temperature compared to the instant thermalization
model, but only one (and wrong) intermediate is predicted, and could not explain
the experimentally observed reaction behavior.

To explain the observed intermediates, the entropy along the reaction was, at
last, included to the selective dissipation model (Fig. 10d). Vibrational, rotational
and roto-translational entropies were accounted for, with the observation that
intermediates 2b and 3c can undergo translational and rotational motion, while
other intermediates interact strongly by chemical interactions to the surface, and are
not allowed to move. In other words, translational and rotational entropies were
only added to intermediates 2b and 3c, lowering the free energy of these states
significantly compared to other states. The resulting relative concentrations of the
different structures are shown in Fig. 10d, in which both 2b and 3c are predicted to
exist as stable intermediates, in agreement with the experimental reaction behavior.

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

Fig. 8 Experimental observations of intermediates in a stepwise bimolecular enediyne coupling
and cyclization cascade. a–d nc-AFM images depicting intermediates along the coupling and
cyclization cascade of 1,2-bis(2-ethynyl phenyl)ethyne molecules from reactant (1) to product (4c),
with corresponding chemical structures depicted below the nc-AFM images. Reprinted by
permission from Macmillan Publishers Ltd: Ref. [2], copyright 2016
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The study by Riss and coworkers [2] has quite a few interesting aspects. First of
all, they demonstrated that by explicitly accounting for energy dissipation between
the molecule and substrate, instead of assuming instant thermalization which
somehow is the norm, the anticipated reaction temperature is lowered significantly.
Furthermore, they made an interesting notation that the translational and rotational
entropy may differ quite significantly between different intermediate structures.
A physisorbed molecule is free to move, and may be treated as an ideal 2D gas,
while a molecule chemisorbed to the surface is not allowed to move, leading to
significant differences in the free energy. In fact, both these aspects may, for
example, explain the relatively low temperature required by the homo-coupling of
thermal alkynes [5], despite the quite significant energy barriers leading from a
chemisorbed intermediate to the physisorbed product of this reaction [18].
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indicate metastable intermediates along the reaction coordinate (transition-state structures not
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7 Summary and Outlook

Studying kinetics and thermodynamics with electronic structure theory and tran-
sition state theory can provide important insight about chemical reactions on sur-
faces. Properly accounting for both enthalpy and entropy contributions of the
free energy can be important to understand all aspects of chemical reactions. For
example, the entropy of the associative desorption of hydrogen explains the
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product determined by solving kinetic rate equations for the reaction between two 1,2-bis
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addition of entropic effects results in a predominant stabilization of intermediates 2b and 3c, in
agreement with experimental observations. Reprinted by permission from Macmillan Publishers
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occurrence of endothermic dehydrogenation reactions on surfaces, and the inclusion
of entropic terms for molecular adsorbates may explain the stabilization, or
destabilization, of particular structures.

It is needless to say that the theoretical description of reactions related to
on-surface synthesis has become quite sophisticated, provided by the possibilities of
ever-increasing computational resources. However, a complete free energy
description of an on-surface reaction is still a costly endeavor, and only a few
studies have attempted obtaining this so far. It is important to have this in mind
when judging future work. In particular, do we want theoretical studies to provide
extremely detailed insight into only a few on-surface reactions, or do we want
mechanisms to be calculated for a large number of reactions? The former option
would properly minimize the number of theoreticians being able—or willing—to
provide input about reaction mechanisms as support to original experimental work.
In either case, there are some quite simple measures in order to improve our
appreciation of on-surface reactions provided by calculated pathways. For example,
to account for the entropy gain from desorbed hydrogen molecules—as well as
other leaving-groups—which can be done as a simple correction based on tabulated
data, without additional computational resources required.
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Reactivity on and of Graphene Layers:
Scanning Probe Microscopy Reveals

Oleksandr Ivasenko and Steven de Feyter

Abstract In this chapter we give an overview of different chemical transformations
that can be done on graphene layers and characterized using scanning tunneling
(STM) and atomic force microscopies (AFM). We place particular emphasis on the
diversity of reactions, systems and synthetic strategies that are now available to
surface scientists working in various fundamental and applied research fields. Using
imine formation as the model reaction we discuss common principles of building
block design and reaction outcomes specific to interfacial synthesis. Then other
reactions are briefly overviewed, including: photo- and electrochemically assisted
processes, transformations initiated by STM, and finally, reactions involving the
covalent modification of graphene layers.

1 Introduction

Chemistry of and on surfaces is of tremendous importance in material and bio
sciences. It will not come as a surprise that surface chemistry takes a special place
in nanoscience and nanotechnology as scaling down increases the surface to vol-
ume ratio. Among other techniques, scanning probe microscopy tools made it
possible to probe surfaces, sometimes at the atomic scale. As these techniques can
be used under ambient conditions or even in liquids, they became attractive to
chemists and material scientists too. This review aims at giving an overview of
molecule-based surface reactivity under ambient conditions or at the liquid-solid
interface, on graphite and graphene. While it’s not the ambition to give a com-
prehensive overview, a range of different surface reactivity concepts are
highlighted.
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Below we outline some of the methodological aspects relevant to the topic of
this chapter and considered when studying chemical reactivity at interfaces.

Substrates

Highly oriented pyrolytic graphite (HOPG) is a widely used substrate in scanning
tunneling microscopy studies. Conductive, chemically inert, with large (up to
hundreds of microns in size) high-quality atomically flat terraces, HOPG is per-
fectly suited for STM studies and represents an ideal platform for the investigation
of various phenomena involving the adsorption on the basal plane (graphene sheets)
of graphite. Supramolecular and covalent chemistry developed on HOPG substrates
can be easily transferred onto other related materials: various types of graphene,
films of reduced graphene oxide, different carbon-based adsorbents (e.g. porous
graphitic carbon—PGC), rendering such studies as highly important for the
development of future sensors [1, 2], electronic devices [3], catalysts [4], etc.

Molecular design

Successful STM imaging requires the localization of molecular species on the
conductive substrate, preferably in the form of monolayers or ultrathin films. It is
quite common to use starting materials that spontaneously form stable monolayers
on surfaces. This is achieved using building blocks with extended aromatic cores
(for p-p interactions with the substrates), long alkyl chains (van der Waals inter-
molecular interactions) or self-complementary hydrogen bonding moieties. In such
cases the reaction can be detected with STM via the difference in the monolayer
structures of starting materials and products (due to different molecular geometries
and intermolecular interactions, see example in Fig. 1).

For the formation of highly ordered films of products strong self-assembly of
starting materials could be a curse since monolayer reconstruction entails over-
coming additional barriers and often results in multiple monolayer defects. A rather
interesting approach is orthogonal building block design in which self-assembly
function and reactivity are sufficiently independent. For example, Zimmt et al. have

Fig. 1 Distinct monolayer structures of starting dialdehyde and two bis-imine products. Adapted
with permission from [5]. Copyright © 2013 American Chemical Society
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designed carboxy-functionalized building blocks suitable for chemical binding with
gold nanoparticles (Fig. 2a, [6]), while the group of Attias has developed a series of
original molecular probes bearing optically, electrochemically, hydrogen-bonding
and metal-coordination active units (Fig. 2b, [7–10]).

Activation methods

Similarly to solution-based syntheses, the chemical reactivity of reagents at inter-
faces can be activated thermally, catalytically (e.g. tuning pH in acid-catalyzed
reaction), photo- or electrochemically. The exact activation method depends on the
reaction and often defines the preferred synthetic setup: type of solvent, tempera-
ture, work-up, etc. For example, aqueous electrolytes are typically used in elec-
trochemical (EC-STM) experiments, while on-surface syntheses of boroxine and
imine polymers can involve solvent-free conditions and delivery of reagents (e.g.
water [11], aldehyde [12]) in the form of vapors from the gas phase.

Unique to SPM studies is the use of SPM tips for localized mechanochemical
and/or electrical activation of reactants. Such activation is often fully compatible
with SPM measurements, and allows nanoscale manipulation and testing of surface
structures (Sects. 5, 6 and 7).

Characterization

Scanning tunneling microscopy is a powerful technique for nanoscale structural
characterization of conductive surfaces and monolayers adsorbed on them. In
studying chemical reactions, STM can provide accurate (typical uncertain-
ties ±0.1 nm) values for unit cells and, in the case of polymers, the length of repeat
units. Together with complementary data from DFT modelling or known X-ray
structure, the STM measurements can serve as a support of the intended chemical
transformation. Adsorbate morphology can be obtained from atomic force micro-
scopy (AFM) or scanning electron microscopy (SEM, e.g. 2.1 Fig. 9) investigation
of dry films.

Cu2+ Cu2+

(a)

(b)

Fig. 2 Examples of building block designs in which self-assembly and reactive functionalities do
not interfere with each other. a adapted from [6], copyright © 2012, with permission from Elsevier.
b adapted with permission from [7, 10]. For [10] copyright © 2016 American Chemical Society,
for [7] copyright © 2014 Wiley-VCH Verlag GmbH & Co. KGaA

Reactivity on and of Graphene Layers: Scanning … 37



Unfortunately, except for special cases of STM markers [13]—functional groups
that have high specific STM contrast and can be used to characterize mixtures of
structurally related ‘marked’ and ‘unmarked’ molecules [14, 15], STM cannot
provide detailed information about the chemical nature of the imaged adsorbates.
That is why it is desirable and often mandatory to perform complementary char-
acterization. This could be classical solution techniques, e.g. NMR, provided that
there is sufficient amount of material for the analysis [16]. Otherwise, dedicated
surface techniques are particularly convenient. Thus, X-ray photoelectron spec-
troscopy (XPS) has been used to follow formation of polyboroxines [17] and
polyimines (Fig. 3a, [18]). Another interesting example is the application of laser
desorption/ionization time-of-flight mass-spectrometry (LDI-TOF) and its
matrix-assisted modification (MALDI-TOF) for successful characterization of
chemical changes in physisorbed monolayers (Fig. 3b, [19]).

2 Chemical Reactivity

Since the formation of imines is by far the most studied organic reaction on HOPG,
we discuss it in details (Sect. 2.1) covering general aspects pertinent to many other
interfacial reactions, and only then provide an overview of other reactions that have
been tested (Sect. 2.2).

Fig. 3 Examples of STM-complementary characterizations using: a XPS in the synthesis of
imine-based 2D COFs [18]—published by The Royal Society of Chemistry. b LDI-TOF in the
chemical transformation of a carboxylic building block. Adapted with permission from [19].
Copyright © 2017 American Chemical Society
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2.1 Synthesis of Imines

Geometry of the building blocks

Basic concepts of supramolecular design that relies on the reversible formation of
non-covalent interactions are also applicable to the design of new covalent archi-
tectures especially when the synthesis occurs with the reversible formation of new
covalent bonds and the designed architecture represents the most stable state
(thermodynamic control). Formation of imines can be reversible in a number of
different regimes: (1) in aqueous solutions with carefully controlled optimal pH
range, (2) at high temperatures in solid state in the presence of water vapors (often
using CuSO4�5H2O as a source of water), (3) in certain organic solvents at room or
slightly elevated temperatures. Thus, a variety of 1D polymers and 2D covalent
organic frameworks (2D COFs) have been formed from suitably functionalized di-,
tri- and tetra-substituted building blocks (e.g. Figure 4). If one of the building
blocks is a monoaldehyde or monoamine then the product of condensation is a
small molecule (Fig. 1, [5, 20]).

Single C–C bonds around imine links are free to rotate, during synthesis such
rotations lead to connectivity mismatches and network deformations (defects).

Fig. 4 Examples of the topological design of various imine-based polymeric structures. Adapted
from [21], with the permission of AIP Publishing
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While every imine COF has defects, their surface density is a function of synthetic
protocol (e.g. thermal annealing in the presence of water vapors often allows to
overcome energy barriers and improve the quality of polymeric structures [12]) and
rigidity of the building blocks (see Fig. 5 and other examples in [22–24]).

Above we have seen how small variations in molecular geometry (rotational
disorder along C–C bonds) results in significant changes to the structure of reaction
products. Larger changes to the building block structure may have drastic out-
comes. Thus, very recently, Wang et al. demonstrated that non-planar triamine
reacts with dialdehydes at gas-solid interface forming exclusively 1:3 adducts
(Fig. 6a, [25]). Varying the concentration, ratio and temperature (up to 200 °C)
yielded the same adducts, without formation of any other oligomeric or polymeric
products. The authors proposed that the rigid tripod geometry restrains the acces-
sibility of terminal groups for further reactions.

Stoichiometry of reagents

Stoichiometry of reagents in solution can affect various interfacial processes. An
interesting example is a kinetically controlled formation of 2:1 diamine:dialdehyde
non-covalent co-assembly (Fig. 6b) at room temperature at liquid-solid interface [26].
Such transient structure (life period <2 h) formed only if the diamine:dialdehyde ratio

Fig. 5 Longer biphenylene linker results in a larger number of different defects in 2D COF
compared to shorter p-phenylene, which forms highly crystalline COF uniform rhomboidal pores.
Adapted with permission from [22]. Copyright © 2015 American Chemical Society
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in solution was equal or lower than 1:1. At 3:1 stoichiometry in solution only 1D
polymeric structures were observed on the surface.

Stoichiometry of reagents is also an important parameter in any bi-component
reaction. Any large deviation from the ideal stoichiometry should have a negative
impact on the yield and degree of polymerization—ultimately resulting in the
formation of small functional molecules (e.g. in the reaction of a triamine A and
dialdehyde B large excess of B should yield new trialdehyde AB3—analogous to
the one in Fig. 6a, while large excess of A should furnish new tetraamine A2B).
Indeed such structural variations and strong dependency of the product composition
on the stoichiometry of reagents were observed in surface-supported imine syn-
thesis on Au (111) in ultra-high vacuum (UHV) [27]. In majority of the reported
imine polymerizations on HOPG however, so strong influence of reagents stoi-
chiometry was not detected. To understand this difference in behavior we should
consider the following factors:

• stronger than on HOPG substrate-molecule interactions on Au(111) result in
lower on-surface mobility of adsorbed precursors and small oligomers;

• UHV precludes normal pathway (i.e. hydrolysis by dissolved or vaporized
water) for reversible formation/braking of imine bonds;

• in the case of reaction at liquid-solid interface there is also additional possibility
for preferential adsorption of larger oligomers.

All of them render the abovementioned imine formation in UHV essentially
irreversible and strongly dependent on the initial state (stoichiometry, on-surface
distribution of precursors); while typical reactions on HOPG are done under
reversible conditions, when polymerization is energetically favorable and once
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Fig. 6 Examples of: a a thermodynamically stable self-assembly of AB3 adduct. Adapted with
permission from [25]. Copyright © 2017 Royal Society of Chemistry. b metastable non-covalent
co-assembly of a diamine and a dialdehyde. Adapted with permission from [26]. Copyright ©
2017 American Chemical Society. c The controlled nucleation of 2D COF via a gradual
introduction of one of the coupling components versus d multiple nucleation sites generated upon
heating stoichiometric mixtures of both components. Adapted with permission from [12].
Copyright © 2013 American Chemical Society
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reaction began it is thermodynamically driven towards large oligomers and
polymers.

Stoichiometry of reagents can be intentionally varied during synthesis. Thus,
Wan et al., have shown that gradual evaporation of the second component into the
excess of the first component already adsorbed on HOPG results in much higher
quality COFs than those obtained from direct heating HOPG with mixture of both
components [12]. Here, the slow introduction of the second component limits the
number of COF nuclei on the surface (Fig. 3c, d) yielding larger domains with
fewer interdomain borders and internal defects.

Side-functionality of the building blocks

Introduction of functional side-groups can result in major alternation of precursor
reactivity or properties of the final product. Thus, introduction of phenolic OH
group into imine polymers has been shown (depending on the structure of the
building blocks and substitution pattern) to lead to unusual aggregation behavior
[28], improved chemical stability (Fig. 7a, [29]) or even alter the chemical nature of
the COF through additional chemical transformations (Fig. 7b, [30]).

Dynamic combinatorial chemistry

In the pioneering work by Samori et al. competitive reactivity of aliphatic diamines
with a substituted benzaldehyde in the presence of HOPG was investigated [31].
The authors have shown that thermodynamically less stable self-assembly of
bis-imine formed from a short diamine upon addition of longer diamine into the
liquid phase undergoes quick trans-imination yielding a more stable self-assembly
of bis-imine formed from the longer diamine (Fig. 8a). This simple concept of
directing chemical synthesis via preferential adsorption of one of the possible
products is very appealing. Unfortunately, so far other systems have shown much

(a)

(b)

Fig. 7 Improved stability a and post-synthetic transformation b of OH-functionalized imine 2D
COFs. a adapted with permission from [29]. Copyright © 2017 Royal Society of Chemistry.
b adapted with permission from [30]. Copyright © 2015 Royal Society of Chemistry
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more complex behavior (Fig. 8b, [32]) when the competition for the surface occurs
not only with other reaction products but also with starting material and the
selectivity in singling out one of the reaction products is unsatisfactory [16].
Interestingly, in the latter work strong heterogeneous catalysis of imine reactions
even for the reaction of weakly adsorbing terephthalic aldehyde and 3,5-bis
(tert-butyl)aniline was observed. Currently we investigate if adsorbents (PGC, SiO2,
etc.) can serve as general catalysts of other reactions besides formation of imines.

Formation of multilayers and thin films

Non-homogeneous deposition of precursors will result in heterogeneous polymeric
films with varied thickness throughout the surface. Lei et al. developed a general
and convenient methodology for the optimization of room temperature polymer-
izations at liquid-solid interface in which, keeping the ratios amine:aldehyde fixed,
the total concentration is carefully tuned for optimal polymer quality [33]. Using
high total concentrations it was also possible to grow multilayers.

We have already mentioned the formation of highly ordered COF monolayer
from substituted tetrathiafulvalene (TTF) tetraaldehyde and p-phenylenediamine
(Fig. 5). Surprisingly growth of the second layer appears to be templated by the first
and results in eclipsed stacking. Stacking was the result of strong and specific p-p
interactions between TTF cores, as convincingly demonstrated by spontaneous
self-assembly of unsubstituted TTF on top of TTF sites of the COF monolayer [36].
The authors have noticed that the quality of the bilayer was higher if the poly-
merization was done in a stepwise fashion, otherwise monomer stacking and
polymerization occur simultaneously leading to much more disordered COF films.

The morphology of the polymeric films also depends on the deposition method
itself. Kunitake et al. have demonstrated that, unlike gas phase deposition leading to
uniform films, deposition from liquid phase (pH-controlled synthesis in aqueous
solutions) yields sponge-like structures (Fig. 9a, [34, 37]).

Finally, it should be mentioned that micropatterns of polymeric films can be
deposited on any arbitrary substrate using lithographically controlled wetting or
conventional ink-jet printing (Fig. 9b, [35]).
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Fig. 8 Examples of dynamic covalent chemistry directed by preferential adsorption. b adapted
from [32], copyright © 2017, with permission from Elsevier
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2.2 Other Reactions

One of the simplest chemical transformation is protonation. Li et al. have shown
that addition of strong acids (HNO3, CH3SO3H, CF3SO3H) greatly accelerates the
self-assembly of neutral di-pyridyl building blocks with protonated intermediates
acting as active species directing on-surface self-assembly [38]. Formation of
copper salt linkers was used for nanopatterned assembly of functionalized gold
nanoparticles on top of strongly physisorbed monolayers on graphite (Fig. 2a, [6]).

In many aspects metal coordination is similar to protonation. In situ generation
of potassium coordination complexes at HOPG-solution interface was demonstrated
for valinomycin (Fig. 10a, [39]), G4 quartets of 9-(n-octadecyl)guanine (Fig. 10b,
[40]) and tetraethylene glycol derivative (mimicking the complexation of crown
ethers, Fig. 10c, [41]).

Various nitrogen-containing building blocks have also been explored to create
surface nanopatterns of ‘0D’ metal complexes [45], to template the nucleation of
metallic nanoparticles (Fig. 10d, [42]), to synthesize 1D coordination polymers
(Fig. 10e, [43]) and 2D metal-organic frameworks (MOFs, Fig. 10f, [44]).

Procedure-wise one of the simplest organic transformations are thermally
induced intramolecular isomerizations. Heating is all that is necessary to consider.
An interesting example of such isomerizations is tandem Claisen-Hiratani rear-
rangement—a [3]-sigmatropic rearrangement in which an allyl aryl ether is
converted thermally to allylphenoles forming new C–C bond [46–48].

(a) (b)
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-L- X 
(1) & (2):     -CH=CH- -OH
(3):               -CH=CH- -H 
(4) & (5):     -CH2CH2- -OH
(6):                     -O- -OH
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Fig. 9 Examples of a different growth and b lithographic deposition of polymeric films. a adapted
from [34], copyright © 2013, with permission from Elsevier. b adapted with permission from [35].
Copyright © 2015 Wiley-VCH Verlag GmbH & Co. KGaA
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Analogues to imine formation, C=C condensation of an aromatic dialdehyde and
barbituric acid (Knoevenagel reaction) was investigated at liquid/HOPG and vapor/
HOPG interfaces [49]. Here STM was successfully used for quantitative analysis of
on-surface distribution of reaction products.

Also the synthesis of 2D COFs on carbon-based surfaces is not limited to imines
only. A very popular reaction for the synthesis of surface-supported COFs is the
formation of boroxines from different boronic acids (Fig. 11a, [17, 50, 53]). An
interesting development is the use of boroxine acid esters for in situ hydrolysis and
polymerization [11]. Thin films via bi-component condensations of boronic acids
and hexahydroxytriphenylene (HHTP) were first prepared as early as 2011 [54], but
only very recently formation of monolayer films of such 2D-COFs demonstrated to
take place under mild conditions at liquid-solid interface (Fig. 11b, [51, 55]).
Finally, it is possible to ‘marry’ different polymerization chemistries: 3- and
4-formylphenylboronic acids react with a triamine building block forming isomeric
imine-boroxine hybrid 2D COFs (Fig. 11c, [52]).

3 Photochemical Reactivity

Presence of azobenzene moieties in derivatives is the calling card of a photo-
switching functionality anticipated in the design. Indeed, cis-trans isomerization of
N=N bond in azobenzenes is a well-defined process free from any side-reaction or
degradation. For example isophthalic acid derivative were shown to form stable
self-assembly that upon irradiation undergo reversible isomerization [56, 57]. The
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Fig. 10 Formation of coordination complexes at HOPG-solution interface.
a Potassium-valinomycin as guest inside a macrocycle. Adapted from [39] with permission of
The Royal Society of Chemistry. Copyright © 2013 Royal Society of Chemistry. b dynamic
assembly-reassembly of substituted G4 quartets [40]. c Nanoscale actuation of oligoether
‘springs’. Adapted from [41] with permission of The Royal Society of Chemistry. Copyright ©
2014 Royal Society of Chemistry. d Pre-concentration of Au3+ with subsequent templated
reduction to Au nanoparticles. Adapted from [42] with permission of The Royal Society of
Chemistry. Copyright © 2015 Royal Society of Chemistry. e On-surface synthesis/self-assembly
of 1D (adapted with permission from [43]; copyright © 2015 American Chemical Society) and 2D
(adapted from [44] with permission of The Royal Society of Chemistry; copyright © 2014 Royal
Society of Chemistry) metalorganic supramolecular polymers
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assemblies of corresponding cis- isomers have different structure and lower stability
compared to trans-. The latter is due to non-planarity of cis-azobenzene resulting in
less efficient substrate molecule interaction. Alternative designs (Fig. 12a) when
cis-trans isomerization is occurring on azobenzene units pointing away from the
surface into the solution phase were also realized [58, 59].

More complex supramolecular architectures were also tested. Thus, exploring
the host-guest concept, assemblies of photoactive host (Fig. 12b, [60, 63]) and
guest (Fig. 12c, [61, 64]) were studied. In the former example photoisomerization
was demonstrated to influence surface adsorption of a small molecular probe
(coronene), while the latter example illustrated variability and responsiveness of the
flexible host network to differently shaped isomeric guests. Exploring formation
of supramolecular polymers, Yamauchi et al. demonstrated phototriggered
supramolecular polymerization of a naphthalene-azobenzene dyad [62]. Here
cis-trans photoisomerization allowed to produce shorter polymeric fibers with
narrower polydispersity compared to those generated by thermal polymerization
(Fig. 12d).

Stilbene moiety, being structurally similar to azobenzene can also undergo
cis-trans photo-isomerization. In dilute solutions this is a typical outcome of pho-
toirraditation of various building blocks with olefinic C=C bonds. However, in
dense assemblies (on surface or in crystals), reactions can go further and produce
covalent dimers (e.g. Fig. 13a, [65, 66]). Such transformations are often
topochemical. The required close proximity and proper orientation of reacting
bonds can be achieved through supramolecular design, e.g.: for efficient on-surface
photocoupling supramolecular dimers of 1,2-bis(4-pyridyl)ethylene (BPE) bound
by two isophthalic acid molecules were confined in a porous self-assembly on
HOPG surface (Fig. 13b, [67]).

Photodimerizations can involve reconstruction of multiple bonds as in the
photodimerization of anthracenes (Fig. 13c, [68]) or arylethenes (Fig. 13d, [69–
71]) and in the metal-free on-surface photochemical homocoupling of
4-ethynylbenzoic acid (Fig. 13e, [72]).
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Fig. 11 Boronic acid based 2D COFs on HOPG via a dehydration of boronic acids into
boroxines, b polycondensation of diboronic acids and hexahydroxytriphenylene (HHTP),
c simultaneous formation of boroxine and imine linkages from the reaction of bifunctional
building blocks. a adapted with permission from [50]. Copyright © 2012 American Chemical
Society. b adapted from [51] with permission of The Royal Society of Chemistry. Copyright ©
2016 Royal Society of Chemistry. c adapted from [52] with permission of The Royal Society of
Chemistry. Copyright © 2017 Royal Society of Chemistry
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Going beyond the formation of small molecules, it is possible to design
1,3-diacetylene building blocks that undergo topochemical photopolymerization
when assembled on graphite [56]. Building blocks with one diacetylene unit pro-
duce 1D polymeric chains (Fig. 14a), while introduction of two or more reactive
units upon exhaustive photopolymerization can furnish non-porous 2D COFs
(Fig. 14b, [73]). In the latter example formation of polydiacetylene and poly-
acetylene chains was assumed. Zimmt et al. demonstrated that 1,3-diacetylene units
are also powerful supramolecular synthons (Fig. 14c, [74]), that, together with the
possibility of photopolymerization (Fig. 14d, [75]), makes them very interesting for
versatile surface nanopatterning.

Combination of azobenzene and diacetylene units within one building block
resulted in reach photochemical behavior of on-surface assemblies [77]. Depending
on the irradiation wavelength, diacetylene polymerization (m = 254 nm) or rever-
sible trans-cis (m = 365 nm)/cis-trans (m = 435 nm) isomerizations of azobenzene
cores can be triggered (Fig. 14e).

4 Electrochemical Reactivity

Good chemical stability and electrical conductivity of graphene sheets makes
carbon-based electrodes (HOPG, graphitic rods, glassy-carbon, graphene on dif-
ferent supports, etc.) interesting for various electrochemical (EC) transformations.

Both inorganic [78] and organic nanostructures [79] on surfaces can be directly
prepared by electrochemical synthesis. Supramolecular monolayers bearing
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Fig. 12 The application of azobenzene units in a structural phototransformations of physisorbed
monolayers, b the release/adsorption of guests; c tuning supramolecular network of the host in
response to photoisomerization of the guest; d controlling the growth and morphology of
nanofibers. a adapted with permission from [59]—published by the PCCP Owner Societies.
b adapted with permission from [60]. copyright © 2013 Wiley-VCH Verlag GmbH & Co. KGaA.
c adapted with permission from [61]; copyright © 2009 American Chemical Society. d adapted
with permission from [62]; copyright © 2017 The Chemical Society of Japan
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one half of the designed unit cell (23/2 nm)
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electrochemically active groups (Fig. 15a, [80]) can be prepared by conventional
self-assembly from solution and characterized using STM (structure) and cyclic
voltammetry (CV, electrochemical properties).

The electrochemical STM (EC-STM, Fig. 15b) on atomically flat substrates
(HOPG, graphene) is particularly suitable for structural characterization of inter-
facial redox processes. For example, recently we have reported in situ generation
and nanoscale characterization of dicationic, monocationic and neutral assemblies
of dibenzylviologen (Fig. 15c, [81]). Another recent example is the EC-STM sur-
face characterization in a study of electrocatalytic activity of porphyrins adsorbed
on graphene/Au(111) (Fig. 15d, [82]).

5 Tip-Induced Reactivity

Besides powerful imaging, scanning probe microscopies are also capable of
nanoscale modification of on-surface structures. In STM, the tip can locally modify
the matter because of microscopic dimensions (mechanical actuation, also possible
for AFM), large 107–108 V/cm2 electric field (electrostatic polarization), high
current densities (electronic excitation), local heating or any combination of men-
tioned pathways. Often the exact origin of tip-induced changes is hard to determine
and can only be guessed from the chemical nature of on-surface structures and type
of nanoscale modifications.

Changes can be limited to non-covalent interactions in physisorbed assemblies,
e.g.: (a) movement of single C60 molecules between the pores of a host network
(Fig. 16a, [83]); (b) shattering a large domain of a supramolecular assembly into
many smaller ones (Fig. 16b, [15]); (c) using electrical pulse to trigger formation of
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N + + N

DBV0

DBV •+

DBV2+

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

Fig. 15 a CV and STM of self-assembled porphyrin functionalized with electrochemically-active
ferrocene moieties [80]. EC-STM operational scheme (b, [81]) and application for in situ
generation of reduced viologens (c, [81]) and probing the catalytic activity of porphyrins on
graphene (d, [82]). [80]—published by The Royal Society of Chemistry. [81]—published by The
Royal Society of Chemistry. c adapted from [82] with permission of The Royal Society of
Chemistry. Copyright © 2017 Royal Society of Chemistry
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a metastable polymorph (Fig. 16c, [84]); (d) lithographic patterning of a
supramolecular host-guest multilayer (Fig. 16d, [85]).

Chemical reactions onHOPG surface are also possible. STM imaging at−800 mV
was sufficient for sporadic reduction of Mn(III) porphyrins to Mn(II) states and
characterization of different oxygenated species thereof (Fig. 17a, [86]). An example
of much more precise tip-induced reaction is [2+2]-oligomerization of C60 by electric
pulses through its tri-and tetralayers. Nakaya et al. demonstrated unprecedented
control over writing (polymerization) and erasing (depolymerization) of nanoscale
structures (Fig. 17b, [87]), promoting such systems for >Tbits/in2 aerial density
non-volatile storages that can potentially be scaled to writing and erasing speed above
Mbits/s or even Gbits/s.

1D polymerizations can be initiated by electrical pulsing over diacetylene
self-assembly [88]. The reaction is highly localized allowing initiation of specific
diacetylene rows. Monolayer defects interrupt polymerization, while presence of
suitable molecules (phthalocyanine [89], C60 [90]) on the way of reactive chain end
results in ‘molecular soldering’: covalent C–C coupling of small molecules and
polymeric ‘wire’ (Fig. 18a). Finally, the layers of boroxine 2DCOF and its host-guest
co-assembly with C60 were tailor-cut using STM lithography (Fig. 18b, c, [91]).
The mechanism is not known, presumably the cutting happens via the oxidation of
C-B bonds.

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

Fig. 16 STM manipulations that do not involve making/braking of covalent bonds: a physical
displacement of single molecules [83]; pulse-induced desorption-readsorption of many molecules
that leads to the formation of the same (b, [15]) or polymorphic (c, [84]) assemblies; d local
removal of a supramolecular multilayered films [85]. a adapted with permission from [83];
copyright © 2017 The Chemical Society of Japan. b adapted with permission from [15]. Copyright
© 2016 Nature Publishing Group. c adapted from [84] with permission of The Royal Society of
Chemistry. d adapted from [85] with permission of The Royal Society of Chemistry
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6 Graphene Manipulation and Grafting

Graphene is not completely inert and under certain conditions can undergo
chemical reactions. High temperature (� 400 °C, e.g. [92]) or oxygen plasma
oxidation [93] of HOPG in air results in random pits on the surface. Much better
control over the size and localization of surface pits can be achieved via the spa-
tially patterned ion-bombardment Fig. 19a, [94]). Pits in graphite were used as 2D
corrals for studies of molecular self-assembly [95] and even for confined poly-
merization of diacetylenes (Fig. 19b, [96]). If the oxidation is performed on

(a) (b)

Fig. 17 STM in a the investigation of redox chemistry of Mn(111) porphyrin [86]; and b in
reliable, spatially localized and precise oligomerization of C60 molecules in multilayered films
[87]. a adapted with permission from [86]. Copyright © 2013 Nature Publishing Group. b adapted
with permission from [87]. Copyright © 2016 The Japan Society of Applied Physics

(a) (b) (c)

Fig. 18 STM manipulations involving reconstruction of covalent bonds: a pulse-induced
polymerization of diacetylene assemblies can be used to covalently ‘solder’ polydiacetylene
‘wires’ to physisorbed molecules of C60 [90]; continuous scanning under appropriate tunneling
settings was used to locally scratch boroxine 2D COF layers c and its host-guest assemblies with
C60 [91]. a adapted with permission from [90]; copyright © 2014 American Chemical Society. b,
c were adapted from [91] with permission from The Royal Society of Chemistry
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surfaces pre-covered with patterned assemblies of other materials (nanoparticles
[97], wires [98], polymers [99], DNA assemblies [100], for more examples please
refer to the recent review [101]) the latter act as lithographic masks producing
corresponding patterns in graphene layers. Also, STM can be used to rip and fold
small parts of graphene sheets (e.g. by 7 V voltage ramp with sequential scanning,
Fig. 19c, [102]) or to lithographically burn-out arbitrary shapes with nm precision
(by continuous scanning in air with bias � +2 V, Fig. 19d, [103, 104]).

Grafting-covalent functionalization of graphene layers via partial conversion of
sp2 carbons to sp3—is very interesting for various applications. Here we will talk
exclusively about radical arylation using aryldiazonium precursors. This is because it
is one of the most versatile (easy accessibility of starting anilines) and method-
ologically developed graphene functionalizations. Nevertheless, the discussed design
concepts, preparation strategies and SPM characterization should be also applicable
to other grafting chemistries (carbenes, nitrenes, Diels-Alder adducts, etc. [105]).

Grafting chemistry is quite simple: aryldiazonium cations through one-electron
reduction (usually electrochemical [106], although using reductants is also possible
[107]) transform into corresponding aryl-radicals which are sufficiently reactive to
attack accessible graphene surface. For characterization it is important to use
combination of complementary techniques, e.g.:

• Raman spectroscopy to assess global uniformity of grafting (also for rough
estimation of the grafting density);

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

Fig. 19 a Advanced patterned oxidation of graphitic substrates [94]. b The use of corrals in
HOPG for the confinement of tip-induced polymerization of diacetylene assemblies [96]. Direct
exfoliation (c, [102]) and oxidative etching (d, [103]) of graphene layers with STM tip. a adapted
with permission from [94]; copyright © 2006 IOP Publishing Ltd. b adapted with permission from
[96]; copyright © 2005 American Chemical Society. c adapted from [102] with permission from
the PCCP Owner Societies, copyright © 2017. d adapted with permission from [103]; copyright ©
2017 Wiley-VCH Verlag GmbH & Co. KGaA
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• AFM to determine film thickness (via mechanical scratching of grafted film),
morphology and roughness;

• STM to prove nanoscale arrangement of grafted species, to distinguish them
from physisorbed impurities and for spatially controlled degrafting (see below);

• XPS to prove chemical nature/integrity of functional groups (after grafting or
any subsequent treatment of the grafts).

In STM, grafted aryls appear as bright blobs (brighter than physisorbed benzene
derivatives [108, 109]) and covalent attachment to the surface underneath can be
seen from characteristic local perturbation of graphene lattice (Fig. 20a). Thickness
of the grafted adlayer primarily depends on the aryl structure: aryl radicals with
3-, 4-, 5-positions blocked to radical attack form well-defined non-dendritic grafts
[110]. Grafting density can be easily tuned by changing grafting conditions
(Fig. 20b), approaching the maximum at *2–4 grafts/nm2. Substituents can be
varied widely including among the most unusual examples: directly graftable
diazonium salts bearing free-radical moieties (Fig. 20c, [111]), metal complexes
(Fig. 20d, [112]) and phosphomolybdate clusters (Fig. 20e, [113]). If necessary,
functional groups on grafted aryls can be further modified by adapting surface
functionalization protocols developed for organic synthesis on solid supports. Such
advanced functionalization has already been successfully used for the design of
various sensors [114].

Water soluble diazonium salts can be grafted from aqueous solutions (often
using dilute HCl as supporting electrolyte). Water-insoluble precursors can be
electrochemically grafted from organic solvents (e.g. acetonitrile, tetrahydrofuran,
etc.) containing quaternary ammonium salts as supporting electrolytes. Very
recently Ejigu et al. have shown that using DMSO as solvent and CsClO4 as
electrolyte results in simultaneous grafting and exfoliation of graphene layers [115].

Molecular adsorbates can affect grafting in two ways: by preventing the grafting
of graphene lattice directly underneath the molecules, and by directing the nanos-
tructured functionalization of self-assembly defects and interdomain borders
(Fig. 21a, b, [108]). Here, n-pentacontane was chosen as the molecular adsorbate
because of high chemical inertness (typical for all linear alkanes) and its strong
adsorption. The latter ensured that reactive species, by- and side-products will not
displace the molecular template. Using derivatives capable of ordered self-assembly
(Fig. 20d) opens new possibilities for nanostructured surface functionalization
during direct grafting [112] or through pre-assembly of diazonium precursor
(Fig. 21c, [116]). In the last two examples it is unfortunate that STM was not used
to prove the covalent nature of the observed structures and to assess the density/
arrangement of molecules that are actually grafted.

Different nanostructured grafting should be accessible via soft lithography using
nanoparticle assemblies as templates. While there is yet no example on
graphene-based substrates, the same Ru complex (Fig. 20d) was reduced onto ITO
pre-covered with a colloidal self-assembly of polystyrene beads [112]. After the
removal of templates patterned thin film with circular nanowells (periodic-
ity *1 µm, diameter *350 nm) was successfully prepared (Fig. 22a).
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Nanoporous (35–200 nm) patterns (Fig. 22b) were also reported when combining
the grafting and electrochemical etching of HOPG surface [117]. Performing +0.8
to −0.8 V CV cycles at 20 mV/s scan rate in 0.5, 2 or 5 M HCl solutions con-
taining 4-carboxyphenyldiazonium salt, Cui et al. observed gradual increase of the
dimension of the etched pores.

(a)

(b)

(c)

Fig. 21 Molecular self-assembly and covalent grafting: a the protection of graphene layers from
the attack of aryl radicals by physisorbed self-assembly of n-pentacontane (nPC, n-C50H102) and
b nanostructured grafting as the result of covalent grafting of HOPG surface at the defects and
interdomain borders of nPC monolayer [108]. Preorganization of diazonium salts via on surface
self-assembly leads to nanostructured grafting that follows the pattern of precursor self-assembly,
while the direct grafting in organic solvent (without the self-assembly step) results in random
grafting of the surface [116]. a, b were adapted from [108] with permission from The Royal
Society of Chemistry. c adapted with permission from [116]; copyright © 2016 American
Chemical Society
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(a) (b) (d)
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Fig. 20 Functionalization of graphene layers via covalent grafting of aryls: a distortion of
graphene lattice in the vicinity of the graft as the evidence of the covalent nature of graft
attachment (inset shows 2D FFT of the distorted lattice) [110]; b altering grafting conditions
allows controlled tuning of the grafting density [110]. Some of the most unusual grafts feature: c a
stable free radical [111]; d a metalorganic complex [112]; e a phosphomolybdate cluster [113]. a,
b adapted with permission from [110]; copyright © 2015 American Chemical Society. e adapted
with permission from [113]; copyright © 2016 American Chemical Society
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Grafted adlayers can be used to tune on-surface self-assembly. Electrodeposition
of gold nanostructures on pristine HOPG substrate primarily occur at step-edges
[78] while NH2-functionalized grafted adlayer promotes uniform deposition of Au
nanoparticles on top of it [118].

Examples of molecular self-assemblies on arylated HOPG are also known. For
such studies the ability of STM tip to degraft covalently attached aryls selectively,
under very mild conditions and with nanoscale precision opened new exciting
possibilities that are only beginning to be explored. Thus, local removal of grafted
species allows to direct and study ripening of 2D crystals that were kinetically
trapped in the framework of a low-density grafted adlayer (Fig. 23a, b, [109]).
Manually degrafted corrals can be used to localize supramolecular assemblies
(Fig. 23c–e, g, [110, 120]). And finally, such corrals can be used as nanoreactors
with controlled shape, size and chemical functionality. For example, we have
already demonstrated the use of such corrals for self-assembly of in situ generated
EC-active species under full electrochemical control [81], and for the investigation
of tip-induced and photochemical polymerization of diacetylenes under nanocon-
finement (Fig. 23f, h, [119]).

7 Summary and Conclusions

In this contribution, we have summarized a variety of molecule-based surface
chemistry approaches on graphene and graphite. Several of the chemistries rely on
the formation of well-ordered monolayers that undergo a postfunctionalization, be it
orthogonal to the surface or in the monolayer plane. Nowadays, the formation of
two-dimensional polymers is one of the most popular applications of on-surface
chemistry, driven by the prospect of new and interesting properties that may arise
for these new materials. Several types of protocols can induce on-surface reactions

500 nm

(a) (b)

Fig. 22 Nanopatterns formed via: a electrochemical reduction of a diazonium salt on ITO
electrode covered with polystyrene beads [112]; b simultaneous aryl grafting and graphite
oxidation [117]. a adapted with permission from [112]; copyright © 2016 American Chemical
Society. b adapted from [117], copyright © 2016, with permission from Elsevier
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such as thermal, light, or electrochemical activation. One aspect that has not
received as much attention yet is the use of surfaces to affect the product distri-
bution of a chemical reaction that occurs in solution. Initial reports suggest that such
combination of on-surface self-assembly and combinatorial chemistry might be
complementary to existing synthetic strategies. Also, the complexity and, hence, the
potential of covalent functionalization of carbon surfaces is not yet fully realized.
Although such chemistries are known for more than two decades, their investiga-
tion using scanning probe microscopy techniques and the nanoscale characteriza-
tion will lead to new patterning strategies. Combining different on-surface reactivity
protocols may lead to a new generation of smart surfaces and materials.
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Dehydrogenative and Dehalogenative
Homocoupling Reactions of C–X Groups
on Metal Surfaces

Liangliang Cai, Qiang Sun and Wei Xu

Abstract Surface-assisted synthesis involving hydrocarbons has aroused great
attention due to its remarkable potential in constructing novel carbon nanostruc-
tures. Particularly, C–C coupling between reactants by cleaving the pre-defined
C–X groups (X stands for hydrogen and halogens) followed by forming new
carbon-carbon bonds, represents one of the best choices for controllable fabrication
of advanced carbon nanostructures. In this chapter, we reviewed the recent
achievements of the on-surface reactions of C–X groups activations and C–C
couplings, where different carbon species including alkynyl (sp1), alkenyl (sp2), aryl
(sp2) and alkyl (sp3) groups are studied.

1 Introduction

Recently, the fabrication of nanostructures/nanomaterials through covalent inter-
linking of molecular building blocks on metal surfaces had been an enormously
active research field [1–8]. Various chemical reactions have been employed on
surfaces, including, for example, the Ullmann reaction [9, 10], Bergman cyclization
[11, 12], Glaser coupling [13, 14], imine formation [15, 16], decarboxylative
polymerization [17], azide–alkyne click reaction [18, 19], and dimerization of
N-heterocyclic carbenes [20]. Among others, on-surface chemistry involving
hydrocarbons has aroused great attention due to its fascinating potential in con-
structing novel carbon-rich nanostructures/nanomaterials. In particular, C–C cou-
pling between reactants by cleaving the pre-defined C–X groups (X stands for
hydrogen and halogens) followed by forming new carbon-carbon bonds, represents
one of the best choices for controllable fabrication of advanced carbon
nanostructures/nanomaterials.
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In particular, the dehalogenative homocouplings of aryl halides (sp2-carbon)
have been explored most intensely [21–27]. This type of reaction proved to be a
promising strategy for the construction of graphene-derived carbon nanostructures
including graphene nanoribbons with different edge structures and widths [21, 28–
31], porous graphene and hyperbenzene [27, 32], nanographene as well as
two-dimensional polymers consisting of porphyrin units [9, 10, 33]. Most recently,
the interests in constructing novel or advanced carbon nanostructures such as
carbyne, graphyne and graphdiyne have drawn emerging attention of C–X groups
involving other types of hybridized carbon [13, 14, 34–36]. In this research field,
means of real-space direct visualization by scanning probe microscopy under
ultra-high vacuum provides unambiguous identification of the formed nanostruc-
tures, and invaluable insights into the reaction scheme have also been obtained from
complementary density functional theory (DFT) calculations.

In this chapter, we begin with a short review of the on-surface Ullmann type
reactions, then we review the most recent achievements of the on-surface reactions
of C–X groups, which involve: (1) different carbon species including alkynyl (sp1),
alkenyl (sp2) and alkyl (sp3) groups. (2) dehydrogenation and dehalogenation.
Scheme 1 shows the overview illustration of the functional groups that are used for
on-surface investigations. In the last part we describe some examples of the
sequential C–X groups activation on surfaces. These findings have given us a
general understanding of the different chemical properties between different C–X
bonds on metal surfaces, and provided fruitful strategies for synthesis of novel
complexes and construction of advanced carbon nanostructures on surfaces.

Scheme 1 On-surface C–X activation of sp3, sp2 and sp1 hybridized carbons
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2 Results and Discussions

2.1 On-Surface Dehalogenative Homocoupling

Dates back to 1901, Fritz Ullmann et al. discovered that the aromatic
carbon-halogen bond can be cleaved to form diaryls with the help of the Cu powder
catalyst [37]. Ever since, the Ullmann reaction has become a textbook case and it
has been widely used in organic synthesis [38, 39]. About a century later, Saw-Wai
Hla et al. introduced this well-known reaction onto the metal surface [40]. In their
early work, they demonstrated that the Ullmann reaction could be induced by the
scanning tunneling microscopy (STM) tip manipulating single molecules. After
deposition of iodobenzene on the Cu(111) substrate, the STM tip was utilized to
inject electrons into the molecule inducing the C–I bond cleavage to give a phenyl
radical and an iodine atom. The phenyl radical is believed to be stabilized by p
interaction with the terrace and r bonding to a Cu step edge atom. After the initial
iodine abstraction process, the authors further manipulated one phenyl bringing it
closer to another phenyl by STM. Finally, by excitation of two phenyl radicals with
inelastic tunneling, covalent coupling of the phenyl radicals was triggered and the
biphenyl could be formed and identified by following STM imaging.

This breakthrough opens up a promising vista for on-surface synthesis.
However, a clear drawback of the approach mentioned above is that
electron-injection by the STM tip is a time-consuming and very inefficient way to
induce a chemical reaction. This reaction did not draw remarkable attention until
several years later Leonhard Grill et al. discovered a much simpler and more
straightforward way to activate the C–Br bond in on-surface synthesis, which later
boomed the emerging field of on-surface chemistry. Meanwhile, on-surface
Ullmann-type coupling has been investigated by researchers across the world and
still amazingly ranks among the most studied on-surface reactions so far. They
demonstrated that the aryl C–Br bond cleavage and the subsequent covalent C–C
bond coupling can be achieved upon thermal treatment [9]. Three kinds of
brominated tetraphenylporphyrins (Brn–TPP, n = 1, 2, 4) were selected as building
blocks (Fig. 1). Firstly, the brominated TPP molecules were deposited onto a clean
Au(111) substrate, which was kept at room temperature during deposition. If the
evaporator temperature was 550 K or lower during the deposition, large highly
ordered self-assembly islands of intact brominated TPP molecules were observed.
Subsequently, annealing the molecule-covered surface to 610 K induced a C–Br
bond cleavage to form the corresponding aryl radicals, followed by coupling to
TPP-connections. Alternatively, raising the evaporation temperature of the molec-
ular source to 610 K would cause the C–Br bond cleavage already in the evapo-
rator, which led to deposition of TPP-type radicals onto the gold surface, and then
these activated radicals react with each other to form intermolecular chemical bonds
upon thermal diffusion (kept at room temperature). By varying the TPP-based
molecules with one, two or four Br substituents, the authors succeeded in forming
different nano-architectures, that is, for BrTPP only dimerization was observed,
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whereas trans-Br2TPP led to the formation of long linear chains. Br4TPP enabled
the fabrication of two-dimensional networks (Fig. 1).

Later on, massive works based on the Ullmann-type reactions have been carried
out. For instance, more knowledge comes from the works reported by the group of
Lackinger and Beton [23, 24]. Both teams independently studied the synthesis of
2-D, polymeric hexagon structures by utilizing 1,3,5-tris(4-bromophenyl)benzene
(TBPB) as precursors via on-surface Ullmann reaction. After deposition of TBPB
molecules onto Cu(111) and Au(111) respectively, comparable network structures

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Fig. 1 Thermally induced on-surface Ullmann-type coupling [9]. Building nanoarchitectures
using different monomer building blocks with one (left column), two (middle column) and four
(right column) Br substituents. a–c Chemical structures. d–f STM images of single intact
molecules (all 3.5 � 3.5 nm2), where the brominated legs appear larger than the ones without
bromines. g–i Overview STM images (all 30 � 30 nm2) of the nanostructures after activation and
connection. j–l Zoom-in STM images of the formed nanostructures (j 5 � 5 nm2, k 10 � 10 nm2

and l 8.5 � 8.5 nm2) (Adapted with permission from Ref. [9]. Copyright 2007 by the Nature
Publishing Group)
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were constructed. The precursor molecules exhibited high conformational flexibility
during the growth of network structures, which results in the construction of
inhomogeneous network structures (Fig. 2a, b). Later, researches using building
blocks with high conformational rigidity showed that more uniform network
structures can be accomplished [25, 26].

J. Michael Gottfrid and co-workers revealed the reactivity of a surface-assisted
system could be affected as a function of the substrate temperature and reported a
Ullmann coupling reaction where the regulation between a cyclic product and an
open-chain structure could be achieved by varying the surface temperature during
deposition of precursor molecules [27]. Deposition of 4,4′′-dibromo-m-terphenyl
(DMTP) onto the Cu(111) substrate at 300 K led to the fabrication of a highly
ordered zigzag-chain structure consisting of C–Cu–C bridged organometallics.
While depositing DMTP onto Cu(111) at 550 K resulted in the construction of
hyperbenzene, a hexagonal macrocycle consisting of 18 connected phenyl rings.

Br

Br Br

Cu(111) 
or 

Au(111)

(a) (b)

Fig. 2 Network formation via Ullmann-type coupling by a Lackinger et al. [23] and b Beton et al.
[24] (Adapted with permission from Refs. [23, 24]. Copyright 2009 and copyright 2010 by The
Royal Society of Chemistry)
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Owing to the success in thermal induced on-surface Ullmann-type reaction, the
synthesis of graphene nanoribbons with atomic precise width and edge structure has
been achieved. Roman Fasel et al., were the first to report a simple bottom-up
method for the growth of atomically precise graphene nanoribbons of different
topologies and width [28]. The authors applied on-surface Ullmann-type coupling
and subsequent cyclodehydrogenation reactions of 10,10′-dibromo-9,9′-bianthryl
(DBBA) precursor to synthesize the prototypical armchair ribbon of width N = 7.
Thermal sublimation of DBBA onto the Au(111) substrate removes their halogen
substituents, thus forming the biradical species. During the first thermal activation
step, the biradical species diffuse along the surface and undergo radical addition
reactions to form single covalent C–C bonds between each monomer, giving rise to
linear polymer chains. Then, in a second thermal activation step, a surface-assisted
cyclodehydrogenation builds up an extended fully aromatic system (Fig. 3a). In the
bottom-up approach, a careful design of the precursors can give access to a wide
range of different structures. For example, the authors fabricated chevron-type
graphene nanoribbons (GNRs) with alternating widths of N = 6 and N = 9 using
6,11-dibromo-1,2,3,4-tetraphenyltriphenylene precursor and a threefold GNR
junction with a tri-halogen-functionalized monomer. Michael F. Crommie et al.
constructed N = 13 armchair GNRs utilizing the precursor shown in Fig. 3b [29].
Patrick Han et al. and Roman Fasel et al. found that the coupling selectivity usually
introduced by halogen substitution was overwhelmed by the structural and catalytic
properties of the substrate when the DBBA molecules were introduced to Cu(111)
substrate [30, 31] and obtained identical chiral GNRs as shown in Fig. 3c. Shigeki
Kawai and co-workers presented boron-doped graphene nanoribbons with widths of
N = 7, 14 and 21 by on-surface reactions with an organoboron precursor (Fig. 3d)
[41]. Besides, Ingmar Swart and coworkers found that for the aryl chloride,
cyclodehydrogenation occurs before dehalogenation and polymerization [42]. The
planar bisanthene radicals displayed a different coupling behavior compared to the
staggered bianthryl radicals, which resulted in the fabrication of polybisanthenes.

The C–C homocoupling reaction of precursors with predefined C–X (X stands
for halogens) groups has proven to be one of the most efficient ways for control-
lable fabrication of different carbon scaffoldings. Nevertheless, dehalogenative
homocouplings have been only limited to aryl halides (sp2-carbon). More recently,
alkyl (sp3-carbon), alkenyl (sp2-carbon) and alkynyl (sp1-carbon) halides have also
been demonstrated on surfaces by the group of Wei Xu (Fig. 4) [34, 43, 44]. In
these systems, C–Br activations are surprisingly found to occur at room tempera-
ture, which are much lower than their aryl bromide counterparts. For alkenyl and
alkynyl halides organometallic intermediates could be identified (Fig. 4b, c). The
identification of these organometallic intermediates in the processes demonstrates
the role of the metal surface as a catalyst in the homocoupling reaction. It is also
worth mentioning that by introducing the dehalogenation homocoupling of alkynyl
halides to an inert Au(111) surface, the authors demonstrate an effective approach
for the construction of carbon nanostructures involving acetylenic scaffoldings.
Three organic molecules with one, two and three alkynyl bromide groups have been
delicately designed and synthesized. As expected, the formation of dimer structures,
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one-dimensional (1-D) molecular wires and two-dimensional (2-D) molecular
networks with acetylenic scaffoldings are successfully achieved on Au(111)
substrate (Fig. 4c).

(a) (b)

(c) (d)

Br

Br

Br

Br

B

B

Br

Br

B

B

B

B

200  C 400  C

200  C 400  C

400  C

180  C 400  C

Fig. 3 Bottom-up synthesis of graphene nanoribbons (GNRs). Dehalogenation followed by
cyclodehydrogenation to give fully aromatic GNRs by a Fasel et al. [28] and b Crommie et al. [29]
(Adapted with permission from Refs. [28, 29]. Copyright 2010 by the Nature Publishing Group
and copyright 2013 by the American Chemical Society). c Dehalogenation followed by hydrogen
passivation and finally gives identical chiral GNRs [30] (Adapted with permission from Ref. [30].
Copyright 2014 by the American Chemical Society) d Atomically controlled substitutional
boron-doping of graphene nanoribbons [41] (Adapted with permission from Ref. [41]. Copyright
2015 by the Nature Publishing Group)
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2.2 On-Surface Dehydrogenative Homocoupling

Dehalogenative homocoupling reactions after the cleavage of C–X (X stands for
halogens, typically for Br and I) bond have a drawback of leaving halogen atoms
remaining as contaminations on the surface. A solution to overcome this problem is
offered by the so-called “clean” on-surface reactions. On-surface reactions where
by-products are completely avoided or only gaseous or volatile by-products are
formed that leave the surface under ultrahigh vacuum (UHV) conditions would all
be good options. Thus, dehydrogenative homocoupling reactions represent elegant
ways to realize this target. During the reaction process, only inert hydrogen gas is
formed along with the targeted products. The challenge lies in the selective C–H
activation of only specific C–H bonds in the chosen organic building blocks with
the presence of many other C–H bonds.

One of the very first on-surface C–H bond activation was reported by Raval et al.
[7]. They found that deposition of tetra(mesityl)porphyrin (TMP) molecules onto a
Cu(110) surface with a low coverage and then annealing the molecule-covered
sample at between 150 and 200 °C led to the fabrication of covalently connected
C–C bonds (Fig. 5a). The close-up STM image unraveled that the formed linear,
angular and grid-like structures consisted of edge-connected TMP units. The
authors drew a conclusion that C–H activation of the para methyl groups occurred,

Debromination C-C homo-coupling

5 Å 5 Å 5 Å 5 Å5 Å

5 Å

(a)

(c)

(b)

7 Å 5 Å

Cu(110) Ag(110) Au(111) Cu(110) Cu(110)

Au(111) Au(111) Au(111)

Fig. 4 On-surface dehalogenative reactions involving alkyl (sp3-carbon), alkenyl (sp2-carbon)
and alkynyl (sp1-carbon) halides. a Formation of dimer structures by (sp3-carbon) halides [43].
b Formation of organometallic intermediates and diene structures by alkenyl (sp2-carbon) halides
[44]. c Formation of dimer structures, one-dimensional molecular wires and two-dimensional
molecular networks with acetylenic scaffoldings by alkynyl (sp1-carbon) halides [34] (Adapted
with permission from Refs. [34, 43, 44]. Copyright 2016 by The Royal Society of Chemistry,
copyright 2016 by The Royal Society of Chemistry, and copyright 2016 by the American
Chemical Society)
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followed by C–C coupling of benzyl radicals to eventually fabricate the observed
nanostructures.

Not only benzylic but also alkyl sp3 hybridized C–H groups can be activated on
surfaces. This example was demonstrated by Lifeng Chi and co-workers in 2011
[45]. They reported a highly selective C–H activation and subsequent dehydro-
genative C–C coupling reaction of long-chain linear alkanes on an anisotropic Au
(110) surface. Mass spectrometric analysis identified the formation of H2 as the
only by-product, which further verifies the C–H activated reaction. The analogous
measurement with the deuterated alkane was also performed, where the formation

Cu(110)
150 ~ 200  C 

430K
Cu(110)

400K
Cu(110)

5 Å 1 nm 3 nm

(a)

(b)

Fig. 5 a Dehydrogenative homocoupling of TMP molecules via C–H activation of benzylic sp3

hybridized carbon atoms [7] (Adapted with permission from Ref. [7]. Copyright 2008 by The
Royal Society of Chemistry). b Dehydrogenative homocoupling of alkyl chains on Cu(110) [46]
(Adapted with permission from Ref. [46]. Copyright 2016 by Wiley-VCH)
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of D2 gas was experimentally detected as well. For further confirmation of the
dehydrogenative C–C coupling, the authors explored 1,4-di(eicosyl)benzene and
eicosylbenzene under the same conditions on the Au(110) substrate. They found
that the reaction took place exclusively at specific sites (terminal CH3 or penulti-
mate CH2 groups) in the chains at the temperature between 420 and 470 K, and
selected for aliphatic C–H activation rather than aromatic C–H activation. This
work has demonstrated the huge potential offered by on-surface chemistry as well
as the catalytic activity of the metal surface. To be more general, the group of Wei
Xu explored the feasibility of dehydrogenative homocoupling of alkyl chains on a
much simpler Cu(110) surfaces, and demonstrated a stepwise dehydrogenative
homocoupling proceeding from the intact alkyl chain via the dehydrogenative
intermediates finally to the formation of divers coupling products (Fig. 5b) [46].

On-surface C–H activation is not limited to sp3 hybridized carbon. Sp2 hybri-
dized carbon (including both alkenes and arenes) has been successfully achieved in
surface-assisted dehydrogenative homocoupling reactions. For example, Wei Xu
et al. demonstrated that a selective aryl-aryl coupling via direct C–H bond acti-
vation can be successfully achieved on Cu(110) [47]. After deposition of the
quaterphenyl (4Ph) molecule on the Cu(110) surface and further annealing the
sample to 500 K, the 4Ph molecules are covalently linked together via aryl-aryl
coupling into chain-like structures basically along the close-packed [1–10] direction
of the substrate. Submolecularly resolved STM images together with delicate lateral
STM manipulations revealed that the aryl-aryl coupling took place exclusively at
the para site of the terminal phenyl groups of 4Ph molecules, which was further
verified by density functional theory (DFT) calculations on the energy barriers of all
possible C–H activation sites within the 4Ph molecules (Fig. 6a).

Porphyrin-based precursors were investigated by both Johannes V. Barth as well
as Wei Xu groups, which demonstrated the surface-assisted dehydrogenative
homocoupling to fabricate 2-D network structures. In these circumstances, por-
phyrin and cobalt-phthalocyanine molecules were successfully homo-coupled via
the direct C–H activation of the aromatic sp2 hybridized carbon atom on Ag sub-
strates, respectively (Fig. 6b, c) [48, 49].

Along with the surface-assisted dehydrogenative homocoupling of sp2 hybri-
dized carbon atom, the group of Wei Xu investigated on-surface C–H activation of
terminal alkenes [50]. 4-vinyl-1,1′-biphenyl (VBP) was deposited onto copper
substrates. After annealing the molecule-covered Cu(110) to 425 K, VBP mole-
cules dimerized via covalent C–C coupling at the vinylic position with a quite high
yield (>80%). Contrary to the dimerization products of alkenes in solutions, that is,
butane moieties, VBP molecules unexpectedly couple to give diene compounds
(Fig. 7). Notably, at this low temperature, activation of the aromatic C–H bonds
could be fully suppressed.

Glaser coupling, the homocoupling of terminal alkynes via Csp–H activation, is
very well established in solutions. Over the past few years, dehydrogenative
homocoupling of terminal alkynes has been introduced to metal surfaces, evi-
dencing a more complicated scenario. Diverse products including diynes [13, 14,
51–54], organometallic motifs [35, 36], phenyl groups [55, 56], and others could be
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formed on different surfaces [14, 57], and usually byproducts are inevitable when
triggering the reaction at elevated temperatures.

Mario Ruben and Johannes V. Barth et al. made first attempts to construct 2-D
frameworks based on the surface-assisted Glaser coupling [13]. 1,3,5-tris-
(4-ethynylphenyl)benzene (Ext-TEB) was deposited onto a flat Ag(111) surface.
After annealing to 400 K, 2-D network structures with butadiyne connection
moieties were fabricated (Fig. 8a). They also attempted to synthesize extended

Cu(110)

500 K

Ag(110)

680 K

(a)

(b)

(c)

Fig. 6 C–H activation of aromatic sp2 hybridized carbon atoms [47–49] (Adapted with
permission from Refs. [47–49]. Copyright 2014 by The Royal Society of Chemistry, copyright
2014 by the American Chemical Society, and copyright 2015 by The Royal Society of Chemistry)
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graphdiyne wires [51] by a 4,4′′-diethynyl-1.1′:4′,1”terphenyl molecule. However,
On the flat Ag(111) surface thermal activation triggers a variety of side-reactions
resulting in irregularly-branched polymeric networks. To increase the chemo- and
regioselectivity, they confined the terminal alkyne reactants to step edges of a
vicinal Ag(877) template, and fortunately the formation of chemoselective buta-
diyne was preferred over branching side-reactions encountered on the flat Ag(111)
(Fig. 8b).

Besides the vicinal surface templating, the group of Harald Fuchs found that
selectivity of the on-surface Glaser coupling can be dramatically increased by
simple steric shielding of the active alkyne moieties [14]. Hence, they decorated
alkyl chains at the ortho-position of the reacting alkyne functionalities, which led to
the suppression of side reactions (Fig. 8c).

The on-surface Glaser-coupling generally takes place by thermal activation of
alkynes on metal substrates. However, the interaction between molecular precursors
and surface metal atoms often induces unwanted reaction pathways once excessive
thermal energy is provided. Harald Fuchs and Mauro Sambi together with their
co-workers showed light-induced homocoupling of terminal alkynes. Fuchs et al.
showed the formation of aryl-alkyne dimers on Ag(111) induced by UV irradiation
at a wavelength of 375 nm at room temperature [53]. The light-induced Glaser
coupling with a bisalkynylarene as a building block mainly provides dimeric
structures instead of long polymer chains in contrast to the thermal-induced one
discussed above. Further reaction towards long polymer chains is also suppressed
because of the low surface mobility of the dimers at room temperature. Recently,
Sambi et al. also reported a light-induced metal-free homocoupling of terminal
alkynes on highly oriented pyrolytic graphite (HOPG) [54].

1 nm 2 nm 5 Å

Fig. 7 Dimerization of VBP molecules at the terminal vinylic position via surface-assisted C–H
activation [14] (Adapted with permission from Ref. [50]. Copyright 2015 by Wiley-VCH)
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Two major strategies have been adopted to control the on-surface reaction of
terminal alkynes including changing the precursor backbone or employing different
substrates. Kai Wu and co-workers studied the role of different lattice planes of the

Ag(111)

400 K

(a)

(b) (c)

(d)

A
g(877)

400 K

Fig. 8 On-surface Glaser-type coupling reactions of terminal arylalkynes: a, b by Ruben/Barth
et al. [13, 51], c by Studer/Fuchs et al. [14], and by dWu et al. [35] (Adapted with permission from
Refs. [13, 14, 35, 51]. Copyright 2012 by the Nature Publishing Group, copyright 2014 by the
American Chemical Society, copyright 2013 by Wiley-VCH, and copyright 2015 by the American
Chemical Society)
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silver substrate and found that 1-D molecular wires were formed by Glaser-type
coupling on Ag(111) whereas 1-D organometallic nanostructures were fabricated
involving the surface metal atoms on Ag(110) and Ag(100) (Fig. 8d). Such a lattice
dependent reaction of the terminal alkyne was originated from the matching degree
between the periodicities of the constructed molecular wires and the surface lattice
structures [35].

It is also worth mentioning that the group of Wei Xu reported a successful
synthesis of metalated carbyne chains by dehydrogenative coupling of ethyne
molecules and copper adatoms on a Cu(110) substrate under UHV conditions [36].
The anisotropic Cu(110) was selected for its relatively high chemical activity and
the well-known 1-D templating effect which could facilitate the growth of 1-D
carbon-based nanomaterials (Fig. 9).

2.3 Sequential C–X Groups Activation

The sequential on-surface reactions combining dehalogenative with dehydrogena-
tive homocoupling are reviewed in this section. The groups of Hecht/Grill and
Lackinger reported the analogous sequential Ullmann-type coupling reaction [10,
58]. At lower temperature, selective activation of the weaker C–I bonds was

Fig. 9 Synthesis of metalated carbyne by dehydrogenative coupling of ethyne on Cu(110) [36]
(copyright 2016 by the American Chemical Society)
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accomplished, resulting in covalent bonded substructures. At higher temperatures,
C–Br bond activation could be also achieved, finally realizing the construction of
2-D network structures (Fig. 10).

The group of Wei Xu illustrated on-surface formation of polyphenyl chains
through a sequential reaction pathway involving Ullmann-type coupling and sub-
sequent dehydrogenative coupling [59]. The para-bromobiphenyl molecules reac-
ted via Ullmann-type coupling to quaterphenyl on Cu(110) at 465 K. Further
increasing the temperature to 500 K induced intermolecular dehydrogenative
coupling at the meta-positions of the terminal phenyl moieties in the formed
quaterphenyl to give polyphenyl chains (Fig. 11a). Mauro Sambi and co-workers
applied the Ullmann coupling to generate polyphenyl wires on Au(111) at 400 K by
using 4,4′′-dibromo-p-terphenyl (DBTP) as building block. Further annealing to
650 K led to intermolecular dehydrogenation to give graphene nanoribbons
(Fig. 11b) [60].

BrBr

RT
Au(111)
523 K

Au(111)

(b)

(a)

(c) (d)

Br

I

Fig. 10 Sequential combination of on-surface Ullmann-type coupling reactions a by the group of
Hecht/Grill [10] and b by Lackinger and co-workers [58] (Adapted with permission from Refs.
[10, 58]. Copyright 2012 by the Nature Publishing Group and copyright 2014 by the American
Chemical Society)
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3 Summary and Outlook

On-surface C–X activation and the following C–C coupling undoubtedly represent
one of the most promising and efficient methods for syntheses of novel molecules
and advanced carbon-based nanostructures, which are hard to obtain or even
unachievable by traditional solution chemistry. During the last decade which can be
called the infant era of on-surface synthesis, we have witnessed the successful
formation of a vast number of graphene derived nanostructures, among which
graphene nanoribbon belongs to one of the most representative ones. To that end,
Ullmann-type on-surface reaction, that is, dehalogenative homocoupling of aryl
halide represents the most intensely studied topic across the worldwide surface
science community.

A few forward-looking on-surface studies have been showing the growing
interests on the synthesis of prospective low-dimensional carbon nanostructures
including but not being limited to carbyne and graphyne, which were proposed long
ago but yet to be synthesized. The development of on-surface synthesis arouses our
attention and preliminary movements on the synthesis of these promising materials
again. In particular, on-surface C–X activations followed by C–C coupling might be
the best reaction of choice. In light of the requirements of carbon centers other than
aryl sp2 hybridized one, we may foresee flourishing studies of sp1 and sp3 hybri-
dized carbon center, or ever heteroatoms other than carbon involved in the reactions

Cu(110)-RT Cu(110)- 465 K Cu(110)-500 K

360 - 390 K 400 K 650 K

Br

BrBr

(a)

(b)

Fig. 11 On-surface Ullmann-type coupling and subsequent intermolecular dehydrogenation a by
Xu and co-workers [59] and b by Basagni, Sedona and co-workers [60] (Adapted with permission
from Refs. [59, 60]. Copyright 2014 by The Royal Society of Chemistry and copyright 2015 by
the American Chemical Society)
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in the near future. Along with a long pathway to these long-standing goals, it is of
high relevance and urgency to study the fundamental reaction products, pathways
as well as their mechanisms. In addition to the Ullmann-type coupling on surfaces,
lots of works are yet to be carried out in the future.
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On-Surface Ullmann Reaction
for the Synthesis of Polymers
and Macrocycles

Qitang Fan, Junfa Zhu and J. Michael Gottfried

Abstract Compared to organic synthesis in solution, the benefits of on-surface
synthesis are apparent especially when it involves insoluble reactants or when
in situ characterizations of products with large molecular weight are required. This
article covers the on-surface synthesis of hydrocarbon polymers and macrocycles
via an Ullmann type reaction of haloarenes on metal single-crystal surfaces. The
related formation of stable organometallic reaction intermediates with
carbon-metal-carbon bonds is also discussed. Regarding the on-surface synthesis of
polymers, deposition onto hot metal surfaces (in contrast to post-annealing) as well
as high diffusion rates of the monomers lead to the increase of their chain lengths.
To obtain high yields of macrocycles, it is important to enable the ring closure at the
stage of the organometallic species with reversible carbon-metal-carbon bonds and
to apply high-dilution conditions. In contrast, the formation of macrocycles by
cyclisation of polymer chains with only covalent bonds is of low probability due to
the particular mechanism of the ring-closure process in two-dimensional
confinement.

1 Introduction

Since Friedrich Wöhler reported the first organic synthesis in 1828 with the con-
version of ammonium cyanate to urea, [1] the field of synthetic organic chemistry
has developed mainly by performing reactions in the homogeneous liquid phase
and much less in heterogeneous systems, e.g., at solid-liquid interfaces. A wide
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range of reaction types enables the synthesis of diverse chemicals such as phar-
maceuticals or synthetic polymer materials including silicon, plastic, artificial
fibers, etc. [2]. The fact that most of the available reactions require solution con-
ditions represents a considerable restriction, because sufficient solubility of the
reactants in a suitable solvent is required. In the synthesis of shape-persistent
nano-sized macrocycles, which have been considered as important intermediates for
two-dimensional (2D) polymers, [3] sufficient solubility of reactants and products
can only be achieved with long alkyl side chains at the (often conjugated) molecular
backbones. These side chains are potentially disadvantageous in the further reac-
tions of the macrocycles. This example illustrates how solution-based synthesis
requires compromises regarding the structure of the molecules and that not all
desired structures can be synthesized in the homogeneous liquid environment.

With the emergence of the on-surface synthetic approach, in which the reactions
are performed at the solid/vacuum interface in the absence of solvents, this limitation
can be overcome. Concerning the above-mentioned example of shape-persistent
macrocycles, cyclic oligophenylenes (honeycombenes) without alkyl side chains
have been synthesized on metal surfaces under ultrahigh-vacuum (UHV) conditions
[4–6]. One of the most robust and versatile reactions currently used in on-surface
synthesis is the Ullmann C–C coupling reaction [7, 8] which is a modified version of
a long-known heterogeneous (solid/liquid) reaction originally developed for the
synthesis of biphenyls from aryl halides [9]. It has been employed to synthesize
various, mostly conjugated, polymers including polyphenylene [10–14] polythio-
phene [15], graphene nanoribbons [16], and others [17]. One of the intrinsic benefits
of on-surface synthesis is the possibility of in situ characterization of the products
with powerful surface science techniques, especially scanning probe microscopy/
spectroscopy with sub-molecular spatial resolution. This approach allows for the
sophisticated control over the electronic properties of the synthesized polymers via
modification of the custom designed precursor monomers. Another advantage of
on-surface synthesis comes into play when monolayers of large organic molecules,
metal complexes or organometallic compounds are considered. The typically used
preparation method of such layers, physical vapor deposition under vacuum con-
ditions, is often not applicable, because the molecules thermally decompose before
they develop a practically usable vapor pressure. In such cases, an alternative is the
deposition of smaller precursor molecules, which react on the surface to form the
desired larger species. An example is the above-mentioned synthesis of oligophe-
nylene macrocycles [4–6]. In general, the on-surface synthesis of cyclic polymers or
macrocycles is challenging, because the 2D confinement reduces the degrees of
freedom of the precursor chain and hinders the encounter of its ends as the final step
of the cyclization. Nevertheless, there are several successful examples including
[18]- and [30]-honeycombene, [4, 5] cyclothiophene [15], and sexiphenylene [10].

In this chapter, we review the present state of the on-surface Ullmann reaction
for the synthesis of both open-chain polymers and macrocycles. In the first part, the
formation, assembly, and stabilization of organometallic chains with
carbon-metal-carbon bonds from haloarenes containing two C–X (X = halogen)
groups on metal surfaces are discussed. These organometallic chains are important
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intermediates for the formation of covalently bonded polymers. Two procedures for
the on-surface synthesis of polymers are compared: post-annealing of precursor
layers and deposition of precursor molecules on metal surfaces kept at elevated
temperatures (“hot” deposition). The “hot” deposition along with a high diffusion
rate of the monomers have been found to favor the formation of long polymer
chains. In addition, control of the electronic properties of the synthesized polymers
such as poly-para-phenylene and graphene nanoribbons by modification of pre-
cursor monomer is illustrated with examples from the recent literature. In the
second part, important prerequisites for the on-surface synthesis of macrocycles are
discussed, including the design of monomers with bent carbon skeletons such as
4,4″-dibromo-meta-terphenyl (DMTP), the use of surface templates, and the
application of the high-dilution principle. Mechanisms of the on-surface formation
of macrocycles are described using the example of [18]-honeycombene (hyper-
benzene). It is shown that high yields of macrocycles are only obtained if the
cyclization occurs at the stage of intermediates with reversible bonds, e.g., an
organometallic phase with carbon-metal-carbon bonds, whereas all-covalent inter-
mediate chains have a lower probability for cyclization. Finally, properties and
applications of in situ synthesized conjugated polymers and macrocycles on sur-
faces are summarized.

2 Synthesis of Polymers via Surface Ullmann Reaction

2.1 The Emergence of the On-Surface Ullmann Reaction

The Ullmann reaction, first described in 1901, [18] is one of the oldest heteroge-
neous reactions in organic synthesis. It was originally proposed for the synthesis of
biphenyls from aromatic halides in solution with the assistance of copper powder.
The copper does not function as a catalyst, but is needed in stoichiometric amounts.
A first link between Ullmann reaction and surface chemistry was established in
1992 when Xi and Bent studied the reaction of iodobenzene on Cu(111) with
surface science techniques including temperature programmed reaction spec-
troscopy [19, 20]. It was reported that the reaction is initiated by the insertion of a
copper atom into the C–I bond. This process leads to the formation of an
organometallic intermediate, which then reacts with an additional monomer into
biphenyl and copper iodide. It is should be noted that the organometallic inter-
mediate could be phenyl bonded to a surface copper adatom or a lattice copper atom
(Scheme 1). The reaction pathways then were found to be coverage dependent
because of the different adsorption behaviors of the monomer. The first application
of the Ullmann reaction to the on-surface fabrication of covalent nanostructures was
reported in 2007 by Grill et al., who successfully implemented the coupling of
tetraphenylporphyrins (TPP) with different numbers and positions of peripheral Br
substituents into covalently linked dimers, chains, and 2D arrays on a Au(111)
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surface [21]. Since then, various aromatic halides were employed for the successful
synthesis of zero-dimensional (0D), 1D, and 2D nanostructures on solid surfaces in
ultra-high vacuum (UHV) [7]. Looking back on the historic development of this
research field, the rather late arrival of this breakthrough is mainly due to the
complex mechanism of the surface Ullmann reaction, which requires an optimal
balance of the energy barriers for monomer diffusion, desorption, aggregation as
well as C–X, C–H and C–C bonds scission. This poses various restraints on the
design of the precursor monomers, for example their molecular weights and
chemical constitution. As a simple example, the C–X bond activation barrier must
be lower than the desorption barrier of the precursor, otherwise the heating pro-
cedure will lead to desorption of the precursor monomers before their coupling into
larger products. This case commonly occurs to precursors with small molecular
weights, which have weak interactions with the metal substrates. Otherwise,
alternative approaches are required to trigger the surface Ullmann reaction without
simultaneous desorption of the precursor. For instance, Rieder et al. induced the

Scheme 1 Reaction mechanisms for the Ullmann reaction of a phenyl halide on a surface
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surface Ullmann reaction of iodobenzene on Cu(111) by electron injection through
a metal tip [22]. In awareness of this issue, monomers with moderate molecular
weights were employed, such as the 4,4″-dibromo-para-terphenyl (DBPTP) and
10,10′-dibromo-9,9′-bianthryl (DBBA), which result in the successful on-surface
synthesis of polyphenylene [13, 14] and graphene nanoribbons, [23] respectively.
Eventually, the optimization of the parameters for on-surface Ullmann reaction to
obtain 1D/2D nanostructures with higher degree of order was studied in detail, [24–
26] which prompted the prosperity of the research field of on-surface synthesis
using reactions such as Ullmann coupling, [7, 8, 27, 28] Glaser coupling, [29]
dehydrogenative coupling, [30–33] etc.

2.2 Identification of Organometallic Intermediates
on Surfaces

In the Ullmann reaction, the structure of the product polymers and (cyclic) oligo-
mers are closely related to the structure of the precursor monomer. Precursor
monomers with two halogen substituents typically lead to the formation of
one-dimensional (1D) polymer chains after their C–C coupling, as was
demonstrated by the formation of tetraphenylporphyrin chains from
dibromo-tetraphenylporphyrin in the work by Grill et al. [21]. Noteworthy, as
mentioned in the section above, one possible mechanism for the Ullmann reaction
is to initially form the organometallic intermediate, which then undergoes demet-
alation forming the final C–C bonded covalent species. Since these intermediates
have significant impact on the structure of the final C–C bonded products,
numerous studies were conducted with the organometallic species to explore
mechanistic details of the on-surface Ullmann reaction [8]. Commonly, on copper
and silver surfaces, room-temperature stable organometallic polymeric chains with
C–Cu(Ag)–C bonds are formed before their transformation into the final covalent
nanostructures by further annealing treatment. The rare observations of
organometallic species with C–Au–C bonds is due to their intrinsically lower sta-
bility or shorter lifetime compared to those of C–Cu(Ag) bonds [34]. The first
detailed study of an organometallic nanostructure in the context of the Ullmann
reaction was reported by Wang et al., who identified the copper atoms in
organometallic polymeric chains via scanning tunneling spectroscopy (STS) in the
Ullmann reaction of dibromo-para-terphenyl (DBPTP) on Cu(111) [13].

2.3 Stabilization of Organometallic Chains

In contrast to 2D organometallic networks, which are stabilized in two dimensions
by organometallic bonds, the 1D organometallic chains are stabilized by
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organometallic bonds along the chain and by weak intermolecular interactions in
the direction perpendicular to the chains [11, 13, 34–36]. Figure 1a shows the
formation of a zigzag shaped organometallic chain from 4,4″-dibromo-meta-ter-
phenyl (DMTP). The combination of two different types of interactions between the
precursor monomers along two different directions leads to their aggregation into
ordered domains as shown by the STM image in Fig. 1b. On the basis of the
apparent heights of the species and the lateral distances, the type of the bond such as
C–C and C–Ag–C bonds or other, weaker interactions can be determined. As a
complementary approach, low energy electron diffraction (LEED) is typically
employed to confirm the periodicity of the formed ordered organometallic chain
islands [11, 37]. In addition, laterally integrating surface-analytical techniques such
as X-ray photoelectron spectroscopy (XPS) give valuable insight into the chemical
composition of the adsorbates.

In most studies of the formation of 1D organometallic chains, the Br adatoms
were typically identified by indirect evidence, because an effective local, chemically
sensitive probe is generally not available. Although various intermediates of the
surface Ullmann reaction have been successfully studied using vibrational spec-
troscopy via inelastic tunneling spectroscopy, [38] this approach is normally too
time-consuming for general surface analysis. As a more practical alternative, XPS
has been used especially to study the chemical state of the Br atoms and to monitor
the dissociation of the C–Br bond as the initial step of the surface Ullmann reaction
[11]. The XPS chemical shifts suggest that the Br atoms released from the precursor
molecules bind directly to the underlying metal surface. In combination with the
fact that the surface metal adatoms were typically incorporated into the

Fig. 1 a Reaction scheme for the formation of zigzag shaped organometallic chains from 4,4″-
dibromo-meta-terphenyl (DMTP). b Molecularly resolved STM image of a small region of the
one-dimensional (1D) zigzag organometallic chain island. The chemisorbed Br adatoms between
the chains are resolved and labeled with red spheres. c Adsorption model for the structure in panel
(b). Grey spheres represent carbon atoms; white, hydrogen; brown, copper; red, bromine. Adapted
with permission from Ref. [35], © (2014) American Chemical Society
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organometallic chains forming carbon-metal bonds, the excess protrusions with
different apparent heights were thus reasonably attributed to chemisorbed Br ada-
toms. These Br adatoms tend to adsorb between the organometallic chains, where
they are stabilized by Br���H bonds formed with the peripheral hydrogen atoms of
the monomers as illustrated in Fig. 1c [35]. The spot-like protrusions assigned to
chemisorbed Br atoms between the chains can be seen in Fig. 1b. Similar results
have been reported in other related studies [11, 13]. (Contrasting observations were
reported for organometallic chains formed from 1,4-dibromobenzene (DBB) by
Giovannantonio et al., who found that some of the Br atoms could sit on top of the
bridging copper atoms in the organometallic chains [11]. The reason for this
deviating behavior most likely lies in the limited space available between the
phenylene units of the DBB derived chain, as compared to the terphenylene units in
the DBPTP derived chains (see above). The excess Br atoms may then adsorb on
the bridging copper atoms in the organometallic chains rather than on the surface
lattice copper atoms.) According to the derived adsorption model, the distances
between Br and the periphery hydrogen atoms fit well to the range of typical Br���H
bond lengths [39]. The formation of Br���H bonds has also proved to exert con-
siderable influence on the final adsorption configuration of the organometallic
chains. For instance, 9,10-dibromoanthracene monomers form, after dissociation of
the C–Br bonds, organometallic chains on Ag(111) consisting of non-coplanar
anthryl biradical moieties. Parallel arrangement is not possible because of the
alternative formation of Br���H bonds at the two sides of the chain [40]. In other
words, the adsorbate structure represents the energetically most favorable config-
uration for the co-adsorption of organometallic chains and Br adatoms. If the
precursor contains a C–I reactive group instead of C–Br, the resulting domains of
organometallic chains are expected to be different, because iodine atoms are less
electronegative than Br atoms and therefore have weaker interactions (I���H
hydrogen bonds) with the organometallic chains. This was demonstrated by the
different unit cells of the domains of organometallic chains formed by
1,4-dibromobenzene and 1,4-iodobenzene on Cu(110) [11].

2.4 Dynamics of the Formation of Organometallic Chains

The growth dynamics of organometallic chains is influenced by their stabilization in
2D islands. These islands grow by attachment of individual dehalogenated mono-
mers and metal adatoms or complete oligomeric organometallic chains that have
preformed on a terrace. By reversal of these processes, the chain islands can also
shrink. This has been observed for DMTP on Cu(111) at 300 K [35]. As shown in
Fig. 2a, the organometallic chain islands initially loses a whole chain and then
regains a whole chain over a period of several minutes. The large aspect ratio of the
islands indicates that the attachment of additional chains is slower than the chain
growth process. An alternative explanation is based on the fact that the
organometallic bond is stronger than the Br���H hydrogen bonds. Therefore, the
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detachment of meta-terphenyl (MTP) units by C–Cu–C bond scission is more
difficult than the detachment of chains by dissociation of Br���H bonds. This also
finally leads to the formation of island that are elongated in the direction of the
organometallic chains.

Another important aspect for the formation of islands of organometallic chains is
the source of metal adatoms. It has been proposed that the metal adatoms incor-
porated into the organometallic chains originate from the 2D gas of metal atoms
present on a metal surface [41, 42]. However, if this source is not sufficient, metal
atoms can also be removed directly from the lattice. For example, deposition of
DMTP on Cu(111) at 300 K leads to the formation of vacancy islands of
monoatomic depth, especially if the DMTP coverage is in the high submonolayer
range (Fig. 2b). The vacancy islands do not occur if the substrate temperature is
higher (440 K) during the deposition of DMTP (Fig. 2c). This strongly implies that
the concentration of copper adatoms on Cu(111) at 300 K is not sufficient (or the

Fig. 2 a Sequence of STM images of the same region of the sample prepared by deposition of 0.2
ML DMTP onto Cu(111) at 300 K, taken with an interval of 7 min. b, c Overview STM images
obtained after deposition of 0.77 ML DMTP onto Cu(111) held at 300 K and 440 K, respectively.
Adapted with permission from Ref. [35], © (2014) American Chemical Society
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process of their formation is too slow) to compensate the consumption during the
formation of organometallic chains. Therefore, the extraction of copper atom from
the terraces comes into play as an additional supply. These observations indicate
that the concentration of surface adatoms can be one of the rate-determining factors
for the formation of longer organometallic chains, as is exemplified by the com-
parison between Fig. 2c (440 K) and Fig. 2b (300 K).

2.5 Formation of Covalent Polymers

The covalently bonded polymers form in two ways: either by post-annealing of the
preformed organometallic polymeric chains or by the deposition of precursor
monomers onto a surface kept at a sufficiently high temperatures to induce direct C–C
coupling [7]. The major differences between these two procedures concern the
dynamics of assembly during the polymerization via C–C coupling. In the
post-annealing procedure, the monomers have already arranged into compact ordered
islands of organometallic chains, in which the repeat units are in the right configu-
ration for C–C coupling. However, during this process, large domains of
organometallic chains typically split into smaller domains consisting of covalent
polymer chains [12], which are again stabilized by the hydrogen bonds formed with
chemisorbed halogen adatoms. One reason for the reduced long-range order is that the
elimination of metal atoms reduces the lattice constant in the chain direction, which
makes the whole island shrink. This often leads to cracks in the islands, which cannot
heal because of the large sliding diffusion barrier of the islands. The lowmobility also
prevents the formation of larger domains by encounter and C–C coupling between
smaller domains of polymer chains. In contrast, the procedure of deposition onto the
“hot” surface leads to direct reaction of the monomers and formation of polymer
chains, which subsequently aggregate to form islands stabilized by hydrogen bonds.
This approach typically results in the formation of longer polymer chains compared to
those obtained by the post-annealing procedure. The main reason for better perfor-
mance of the “hot deposition” approach is that the increased diffusion rate leads to a
higher probability for the attachment of single monomer units to a preformed chain,
compared to the post-annealing approach. The enclosure of monomers in the
organometallic chain islands prevents the monomers from diffusing freely on the
surface.

The lengths of the formed polymers depends on the rates of deposition, diffusion
and reaction of the monomers during C–C coupling. In the case of high deposition
rates, the high stationary monomer coverage makes the initial formation of dimers
most likely, while longer chains form subsequently by the coupling of dimers and
other short oligomeric chains. However, for low deposition rates, dimer formation
has a lower probability and adsorbing precursor monomers are more likely to
couple with a preformed oligomeric chain. This favors the further growth of pre-
formed long polymer chains rather than the formation of a new short chain. These
considerations are also supported by the fact that longer chains are formed by “hot”
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deposition compared to post-annealing, because the post-annealing procedure is in
most aspects equivalent to “hot” deposition of the precursor monomer with infi-
nitely high deposition rate.

High diffusion rates of monomers or preformed oligomeric chains leads to a high
probability for their encounters, resulting in the formation of longer chains. The
diffusion rates are not only influenced by temperature, but also by the choice of
substrate. Experimental and theoretical studies indicate that the diffusion rates of
aromatic molecules on coinage metal substrates decrease in the order Au(111) > Ag
(111) > Cu(111) [26, 43]. As can be expected by the above considerations, the
lengths of the covalent chains formed from the same precursor on these three
surfaces follow the same tendency. Figure 3b–d show STM images taken after
deposition of DMTP onto Cu(111), Ag(111) and Au(111) at the indicated tem-
peratures. As can be seen, the most probable lengths of the zigzag shaped oligo-
phenylene chains formed on the three surfaces decrease in the order Au(111) > Ag
(111) > Cu(111). Additional evidence for this reasoning is provided by the fact that
longer poly-para-phenylene chains are formed on Au(111) [14] than on Cu(111)
[13] from the DBPTP monomer. Besides, longer chains are also formed at higher

Fig. 3 a Reaction scheme for the formation of zigzag oligophenylene chain from DMTP on
coinage metal (111) surfaces. b–f show the STM images taken after deposition of DMTP onto Cu
(111), Ag(111), and Au(111) held at the indicated temperatures. The employed vapor deposition
rates of DMTP for panel (b) and (c–f) are 50 monolayer per hour (ML/h) and 5 ML/h,
respectively. Grey and green coloring is used to mark the zigzag polyphenylene chains and
hyperbenzene molecules, respectively. Adapted with permission from Refs. [4, 6], © (2013) John
Wiley & Sons
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substrate temperatures during precursor deposition. As shown by Fig. 3d–f,
deposition of DMTP onto Au(111) at increasing temperatures leads to the obvious
enhancement of the most probable length of the zigzag polyphenylene chains.

By considering these aspects, diverse polymer chains were synthesized from
different two-fold halogenated arenes. The topology of the polymer chain is
determined by both the positions of the halogen atoms in the molecule and the
shape of its carbon skeleton. For instance, linear oligophenylene chains can be
synthesized from DBPTP [13], 1,4-dibromobenzene, [11, 12] or 1,4-diiodobenzene
[10]. For these precursors, the C–X bonds are oriented along one of their two axes
of symmetry. When this is not the case, e.g., for 1,3-diiodobenzene, zigzag shaped
rather than straight oligophenylene chains are formed [10]. Similarly, using DMTP
monomers with bent carbon skeleton also leads to the formation of zigzag shaped
oligophenylene chains [4]. Furthermore, the properties of polymers can be modified
by functionalization of the precursor monomers. Basagni et al. reported that the
band structure of the parallelly aligned poly-para-phenylene chains formed from
DBPTP can be tuned by doping with different numbers of N atoms in the precursor
[44]. Another example is the formation of flexible molecular wires with high
conductance from bis(5-bromo-2-thienyl)-benzobis(1,2,5-thiadiazole), in which
alternative donor and acceptor units were introduced [45]. For comparison, the
polyfluorene chain formed from dibromoterfluorene (DBTF) monomers has a
conductance decreasing with its length [46]. It was concluded that the introduction
of donor and acceptor units in the precursor monomer enhances the conductance of
the polymer chains [45].

Graphene nanoribbons represent another interesting class of polymer chains. The
synthesis of these ribbons is commonly achieved via Ullmann coupling of
haloarenes with wide carbon skeletons followed by cyclo-dehydrogenative C–C
coupling [16]. One exception without the cyclo-dehydrogenative C–C coupling is
the one-step Ullmann coupling of 1,4,5,8-tetrabromonaphthalene (TBN) into the
arm-chaired graphene nanoribbon with a width of five carbon atoms [34]. The
design of different precursors leads to the formation of graphene nanoribbons with
different widths and edge topologies [16]. Besides the arm-chaired edge [23],
graphene nanoribbons with coved [47] or zigzag edges [48] have been reported,
some of which are based on monomers with rather sophisticated design. The widths
of graphene nanoribbons is usually determined by the size of precursor monomers.
Up to now, arm-chaired graphene nanoribbons with widths of 3, [10, 13, 14] 5, [34,
49] 7, [23] 9, [50, 51] and 13 [52] carbon atoms were achieved. With the precise
tailoring of the topologies and widths of graphene nanoribbons, their corresponding
band structure (especially the band gap) can be controlled. Additional modification
of the band structure of graphene nanoribbons can be achieved by doping with
heteroatoms in the precursor monomers, e.g., boron [53, 54] and nitrogen [44, 55].
These examples illustrate the major benefits of the synthesis of polymers or gra-
phene nanoribbons through on-surface Ullmann coupling: The highly controllable
substituents and topologies pave the way to the synthesis of structurally
well-defined polymers with desired functionalities for applications in molecular
electronics and other fields of current technology.
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3 Synthesis of Macrocycles via Surface Ullmann Reaction

3.1 Cyclisation via Ring-Closure on a Surface

In solution-based chemistry, one of the typical strategies for the synthesis of
macrocycles or cyclic polymers is the ring-closure method, which involves the
encounter and coupling of the reactive end groups of a polymer chain. Similar to the
development of on-surface polymerization for the synthesis of diverse polymers,
the application of the ring-closure method to reactions on solid surfaces would
enable the on-surface synthesis of macrocycles with desired properties. A major
benefit of the on-surface approach is apparent: Because of the solvent-free condi-
tions, it can serve as an alternative method for the cyclisation of insoluble reactants,
which cannot be used in solution [5]. The simplest strategy for macrocycle syn-
thesis is the ring-closure of homodifunctional linear oligomers. Due to the uniform
reaction product of surface Ullmann reaction, one would also expect that the C–X
groups (X = halogen) are highly feasible for the ring-closure of linear oligomers on
a surface. However, one crucial aspect of the on-surface case, compared to syn-
thesis in solution, is the deposition of the reactant oligomer with high molecular
weight onto solid surfaces in UHV. Physical vapor deposition through thermal
sublimation is of limited use, because the large organic molecules usually
decompose before they reach a practically usable vapor pressure. Even if more
sophisticated techniques such as laser-induced desorption [56] or electrospray
deposition [57] could help to overcome this limitation, the entanglement of the long
oligomer chains and their arrangement in a conformation favorable for cyclization
may not be possible because of energy barriers induced by the adsorption potential.

To solve this deposition-related problem, the hierarchical approach can be used:
in the first step, small precursor monomers that can easily be deposited oligomerize
into linear oligomer chains, which then undergo unimolecular ring-closure forming
macrocycles in the second step. However, due to the 2D confinement of the
reactants in the surface reaction, there are differences to ring-closure reactions in
solution. Most importantly, the two terminal groups of the linear oligomer have
more degrees of freedom in solution than in the adsorbed state on a surface. As a
result, the diffusion behavior of the terminal groups, which need to meet for ring
closure, is different. For instance, the cyclisation of the oligo-para-phenylene chain
shown in Scheme 2a could be achieved in solution by bending of the C–C r bonds
towards the direction perpendicular to the plane of phenylene units. In other words,
this ring-closure process is achieved by a conformational change of the chain. On a
surface, however, the 2D confinement makes it much more difficult to reach the
cyclization geometry, because the in-plane bending of the C–C bonds leads to much
higher strain and steric hindrance due to the proximity of hydrogen atoms of the
neighboring phenylene units (red oval in Scheme 2a). Only if the chain is long
enough and therefore the bending angle per phenylene unit is small, it may be
possible for the oligo-para-phenylene to form rings on the surface due to the
reduced steric repulsion between the involved hydrogen atoms. We will see later
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that low-barrier conformational changes of a chain in solution may not be possible
in the 2D confinement on a surface, because they would require the flipping and
thus the partial desorption of the chain at high energy costs. In such cases, a
lower-energy pathway may be available that involves the reorganization of chem-
ical bonds, i.e., a constitutional modification of the chain. In other words, the
diffusion and successful approach of the two terminal groups of an oligomer on a
surface could rely more on an isomerization of the chain rather than its confor-
mational change. Ring-closure on a surface would then require an isomerization of
an open oligomer chain into a transient isomer that resembles the final macrocycle.
These considerations also provide directions regarding the design of the corre-
sponding precursor monomers. In order to allow for the isomerization of the ini-
tially formed oligomer chain into the shape resembling a strain-free ring, the
monomers should contain two C–X bonds with an angle of 180� 360

N , where N is

Scheme 2 a Reaction scheme for the ring-closure of an oligo-para-phenylene chain with 10
phenylene units. The out-of-plane and in-plane cyclization leads to the formation of macrocycles
with different conformations, with much higher ring strain for the in-plane conformation. b The
design of building blocks consisting of C–X bonds with different angles for the synthesis of
macrocycles with different shapes
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the number of monomers for the formation of a ring. Scheme 2b shows the different
ring shapes formed for N = 2, 3, 4, 5, and 6.

Similar to macrocycle synthesis in solution, appropriate conditions are required
to favor cyclization over chain growth. Frequently used approaches include
high-dilution and template methods. The high-dilution principle was first proposed
by Ruggli [58] and Ziegler [59]. It is based on the fact that the covalently tethered
two reactive end groups of a particular oligomer chain have always the same
probability of encounter, regardless of the concentration of chains, whereas the
reaction between two chains or the chain growth by attachment additional mono-
mers require the encounter of two separate molecules and thus become increasingly
improbable under high-dilution conditions [60]. The alternative template method in
solution, as was first reported by Busch et al. [61], guarantees that the target
molecule has the desired shape [62]. It was therefore employed to synthesize
diverse structurally complex macrocycles. Recent examples are the Vernier tem-
plating synthesis of p-conjugated porphyrin nanorings with different diameters [63–
66]. Both methods can be applied to reactions of polymers on surfaces to achieve
high probabilities of cyclisation via ring-closure.

3.2 Formation of Organometallic Macrocycles

Organometallic macrocycles are frequently observed as intermediates in the for-
mation of all-covalent macrocycles on surfaces. As an example, we discuss
macrocycles formed by 4,4″-dibromo-meta-terphenyl (DMTP) monomer, in which
the two C–Br bonds enclose an angle of 120°. DMTP fulfils the conditions for the
formation of non-linear open chains, which could undergo ring-closure into
macrocycles. The smallest ideal (i.e., non-strained) ring formed from DMTP
molecules is a hexagon, according to Scheme 2b. On the stage of the
organometallic phase, the major product after deposition (with a deposition rate
f = 5 ML/h) of DMTP onto metal surfaces, e.g., Cu(111), consist of organometallic
zigzag chains, as shown by the large-scale STM image in Fig. 4a. Macrocycles are
only formed as minority species and include the hexagonal (MTP-Ag)6 as well as
the larger rings (MTP-Ag)10, (MTP-Ag)14, (MTP-Ag)16, and (MTP-Ag)18 [35]. The
predominant formation of chains is not surprising, because the islands of zigzag
organometallic chains are more compact than those of organometallic macrocycles
with cavities and thus allow for a higher local coverage. The more compact packing
of the chain islands also leads to stronger intermolecular interactions per unit
surface area and thus makes the chain islands thermodynamically more stable.
When the chains are the thermodynamically favored product, kinetic reaction
control is necessary to favor the formation of macrocycles. Alternatively, the
thermodynamic stability of the macrocycles (or of the transition states leading to
these macrocycles) can be increased by suitable templates.
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As mentioned above, the template and high-dilution methods are established for
macrocycle synthesis in the homogeneous liquid phase. The template method
typically involves template molecules with the “negative” shape of the desired rings
[67]. In addition, reversible interactions are employed between the formed
macrocycle and the template monomer, because it is necessary to finally remove the
template. The template method is also applicable in 2D confinement, as has been
shown for numerous examples in on-surface supramolecular chemistry [68].
Assembly of small tecton molecules into large supramolecular structures has been
achieved through weak interactions such as p-p stacking [69, 70] as well as
hydrogen [71, 72] and coordination bonds [73–75]. One example for the application
of molecular templates for steering the on-surface Ullmann reaction was reported
by Lin et al., who employed the 5,15-bis(4′-bromophenyl)-10,20-bis(4′-pyridyl)
porphyrin as precursor in a surface Ullmann reaction on Au(111) [76]. The
co-deposition of this precursor with copper leads to the formation of covalently
bonded porphyrin dimer or trimers rather than porphyrin chains with lengths
obeying a C type distribution. Therefore, the template effects of coordination chains
with pyridyl–Cu–pyridyl bonds on the surface Ullmann reaction are revealed
unambiguously.

Beside the possible usage of molecular templates, the substrate itself can serve as
a template in on-surface synthesis and enhance the probability of ring-closure. This
has been demonstrated by the higher yield of cyclic species observed on Cu(111)
compared to Cu(110) after deposition of DMTP at 300 K, as shown in Fig. 4a and
b (macrocycles marked in green color). The template effect posed by the substrate
stems mainly from the symmetry matching between the adsorbates and the surface
lattice. Therefore, the (MTP-Ag)6 macrocycle with six-fold symmetry has a higher
probability of formation on the six-fold symmetric Cu(111) surface than on
two-fold symmetric Cu(110) surface [77]. In fact, the synthesis of organometallic

Fig. 4 STM images of organometallic species obtained by deposition of submonolayers of DMTP
onto Cu(111), Cu(110) and Ag(111) surfaces held at 300, 300, and 443 K, respectively. The
deposition rates f of DMTP are 50 ML/h for the panels (a) and (b) and 0.5 ML/h for panel (c). The
insets in panel (a) and (c) show the magnified view of the (MTP-Cu)6 and (MTP-Ag)6
organometallic macrocycles. The organometallic macrocycles in panel (a) are green colored. Black
spheres in the insets represent carbon atoms; white, hydrogen; orange, copper, cyan, silver.
Adapted with permission from Refs. [6, 77], © (2016) John Wiley & Sons
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macrocycles on the Cu(110) surface from DMTP could only be achieved by
introduction of an additional template, namely, the more corrugated “piano key-
board” pattern on the partially oxidized Cu(110)–(2 � 1)O surface with alternating
stripes of bare Cu surface and bundled oxygen rows [37]. The Ullmann reaction
proceeds predominantly on the stripes of bare Cu(110), while the adjacent Cu–O
chain bundles impose strong lateral confinement. The Ullmann reaction of DMTP
on the Cu stripes is influenced both by steric effects and attractive interactions
between the molecular backbones and the Cu–O chains. The extent of these
influences increases when the width of the bare Cu stripes is reduced. As illustrated
in Fig. 5a–e, organometallic macrocycles are the major species on Cu stripes nar-
rower than 5.6 nm. Conversely, organometallic chains with uniform length are
formed when the width of the Cu stripes exceeds 5.6 nm (Fig. 5f, g). It is proposed
that the formation of macrocycles on the narrow Cu stripes is due to the alignment
of the straight parts of DMTP along the orientation of Cu–O chain, which is mainly
achieved by the formation of hydrogen bonds between the oxygen atoms in the Cu–
O chains and the peripheral hydrogen atoms of the MTP units [37].

The high-dilution principle is another important method to increase the yield of
organometallic macrocycles in the surface Ullmann reaction. For reactions on sur-
faces, the high-dilution condition is equivalent to a low stationary coverage of the
precursor monomers. This can be achieved by low deposition rates f for the

Fig. 5 High-resolution STM images of organometallic species, including a–e macrocycles and f,
g oligomeric chains, formed by deposition of submonolayers of DMTP onto Cu(110)–(2 � 1)O
held at 383 K. The corresponding adsorption models are shown underneath the panels (a–c). The
widths of the bare Cu stripes in the STM images are indicated by the green numbers. Black spheres
represent carbon atoms; white, hydrogen; blue, bromine; red, oxygen; orange, copper. Adapted
with permission from Ref. [37], © (2016) American Chemical Society
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precursor. As exemplified by the formation of (MTP-Ag)6 organometallic macro-
cycles from DMTP on Ag(111) under high-dilution condition, the mechanism can be
described as shown in Scheme 3. The high-dilution condition ensures that sufficient
time is available for the isomerization of the preformed (MTP-Ag)6 open chain into
the transient intermediate state resembling a ring, which then undergoes the final
ring-closure process into a closed macrocycle. Due to the reversibility of C–Cu
organometallic bonds at the reaction temperature, the isomerization of
organometallic chains proceeds mainly by the C–Cu bond scission and reformation.
As illustrated in Scheme 3, the detached chain segment can undergo in-plane
rotation and subsequently re-attach to the chain again, resulting in its isomerization.
(Note that the isomerization is necessary because of the 2D confinement, where in
3D a conformational change would lead to the same result.) Additionally, once the
(MTP-Ag)6 macrocycle has formed, its decomposition into two short chains is
energetically more unfavorable than that of an open chain. This is because the
splitting of a ring into two moieties requires the dissociation of at least two C–Ag
bonds, compared to the scission of only one C–Ag bond dissociation necessary for
the detachment of a chain segment. This selection process eventually favors the

Scheme 3 Chain growth (light blue shaded) and chain cyclisation (light brown shaded) of the all-
trans configured organometallic (MTP-Ag)6 Chain 1. The isomerization of Chain 1 into Chain 6 is
achieved by three steps: detachment, in-plane rotation, re-attachment of MTP units. KC and KL

denote the rate constants for the cyclization and chain growth processes, respectively
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build-up of (MTP-Ag)6 macrocycles. The operation of the high-dilution principle on
surfaces has been experimentally proven by deposition of DMTP onto Ag(111) at
443 K with a low deposition rate of 0.5 ML/h. As shown by Fig. 4c, this procedure
gives a considerably higher yield of the six-membered organometallic macrocycles
on both Ag(111) and Cu(111), compared to deposition with higher fluxes [6].

3.3 Formation of Covalent Macrocycles

Similar to the organometallic macrocycles, the synthesis of covalent macrocycles
requires kinetic reaction control. As shown by Fig. 6a and b, the yield of

Fig. 6 a–c Overview STM images taken after deposition of DMTP onto Cu(111) at 300 K, onto
Cu(110) at 383 K, and onto Ag(111) at 353 K, followed by annealing to 550, 458, and 463 K,
respectively. d Large-scale STM image taken after deposition of DMTP onto Ag(111) held at
463 K with an extremely low deposition rate 0.05 ML/h. The hyperbenzene macrocycles in panel
(a) are marked by green color. The molecular model of hyperbenzene is shown in inset of panel
(c). Grey spheres represent carbon atoms; white, hydrogen. Adapted with permission from Refs.
[6, 77], © (2016) John Wiley & Sons
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hyperbenzene obtained by direct C–C coupling is higher on Cu(111) than on Cu
(110) [4, 77]. In line with the discussion above, this is attributed to the template
effect of the six-fold symmetric Cu(111) surface, which favors the formation of the
hexagonal hyperbenzene [4], while the two-fold symmetric Cu(110) surface favors
the formation of polyphenylene zigzag chains [77]. The operation of this template
effect is based on the interaction between the Cu(111) surface and the organic
adsorbates. Since this interaction consists mainly of physical adsorption, it is not
strong enough alone to guarantee a high probability of the formation of hyper-
benzene. An additional increase of the yield of hyperbenzene can be obtained by
application of the high-dilution principle. This is achieved by deposition of DMTP
with an extremely low deposition rate f of 0.05 ML/h on a Ag(111) surface held at
463 K. By this procedure, the two requirements for the pseudo-high dilution are
satisfied: First, the consumption of DMTP monomers is faster than their addition.
This is proven by the absence of intact molecules on the surface. Second, the final
cyclic product, hyperbenzene, is stable under the applied reaction conditions,
because no side reactions by C–C or C–H bond activation are observed. The
rigorous application of this pseudo-high dilution condition results in the formation
of hyperbenzene with a high yield of 83%, as shown in Fig. 6d. This yield is much
higher than that obtained by the conventional post-annealing procedure (Fig. 6c), in
which a submonolayer reservoir of densely packed MTP units has been deposited
before the C–C coupling is induced by the temperature increase. In the latter case,
the high initial precursor concentration undermines the high-dilution condition by
favoring chain growth processes with second-order kinetics.

Regarding the mechanism for the formation of hyperbenzene on Ag(111), it has
been proposed that that cyclization happens on the stage of the organometallic
phase, resulting in the formation of the organometallic (MTP-Ag)6 macrocycle,
which then undergoes demetalation around 440–450 K to form hyperbenzene
(MTP)6. Accordingly, deposition of DMTP onto Ag(111) held at 443 K leads to the
coexistence of both organometallic (MTP)6Agx macrocycles and hyperbenzene, as
is illustrated in Fig. 7a–d. The simultaneous appearance of macrocycles with six,
two, one and zero Ag atoms strongly indicates that hyperbenzene forms from the
(MTP-Ag)6 macrocycle through stepwise elimination of Ag atoms without
destruction of the ring shape as shown Fig. 7e. Therefore, the yield of hyperben-
zene should be proportional to the yield of (MTP-Ag)6 macrocycles, which can be
derived according to Scheme 3: Six DMTP monomers initially react with six Ag
atoms into the six-membered (MTP-Ag)6 organometallic chain by forming five C–
Ag–C bridges. This chain then undergoes cyclization into the (MTP-Ag)6 macro-
cycle or further grow into a seven-membered (MTP-Ag)7 chain by attachment of
another monomer unit. The competition between cyclization and chain growth
determines the yield ratio of (MTP-Ag)6 macrocycles and (MTP-Ag)7 chains.
Based on the conventional Jacobson-Stockmayer (J-S) model [78, 79], this com-
petition depends on the precursor concentration (in line with the high-dilution
principle). Thus, the yield of (MTP-Ag)6 macrocycle can be derived as a function of
the precursor deposition rate (f) as follows:
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% (MTP�Ag)6 cycle =
1

1þ KL
6KC

f s
� 100 ð1Þ

In Eq. 1, s denotes the reaction time for the C–Ag–C bond formation, while KC

and KL are the rate constants for cyclisation and growth of the six-membered
(MTP-Ag)6 chains, respectively. According to Eq. 1, the yield of hyperbenzene
depends reciprocally on the deposition rate (flux) f. However, this is contrasted by
experimental findings for DMTP on Ag(111), which show that the yield of
hyperbenzene decreases approximately exponentially with increasing deposition
rate f. This is visualized by the red curve in Fig. 8f, which is based on data derived
from the STM images in Fig. 8a–e. This curve is inconsistent with the reciprocal
type curve (blue, Fig. 8f) according to Eq. 1, especially at high f. The fact that at
high fluxes the yield is higher than expected from the J-S model relates to the
reversibility of the C–Ag bond formation under the reaction conditions:
Organometallic chains (MTP-Ag)n that have already exceeded the length for
cyclization (i.e., n > 6) can dissociate into smaller segments with n � 6 and

Fig. 7 a STM image taken after deposition (f = 0.5 ML/h) of 0.5 ML DMTP onto Ag(111) held
at 443 K. b, d Zoom-in of the green and blue framed region in panel (a). c Section of partially
metalated hyperbenzene molecules observed on the sample in panel (a). e Scheme for the
evolution of cyclic (MTP-Ag)6 to hyperbenzene (MTP)6. Grey spheres represent carbon atoms;
white, hydrogen; cyan, silver. Adapted with permission from Ref. [6]
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therefore still contribute to the formation of organometallic (MTP-Ag)6 macrocy-
cles. This is not possible for a chain in which the segments are irreversibly linked
by covalent bonds, as is assumed in the J-S model.

In the following, we discuss an alternative mechanism, by which hyperbenzene
is formed through cyclization of covalently bonded oligophenylene chains.
Cyclization of such a chain is only possible if it has the all-cis geometry of the
(MTP)6 Chain 6 in Scheme 4. To reach this geometry, an all-trans chain (Chain 1
in Scheme 4) needs to undergo several flipping events, which implies transient
desorption of parts of the chain. The flipping is necessary because the irreversibility
of the C–C bond formation under the reaction conditions makes it impossible to
isomerize the covalently linked chains via the detachment and re-attachment of
chain segments (as was shown in Scheme 3 for the organometallic chain). Some of
the flipping events necessarily involve rather large segments of the chain. For
instance, the isomerization from Chains 4 to 5 requires the partial desorption of a
quaterphenyl or quinquephenyl unit. The energy barriers for such processes can be
estimated from molecular desorption energies.

It has been reported that the desorption temperature for para-quaterphenyl on Au
(111) is around 550 K [80]. An even higher temperature is to be expected for

Fig. 8 Overview STM images taken after deposition of 0.5 ML DMTP onto Ag(111) held at
463 K with different deposition rates: a 0.08 ML/h, b 0.5 ML/h, c 5 ML/h, d 50 ML/h, and
e 150 ML/h. Tunneling parameters: a U = 1.2 V, I = 0.13 nA; b U = 1.3 V, I = 0.21 nA;
c U = 1.6 V, I = 0.12 nA; d U = 1.5 V, I = 0.16 nA; e U = 1.6 V, I = 0.13 nA. The islands of
hyperbenzene and zigzag oligophenylene chains are indicated by green and grey shading,
respectively. f Hyperbenzene yield versus DMTP deposition rate f. See the text for the meaning of
the blue and red curve. Adapted with permission from Ref. [6]
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desorption from Ag(111) due to the typically larger adsorption energy of phenyl
units on Ag(111) than on Au(111) [39, 41]. Therefore, it is unlikely that the
transition from Chains 4 to 5 on Ag(111) has a substantial rate at temperatures
below 550 K. This means that, except for the (MTP)6 Chains 5 and 6 in Scheme 4,
other types of (MTP)6 chains are completely blocked from cyclization under the
employed reaction temperatures (483, 503, and 523 K) due to the high barrier for
the necessary flipping of chain segments. However, the probability for the direct
formation of the (MTP)6 Chains 5 and 6 (Scheme 4) by C–C coupling of six MTP
units is 3/32. This is much lower than the experimentally achieved yield of
hyperbenzene, which indicates the existence of an additional ring-closure pathway
with a higher probability. Thus, these considerations provide additional evidence
for a cyclization on the stage of organometallic phase [6].

In view of this, the high-yield formation of hyperbenzene on metal surfaces
relies strongly on the ring-closure process on the stage of the organometallic phase.
Therefore, any conditions that reduce the lifetime of the organometallic species
would undermine the probability for ring-closure, and hence the yield of
(MTP-Ag)6 and of the final hyperbenzene macrocycles. This assumption is evi-
denced by the decrease of the hyperbenzene yield with the increase of the

Scheme 4 Chain growth (light blue shaded) and chain cyclization (light brown shaded) of the all-
trans configured (MTP)6 oligophenylene Chain 1 into an (MTP)7 oligophenylene chain or
hyperbenzene. The isomerization process of (MTP)6 chains is necessary for cyclization and is
achieved by the flipping of the chain segments (red colored). KC and KL denote the rate constants
for cyclization and chain growth processes, respectively
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temperatures of both Ag(111) and Au(111) surfaces, as shown by Figs. 3d–f and
9a–c, because higher substrate temperature results in reduced lifetimes of the
organometallic species. Additional evidence is the considerably lower hyperben-
zene yield achieved on Au(111) compared to that on Ag(111) under otherwise
identical conditions. This can be explained by the fact that C–Au bonds are less
stable and thus have intrinsically shorter lifetimes than C–Ag bonds. Another
consequence caused by the reduced lifetime of the organometallic species is the
formation of macrocycles that are larger than hyperbenzene, because the cyclization
occurs more and more likely on the stage of the covalent species. Since this process
is of low probability, it finally leads to a higher relative probability of the competing
chain growth and therefore to the formation of larger macrocycles from these longer
chains, even though the yields are limited (Fig. 9d).

Fig. 9 STM images taken after deposition (f = 0.5 ML/h) of 0.5 ML DMTP onto Ag(111) held at
a 483 K, b 503 K, and c 523 K. The islands of hyperbenzene and zigzag oligophenylene chains
are marked by green and grey shading. dMagnified view of the center region in panel (c). Adapted
with permission from Ref. [6]
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The synthesized macrocycles have various interesting properties. For examples,
they function as single-molecule quantum corrals for the confinement of electrons,
metal clusters or small organic molecules. Chen et al. reported the on-surface syn-
thesis of conjugated [30]- and [18]-honeycombene (HC) macrocycles, as well as
macrocycles with other geometries, which act as molecular quantum corrals resulting
in the confinement of surface-state electrons inside their central cavity [5]. Figure 10a
shows the electron standing-wave pattern in the center of macrocycles formed from
four, five, and six 4,4⁗-dibromo-meta-quinquephenyl (DMQP) monomers on Ag
(111) at 640 K. The energy of the confined surface state increases with the shrinking
size of themacrocycles (Fig. 10b). However, due to the relatively low potential barrier
imposed by the organic macrocycles, no higher-energy states have been found inside
the cavities. Other interesting properties of conjugated macrocycles were reported by
Reecht et al. [15], who employed an cyclo-oligothiophene as electron resonators for
whispering gallery modes. This conjugated macrocycle forms from four 5,5″-
dibromo-2,2′:5′,2″-terthiophene (DBrTT) molecules and consists of 12 thiophene
units as shown in Fig. 10c. Its energy-dependent conductance maps are compared to
those of the related open-chain oligothiophenes with the same number of thiophene
units.While the electronic states of the latter show the typical behavior of a particle in a
one-dimensional box, the conductance maps of the macrocycles indicate that these

Fig. 10 a Experimental dI/dV maps at the indicated bias voltages showing the electron
standing-wave pattern inside the central cavities of the square [20]-honeycombene (HC),
pentagonal [25]-HC, and hexagonal [30]-HC macrocycles (from the left) formed from DMQP on
Ag(111) at 640 K. The white scale bars correspond to 1 nm. b Experimental dI/dV spectra
measured at the centers of the three macrocycles. c Formation of an oligothiophene macrocycle
consisting of 12 thiophene rings from DBrTT, the topology of which is shown in the STM image.
d Constant-height conductance maps acquired at the indicated voltages. Adapted with permission
from Refs. [5, 15], © (2017) American Chemical Society, © (2013) American Physical Society
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systems must be treated with periodic boundary conditions, i.e., as particle-on-a-ring
systems. In particular, themaps show a constant intensity along the ring perimeter and
an increasing diameter of the unoccupied orbitals with increasing energy (Fig. 10d).

4 Summary

In this chapter, we have shown the synthesis of hydrocarbon polymers and
macrocycles via Ullmann reaction of haloarenes on metal surfaces. The usage of
haloarenes containing two C–X groups (X = halogen) on Cu(111) and Ag(111)
commonly leads, after C–X bonds scission, to the preliminary formation of
organometallic chains, in which the segments are linked by carbon-metal-carbon
bonds. The stabilization of these organometallic chains in ordered domains is
achieved by hydrogen bonds perpendicular to the chain direction. The covalently
bonded polymers form either by post-annealing of the preformed organometallic
chains or by direct deposition of the precursor monomers onto hot surfaces. The
latter procedure leads to the formation of longer polymers due to the more freely
diffusing monomers. High diffusion rates of the monomers also contribute to the
increase of the lengths of polymer chain. The electronic properties of the synthe-
sized polymers can be controlled to a large degree by the design of the precursor
monomers. A particularly interesting class is that of the graphene nanoribbons,
which have a band gap that can be tuned by control of their width and edge
topology or by doping with heteroatoms.

The on-surface synthesis of macrocycles typically requires haloarene monomers
with bent carbon skeletons such as DMTP. Due to the alternative connections (cis
or trans) between the bent monomers, linear open chains or closed macrocycles are
formed. The six-fold symmetric metal (111) surfaces are more favorable for the
formation of hexagonal organometallic/covalent macrocycles than a two-fold
symmetric (110) surfaces, a finding that is attributed to template effects. Even more
pronounced template effects occur on the Cu(110)–(1 � 2)O supergrating surface,
where organometallic macrocycles grow on the narrow bare Cu(110) stripes, while
they are absent on the pristine Cu(110) surface. The on-surface synthesis of
hyperbenzene macrocycles with yields of up to 83% has been achieved on Ag(111)
at 463 K by application of the high-dilution principle to the on-surface synthesis
reaction. The hyperbenzene macrocycle is proposed to be formed predominantly by
demetalation of the (MTP-Ag)6 organometallic macrocycle preformed via
ring-closure of an (MTP-Ag)6 open chain under pseudo-high dilution conditions.
This ring-closure process on the stage of the organometallic phase is effective due to
the reversibility of the C–Ag–C bond. In contrast, the direct cyclization of covalent
(MTP)6 chains into hyperbenzene is unfavorable due to the high energy barriers for
the flipping of chain segments necessary for their ring-closure. Hyberbenzene,
honeycombenes and other in situ synthesized conjugated hydrocarbon macrocycles
on surfaces can act as effective quantum corrals for the confinement of surface-state
electrons or as particle-on-a-ring systems.
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Bottom-Up Fabrication of Atomically
Precise Graphene Nanoribbons

Martina Corso, Eduard Carbonell-Sanromà and Dimas G. de Oteyza

Abstract Graphene nanoribbons (GNRs) make up an extremely interesting class of
materials. On the one hand GNRs share many of the superlative properties of
graphene, while on the other hand they display an exceptional degree of tunability
of their optoelectronic properties. The presence or absence of correlated
low-dimensional magnetism, or of a widely tunable band gap, is determined by the
boundary conditions imposed by the width, crystallographic symmetry and edge
structure of the nanoribbons. In combination with additional controllable parame-
ters like the presence of heteroatoms, tailored strain, or the formation of
heterostructures, the possibilities to shape the electronic properties of GNRs
according to our needs are fantastic. However, to really benefit from that tunability
and harness the opportunities offered by GNRs, atomic precision is strictly required
in their synthesis. This can be achieved through an on-surface synthesis approach,
in which one lets appropriately designed precursor molecules to react in a selective
way that ends up forming GNRs. In this chapter we review the structure-property
relations inherent to GNRs, the synthesis approach and the ways in which the varied
properties of the resulting ribbons have been probed, finalizing with selected
examples of demonstrated GNR applications.
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1 Introduction

Graphene has attracted enormous interest since its first experimental realization
through exfoliation of graphite, mainly because of its many superlative properties
[1, 2]. By way of example, it is the thinnest, lightest and strongest material known.
It is also the material with highest thermal conductivity and with highest electron
mobility. The latter causes graphene to be considered as a potentially revolutionary
material for future electronic applications [2, 3]. In this respect, however, graphene
also faces a drawback for its implementation in conventional electronics: the lack of
a band gap to turn the electron conduction on or off [3].

Various strategies have been investigated to overcome this limitation, and one of
them is through electron confinement in nanostructured graphene. In particular,
graphene nanoribbons, narrow 1D stripes of graphene with widths in the nanometer
range, display remarkably varied electronic properties depending on their particular
structure at the very atomic level [4].

A visual framework to understand this is analyzing the aromaticity of some
representative GNR structures [5, 6]. According to Kekulé, each carbon in poly-
cyclic aromatic hydrocarbons (PAH) like GNRs or graphene itself has its four
valence electrons arranged in single, double or triple bonds with electrons from
neighboring atoms. The structure of a PAH is then the superposition of all possible
Kekulé bond configurations. Within this picture, the delocalization of six
p-electrons in a carbon hexagon due to the resonance of two Kekulé configurations
with alternating single and double bonds is called a Clar sextet, pictured as a circle
within the corresponding hexagon (Fig. 1a). According to Clar’s theory [7], the
most representative and stable structure of a PAH is that with the highest number of
Clar sextets, which is called the “Clar formula”. Here it is important to keep in
mind that the bonds sticking out of a Clar sextet are formally single bonds and
thereby impede two neighboring hexagons to be Clar sextets simultaneously.

Graphene can be represented with three equivalent Clar formulas, in each of
which one out of every three hexagons is a Clar sextet, arranged in a (√3 � √3)R30°
superstructure (Fig. 1b–d). Considering a combination of the three possible Clar

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

Fig. 1 a Graphical explanation of the Clar sextet as being the superposition of two resonant
Kekulé configurations. b–d Each of the three equivalent Clar formulas of graphene, with its
√3 � √3 superstructure highlighted in cyan in (b). e Superposition of all three Clar formulas.
Dotted circles correspond to Clar sextets within graphene, although not all simultaneously
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formulas, all hexagons in graphene can be Clar sextets and are fully equivalent
(Fig. 1e). In addition, bonds within a Clar sextet are equivalent as well. Since bond
length alternation (BLA) is a measure of the aromaticity of a system and one of the
main causes for the opening of band gaps in conjugated organic materials [8, 9],
graphene is an excellent example of a perfectly aromatic system with absent BLA
and zero band gap.

Now we place our focus on GNRs. Because GNRs include many different
structures, a first classification of GNRs is typically performed depending on their
edge orientation. They are called zigzag nanoribbons (zGNR) when the edge runs
parallel to one of graphene’s lattice vectors, or armchair nanoribbons (aGNR) when
the edges run along the high symmetry direction thirty degrees off the lattice vectors
(Fig. 2a). GNRs with edges running along any intermediate orientation are called
chiral nanoribbons. Their chirality is characterized either by the angle of the edge
orientation with respect to a graphene lattice direction, or by the edge unit cell
vector in terms of graphene lattice vectors (Fig. 2a). The key in GNRs is that the
presence of edges imposes boundary conditions which, among other effects, limit
the number of possible Clar sextets.

The width of aGNRs is most commonly given as the number of dimer lines Na

present across the ribbon (Fig. 2b). In the following we assume the most common
scenario of purely sp2 hybridized carbon atoms within the ribbons, consequently
with singly hydrogenated edges. Under these conditions, we will see how the
boundary conditions divide the aGNRs into three families, depending on the
number of Clar formulas they display [5, 6].

For aGNR with Na = 3p, p being an integer, there is only one possible Clar
formula maximizing the number of Clar sextets. In this formula, all p-electrons
participate in the Clar sextets, consequently displaying no localized double bonds
(Fig. 2b). While the p-electrons are delocalized within the Clar sextets, the bonds
sticking out of them remain single bonds, causing a substantial variation of the
mean bond length within the ribbons that opens a considerable band gap [5, 6]. For
aGNRs with Na = 3p + 1 there are two possible Clar formulas, both of which
include localized double bonds (Fig. 2b). A combination of the two Clar formulas
still leaves hexagons with and without Clar sextets, causing again notable bond
length variations within the ribbon. This bond length variation and the electron
localization in the structure’s double bonds cause this family to have an even larger
band gap than the 3p family [5, 6]. The scenario is very different with aGNRs of the
Na = 3p + 2 family. In this case, there are many different Clar formulas, each of
them featuring two localized double bonds (Fig. 2b). However, a linear combina-
tion of all the Clar formulas ultimately renders a highly aromatic structure with little
bond length variations along the middle part of the ribbon. This implies a high
degree of electron delocalization and consequently a low band gap [5, 6].

It is very interesting to analyze zGNRs in this same framework, since they can
host only a limited amount of Clar sextets even for infinitely long ribbons (Fig. 2c).
Because sextets can be placed anywhere along the longitudinal axis of the ribbon,
there are infinite Clar formulas for zGNRs. Their combination ends up being
equivalent to a superposition of two fully quinoidal structures, that is, structures
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with two double bonds per carbon hexagon (Fig. 2c). However, allowing the
introduction of unpaired electrons (radicals) into the structure, Clar sextets can be
distributed anew along the whole ribbon length (Fig. 2c).

This configuration reduces the overall ribbon energy and readily provides an
explanation of some of most intriguing properties of zGNRs. A combination of all
possible Clar formulas evidences all hexagons as being Clar sextets, implying a
high degree of aromaticity and electron delocalization along zGNRs, as well as an
associated low band gap. In addition, because the radicals are always located on the
edges, combination of the various Clar formulas evidences unpaired electrons fully
delocalized along both ribbon edges. This is the origin of the edge states in zGNR,
appearing, as expected from unpaired electrons, at the Fermi level. Finally, since
unpaired electrons translate to an uncompensated spin, Clar’s formalism also
implies the spin polarized nature of the edge states in zGNRs.

Last but not least, chiral GNRs display a combination of alternating zigzag and
armchair segments along their edges. The lower the chiral angle the longer the
zigzag segments are, and viceversa. As pictured on the (3,1) chiral nanoribbon
example in Fig. 2d, there is a limited number of Clar sextets within each zigzag
segment. However, as occurs for pure zGNRs, addition of unpaired electrons on the
zigzag edges allows formation of additional Clar sextets (Fig. 2d). The combination
of the different Clar formulas evidences the high degree of aromaticity and electron
delocalization in chiral GNRs that explains the low band gap, as well as the creation
of delocalized and spin polarized edge states along the zigzag segments of the
ribbon (Fig. 2d). At this point it is important to remind the intricate dependence of
these edge states with the detailed GNR structure. In infinitely long zGNRs,
addition of unpaired electrons implies changing from a finite number of sextets to

JFig. 2 a Classification of GNRs by edge orientation into zigzag, chiral or armchair. The respective
edge periodicity is given by the unit cell vector in terms of graphene’s lattice vectors a1 and a2.
b Clar sexted distribution on aGNR, classified into three families according to its width in terms of
dimer lines Na. The family with Na = 3p possesses only one formula, exemplified in 6-aGNRs.
The family with Na = 3p + 1 possesses two compatible Clar formulas. In each of these formulas
there is a localized double bond at the edge of the ribbon, as exemplified with the formulas of
7-aGNRs. On the right, a superposition of both Clar formulas is given, showing all hexagons
hosting a Clar sextet (although not all simultaneously). The family with Na = 3p + 2 ribbons have
more than two Clar formulas, namely 3p. Some of them are shown for 8-aGNRs. On the right, a
superposition of all Clar formulas shows the Clar sextets delocalized along all carbon hexagons.
c Clar sextet distribution on zGNRs. As exemplified with 4-zGNRs, only a limited number of Clar
sextets exists even on infinitely long ribbons. Infinite Clar formulas exist, due to their arbitrary
location along the ribbon, and the superposition is equivalent to the two quinoidal structures
drawn. Below it is shown how by adding unpaired electrons, Clar sextets can be redistributed
along the whole ribbon. Some of the Clar formulas are shown, as well as their superposition
evidencing delocalized Clar sextets along the ribbon and unpaired electrons along the edges.
d Clar sextet distribution on chiral GNRs, evidencing a limited number of Clar sextets per zigzag
segment and how addition of unpaired electrons allows creation of additional Clar sextets. One of
the multiple Clar formulas is shown for each case, including on the right a superposition of all the
possible Clar formulas that evidences the delocalized Clar sextets along the ribbon and unpaired
electrons along its edges
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an infinite number of sextets, making the edge state creation always favorable.
Instead, infinite chiral GNRs readily display infinite Clar sextets (with a limited
number of them on each zigzag segment, as mentioned above). Addition of
unpaired electrons simply increases the number of Clar sextets per zigzag segment,
or in other words the density of Clar sextets per GNR length unit. This has the
following implications. On the one hand, there is a width threshold below which the
edge states are not present because for narrow ribbons the energy cost of having
unpaired electrons may not be compensated by the creation of an insufficient
number of new Clar sextets. On the other hand, the chiral angle also plays a major
role. The lower the chiral angle (longer zigzag segments), the more new sextets can
be created by addition of unpaired electrons, and therefore the lower the width
threshold for edge state creation. Lastly, the lower the chiral angle the larger is also
the number of unpaired electrons per edge atom and consequently also the net spin
moment on each nanoribbon edge.

A similar analysis based on the Clar sextets and the resulting GNR’s aromaticity
has been also applied to nanoribbons doped with heteroatoms [10]. Depending on
the particular atomic species and its bonding site, the Clar sextet distribution and the
associated aromaticity can change substantially, having a direct and notable impact
on the GNR’s electronic properties [10].

All the above shows, from an intuitive and easy to visualize chemical viewpoint,
one of the main virtues of GNRs: their amazing variety of electronic properties,
ranging from large band gap semiconductors to gap-less structures with
spin-polarized edge states. However, it also remarks the stringent need for atomic
precision in their synthesis, since minute structural changes at the atomic level can
cause unproportioned changes in their electronic properties.

2 Synthesis

Current digital logic devices require excellent switching capabilities and an on-off
ratio (Ion/Ioff, corresponding to the current flows under on and off operation con-
ditions) in the order of 104–107. The latter in turn requires band gaps of 0.4 eV or
more [3]. If graphene nanoribbons are to be integrated into such structures, their
width needs to be scaled down to few nanometers [11]. This sets challenging
boundary conditions to be solved in the synthesis of graphene nanoribbons, com-
plicated even further by the requisite of atomic precision described in the previous
section.

Several groups have readily reported the successful synthesis of GNRs by
top-down methods and their subsequent characterization. Amongst the different
strategies we find e.g. the unzipping of carbon nanotubes [12], etching of
2D-graphene [13], chemical vapor deposition [14], or scanning probe lithography
[15]. However, in spite of the important insight into the properties of GNRs pro-
vided in these works, such techniques lack the synthetic reproducibility and/or the
atomic precision, the latter being of particular importance to be able to aim at
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rationally chosen GNR structures (e.g. atomically precise width control) and to
avoid the often dominating disorder effects [16, 17].

Instead, Cai and co-workers reported in a seminal work a bottom-up strategy to
do just that: selectively grow atomically precise nanoribbons with widths in the
nanometer range [18]. That inspiring work has sparked the interest and research
efforts in this direction, which basically consists in letting appropriately designed
precursor molecules to react in a selective way that ends up forming GNRs [4, 19].
This approach has been followed in solution [19], as well as supported on solid
surfaces [4, 19]. Henceforth we will focus on the latter, for which no additional
functionalization with side-chains is needed to provide solubility to the GNR
products. In a first step, the reactants are deposited on a surface. Thereafter, they are
externally activated, triggering polymerization reactions and their subsequent
transformation into GNRs. Common to all substrate-supported GNRs successfully
synthesized to date, the reactant deposition was by molecular beam deposition, the
polymerization based on Ullmann coupling, and the reaction thermally activated.
Nevertheless, we would like to remark that there may be useful alternatives to each
of these, as are e.g. electrospray deposition [20], other C–C coupling reactions like
C–H activation [21] or enediyne cyclizations [22], and photoactivation of the
reactions [23, 24]. Such alternatives may help reducing the current constraints on
reactants and substrates.

A prototypical reaction process is for example that shown in Fig. 3a [25], which
includes polymerization through Ullmann coupling, but also a second cyclo-
dehydrogenation step. The whole reaction process has been reviewed extensively [4,
21, 26] and here we only provide a brief description of the main steps. Ullmann
coupling itself readily involves various steps [26, 27]. First there is a reactant
dehalogenation, resulting in surface or adatom-stabilized radical intermediates. This
process is catalyzed by metallic substrates [27], allowing the dehalogenation to occur
at temperatures below the temperatures of molecular desorption or of other
unwanted side-reactions that could compromise the synthetic selectivity and the
overall polymerization process. In a next step, the radical intermediates diffuse along
the surface to meet each other and bind covalently. In between the latter two, and
depending on the type of substrate, the formation of a metastable metal-organic
intermediate is often observed [21, 26]. Finally, cyclo-dehydrogenation leads to the
planarization of the polymers, ending up in atomically precise graphene nanoribbons
with their structure univocally defined by the design of the reactant. Annealing at
higher temperatures can also cause the coupling of neighboring GNRs by
inter-ribbon cyclo-dehydrogenation [28–30]. This process, however, results in the
fusion of a random number of GNRs, lacking selectivity for the formation of precise
widths and generating substantial disorder.

Many of the processes described above and their associated energy barriers
depend notably on the substrate material and surface structure, underlining their key
role in the overall synthesis. While on the one hand it limits the range of potential
substrates to be used, on the other hand their appropriate choice can be used as an
additional parameter to control the reaction and thus the resulting products [31, 32],
their distribution or alignment [33–36].

Bottom-Up Fabrication of Atomically Precise Graphene Nanoribbons 119



Obviously, the particular reactant used also has a notable effect on the various
chemical processes and their barriers. By way of example, one can compare the
coupling of 10,10′-dibromo-9,9′-bianthracene [18] and the mono-anthracene equiv-
alent. The latter liesflat on the surface, and the radical coupling is therefore hindered by
the steric repulsions between the hydrogens surrounding the carbon radical. Instead,
the intramolecular steric hindrance between its two anthracene units makes the former

(a)

(b)

(c)

(d) (g)

(e)
(h)

(i)

(j)

(k)

(f)

(l)

(m)

Fig. 3 a Schematic representation through wireframe diagrams of an archetypical reaction
process. The precursors first undergo Ullmann coupling, resulting in non-planar polymeric
structures due to intramolecular steric hindrance. The circles highlight sections that are elevated
with respect to the surface. In a second step the planar GNR is formed through cyclodehydro-
genation. Associated STM images revealing the non-planar and planar nature of polymer and GNR
are added below the wireframe structures. The use of different precursors allows growing different
GNRs with varying edge orientation (b–d), width (e–g), edge morphology (h–j) or doping (k–m).
a Reprinted with permission from [25]. b Reprinted by permission from Macmillan Publishers
Ltd.: Nature Communications [40], copyright (2013), c Reprinted with permission from [41].
Copyright (2016) American Chemical Society. d and i Adapted by permission from Macmillan
Publishers Ltd.: Nature [18], copyright (2016). e Adapted with permission from [43]. f Reprinted
with permission from [46]. Copyright (2017) American Chemical Society. g Reprinted with
permission from [51]. Copyright (2013) American Chemical Society. h Reprinted with permission
from [45]. j Adapted by permission from Macmillan Publishers Ltd.: Nature [18], copyright
(2010). k Adapted with permission from [48]. l Adapted with permission from [36]. m Adapted
with permission from [49]. Copyright (2016) American Chemical Society
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a non-planar precursor. As a result, the steric hindrance between two radical inter-
mediates is reduced, allowing them to get close enough to form the covalent C–Cbond
[4].

Another beautiful example is the comparison of the same 10,10′-dibromo-9,9′-
bianthracene designed to render 7-aGNRs, with 2,2′-dibromo-9,9′-bianthracene,
designed to render chiral (3,1)-GNRs [25]. For the latter, the Br atoms lie closer to the
surface, lowering the temperature threshold for dehalogenation. However, even more
notable is the change in the temperature threshold for the cyclo-dehydrogenation. In this
case it rather relates to the completely different strain between the two resulting poly-
mers. With the former, the anthracene units are linked covalently along their short axis
by a bond that allows free rotational movement with respect to their neighbors. This
freedom results in alternatively tilted anthraceneunits along the polymer backbone so as
to minimize the steric hindrance from opposing H atoms. Instead, with the latter the
anthracene units are linked covalently to their neighbors both along their long and short
axes (Fig. 3a). Thus, although the anthracene units still display the same alternative tilt
to reduce the steric hindrance, the covalent bonds along the long anthracene’s axes limit
the structure’s rotational freedom, resulting in a substantially strained geometry.
Sterically induced strain is known toweaken the involvedC–Hbonds and thereby lower
the cyclo-dehydrogenation barriers [37–39] in turn explaining the substantially lower
threshold temperature for 2,2′-dibromo-9,9′-bianthracene [25].

Effects like these can be of great importance for potential applications. Focusing
on the last example, the lower cyclo-dehydrogenation temperature may on the one
hand allow the use of different substrates that could not stand higher temperatures.
On the other hand, it may have a strong impact on the resulting products. By way of
example, on Au(111) it brings the threshold temperatures for Ullmann coupling and
cyclo-dehydrogenation close to each other. Under this scenario, radical quenching
by liberated H atoms competes with the radical step growth polymerization, greatly
lowering the average length of the resultant GNRs [25].

However, most importantly, the appropriate design of precursors allows growing
GNRs with different and tailored structures, all of them with atomic precision. This
is shown in Fig. 3, displaying selected GNRs with different edge orientations
(Fig. 3b–d) [40–42], different width (Fig. 3e–g) [43–46] different edge structure
(Fig. 3h–j) [18, 42, 47] and different doping (Fig. 3k–m) [36, 48, 49], all of them
allowing to tune in a controlled way the electronic properties of GNRs.

3 Characterization Tools and Associated Insight

3.1 Electronic Properties Determination

The electronic structure of GNRs and in particular their band gap (Eg) size and the
values of bands’ effective masses (mVB and mCB), have been addressed locally with
scanning tunneling spectroscopy (STS) [34, 40, 42, 43, 45, 50, 51], and with
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averaging experimental techniques as angle-resolved-, inverse- and
two-photon-photoemission [34, 35, 52–54], high-resolution electron energy loss
[52, 55] and optical spectroscopy [56].

The most widespread method used so far is STS, which measures the local
density of states (LDOS) as a function of tip position and applied sample bias. It
allows determining the electronic band dispersion of occupied and empty energy
levels for the vary same GNR. Precise quantification of bands’ energy level
alignments and effective masses is given by Fourier-transformed scanning tunneling
spectroscopy (FT-STS) [57]. The presence of edges in GNRs gives rise to standing
wave patterns that arise due to scattering of electronic Bloch wave functions against
such termini. Recording standing waves for different energies along one GNRs
edge, allows determining the energy versus momentum dispersion of GNRs’ states
via Fourier transform processing of STS data. Precise bandgap values of
Eg = 2.37 ± 0.06 eV and Eg = 1.38 ± 0.03 eV have been extrapolated from
valence band maximum and conduction band minimum for 7-aGNR (Fig. 4c–f)
[50] and 9-aGNRs [45] grown on Au(111), respectively.

Fig. 4 Electronic structure of 7-aGNRs. a dI/dV spectrum (red) of a 7-aGNR grown on Au(111).
The onsets of valence and conduction bands are indicated by the shaded areas. Electronic features
in the gap are due to the Au surface state (visible in the black spectrum). b ARPES intensity plot
recorded for 1 ML of 7-aGNRs grown on Au(788) recorded along the ribbon axis. The VB onset is
found at −0.7 eV below the Fermi level. c STM image and plot consisting on equidistant dI/dV
spectra of occupied states recorded along the edge of a 7-aGNR. d Line-by-line Fourier transform
of (c) including a parabolic fit of the VB. The same is done for the CB on a longer ribbon in (e, f).
a Reprinted with permission from [51]. Copyright (2017) American Chemical Society.
b Reprinted with permission from [34]. Copyright (2012) American Chemical Society.
c–f Reprinted figure with permission from [52]. Copyright (2015) by the American Physical
Society
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Such precise value could not be simply inferred by single STS spectra (Fig. 4a).
On one hand, this is due to the fact that the onset of the GNR’s electronic states
could be ambiguous due to fingerprints of the electronic structure of the substrate.
On the Au(111) surface, for example, the presence of the surface state at −0.45 eV
makes it difficult to identify the valence band position in many GNRs. On the other
hand the signal from GNRs’ valence or conduction bands could be too weak to be
detected by STS due to the symmetry of the GNRs’ orbitals and the LDOS decay
above the GNRs’ plane [45, 50].

The occupied frontier band of GNRs have been measured in several cases by
angle resolved photoemission (ARPES), which provides access not only to the
bands’ onset energy, but to the whole energy versus parallel momentum dispersion
of occupied GNRs states (as displayed in Fig. 4b) [34]. Being an ensemble aver-
aging technique, domains of equally oriented GNRs are needed to get k-resolved
ARPES data. This has been managed by growing the GNRs on vicinal surfaces that
exhibit a periodic array of steps, which act as templates and drive the uniaxially
oriented growth of GNRs along the terraces direction. Slight deviation between the
value of the valence band maximum in flat and vicinal surfaces are found due to the
different substrate’s work functions.

3.2 Chemical Structure

X-ray photoemission spectroscopy (XPS) is the technique of choice to study the
chemical composition of a material. In the case of GNRs, it has been used to shade
light on the chemical mechanisms underlying the three basic steps in GNRs’ for-
mation by on-surface synthesis. After room temperature deposition of precursor
molecules on the substrate, the shifts of the core levels (as Br3d and C1s) are
measured as a function of increasing sample temperature in different experiments
(see Fig. 5 for an example). This allows obtaining invaluable information about the
whole reaction process including the step sequence, the halogen desorption from
the surface and the associated threshold temperatures [25, 30, 58].

The chemical structure of GNRs has been imaged in UHV with STM and with
atomic resolution by non-contact atomic force microscopy (nc-AFM). In molecular
imaging, STM is sensitive to the density of states near the Fermi level, typically
delocalized over the entire molecule. The correlation of bonding structure and STM
contrast is thus not straightforward. However, simulations of STM images, reliably
performed with DFT, are of great value for the interpretation of the STM data and
finally allow identifying the structure and adsorption geometry of GNRs
[18, 43, 46].

The AFM technique allows, under specific conditions, sensing the short range
forces between the probe and the measured sample, whereby the signal becomes
sensitive to the total charge distribution on the adsorbates (which is largest on
atomic sites and along chemical bonds). Although not strictly required [59, 60],
such imaging is most commonly performed at low temperature (*5 K), in
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frequency modulation and non-contact modes, by keeping an inert probe (typically
functionalized with a single CO molecule) close enough to the sample [61]. Doing
so and tracking the changes in the frequency shift of the oscillating cantilever force
sensor in a plane above the GNR, it has been possible to precisely resolve the
bonding structure of pristine and doped GNRs (Fig. 3b–d, k) [40–42, 48], as well as
defects [40] and atomically sharp junctions [29].

(a) (d)

(b) (e)

(c) (f)

Fig. 5 Photoemission spectra of the C 1s core levels of 2,2′-dibromo-9,9′-bianthracene deposited
on (a) Au(111) and (d) Ag(111) held at room temperature and their evolution as a function of
sample annealing temperature. Similar measurements of the Br 3p core levels are shown in panels
(b) and (e). Panels (c) and (f) depict Br 3p spectra, together with their associated fits (blue and green
lines correspond to organic and metal-bound Br components, respectively), of two representative
temperatures marked with the colored lines in (b) and (e), respectively. The spectra are shifted along
the intensity axis for better comparison. Reprinted with permission from [25]
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Besides its imaging capabilities, nc-AFM has been used also to proof funda-
mental properties of GNRs as their structural superlubricity on gold surfaces [62].
GNRs with lengths between 5 and 55 nm could be moved laterally by the force
sensor tip with static friction forces between 2 and 200 pN. Such ultralow forces
arising in the sliding motion of GNRs pave the way for creating frictionless
coatings.

3.3 Detection of Vibrational Modes

The GNRs vibrational structure predicted by theoretical studies, based on first
principle methods, is characterized by graphene-like and intrinsic modes [63]. The
graphene E2g-like (or G) mode is induced by the relative motion of neighboring
atoms and tends to the value of 1580 cm−1 of the E2g in graphene as the GNRs’
width increases. A localized mode is found at 3000 cm−1 which is the typical
vibration of the C–H bond. The most prominent peak in the low frequency range
(200–800 cm−1) is the radial breathing mode (RBLM) due to the outward motion
of the nanoribbon’s edge atoms by keeping the central atoms at rest (inset in
Fig. 6b). This is the most representative vibrational mode of both armchair and
zig-zag GNRs and since its frequency is roughly proportional to the inverse square
root of the GNR’s width, it can allow identifying the types of ribbons present on a
surface.

Experimentally, the frequencies related to such vibrational modes of GNRs have
been determined by Raman spectroscopy. Raman spectroscopy measures the
inelastic scattering of photons by phonons, usually by means of a laser as photon
source tuned in a spectral range between the near infrared to the near ultraviolet.
Raman spectra measured on a layer of 7- and 9-aGNRs grown on Au(111) iden-
tified the different modes predicted by theory, as the RBLM mode at 396 cm−1 for
7-aGNRs and 312 cm−1 for 9-aGNRs, but also the D peak related to disorder in
graphene (Fig. 6 a, b) [18, 45]. Raman peaks showed a strong dependence on the
excitation source wavelength so that the RBLM of 9-aGNRs is depleted by incident
green laser irradiation (2.33 eV) but enhanced by infrared light (1.58 eV), the
opposite occurs for 7-aGNRs. According to tight binding calculations coherent
radial-breathing-like phonons in GNRs are excited for photoexcitation near the
optical adsorption edge [64]. In fact, in the case of 7-aGNRs, aligned uniaxially on
Au(788), the size of the optical gap is 2.1 eV as determined by reflectance differ-
ence spectroscopy measurements (RDS) [56]. Such value is then close to the green
light excitation while infrared lies within the gap.

Raman is a powerful technique for the characterization of GRNs under several
aspects: (i) it does not need ultra-high-vacuum conditions to be operated; (ii) it can
be used to detect GNRs vibrational fingerprints also when they are deposited or
grown on insulating surfaces; (iii) it allows identifying the orientation of the GNRs
edges and the GNRs width [65–68]; (iv) it helps to evaluate the quality of a GNRs
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sample by quantifying the defect density via D band [65]. Ideally it will also allow
to analyze GNRs length distribution.

The “electron analogue” of Raman spectroscopy, naively, is high-resolution
electron energy loss spectroscopy (HREELS). This technique uses the inelastic
scattering of low energy electrons to measure the discrete vibrational energies of
vibrational modes of adsorbates on a surface. Angle resolved HREELS has been
used to follow and characterize the thermally activated steps of GNRs formation
[52, 55]. For GNRs well defined changes in the vibrational spectrum from the
polymeric phase to the aromatic structure have been measured. The quenching of
vibrational modes with dipole moments laying within the phenyl rings plane
demonstrated the planarization of all the phenyl rings after cyclodehydrogenation
(Fig. 6c, d).

Fig. 6 a, b Raman characterization of 9-aGNRs grown on Au(111). a Experimental Raman
spectra taken with two different excitation sources, 785 nm (solid red) and 532 nm (solid green)
laser lines. Corresponding DFT based simulations done for photon energies of 1.58 eV (dashed
red) and 2.33 eV (dashed green). b Theoretical dependence of the wavenumber of the RBML with
the aGNRs width and experimental data for 7-aGNRs and 9-aGNRs. c, d Vibrational HREEL
spectra corresponding to (c) linear polymer obtained after dehalogenation of DBBA at 470 K on
Au(111) and (d) 7-aGNRs obtained after cyclodehydrogenation at 670 K. a, b Reprinted with
permission from [45]. Copyright (2017) American Chemical Society. c, d Reprinted figure with
permission from [52]. Copyright (2012) by the American Physical Society
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4 Tuning the Electronic Properties

Among the most attractive virtues of graphene nanoribbons is the remarkable
dependence of their electronic properties on the detailed GNR structure. As a
consequence, even minimal structural changes brought about in a controlled way
through the synthesis process, allow tuning the nanoribbon’s electronic properties
over a wide range. In the following we review some of the different routes that have
been proposed and explored to control the atomic structure of graphene nanorib-
bons, as well as their effect on critical electronic properties as for example the band
gap, band dispersion or energy level alignment.

4.1 Tuning Through Edge Orientation

As readily discussed in the introduction in the light of Clar’s theory, the edge
orientation has a critical effect on the nanoribbon’s electronic properties. On a more
quantitative basis, we will now discuss some of the details in reference to the
electronic properties of 2D graphene. Tight-binding calculations have been suc-
cessfully used to describe with reasonable accuracy the electronic properties of 2D
and nanostructured graphene. Electrons involved in gaphene’s r-bonds are more
strongly bound and thus the main interest for optoelectronic processes arises from
the delocalized p-electrons. Consequently, each atom can be simply characterized
by a single 2pz orbital. Applying the tight-binding Hamiltonian at the nearest
neighbor level to the two-dimensional honeycomb structure of graphene with its
two atoms per unit cell (each forming an equivalent hexagonal sublattice, Fig. 7),
the following dispersion relation is obtained [69]:
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where s = ± 1 (−1 for the valence and +1 for the conduction band), t is the hopping
integral and a is graphene’s lattice constant. Near the C point, both valence and
conduction bands depend quadratically on kx and ky. At the M points there is a
saddle point in the energy dispersion. The most interesting point is around the K
points, where the bands show a linear dispersion in so-called Dirac cones that
display electron-hole symmetry (Fig. 7c) [69, 70]. That is, this first order
tight-binding calculation already predicts the semimetallic, gapless nature of gra-
phene, as well as the linear dispersion around the K points in a massless electron
behavior.

Applying the same theoretical analysis to GNRs of arbitrary edge orientation, the
following boundary condition is set: because H atoms along the edges do not
contribute any p-electron, the GNR’s p-electron wave functions on them vanish. In
aGNRs, this boundary condition is fulfilled by eigenstates of graphene with
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perpendicular momenta k? that allow standing waves perpendicular to the aGNR
axis. A detailed derivation is provided in reference [69], resulting in the discrete
values

k? ¼ r
Nþ 1

2p
a
; r ¼ 1; 2; 3; . . .N ð2Þ

The associated aGNR’s band structure is thus simply a combination of slices
across graphene’s band structure at N equidistant k? values. This is shown by way
of example in Fig. 8 for 9-aGNRs. The frontier bands stem from the cut closest to

a1

a2

b2

b1

K-

K+

M
Γ

(a) (b)

armchair

zig-zag

(c)

Fig. 7 a Graphene lattice and its primitive vectors a1 and a2. b Reciprocal space of Graphene and
its reciprocal primitive vectors b1 and b2. The Dirac points are located at K±. Dashed lines indicate
the growth directions of armchair and zig-zag GNRs in the reciprocal space. c Band structure of
graphene. The close up shows the linear behavior of the bands close to the Dirac points. The slope
of these cones correspond to the Fermi velocity vF. c Reprinted figure with permission from [70].
Copyright (2009) by the American Physical Society

(a) (b)

Fig. 8 a First Brillouin zone of graphene (black hexagon) and its p-band structure (black/gray
surfaces) with inset displaying bands near the Dirac cone. Also shown are the first Brillouin zone
(red rectangle) and cutting lines (red dashed lines) for infinite length 9-AGNRs. b Energy bands of
empty and occupied states corresponding to cutting lines r = 5, 6,…, 9 in (a). Reprinted with
permission from [45]. Copyright (2017) American Chemical Society
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graphene’s Dirac point at K. Depending on the nanoribbon’s width, the properties
can thus vary from a metallic to a semiconducting behavior. The former occurs with
aGNRs of the Na = 3p + 2 family, which always present one cut right through the
K point, while the former applies to the other two subfamilies. At this point it is
important to note, however, that this tight-binding derivation is based on equivalent
carbon atoms throughout the nanoribbons. Taking into account that carbon atoms at
the edges are saturated with hydrogen, such equivalence is lifted and the resulting
edge distortion actually results in the opening of a band gap also for the 3p + 2
family [11, 71], as obtained also from more refined ab initio calculations [11, 71]
and as readily proved experimentally with 5-aGNRs [43]. Further experimental
examples reporting the electronic properties of different atomically precise aGNRs
and confirming the great variety of band gaps as a function of their width will be
discussed in the next section.

The case of zGNRs is more complicated. As derived in reference [69], the wave
functions satisfying the boundary conditions have transverse momenta displaying a
dependence on the parallel momentum such that

sin k?Nð Þþ gk sin k? Nþ 1ð Þ½ � ¼ 0; gk ¼ 2 cos
kk
2

� �
: ð3Þ

That is, most of the bands can still be obtained from slices of graphene’s band
structure, but those slices are now curved, as displayed by way of example with the
black solid lines in Fig. 9a for a zGNR with Nz = 4 (4-zGNR). It is immediately
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Fig. 9 a Reciprocal lattice of graphene showing the discrete values of k? for N = 4. The cuts are
not linear, in contrast with aGNR. Also note the change in orientation of k? and k║ with respect to
Fig. 8. The red dotted lines mark the regions where the additional edge states appear that cannot be
traced back to the band structure of graphene. The reciprocal unit cell of a 4-zGNRs is also shown
in black dashed lines. b Band structure of a 4-zGNR, revealing the degenerate edge states as k║
approaches p/a. c Band structure of a 50-zGNR revealing the flat bands of the edge states even
more clearly. d Graphene’s band structure projected into CK direction, showing the absence of the
flat bands of zGNRs. p/a indicates the boundary of the first 1D Brillouin zone of the GNR (black
dotted lines in (a)), where the zone-folding technique should be applied. b Reprinted figure with
permission from [73]. Copyright (1996) by the American Physical Society. c and d Reprinted
figure with permission from [72]. Copyright (1999) by the American Physical Society
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obvious that under this tight-binding approximation zGNRs are gapless because one
of the slices always goes through graphene’s K point. This is also evident from
Fig. 9b, which displays the band structure associated with these ribbons. It is
interesting to see in Fig. 9b that valence and conduction band join into a degenerate
flat band above a critical k║ value kc. It coincides with the reciprocal space region
where only N − 1 slices are present instead of N (Fig. 9a), because no k? are found
as solutions to Eq. (3). In that region, the states giving rise to the flat bands can be
understood as imaginary solutions to Eq. (3) at k? = 0 and k? = p/a, as displayed
with dotted red lines in Fig. 9a. The wave functions associated to those solutions
are localized at the nanoribbon edges and strongly decay toward the interior of the
zGNRs [69, 72, 73]. It is best observed that these edge states cannot be derived
from slices in graphene’s band structure comparing its projection along the CK
direction (Fig. 9d) with the band structure of wide z-GNRs (Fig. 9c), which has a
large density of slices and could thus be expected to be comparable to that of
graphene. Such comparison immediately makes obvious that the flat bands asso-
ciated to the edge states are not present in 2D-graphene, but that they are a property
of zGNRs intrinsic to their zigzag edges.

The strong density of states at the Fermi level caused by the edge states should
induce either a lattice distortion via electron-phonon interactions or magnetic
polarization via electron-electron interactions [69]. In the case of GNRs the latter is
favored and drives the spin polarization of the edge states. Edge sites along a zGNR
are made up by atoms of the same sublattice on one side and of the other sublattice
on the opposite side. Thus, the edge state being nonzero only on one of the two
sublattices at each edge, the magnetic moment selectively increases on that sub-
lattice with a ferromagnetic spin configuration and decays toward the ribbon inte-
rior. The opposite edge sites belong to the other sublattice and display
magnetization with opposite spin. The edge states are thus not only spin polarized
ferromagnetically along each edge, but additionally antiferromagnetically coupled
across the ribbon [69]. Notably, the electron-electron interactions driving the
magnetization concurrently open a band gap D0 between the edge states, deterring
zGNRs from truely being gapless structures. This can be observed in the calculated
band structure of zGNRs with and without electron-electron interactions in
Fig. 10b. While tight-binding density of states has only one van Hove singularity
related to the edge state’s flat bands at E = 0, including the electron-electron
interaction U term in a mean field Hubbard model results in two pairs of density of
states peaks split by D0 and D1 (Fig. 10b). In particular, D0 relates to the antifer-
romagnetic correlation between the two edges, while the larger splitting D1 relates
to the ferromagnetic correlation between the spins of the most strongly localized
states at k║ = p/a in the same edge. It should be mentioned here that in the
nearest-neighbor approximation the electron-hole symmetry remains unchanged,
but it is lifted as a next-nearest-neighbor hopping term is included in the Hubbard
model [74]. The opening of a bandgap has been confirmed on atomically precise
6-zGNRs synthesized on Au(111) that were subsequently transferred onto NaCl
bilayer islands, indeed revealing under such circumstances relatively large splitting
values of D0 = 1.5 eV and D1 = 1.9 eV [42]. Although with somewhat disparate
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values, similar conclusions have been drawn also from experiments on zGNRs with
worse defined and less perfect edges obtained by differen methods like hydrogen
etching of 2D-graphene [13] or scanning probe lithography [15].

From a structural point of view, chiral ribbons combine zigzag and armchair
segments. From an electronic point of view the zigzag segments are most deter-
mining, providing chiral ribbons with low band gaps and spin-polarized edge states.
However, these properties vary with the chiral angle (h, Fig. 2) in a relatively
smooth way in between the two limits of zigzag (h = 0°) and armchair graphene
nanoribbons (h = 30°). In the infinite-width limit, the band structures of chiral
GNRs can be obtained from a continuous rotation of the band structure of graphene
and the average density of edge states per edge length q0 at the Fermi level is given
by [75]

q0 hð Þ ¼ 2
3a

cos hþ p
3

� �
: ð4Þ

As discussed above, the large q0 is responsible for the magnetization of GNRs.
And as evidenced in Eq. (4), q0 is highest for lowest chiral angles and vanishes as
the armchair angle is approached [74, 76]. This has the important implication that
the magnetic moment per length unit increases as the chiral angle is reduced.
Tight-binding calculations of chiral GNRs of finite width as a function of the chiral

Fig. 10 a Band dispersion obtained from tight binding calculations of GNRs of different
orientation, from zigzag, through chiral, to armchair. The closer to the armchair direction, the
lower the density of states of the flat bands at E = 0, until a band gap opens for armchair ribbons.
Similar calculations for zigzag and chiral ribbons are shown in (b–d) upon addition of
electron-electron interactions, revealing the opening of a bandgap also for these orientations.
Reprinted figure with permission from [76]. Copyright (2011) by the American Physical Society
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angle confirm this picture [76]. For GNRs with edge orientations close to aGNRs
the edge states associated to the flat bands at the Fermi level are almost completely
suppressed (Fig. 10a). Instead, in ribbons with edge orientation close to a zGNR the
flat edge state band extends over the whole 1D Brillouin zone and becomes multiple
degenerate due to band folding (Fig. 10a) [76]. As in zGNRs, electron-electron
interactions split the degeneracy of the flat bands also in chiral GNRs (Fig. 10c, d).
As discussed earlier, each pair of peaks arising in the density of states has a different
nature, whereby D0 and D1 relate to the magnetic coupling across the nanoribbon
and along its edge, respectively. As can thus be intuitively expected, for a given
GNR width D0 hardly changes with the chiral angle. Instead, D1 decreases in a
similar way to the net magnetic moment on each edge, as the chiral angle increases
and approaches the armchair orientation [76].

Lastly, it should be remarked that the density of edge states as a function of
chiral angle depends at the same time on the nanoribbon width. Beyond the visu-
alization through the Clar sextet theory outlined in the introduction, this effect has
been computed calculating the number of states at E � 0, normalized to the total
number of states in the GNR [73, 77]. Calculations reveal that there is a critical
width below which there is no notable edge state density. Importantly, that critical
width decreases with decreasing chiral angle (as the edge orientation approaches
that of zGNRs) [73, 77]. In other words, for a given width there is a minimum
number of zigzag sites (in relation to armchair sites) along the ribbon’s edges to
host a notable edge state density. The required ratio of zigzag to armchair sites
becomes higher for narrower GNRs.

It is important to observe at this point that the predictions described above for the
electronic structure of chiral GNRs still lack experimental proof on atomically
precise chiral GNRs. To date, only the precise synthesis of narrow (3,1)-GNRs has
been published [25, 31, 32] and only few details of its electronic properties are yet
known [65]. There are few other works reporting the electronic structure of chiral
graphene nanoribbons with worse defined edges obtained from unzipped carbon
nanotubes [12] or chemical vapor deposition [14]. In either case the opening of
band gaps through the magnetism-driven splitting of the edge states has been
confirmed by scanning tunneling spectroscopy measurements.

4.2 Tuning Through Width Control

Besides the edge orientation, the electronic structure of graphene nanoribbons also
displays a marked dependence on their width. It is most straightforward to
understand this dependence for armchair graphene nanoribbons, which is further-
more the family with the largest number (albeit still very limited) of successfully
synthesized examples on which to experimentally corroborate such behavior. We
remind that the band structure of N-aGNRs can be pictured as a combination of
1D-cuts across graphene’s band structure at N equidistant k? values, namely at
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k? ¼ r
Nþ 1

2p
a , r being an integer between 1 and N. Keeping in mind that graphene’s

vanishing band gap and the massless electron behavior occur right at the K-point,
the closer those 1D-cuts get to the K-point, the lower the aGNR’s band gap and the
effective masses of its frontier bands will be. That is, some of the aGNRs’ attributes
can be readily understood from simple geometric considerations: along the
1D-projection, K and K’ are located at k? ¼ 1

3
2p
a and k? ¼ 2

3
2p
a (Fig. 8a). It is the 3

in the denominator that accounts for the presence of three aGNR families,
depending on whether their width in terms of dimer lines N is equal to 3p, 3p + 1 or
3p + 2 (p being an integer). There is always a cut going directly through the
K-point for the 3p + 2 family. This family thus has the lowest band gap and
effective mass, these values being higher on either of the other two families for
which no cuts across the K-point are present. However, the wider the GNR, the
smaller the spacing between the cuts and the closer they get to the K-point. This
determines the inverse proportionality of band gap and effective mass with
nanoribbon width within each of the families, although if the width increases atom
by atom it would imply changes between families that could result in an increased
band gap and effective mass as well.

It is worth remarking here that, under the assumption of equivalent carbon atoms
throughout the GNR, tight binding calculations predict the 3p and 3p + 1 families
to follow a very similar trend. However, this assumption is inaccurate the closer the
atoms are to the edge, most evidently for the hydrogen saturated carbon atoms.
Taking into consideration bond length distortions and the associated changes in the
hopping constant, important changes appear in the resulting band gap calculations,
as are a clear splitting of the 3p and 3p + 1 bandgap trends, as well as the opening
of a bandgap for the 3p + 2 family. These findings coincide with more refined
ab initio calculations revealing the band gaps of the three different families to order
according to Eg (3p + 1) > Eg (3p) > Eg (3p + 2) [11, 71].

Besides tight-binding [11, 69, 71], several other methods have been used to
quantitatively describe the width-dependent band gap in aGNRs, like for example
extended Hückel theory (EHT) [78], density functional theory (DFT) [11, 79], or
the GW approximation [79]. At this point, it is important to remind that, to date, all
the experimentally reported band gaps of atomically precise GNRs are from
surface-supported ribbons. While less important on weakly interacting substrates, if
more reactive surfaces are used or reactive functional groups are added to the GNR
structure, strong GNR/substrate hybridizations may occur. Under such circum-
stances the band gap will be substantially affected and the GNR’s electronic
properties may bear little resemblance with those of free-standing GNRs. In addi-
tion, the band gaps of GNRs have been most commonly characterized by ionizing
techniques such as STS [34, 43, 45, 46] or a photoemission/inverse photoemission
combination [35]. This implies on the one hand that it is not ground states but
quasiparticle energies which are probed, and on the other hand that the surrounding
dielectric medium (both the GNR itself as well as the substrate) can have a sub-
stantial effect on those state’s energies through polarization-induced screening.
Among the various theoretical methods mentioned above, the intrinsically present

Bottom-Up Fabrication of Atomically Precise Graphene Nanoribbons 133



electron-electron interactions are best taken into account in the GW approximation.
It is, however, computationally very intensive and has thus only been applied for
free-standing GNRs. As a result, calculated GW band gaps still overestimate the
experimental ones [34]. Best results have been obtained when combining the GW
approximation with a semiclassical image-charge model to account for substrate
screening [80]. The screening-derived band gap renormalization varies with the
substrate and the GNR, being in the 1 eV range for aGNRs on Au (Fig. 11) and
slightly lower for aGNRs on a NaCl bilayer on Au [80]. Its combination with the
calculated GW band gaps ultimately provides a remarkably good agreement with
currently available experimental values for 5 [43], 7 [50], 9 [45] and 13-aGNRS
[46] (Fig. 11).

The effective mass is another important figure whose relevance stems from its
inverse relation to the charge carrier mobility [81], a critical parameter for potential
applications. However, only few studies have characterized effective masses in
GNRs. From the experimental side, there are measurements for 7-aGNRs and
9-aGNRs. For the valence band of the former, very disparate values have been
reported, ranging from *0.21 me (measured by ARPES [34, 82]) to 0.41 ± 0.08
me (measured by STS [50]) and even 1.37 me (measured by two photon photoe-
mission [53]). For the valence band of the latter, better matching values of
0.09 ± 0.02 me and 0.12 ± 0.03 me have been reported from ARPES and STS
measurements, respectively [45]. Interestingly, there have been different works
proposing analytical relations between the effective mass and other GNR parame-
ters. For example, Arora et al. proposed the effective mass to be linearly dependent
on the GNR band gap in a similar way as that claimed for carbon nanotubes:

Fig. 11 Calculated bandgap energies for isolated and Au-supported aGNRs of different width for
each of the three sub-families (3p, 3p + 1, 3p + 2). Calculations are done with the GW method,
further adding substrate screening for the supported ribbons. Superimposed we find the currently
available experimental values of Au-supported aGNRs obtained by scanning tunneling
spectroscopy, providing good agreement. Adapted with permission from [80]. Copyright (2016)
American Chemical Society
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m* = (Eg/11.37) me, with Eg given in eV [83]. In turn, Raza et al. related it to the
aGNR width W through m* = (0.091/W) me for the 3p family, m* = (0.160/W) me

for the 3p + 1 family and m* = (0.005/W) me for the 3p − 1 family (W being the
distance, in nanometers, between the C atoms on either edge of the ribbon, based on
a C–C bond length of 1.44 Å) [78]. In the following we provide Table 1 com-
paring the experimentally reported effective masses to the values predicted by either
of the models mentioned above. It can be seen that there is an excellent agreement
between predictions and experiments, best of all when taking the experimental
values obtained from ARPES measurements.

The width dependence of the electronic properties of GNRs does not only affect
armchair oriented ribbons, but also ribbons with other orientations. As described in
the previous section, the edge state magnetization in zigzag and chiral GNRs drives
the opening of a band gap D0 and an additionally split resonance D1 related to the
inter-edge and intra-edge magnetic coupling, respectively (Fig. 10) [69, 74, 76].
Thus, as expected from their respective nature, D1 hardly varies with the ribbon’s
width. Instead, D0 decreases with growing width, although in the zGNR case in a
monotonic way and faster than for aGNRs [74, 75] [76]. This qualitative behavior of
D0 and D1 is at least what results from calculations on free standing zGNRs.
However, while the same trend holds for D0 also in calculations of gold-supported
ribbons, in that case D1 shows a surprising increase with ribbon width [80].
Experimental confirmation on atomically precise zGNRs of different width is still
missing, since only 6-zGNRs have been synthesized to date with atomic precision
[42]. Nevertheless, closely related measurements have been performed on the edge
states localized at the zigzag ends of 7-aGNRs. For increasing 7-aGNR length,
which increases the distance between their ends (in analogy to a width increase in
zGNRs), the gap between edge states hardly changes. Because the minimum sep-
aration measured in that study is *3 nm, this observation is in agreement with a
rapidly converging band gap at even smaller length scales, further supported with
calculations [84]. There are also closely related measurement on zGNRs obtained
from scanning probe lithography and hydrogen etching. The latter shows band gaps

Table 1 Summary of the calculated and experimentally obtained values for the effective mass of
aGNR’s valence bands given in electron mass (me) units

Arora et al. [83] Raza et al.
[78]

Experiment

Width
(N)

From
calc. Eg

From
exp. Eg

ARPES STS 2PPE

7 0.154 0.21 0.21 0.21 [34]
0.23 [82]

0.41 ± 0.08
[50]

1.37
[53]

9 0.074 0.12 0.09 0.09 ± 0.02
[45]

0.12 ± 0.03
[45]

–

Experimental Eg values for the m* calculation with Arora’s relation have been taken from Refs.
[45, 50] and for 7-aGNR and 9-aGNR, respectively.
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monotonously decreasing with increasing zGNR width until saturating at widths
around 4 nm, in reasonable agreement with the predictions described above [13].
The former shows a smoothly decreasing band gap with increasing width until a
threshold value (*7 nm) above which the gap suddenly drops to zero, proposed to
be related to a sharp antiferromagnetic semiconductor to ferromagnetic metal tran-
sition [15]. Nevertheless, both studies are based on zGNRs with poorly controlled
and defined structures as compared to the atomically precise nanoribbons that are the
focus of this chapter, and thus possibly affected by the additional disorder.

Beyond the gap, also the edge state magnetization, which is one of the most
coveted electronic properties of zGNRs, varies with GNR width. In particular, it
increases as the width grows, rapidly reaching its saturation value at widths around
Nz = 10 [69, 74]. However, it is important to consider also the relative weight of
those magnetic edge states on the total density of states of the nanoribbon. Initially
they increase with increasing Nz, but after a peak around Nz = 7 it ends up
decreasing at a rate approximately proportional to 1/Nz (Fig. 12a) [73]. This effect
shows how the significance of the special edge state disappears as the ribbon grows
infinitely wide and becomes 2D graphene (Fig. 12b–d).

Chiral ribbons also display a dependence of their electronic properties with their
width. By way of example, and as readily discussed briefly in the previous section,
the edge state density in chiral GNRs is absent for widths under a critical value
[73, 77]. That critical width depends on the chiral angle and decreases as the edge
orientation gets closer to the zigzag direction. Regarding the band gap, it does not
decrease monotonically with increasing width as in zGNRs, but displays a periodic
modulation on top of its overall reduction, reminiscent of aGNRs [77, 85].
However, it is worth mentioning that this overall band gap reduction is faster in
chiral ribbons than in aGNRs. Describing the band gap dependence as Eg / 1/Nb, b
increases from 1 for aGNRs, to larger values as the chiral angle is reduced (e.g.
b = 1.431 for h = 23.41°; b = 2.908 for h = 16.1°; or b = 3.758 for h = 12.73°)
[77]. In contrast, the overimposed band gap modulation becomes less pronounced
for lower chiral angles [77, 85].

Fig. 12 a Flatness index ηa, defined as the ratio between the number of states with E � 0 and the
total number of states in the ribbon, calculated as a function of zGNR width Nz. Density of states
calculated for zGNR widths of Nz = 6 (b), Nz = 11 (c) and Nz = 51 (d), evidencing the decreasing
significance of the edge states in the overall density of states for increasingly wide ribbons.
Reprinted figure with permission from [73]. Copyright (1996) by the American Physical Society
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Lastly we would like to remind that the discussion above has been made con-
sidering quasi-infinite ribbons on which only the width is changed. However,
atomically precise GNRs obtained by on-surface synthesis are finite, typically with
lengths in the range from few nanometers to some tens of nanometers [25, 35]. As
for other conjugated molecules or polymers, their band gap scales inversely pro-
portional to their length, saturating towards the “infinite” limit [9, 84]. Thus,
although for most applications the growth of GNRs with maximized length is
desirable, the growth of monodisperse GNRs of limited length could be seen as an
alternative way to tune and control their corresponding band gaps.

4.3 Tuning Through Doping

To understand which effect might doping bring to semiconducting GNRs one can
look to the effect of impurities on semiconductors [86, 87]. Three scenarios might
be naively distinguished in: (i) the formation of impurity levels in the semicon-
ductor’s bandgap; (ii) the appearance of an impurity band; (iii) a rigid shift of the
whole band structure or modification of the bandgap. In the first case, at light
impurities concentrations (�1016 atoms cm−3), n-type (or donor) impurities give
rise to energy levels below the semiconductor conduction band while p-type
impurities yield electron acceptor levels above the valence band. Doping influences
the position of the Fermi level, that for n-type moves linearly towards the minimum
of the conduction band with exponential increase of the doping concentration. In
the second case at moderate impurity concentrations (�1018 atoms cm−3 for Si),
neighboring impurities are so close that their wave functions overlap sufficiently to
give rise to an impurity band. In heavily doped semiconductors (�2 � 1022 cm−3

i.e. 3% for Si) the ionization energy of the impurity atoms falls to zero, i.e. the
impurity band merges with the conduction (for donors) or valence band (for
acceptors) and only one band is formed. In other cases of heavy doping, as in
disordered alloys, the band gap can be changed, for example linearly narrowed by
adding Al atoms in Ga1-xAlxAs.

For carbon-based materials two doping schemes have been used: (i) electrical
doping which does not alter the lattice structure or chemical composition of the
material, as by adsorption of a gas or a metal; (ii) chemical doping which can be
achieved by substitution of carbon (C) atoms with heteroatoms like nitrogen (N),
boron (B), silicon or sulfur (S). The first type of doping has been reported for
Li-doped 7-aGNRs [82]. Heavy doping of 7-aGNRs with a monolayer of Li lowers
the valence band by 1.33 eV and brings the conduction band onset below the Fermi
level, thereby causing a semiconductor-to-metal transition of the ribbons. Highest
doping levels (reached upon saturation at around two monolayers of Li) reveal a
transfer of up to 0.05 electrons per carbon atom. Importantly, such doping is
accompanied by a quasiparticle bandgap renormalization from 2.4 to 2.07 eV, as
well as by a dramatic increase of the conduction band’s effective mass.
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The second type of doping has been successfully demonstrated on atomically
precise GNRs by means of chemically substituted molecular precursors. The
inclusion of N, S or B atoms in the GNR matrix corresponds to a heavy doping
level of several at.% but the resulting electronic structure of GNRs cannot be
directly related to dopant concentration [88]. In fact, extra-electrons may remain in
molecular orbitals localized around the dopant heteroatom instead of extending into
the GNR p orbitals [10]. The appropriate design of reactants has allowed to pre-
cisely introduce dopant heteroatoms either on GNRs edges [36, 55, 89, 90] or
within their backbone [48, 91]. Ultimately it is the precise combination of het-
eroatomic species and their localization which defines their effect on electronic
properties like band gap [10] or energy level alignment.

In the first case two different situations have been realized. The substitution of
C–H groups with N atoms in the edges of chevron type GNRs leads only to a rigid
downshift of the conduction and valence band energies by 0.1–0.13 eV per N atom
per precursor molecule unit, thus making it a stronger electron acceptor (n-doping
of the ribbon) [55, 89, 90]. The decrease of the position of the valence band by
increasing the number of N dopants in the precursor molecule has been also
characterized with ARPES, STS and DFT for 3-aGNRs grown on stepped Au(788)
as shown in Fig. 13a–c [36]. The electron lone pair of those nitrogen atoms being
not in conjugation with the GNR p-system does not further affect the density of
states of the frontier bands, leaving critical parameters like the band gap or the
band’s effective mass unchanged.

On the contrary the substitution of (C–H)2 groups by S atoms in 13-aGNRs’
edges allows hybridization of one of the heteroatom’s lone pairs with the delo-
calized p-bands. Thus, as predicted by ab initio simulation for free standing rib-
bons, the energy gap decreases 140 meV with respect to undoped ribbons [49].
However, dramatic changes on the energy level alignment are not induced by S
atoms because their electronegativity difference with respect to C is smaller than in
the case of N atoms.

Finally, B impurities have been successfully introduced in the 7-aGNRs’
backbone, allowing a full conjugation of empty B pz orbitals with the ribbon’s
p-system [48, 91]. According to calculations, B-doping induces the formation of a
new acceptor band lying only 0.8 eV above the valence band. As a result, the band
gap is strongly decreased with respect to that of pristine 7-aGNR (displayed in
Fig. 13d, e). Experimentally, the acceptor band and its distribution along the
B-doped 7-aGNR backbone has been measured by STS, showing good agreement
with calculations (Fig. 13f, g). However, the position of the valence band (and
consequently the experimentally determined band gap) has not been reported yet.

4.4 Tuning Through Strain

The dependence of the electronic structure of GNRs on the atomic structure of the
ribbon orientation, the ribbon width and doping have been experimentally
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demonstrated by on surface synthesized GNRs. Strain engineering in semicon-
ducting two dimensional materials offers the possibility to control their optical and
electronic properties [92]. Thus another route to tune the band-gap of GNRs is to
exploit strain. To understand the effect of strain on GNRs, it is necessary first to
revise what occurs on strained graphene. Two types of strain are usually considered:
uniaxial and shear (Fig. 14a, b). When graphene is stretched in one direction, it will
shrink in the perpendicular one [93]. Tight binding and first principle calculations
demonstrated that the effect of a uniform strain applied to the atomic lattice of
graphene is to drive in the reciprocal space the position of the Dirac cone crossing
(ED) away from the K (K’) points while maintaining the cone-like energy disper-
sion. This ED will follow a path that is different depending on the type of strain
applied (shear or uniaxial along armachair or zigzag directions).

For aGNR shear strain modifies only slightly the band structure but uniaxial
strain has a relevant effect. The one dimensional Brillouin zone of aGNRs is defined
by electronic states with allowed k values that lie on parallel lines (k = rp/N + 1

(b) (c)

(d) (e)

(f)

(g)

CB

+1V 1 nm

(a)
PPP N1-PPP N2-PPP

Fig. 13 a ARPES spectra of pristine and nitrogen doped poly-para-phenylene (PPP) polymers
taken at k|| close to the valence band maximum. Red lines correspond to parabolic fits of the
GNR’s bands revealing an unchanged effective mass of 0.19 m0. b Differential conductance
spectra performed on PPP (black) and N2-PPP (blue), displaying the rigid shift of valence and
conduction bands with N-doping. c Computed projected densities of states (PDOS) of the different
polymers, confirming again the rigid shift of valence and conduction bands upon N-doping and
underlining the low contribution of the N atoms to the pz states forming the frontier bands.
d Calculated total density of states (DOS) for pristine 7-aGNRs (dotted line), for B-doped
7-aGNRs (gray) and contribution from B-atoms to the DOS (red) using the GW approximation and
including Au(111) substrate screening. e Calculated quasiparticle band structure of B-7aGNRs.
f Calculated local density of states (LDOS) map of states at the conduction band edge 4 Å above
the borylated ribbon. g Differential conductance map of B-7aGNRs taken at 1 V. a–c Adapted
with permission from [36]. d–g Adapted with permission from [91]. Copyright (2015) American
Chemical Society

Bottom-Up Fabrication of Atomically Precise Graphene Nanoribbons 139



with r = 1, 2, …, N + 1) (Fig. 14c). The three families of aGNRs characterized by
their different width (N = 3p, 3p + 1, 3p + 2; p being an integer) have different
conditions for the crossing of their allowed k-lines with the K (K’) points of the
Brillouin zone (Fig. 14d). When uniaxial strain is applied ED moves away from K
(K’) along the strained Brillouin zone in a direction perpendicular to the k-lines
(Fig. 14c). In this way when ED arrives in the middle of two lines, the energy gap
will be maximum; when ED coincides with a k-line, then the gap will close. This
finding explains why the energy gap of aGNR is modified in a periodic way with a
zigzag pattern which is different for each family (Fig. 14b). Moreover, within each
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Fig. 14 a Schematic view of an aGNR under uniaxial and shear strain. b Calculated energy gap of
aGNRs as a function of an uniaxial strain eA on the left, for three ribbons belonging to the three
families N = 3p, 3p + 1 and 3p + 2 and on the right, for different ribbons of the N = 3p type.
c Schematic illustration of the effects of strain that induce (i) the deformation of the graphene
Brillouin zone and motion of the K and K’ points, (ii) a change of the distance between k-lines for
allowed aGNRs electronic states and (iii) a different crossing of k-lines with the K and K’ points.
d Behavior of the allowed k-lines near the K point for the three aGNRs families. The green arrow
indicates the shift of the Fermi point under uniaxial strain. Adapted with permission from [93]
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family, the wider the ribbon is, the closer the k-lines are. Thus, the maximum
energy gap value will diminish.

For the case of zigzag GNRs, strain can slightly modify the band structure only
if spin-polarization is taken into account. In this case uniaxial strain will increase
the bandgap but shear strain will not have much influence.

To conclude, as observed in the case of graphene, GNR growth on substrates
which are not lattice-matched might induce strain that eventually is released by
buckling, fringes, ripples or blisters formation. Interface strain induced on GNRs
synthesized on a surface has not been observed experimentally yet, but it might
occur by increasing the interaction of the GNR with its support.

4.5 Tuning Through Heterostructure Formation

Heterostructure formation has been successfully used with inorganic semiconduc-
tors to modulate their electronic properties, whereby sophisticated devices have
been realized [94, 95]. In analogy, the same concept has been proposed to be
feasible with GNRs [96, 97], for which one may combine segments with different
properties like those described above (edge orientation, width, doping, strain), or
also other parameters like edge terminations or edge structures. Experimentally,
some examples have been readily demonstrated, creating atomically sharp and
precise junctions by combination of different reactants (Fig. 15) [89, 98]. An
alternative way to create randomly distributed GNR heterostructures is by the use of
only one type of reactant that can, however, react in two different ways [99].

First to be realized was a type II heterojunction in which pure hydrocarbon
reactants were combined with doped reactants that included nitrogen heteroatoms
(Fig. 15b) [89]. As described in Sect. 4.3 and graphically displayed in Fig. 15b, the
substitution along the GNR edges of C–H by N has little impact on the electronic
band gap. In turn, nitrogen’s more attractive core potential lowers the onset energies
of valence and conduction band and turns the N-doped GNRs into n-type semi-
conductors. On the other hand, due to the particular GNR and substrate combina-
tion, undoped GNRs on Au are p-doped, displaying their valence band close to the
Fermi level. Combination of pristine and N-doped segments into the same
nanoribbon thus creates sharp p-n heterojunctions, with a band offset of around
0.5 eV for the heterojunction displayed in Fig. 15b. Because the band bending
occurs over a distance in the order of 2 nm, the resulting electric field at the
interface is extremely high (2 � 108 V/m), making these heterostructures highly
promising for electronic devices based on p-n junctions [89].

Type I heterojunctions have been synthesized combining precursors that lead to
differently wide GNRs [98]. The resulting structure is thus a width-modulated GNR
as shown in Fig. 15a, with segments of 7-aGNRs and of 13-aGNRs. The latter has a
larger band gap than the former, resulting in the straddling gap evolution that
characterizes type I heterojunctions. Because the 7-aGNR segments serve as energy
barrier for charge carriers localized along the 13-aGNR segment, the formation of
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quantum well states can be seen for short 13-aGNR segments surrounded by the
narrower 7-aGNR, establishing an ideal framework for potential band gap engi-
neering [97]. Furthermore, quantum dots could potentially be used as active
components inside GNRs.

An alternative way for the creation of quantum dots embedded inside 7-aGNRs
has been demonstrated by mixing pristine 7-aGNR with a small amount of boron
doped 7-aGNRs precursors (Fig. 16a) [100]. The pristine regions in these hybrid
ribbons preserve the electronic structure of 7-aGNR, while the borylated segments
lack an energy level aligned with the pristine VB. As a result, the VB electrons on
the pristine segments become confined by the boron atom pairs, since the VB ends
abruptly over the borylated regions (Fig. 16b).

The calculated transmission function (Fig. 16c) for these free-standing hybrid
7-aGNR, that is, the transmission of electrons from one side of the ribbon to the
other, shows that the boron pairs are very efficient reflectors and that the VB-1 acts
as a transmission channel even though the VB is confined (Fig. 16d). This actually

(a) Type I (b) Type II

Fig. 15 a Schematic representation of the precursors leading to differently wide GNRs and an
associated heterostructure, whose staggered bandgap can be classified as a type I heterojunction.
Below, constant current STM images display the experimental realization of those heterostruc-
tures. b Schematic representation of the heterostructure resulting from a combination of pure
hydrocarbon and N-doped precursors. Below the calculated electronic properties are displayed:
band structure of pure p-GNRs (undoped precursors), of n-GNR (N-doped precursors), and of the
density of states of the heterojunction displaying the roughly unchanged bandgap across the
interface and the type II heterojunction energy alignment. a Reprinted with permission from [98].
b Reprinted by permission from Macmillan Publishers Ltd.: Nature Nanotechnology [121],
copyright (2014)
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(a)

(b) (c)

(d)

Fig. 16 a Schematic representation of the hybrid 7-aGNR, consisting in extended pristine regions
and disperse borylated segments. b dI/dV maps of a pristine region (dashed blue square) enclosed
between two borylated segments. The maps show an increasing number of modes in the
conductance with increasing negative bias, fingerprint of the VB confinement. c Band structure of
a pristine 7-aGNR (left) and transmission function (right) of a 7-aGNR (red) and a hybrid 7-aGNR
(blue). The sharp peaks of transmission are related to the quantum well levels caused by the VB
confinement. The step-like increase of transmission above the VB-1 onset reveals that the VB-1 is
not confined. d Eigenchannel wave functions of the bands at the energy indicated in panel c.
The VB electrons are strongly scattered, while the VB-1 electrons transmit almost freely. Adapted
with permission from [100]. Copyright (2017) American Chemical Society
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implies that boron atoms selectively confine VB electrons while leaving the VB-1
unaffected. The reason behind this selectivity stems from the symmetry between the
boron induced states and the 7-aGNR bands [100]. These results highlight that the
use of substitutional heteroatoms as dopants, and their related heterostructures, goes
beyond a simple charge doping model and can strongly modify the transport
properties of GNRs.

5 Applications

Graphene nanoribbons have been used in many types of applications as energy
storage [101, 102], thin films coatings [103–105] or in composite materials [106–
108], but thanks to their attractive physical properties it is in electronic and opto-
electronic devices applications where they arouse most attention. As a result,
research efforts have pushed towards the integration of GNRs as active components
in electronic devices like sensors [109, 110], photodetectors [111–113] and field
effect transistors (FETs) [114–119].

A few experiments have already demonstrated the great potential of GNRs for
technological applications. For example, nanometer-wide GNRs epitaxially grown
on silicon carbide were found to be single-channel ballistic conductors at
room-temperature over distances up to 16 micrometers, which is similar in per-
formance to metallic carbon nanotubes (which are edgeless but for which the
chirality determines the electronic structure) [120]. For thinner GNRs, the electron
transport characteristics have been addressed locally in ultra-high-vacuum by STM
with single ribbon precision [121]. Transport occurs in a tunneling regime and the
tunneling decay length through a 7-aGNR measured at different bias voltages
reveals the dependence of conductance with the ribbon electronic states, that is,
energy level alignment and band gap value (Fig. 17a, b).

Graphene nanoribbons technology is still in its infancy and a few problems need
still to be solved to speed up the use of GNRs in current technology [4]. On-surface
chemistry, as outlined in the previous pages, could overcome the problems of high
quality fabrication and functionalization of GNRs. In fact, it allows producing
graphene nanoribbons with atomically precise control of widths and edges, and thus
with well-defined electronic structure. It allows to dope GNRs selectively and
reproducibly, and eventually to increase their functionality by adding active com-
ponents as photoactive, magnetic or switchable elements. For their operation in
devices, as in gated multiterminal devices, GNRs have to be transferred to insulators.
The direct growth on insulating substrates remains a challenge. Promising strategies
may include the synthesis through photoactivation or through new reactions beyond
the Ullmann coupling—cyclodehydrogenation combination. Nevertheless, different
routes can be explored to transfer GNRs from a metal to another material as silicon
dioxide, as it has been successfully done for two-dimensional materials: exfoliation
with or without a solution [118, 119], intercalation assisted exfoliation [51], or
chemical vapor deposition [122].
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The last problem of GNR technology is the final fabrication and processing of
the device. A few prototypes of field effect transistors have been realized exploiting
on-surface synthesized GNRs (Fig. 17c, d) [118, 119]. The interest on FETs stems
on the extreme thinness of GNRs which is expected to enable fabricating FETs with
very short channels. This should significantly increase the device speed, while
avoiding the unfavorable short-channel effects of standard CMOS technologies
[123]. In GNR-FETs the driving current is limited by the contact resistance between
a single GNR and the metallic contacts caused by the Schottky barrier at the
interface. The height of the barrier depends linearly with the GNR band gap. In fact,
FETs with 7-aGNR have shown low driving currents of 1 nA per 1 V drain bias
[118] while FETs with GNRs displaying lower band gap like 9-aGNR and
13-aGNR exhibited on-currents up to 100 nA per −1 V bias and on/off ratios of
102–105 [119]. To further improve GNR-FETs performance wider ribbons with
smaller band gaps could be used, or materials for metallic contacts could be tailored
to the electronic structure of the particular GNR used. In addition, longer ribbons
(lengths >30 nm) would assure a better contact overlap with source and drain.

Fig. 17 a Schematic of the STM pulling experiment (arrow indicates tunnelling current).
A characteristic current signal during the pulling sequence is shown in the right panel. b Current as
a function of tip height for different experiments at different bias, evidencing the bias dependence
of the conductance. c Schematic illustration of the device geometry and scanning electron
micrograph of the device. d Electrical characterization of a typical device at VSD = 1 V in both air
and under vacuum at 77 K. a–b Reprinted by permission from Macmillan Publishers Ltd.: Nature
Nanotechnology [121], copyright (2012). c, d Reprinted from [118], with the permission of AIP
Publishing
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Aryl–Aryl Covalent Coupling on Rutile
TiO2 Surfaces

Marek Kolmer and Jakub S. Prauzner-Bechcicki

Abstract In recent years, enormous progress has been made in developing
bottom-up strategies based on the polymerization of specially designed building
blocks directly on a supporting surface. So far, selected noble metals have been
mostly used as substrates for such on-surface chemical reactions. For the sake of
practical applications the semiconductor surfaces clearly represent much more
attractive platforms. Especially transition metal oxides exhibiting advantageous
optical as well as photo- and electrochemical properties seem to be particularly
interesting. In this chapter we describe the strategies for thermally triggered
on-surface covalent coupling of aryl halides performed directly on rutile titanium
dioxide surfaces. We focus our work on important parameters that need to be
considered for understanding and optimization of the polymerization reactions on
this model transition metal oxide system.

1 Introduction

On-surface synthesis is a very promising approach to construct desired and
seemingly complex molecular nanostructures in a precisely controlled way. In this
approach, first, molecular precursors equipped with judiciously chosen linking
groups are designed. Then, such precursors are deposited onto selected surface. It is
envisaged that linking groups once activated (by means of sample heating, light
illumination, etc.) will react with each other leading to formation of covalent bond/s
between precursors. The position, number and type of linking groups will determine
shape, size and dimensionality of fabricated nanostructures. Eventually, construc-
tion of various 1D and 2D structures becomes feasible [1–7]. The on-surface
synthesis gives an unprecedented opportunity to increase control over formation of
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organic nanostructures while keeping non-local character of the whole process. The
method may be tough considered as a Golden mean between self-assembly based
processes and scanning tip-induced procedures, as it possesses non-locality and
easiness of self-assembly and yet it is atomically precise and controllable as
tip-induced reactions.

One of the most extensively studied examples of on-surface synthesis is an aryl
halide homo-coupling on metal substrates, considered as Ullmann-like reaction [8–
12]. In the reaction on metal surfaces aryl halide species are usually thermally
activated. Resultantly, a carbon–halogen bond is cleaved which yields a radical/ion
form of molecular precursor stabilized by a metal substrate [13]. In subsequent
steps the radicals recombine to form covalently bonded oligomeric structures.
Although details of reaction pathway on metal surfaces are still debated, it is
unquestionable that extension of the same approach to other technologically rele-
vant types of substrates is important albeit quite challenging [6, 14]. Several
attempts to perform the aryl halide C–C coupling on semiconducting [15–20] and
insulating [21, 22] substrates have been reported recently.

Needless to say, details of reaction pathway are depended on the type of sub-
strate onto which precursors are deposited. Regardless of the substrate, one of the
fundamental and universal parameters controlling the output of polymerization
reaction of aryl halides is mobility of molecular precursors. In case of metal sur-
faces this fact has already been addressed by Bieri et al. [23]. In case of more
reactive, semiconducting surfaces, the mobility of precursors plays a pivotal role.
For example on a pristine Ge(001) surface the lack of precursors’ mobility was
responsible for failure of an attempt to form covalently bonded structures [15]. This
problem was then overcome by introduction of an atomic hydrogen monolayer,
which effectively decoupled adsorbed molecules from the substrate and thus
increased their mobility [24, 25]. As a result dimers and longer structures were
observed, however, a total reaction yield was very low [20]. Entirely different
picture is observed for rutile titania surfaces in terms of on-surface mobility of
molecular adsorbates. Many experimental reports justify a conclusion that generally
molecules are mobile enough to form various ordered arrangements on rutile titania
surfaces [26–37]. The comparison between the two types of semiconductor sur-
faces, i.e. Ge(001) and TiO2, addressing mainly precursors’ mobility has been made
elsewhere [38].

In the following we would like to move beyond the view which is focused on
mobility of molecular adsorbates and discuss other aspects of the aryl halide C–C
coupling mechanism on rutile titania surfaces. Available experimental reports focus
on two most stable rutile faces, i.e. (110) and (011). Structure and chemical activity
of these surfaces are considerably different, what may lead to different reaction
pathways. In the subsequent sections, we pinpoint important parameters that need to
be considered in the aryl halide C–C coupling on rutile titania surfaces.
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2 TiO2 Properties

In the realm of on-surface synthesis, it is evident that an essential role is played by
the substrate itself. Obviously knowledge and understanding of physical and
chemical properties of the surface are then of uttermost importance. Several
extensive and valuable review papers on structural characterisation and consequent
properties of titanium dioxide surfaces, and their interactions with organic and
non-organic adsorbates are available in the literature [37, 39–50]. We shall not
reproduce these reports here in extenso, instead we recall the most important
general features accompanied by brief comparison of the two most often studied
faces of rutile titania, i.e. (110)-(1 � 1) and (011)-(2 � 1), and, finally, focus on
the issue of crystal reduction. The more interested reader is referred to the above
mentioned reviews for further details. Let us just mention in this place, that both
surfaces discussed in this chapter are prepared under ultra-high vacuum
(UHV) conditions in a similar way by repeated cycles of ion bombardment and
annealing.

2.1 General

Surfaces of rutile titanium dioxide, especially the (110) face, may be considered as
the model metal oxide surfaces. Already back in 2003, they were the most inves-
tigated systems in the surface science of metal oxides [39]. Titanium dioxide is used
in many applications, e.g. as a white pigment in paints, personal care and food
products, as a photocatalyst, in self-cleaning exterior building materials, as a coating
(e.g. optical coatings, corrosion-protective coatings), in photovoltaics, in ceramics,
in electronics, in biomedical implants, and many other fields. Functionalization of its
surface by on-grown molecular layers and nanostructures is widely explored in the
context of almost all above mentioned technologies [37, 39–50].

As pointed by Pang, Lindsay and Thornton in their review addressing chemical
reactions on rutile TiO2(110) [40], inaccurate characterization of a clean surface
structure may at worst lead to incorrect mechanistic interpretation of reactions
taking place on it. This observations can be generalized to all faces of rutile titania.
Thus in our pursuit for reaction pathway for the aryl halide C–C coupling on rutile
titania surfaces we will begin with description of the (110)-(1 � 1) and (011)-
(2 � 1) faces. Fortunately, model of the (110)-(1 � 1) face is well established and
has been cross-checked with various experimental techniques [39]. The (110)-
(1 � 1) surface contains two different kinds of titanium atoms, i.e. a six-fold
coordinated (Ti6c) and a five-fold coordinated (Ti5c), and two different kinds of
oxygen atoms, i.e. a three-fold coordinated (O3c) and a two-fold coordinated (O2c)
(Fig. 1a). Both kinds of titanium atoms and O3c atoms constitute the main surface
plane, whereas O2c atoms form rows protruding from the main surface and running
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along the [001] direction. Therefore these atoms are also known as bridging oxygen
atoms. Here it is worth noticing that Ti5c and O2c atoms are less coordinated than Ti
and O atoms in the bulk. The five-fold coordinated titanium atoms expose their
dangling bonds perpendicular to the surface and, thus, become anchor points for
molecular adsorbates. On the other hand, the coordinative undersaturation of
bridging oxygen atoms is responsible for easiness in formation of oxygen vacancies
by thermal annealing during surface preparation procedure [39]. If special sample
treatment is not performed during preparation of the surface (i.e. annealing in O2

partial pressure), the oxygen vacancies are inevitable and, as such, they are very
important surface point defects and affect the surface chemistry [39, 40, 42, 44].
Surface density of oxygen vacancies depends on crystal reduction state and typi-
cally is about 0.05–0.1 monolayer (ML, 1 ML refers to one vacancy per surface unit
cell) [44]. The bridging oxygen vacancies are also partially responsible for the
formation of an occupied band gap state at 1 eV below the Fermi level [40, 42, 44].
Residual water quite easily dissociates in these oxygen vacancies giving rise to
another typical, and the most visible, surface defect, i.e. hydroxyl groups, –O2cH
[44]. The appearance of the (110)-(1 � 1) face in scanning probe microscopies
(SPM) strongly depends not only on position of atomic species on the surface but
also on their electronic properties. Mostly, images obtained in scanning tunnelling
microscope (STM) present empty states of the sample and, thus, show bright rows
of Ti5c atoms running along the [001] surface direction, whereas bridging oxygen
atom rows, running in the same direction, are imaged as dark (Fig. 1b). The oxygen
vacancies and hydroxyl groups are both seen as bright protrusions. Contrarily, in a
typical non-contact atomic force microscopy (ncAFM) image rows of O2c atoms
dominate and are observed as bright, as they are closer to the scanning tip. In this
case, oxygen vacancies are dark depressions on bright rows. However, as the tip
termination is vulnerable to changes during scanning, the contrast inversion (with
bright Ti5c rows and dark O2c rows) is possible in ncAFM images [44].

There is an utterly different situation when it comes to settling a model for
the (011) surface of rutile titania. In equilibrium rutile crystal the (011) face is the
second most abundant surface [51]. Debate on the structural model of the
(011) surface of a crystal after routine preparation in ultrahigh vacuum conditions is
still vivid, supported by new results from both experimental and theoretical research
[52–59]. At the present stage, to the best of our knowledge, two types of models of
the (011) surface are opposed to each other, i.e. the ‘brookite (001)-like’ model [52,
53] and other derived from it [55] are confronted with the microfacet model [56,
57]. Such a situation makes the quest for resolving the aryl halide C–C coupling
mechanism on the (011) surface of rutile titanita a more difficult task. Nevertheless,
some general features are common to both discussed models. In both models the
top-most atoms are two-fold coordinated oxygen atoms, O2c (Fig. 1c). Typical
point defects are hydrogen atoms adsorbed on these oxygen atoms, referred to as
hydroxyl groups. Another important observation is made with respect to Ti5c atoms,
these are also present on the surface, however, are sterically hardly accessible for
adsorbed molecules. Unquestionable is appearance of the (011) surface in scanning
probe experiments. Both in STM (Fig. 1d) and high-resolution ncAFM
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Fig. 1 The models and empty states STM images of the rutile titania surfaces. a and b Refer to
TiO2(110)-(1 � 1) surface. The red, white and black balls in (a) represent O2c, O3c and Ti atoms
respectively. Five-fold coordinated titanium atoms (Ti5c) are located between O2c rows, what is
pointed by a black arrow. c and d Refer to TiO2(011)-(2 � 1) surface. The model in (c) bases on
structure proposed in [53]. White, yellow and green balls correspond to two-fold coordinated
oxygen atoms (O2c), whereas red balls are Ti5c atoms. Light red and light blue balls are bulk-like
coordinated atoms: Ti6c and O3c, respectively. STM scan areas in (b) and (d) are in both cases
20 � 20 nm2. Tunneling currents: 100 pA (b) and 2pA (d); bias voltages: +1.3 V (b) and +2 V
(d). Reprinted from [30], with permission from Elsevier
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measurements a typical contrast is comprised of zigzag rows running along the
[0-11] surface direction [52, 54, 58, 60]. Here it is worth mentioning that recent
simultaneous STM and ncAFM measurements showed that zigzag rows observed in
both techniques are in phase with each other, suggesting a similar origin of both
[54] (see Fig. 2 from the reference). For specific set of parameters, i.e. small
tip-sample distances, another STM contrast is usually observed, i.e. a row of
bean-like feature running along the [0-11] surface direction [52, 58].

On the (110) face, with respect to surface chemistry, the important role is played
by oxygen vacancies. In case of the (011), different statements may be found in the
literature, for example Thomas and Syres suggest, that this surface is “resilient to
the formation of surface oxygen vacancies” [42]. On the contrary, Pang, Lindsay
and Thornton state that oxygen vacancies are observed on that surface, but rather as
pairs of vacancies instead of isolated ones [44]. We suggest that typical preparation
procedure leaves the (011) face with extremely low surface density of oxygen
vacancies and, thus, the surface may be observed as virtually free of such defects.

Fig. 2 STM image of polyanthrylene chains formed on the TiO2(011) surface. Image taken at
LNT, 10 pA, +2 V, size 50 nm � 50 nm. Reprinted from [17], with permission from John Wiley
and Sons
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2.2 Comparison Between Rutile Faces

Compiling the above characterization of the (110) and (011) faces of rutile titania
we would like to point to similarities and dissimilarities of both surfaces with
respect to on-surface aryl–aryl C–C coupling. First, both surfaces are anisotropic. In
each case, that aspect is revealed by presence of surface reconstruction rows that
run in one specific surface direction, the [001] on the (110) face and the [0-11] on
the (011) face, respectively. The anisotropy is also present in energy profiles for
adsorption of molecules, see for example the case of PTCDA on TiO2(110) [29].
Furthermore, it reveals itself in anisotropic diffusion [61]. The anisotropy of the
surface structure and surface diffusion may be an advantage in particulars designs,
for instance, when ordered molecular structures like oligomers aligned in a specific
directions are targeted.

Second, both surfaces constitute of Ti5c and O2c atoms. The (110) face has also
Ti6c and O3c atoms in its structure. Here comes, however, a prominent difference.
On the (110) face Ti5c atoms are well exposed and serve as anchor points for
molecular species. On the (011) face, though, Ti5c atoms are sterically hardly
accessible and binding molecular adsorbates to them is hindered.

Finally, at least to some extent, the two surfaces have variant defects. For the
(110) face, the main point defects are bridging oxygen vacancies. Their presence on
surface is associated with formation of other important surface point defects, i.e.
hydroxyl groups. In the case of the (011) face and slightly reduced crystals
hydroxyl groups are dominant type of defects and oxygen vacancies are rarely
observed [54, 62].

2.3 Crystal Reduction and Surface Defects

We would like to address one more issue which is, in our opinion, important in
view of the aryl halide C–C coupling on rutile titania surfaces. Both surfaces in
question are prepared in a similar way, by repeated cycles of ion bombardment and
annealing. The preparation procedure leads to inevitable bulk crystal reduction [63].
On one hand, the reduction of the crystalline sample allows its imaging with use of
STM due to lowered bandgap. Stoichiometric rutile is an insulator with an approx.
3 eV band gap, that is turned into a n-type semiconductor upon preparation by
adding excess electrons [64]. On the other hand, the level of reduction and the
presence of excess electrons, especially in a form of subsurface polarons [64], may
be of importance for various on-surface chemical reactions.

Deskins et al. [65] basing on a systematic study using density functional theory
(DFT) suggest, that all three major rutile defects, i.e. oxygen vacancies, hydroxyl
groups and titanium interstitials, donate electrons in a similar manner. In a result
these three defects lead to similar surface reduction states. Therefore, the same
redox chemistry on surface is independent of the source of excess electrons. Finally,
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these authors show a semi-quantitative correlation between the number of excess
electrons, and the strength of adsorption at Ti5c sites. Thereby, the number of
defects cannot be ignored in analysis of molecular species on the rutile surfaces.

Setvin et al. [64] characterized excess electrons in rutile TiO2(110) and showed
that they can localize at any lattice Ti atom forming small polarons. Such polarons
hop rapidly among Ti lattice sites changing their localization between surface and
subsurface atoms. In 75% cases they are staying in the first subsurface. However, in
25% cases the polarons move to the surface Ti5c sites [66]. What could be of
importance for the aryl halide C–C coupling is the fact that such surface and
subsurface polarons should facilitate an efficient charge transfer to adsorbed species
[45]. An open question remains, whether different surface structure of the (011) face
of rutile has an influence on behaviour of such small polarons in subsurface and
surface regions.

As already discussed above, the excess electrons are donated in a similar manner
by oxygen vacancies, hydroxyl groups and titanium interstitials [65]. Consequently,
presence of hydroxyl groups influences adsorption of organic species on either of
two surfaces. It is related to the fact, that electrons of adsorbed hydrogen occupy
states at the conduction band minimum. Then, if a subsequently adsorbed molecule
creates free states that lay lower in the energy, these states will become populated
by electrons donated by hydrogen. In a consequence the heat of adsorption will
increase [67]. Because carboxylic acids do not offer free states below the con-
duction band no increase in adsorption energy is expected. Indeed, at least with
respect to theoretical studies within DFT framework, preadsorbed hydrogen leads to
slight lowering of the binding energy of acetic acid [67]. Such an interplay between
hydroxyl groups and adsorbed molecular precursors should be addressed in more
detailed studies of the aryl–aryl C–C coupling to define its influence on the reaction
pathway.

There are also other theoretical approaches that study various consequences of
surface hydroxylation [68, 69]. For the (011)-(2 � 1) face [68] these calculations,
suggest a roughly 10–15% increase of the band gap energy upon hydrogen
adsorption. That increase is accompanied by a shift of the Fermi level from the top
of the valence band to the bottom of the conduction band. Additionally, a
well-defined peak appears below the valence band. Similar behaviour with respect
to the band gap energy and the shift of the Fermi energy level is observed for the
isolated oxygen vacancies introduced on the clean surface on the top of zigzag rows
and in the valleys. Only vacancies on the side of zigzag rows lead to lowering of
the band gap energy [68]. For the (110)-(1 � 1) face [69] DFT calculations with the
Hubbard U correction predict that hydroxylation leads to negligible changes of the
band gap. Yet, the valence and conduction band edges experience alike energy
shifts towards the vacuum level. The authors explain this effect by presence of the
electric dipoles arising from the hydroxyl groups on the surface [69].

In the context of influence of hydroxyl groups on on-surface reactions, especially
interesting are new experimental results reported by Zhang and Yates [70]. Their
work is focused on hydrogen atoms adsorbed onto TiO2(110)-(1 � 1) surface. The
authors point that there is a significant difference between surface hydrogen atoms
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produced by H2O dissociation on bridging oxygen vacancies and those adsorbed by
dosing atomic hydrogen. The former H species are called a–H, the latter are called
b–H. A systematic study showed that b–H are less thermally stable and extremely
sensitive to electron and UV excitations when compared to a–H [70]. Finally,
Zhang and Yates Jr. suggest that these b–H are formed as subsurface hydroxyl
species via diffusion of atomic hydrogen from the surface to the bulk. Sources of
atomic hydrogen are experimentally readily accessible and the control over b–H
species surface density is reachable, thus it would be intriguing to see whether that
group plays a role in aryl–aryl coupling.

Diffusion of atomic hydrogen from the surface to the bulk has also been reported
for the (011)-(2 � 1) face [62]. In their experiment, Tao et al. obtained the surface
hydrogen atoms by dosing atomic hydrogen to the sample. However, the process of
subsurface diffusion did not happen spontaneously. Moreover, it turned out to be
reversible. Tao et al. report that the subsurface diffusion and its reversal are ther-
mally driven, i.e. the adsorbed hydrogen disappears from the surface at tempera-
tures *500 K, but then reappears upon cooling the sample. Yet, UV light
irradiation leads to desorption via hydrogen excitation [62].

Although all discussed important defects lead to similar surface reduction states,
the control over their density is not equally straightforward [71]. For example, the
creation of bridging oxygen vacancies via ion bombardment and annealing at UHV
conditions inevitably produces subsurface defects. Even though oxygen vacancies
might be healed by annealing in oxygen partial pressure, the subsurface defects will
remain. What is more, they are difficult to quantitatively assessed. Thus, in studies
on influence of crystal reduction state on on-surface chemistry special care has to be
taken with respect to sample preparation. Mao et al. [71] even suggest that in real
studies and applications the band gap states introduced by surface defects, espe-
cially hydroxyl groups, are of major importance.

Furthermore, quite recently it has been shown that oxygen vacancies on reduced
TiO2(110) surface are key players in another C–C coupling reaction. Yang et al.
[72] examined reductive C–C coupling of acetaldehyde with controlled oxygen
vacancy coverage by means of temperature-programmed desorption. Their studies
showed that with increasing vacancy coverage the reaction yield goes up. The
authors point out that the reactions of acetaldehyde on oxidized and reduced
TiO2(001) surfaces [73] (it is the second, with respect to energy, stable face of rutile
titania) differ significantly from those obtained on the (110) face. In the former case
formation of crotonaldehyde and crotyl alcohol via aldol condensation of CH3CHO
is favoured, in the latter formation of 2-butanone and butane is dominant. Although
we do not analyse dissimilarities between the (001) and (110) faces here, one
important deduction can be made, i.e. the surface chemistry of rutile is not only
vulnerable to reduction state of the bulk, but also to the kind of surface terminating
the crystal—both aspects have to be taken into account simultaneously.

Let us add one more piece to the mosaic. Benz et al. reported a thorough study of
reductive coupling of benzaldehyde on TiO2(110) surface [74, 75]. In contrast to
Yang et al. [72] result discussed above, they show that Ti interstitials govern the
analysed reaction. The titanium interstitials migrate to the surface from subsurface
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regions and form a reactive intermediate by coupling two benzaldehyde molecules
on a surface. The intermediate is then reduced to gaseous stilbene upon heating to
*400 K. As a result two oxygen atoms from the molecular species that reacted
with Ti interstitial are left behind on the surface as a nanoisland [75].

The image that emerges from the analysis of the cited research proves to be very
complex. Adsorbed hydrogen atoms, oxygen vacancies and titanium interstitials are
expected to lead to similar surface reductions states. However, their role in
on-surface reactions can be very different. The number of parameters that must be
considered in resolving aryl halide C–C coupling on rutile titania surfaces is quite
large. Among others, the list includes the differences in topography and its influence
on behaviour of small polarons in subsurface regions of different faces of rutile
titania, dissimilarity in surface defects (e.g. the presence of oxygen vacancies on the
(011) face after typical preparation procedure is still elusive), the source of defects
(see discussion on a–H and b–H species on the (110) face). In addition, it turns out
that the degree of reduction of the surface and the bulk need to be treated indi-
vidually to some extent. As Cremer, Jensen and Friend studies show [76], the
oxidized TiO2(110) surface is much more efficient in formate production in
photo-oxidation of formaldehyde than a highly reduced one, provided that bulk
reduction is similar in both cases.

The following sections are meant to shed some more light on aryl–aryl coupling
on rutile titania surfaces. We start with recalling the first successful realization of
that reaction. Next, an effort that has been made in determining reaction pathway is
reviewed. Eventually, we summarize and give an outlook for future research
directions.

3 Aryl Halide Coupling on the Rutile (011) Surface

3.1 First Successful C–C Coupling on a Rutile Surface

The first successful aryl halide C–C coupling on rutile titania surface has been
realized with 10,10′-dibromo-9,9′-bianthryl (DBBA) molecules deposited onto the
(011)-(2 � 1) face [17]. DBBA molecular precursors were used earlier to obtain
extended polyanthrylenes directly on the Au(111) surface through thermally initi-
ated Ullmann-type reaction [6, 77]. Further annealing of the polyanthrylenes on the
gold substrate resulted in formation of extended graphene nanoribbons of width
N = 7. The triggering temperature for the first step was around 200 °C, for the
second step the triggering temperature was around 400 °C.

As already discussed in Sect. 1, one of the critical requirements for oligomer
formation through on-surface coupling reaction is considerable mobility of the
adsorbed precursors. Basing on previous experience [26–37] rather high mobility of
DBBA molecules on the TiO2(011) surface was anticipated. Indeed, when mole-
cules deposited on the surface were imaged at room temperature stable STM
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imaging conditions were hardly achievable due to substantial mobility of adsor-
bates. Lowering temperature during imaging to liquid nitrogen temperatures
allowed for observation of single molecules. Intact precursors were found at
step-edges and randomly distributed on terraces. None of polymers, short oligomers
or even dimers were found. First short oligomers were observed, when sample with
molecular precursors was annealed at 300 °C [17]. Further annealing of the same
sample at the same temperature neither induce elongation of the oligomers nor
ordering of them. The authors report that more efficient coupling is obtained when
precursors are deposited onto substrate kept at elevated temperature [17]. They have
found that already temperature of 270 °C is high enough to obtain oligomers
(Fig. 2).

Comparison of STM images of polyanthrylene obtained on rutile titania [17] and
gold surfaces [6] reveals an excellent agreement between the two. In both cases, the
oligomers are seen as composed of protrusions appearing alternately on both sides
with periodicity of 0.86 nm which is in line with the periodicity of the bianthryl
core. Furthermore, the width of observed structures is the same no matter, which
kind of the substrate is taken into account. The above discussed agreement was a
strong evidence that observed molecular objects are indeed polyanthrylene oligo-
mers. Additional prove was provided by means of STM tip-induced manipulation.
Kolmer et al. [17] applied rather harsh scanning conditions to observed objects
showing that they may be moved to another location in an intact form. If the
molecular precursors have not been bound by covalent bonds in the molecular chain
they would have surely fallen apart in such conditions. It was not the case,
demonstrating that precursors are bonded by a strong covalent bond.

Having achieved formation of polyanthrylene oligomers Kolmer et al. [17] tried
to transform these into graphene nanoribbons in a similar way as reported by Cai
et al. for polyanthrylene on gold substrate [6]. In the latter case annealing sample
with oligomers at 400 °C was enough to induce a cyclodehydrogenation reaction
and formation of fully aromatic system. It appeared that for polyanthrylene on
TiO2(011)-(2 � 1) surface even annealing at 450 °C failed to trigger the second
step and none of the nanoribbons were found on the surface. Meanwhile it became
evident that the oligomers are quite robust to thermal treatment.

Finally, Kolmer and co-authors explored possible reaction pathways for the aryl
halide C–C coupling on the (011)-(2 � 1) surface of rutile titania. On metal sur-
faces it is accepted that the thermally triggered coupling reaction involves:
(1) radicals formation, which are stabilized by the substrate and (2) radicals
recombination. Completely different mechanism is proposed for the (011) face of
rutile titania. Basing on DFT screening, Kolmer et al. suggest that C–C coupling
between DBBA monomers is realized via a multistep proton assisted process.
Surface hydroxyl groups serve as a reservoir of protons. Proton from a surface
hydroxyl group is transferred to a DBBA molecule and migrates on the aromatic
framework of the latter to eventually attach to a Br-bearing carbon atom. Once the
additional proton is attached to the Br-bearing atom the C–Br bond is significantly
weakened. The molecular precursor become activated. The highest energy barrier in
the activation stage is expected for proton transfer from the surface to the molecule,
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the migration is anticipated to be a rather easy process. Next, the activated DBBA
molecule diffuse on the surface and may encounter inactivated species. Such a
meeting of activated and inactivated precursor enables C–C bond formation and
release of by products, the most probably Br2 or HBr (this issue will be discussed in
the next section). The proton which activated the linking site may now migrate to
another Br-bearing carbon atom in the newly formed dimer and the whole process
may repeat. It may be envisaged that the density of surface hydroxyl groups is an
important feature in the proposed scenario and may serve as a control parameter for
the reaction. That aspect will be discussed in the next section.

Furthermore, the proton transfer from the surface to the molecule should be the
limiting factor for the C–C coupling, thus the reaction outcome should not depend
strongly on a type of halogen atom used. Particularly it is expected that the whole
process should be triggered at comparable temperatures for Br and I atoms used at
linking sites. The latter observation is in a striking contrast with respect to what is
observed for Ullmann-type coupling on metal surfaces. There, the C–I bonds are
cleaved at lower temperatures in comparison to bond scission temperatures for the
C–Br bonds. That difference is a foundation of hierarchical growth of extended
structures via the aryl halide C–C coupling as proposed by Lafferentz et al. [7].

Lastly, the reaction pathway for the other titania face, i.e. the (110)-(1 � 1)
surface, not necessarily needs to be similar. However, in view of the discussed
properties of the surface hydrogen atoms (see previous section) it could be antic-
ipated that some role might be played by the protons in this case too. For example,
it has been shown that capture and release of proton is responsible for switching
between mobile and immobile states of catechol molecules on a TiO2(110) surface
[78]. Influence of the surface hydrogen atoms on aryl–aryl coupling becomes even
more apparent when the difference between a–H and b–H species is taken into
account [70].

3.2 Insight into Aryl Halide Coupling on the Rutile
(011) Surface (Adapted from Ref. [18] with Permission
from the Royal Chemical Society)

The reaction pathway proposed by Kolmer et al. [17] still deserved a further
experimental and theoretically investigations. In the following work Kolmer et al.
[18] used the diiodoterfluorene (DITF) and dibromoterfluorene (DBTF) molecules
as monomers to study the polymerization reaction outcomes on TiO2(011) surfaces.
The latter monomer bearing two terminal bromine atoms had been previously
reported to form p-conjugated polymer chains on gold substrates [5, 79, 80] and
investigated with regard to their single molecule charge transport properties. In the
first part of their experiment the authors followed the behavior of polymerization
reaction byproducts as a function of the substrate temperature for both studied
monomers. Kolmer et al. combined STM measurements with an in situ quadrupole
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mass spectrometer (QMS) analysis. Firstly, a full monolayer of monomers was
deposited on TiO2(011) kept at RT. The evaporation of the complete layer was
chosen to achieve the sufficient number of reacting molecules that would enable
detection of the reaction byproducts in QMS. Afterwards, the QMS signals attributed
to the HI (HBr) and I2 (Br2) molecules were subsequently recorded during the
controlled sample heating up to 400 °C. The QMS signals of both analyzed species
for DITF monomer showed the appearance of the pronounced peaks starting at
around 260 °C (see Fig. 3a dashed black line). Complementary STM measurements
showed that during such thermal treatment an initially unordered layer of precursors
was transferred into oligomers (Fig. 3b, c). Presented QMS analysis explains the
reduced number, or even complete disappearance of surface defects related to the
polymerization byproducts for the DITF precursors deposited at 260 °C (see next
paragraphs in this section). At this temperature the iodine atoms are effectively
desorbed from the surface in the form of the HI and I2 molecules. In contrary to that,
a similar QMS experiment for DBTF had not yielded any substantial signal coming
from the reaction byproducts (Br, HBr and Br2) for temperatures up to 300 °C. In
agreement with the QMS experiment the authors showed that after DBTF deposition
on TiO2(011) kept at 260 °C polymerization byproducts stay on the surface.
Moreover, Kolmer et al. showed that the polymerization reaction of the DITF and
DBTF precursors takes place also at lower temperatures than 260 °C, i.e. at 200 °C,
but in this case the reaction byproducts are present on the surface, which agrees with
QMS analysis. Importantly, despite the byproducts behavior Kolmer et al. have not
found any qualitative difference in reaction outcome for both studied monomers for
temperatures higher than 200 °C.

In the main part of their work Kolmer et al. studied the role of the surface
hydroxyl groups in the on-surface polymerization [18]. They prepared a reduced r-
TiO2(011)-(2 � 1) surface containing hydroxyl groups with the less than 0.5%
coverage (Fig. 4a), where the coverage is relative to the maximum number of the
available two-fold coordinated terminal oxygen atoms. The r-TiO2(011) substrate
was then used to prepare two other types of well-defined surfaces under UHV
conditions. First, the sample was exposed to atomic hydrogen and produced the
hydroxylated surfaces. For the purpose of this study, the authors used a reduced
rutile surface with the moderate coverage of 5 ± 1% (5%H-TiO2(011)), shown in
Fig. 4b, and with a saturation coverage of 20 ± 1% (20%H-TiO2(011), Fig. 4c).
The oxidized o-TiO2(011) surface, in turn, was obtained by annealing the
hydroxylated H-TiO2(011) surface in an O2 atmosphere. This process led to for-
mation of the well-defined surface with low density of the surface hydroxyl groups
amounting again to less than 0.5%. As a result, such protocols allowed for an
effective control over the density of the surface hydroxyl groups and the oxidation
state of the substrate as well.

In this part of the work DITF is used as a monomer. The choice of DITF instead
of the DBTF was though motivated by desorption of iodine-related reaction
byproducts at elevated temperatures. Submonolayer deposition of DITF on the 5%
H-TiO2(011) substrate kept at room temperature gives rise to randomly distributed
monomers still preserving their terminal iodine atoms after deposition on the rutile

Aryl–Aryl Covalent Coupling on Rutile TiO2 Surfaces 165



substrate. To study the influence of the density of the surface hydroxyl groups on
the polymerization process, the DITF monomers were evaporated on the substrates
of different hydroxylation extent, all kept at 260 °C, as at this temperature the
reaction byproducts are effectively desorbed from the surface. The STM images of
the resulting molecular structures reveal that neither on the r-TiO2(011) surface
(Fig. 4d), nor on the o-TiO2(011) surface oligomers are formed. Both substrates

Fig. 3 a QMS spectra for m/z = 128 (HI) and m/z = 254 (I2) obtained during controlled heating
of the 5%H-TiO2(011) covered by one monolayer of DITF molecules deposited at RT. STM
images of DITF molecules deposited on the 5%H-TiO2(011) substrate kept at RT obtained
b before and c after controlled heating of the sample to 350 °C. The STM parameters are +2 V,
5 pA in (b) and +1.2 V, 5 pA in (c). Adapted from Ref. [18] with permission from The Royal
Society of Chemistry
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have almost no surface hydroxyl groups, and in such a case the DITF monomers are
found only on the terrace edges and domain boundaries, which are chemically more
active than the bare terraces. In particular, the molecules trapped on the domain
boundaries are clearly intact and rather well separated (blue arrows in Fig. 4d),
proving that under these conditions the polymerization reaction did not occur. The
remaining admolecules form supramolecular aggregates, which are also clearly seen
in STM images (white arrows in Fig. 4d). In dramatic variance to these results,
evaporation of the DITF monomers on the hydroxylated 5%H-TiO2(011) and 20%
H-TiO2(011) substrates leads to formation of well-developed oligomeric species
(Fig. 4e, f), which are preferentially oriented along the surface reconstruction rows.
Analysis of the intramolecular STM contrast of the dimer structure (inset in Fig. 4e)
proves clearly a covalent coupling between the monomer building blocks. The
alternating protrusions along the [01-1] direction, which correspond to the

Fig. 4 a–c Aryl halide C–C coupling controlled by density of surface hydroxyl groups on rutile
TiO2(011). STM images of (a) reduced r-TiO2(011), (b) moderately hydroxylated 5%
H-TiO2(011), and (c) fully hydroxylated 20%H-TiO2(011). The inset in (b): high resolution
STM image showing surface hydroxyl groups (+1.3 V, 10 pA, 7.5 � 7.5 nm2). For all large scale
STM images, the parameters are +2 V and 10 pA. d–f Polymerization of the DITF monomers on
rutile surfaces with various hydroxyl groups coverages. d STM image of DITF molecules
deposited on reduced r-TiO2(011) kept at 260 °C. e STM image of DITF molecules deposited on
moderately hydroxylated 5%H-TiO2(011) kept at 260 °C. Inset: high resolution STM image
showing a dimer (7 � 7 nm2). f STM image of DITF molecules deposited on fully hydroxylated
20%H-TiO2(011) kept at 260 °C. For all STM images the parameters are +2 V and 10 pA. Arrows
in (d) point to DITF monomers trapped on domain boundaries (blue) and DITF forming
supramolecular aggregates (white). Adapted from Ref. [18] with permission from The Royal
Society of Chemistry
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differently oriented dimethyl groups in the polyfluorene chain, all occur with the
same separation distance of 0.84 ± 0.01 nm. This value is in agreement with the
expected length of a single fluorene unit (0.845 nm).

In the STM images (Fig. 4e, f) one can also observe a decrease of the density of
the surface hydroxyl groups as compared to the substrate state prior to the poly-
merization. This observation is more evident for the 5%H-TiO2(011) surface, where
almost no hydroxyl groups remain on the surface, whereas in the case of the 20%H-
TiO2(011) surface their number is largely reduced, yet they do not vanish com-
pletely. It is worth noticing here, that simple annealing of the rutile TiO2(011)-
(2 � 1) at these temperatures does not lead to elimination of the surface-bound
hydrogen [62]. Therefore, the spontaneous removal of the surface hydroxyl groups
during the course of the polymerization clearly indicates that the hydrogen atoms
directly take part in this process. For example, hydrogen could be involved in the
formation of hydrogen iodide as a byproduct of the DITF deiodination activating
step. Moreover, the oligomers grown on the 5%H-TiO2(011) substrate (Fig. 4e)
exhibit increased chain lengths as compared to those grown on the 20%H-
TiO2(011) substrate (Fig. 4f). This qualitative observation is substantiated by sta-
tistical analysis of the polymerization reaction products from the detailed inspection
of several high resolution STM images. It proves indeed, that for the 5%H-
TiO2(011) substrate the oligomers are longer than for 20%H-TiO2(011), where the
mere dimer structures dominate. Then, the efficiency of the DIFT coupling reaction
can be described by a conversion parameter, expressed as the ratio (percentage) of
the number of monomer connections (C–C bonds) successfully made during the
polymerization to the total number of reactive groups (C–I bonds) initially present.
The conversion (evaluated using the total number of counted DITF monomers
N = 901) drops from 55% for 5%H-TiO2(011) to 40% for 20%H-TiO2(011)
(N = 521). The lower efficiency of the reaction leading to the shorter oligomers that
take place on the highly hydroxylated substrate, strongly points to the surface
hydroxyl groups serving as the key species controlling the polymerization process.

All experimental findings showed by Kolmer et al. [18] support proton-mediated
polymerization reaction mechanism described in the previous section. It nicely
explains the observed optimal surface hydroxyl group coverage for the best poly-
merization outcome, since for coupling to occur the activated, protonated mono-
mers (and growing oligomers) may only react with the intact monomers (due to
charge repulsion between the protonated species). Thus, the surface hydroxyl
coverage, and hence the proton availability, controls the ratio of the activated to
non-activated monomers, and thereby the entire polymerization process.

The results of DFT molecular modeling presented by Kolmer et al. confirm the
kinetic feasibility of the postulated reaction steps for DITF homocoupling on
TiO2(011). The energetic barrier for the initial proton transfer is quite low
(0.92 eV), and the subsequent coupling proceeds spontaneously with an associated
activation energy of 0.98 eV. The activation energies for the analogous coupling of
two intact (DITF–DITF) and two protonated (DITFH+

–DITFH+) molecules are
much higher (2.45 and 1.95 eV, respectively), accounting well for the experimental
observations. The high barrier for the DITF–DITF dimerization results from the fact
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that two inactivated C–I bonds have to be strongly distorted before the formation of
C–C bond. In the case of the protonated monomers the acquired charge give rise to
their already mentioned strong electrostatic repulsion enhancing the reaction
barrier.

4 Aryl Halide Coupling on the Rutile (110) Surface

Experiments described in last two sections were performed on the (011) face of
rutile titania. Due to different physio-chemical properties of (110) face discussed in
Sect. 2, which are directly related to their chemical activity it was not straightfor-
ward to assume that aryl halide coupling is also feasible on the (110) face of rutile
TiO2. Particularly, the surface reconstruction structure with easily accessible
five-fold coordinated titanium atoms causes lower diffusion rates for adsorbed
organic molecules, which could be a fundamental obstacle against efficient reaction
conditions. Moreover, the five-fold coordinated Ti might tend to bind activated
molecular precursors and block formation of new C–C bonds between them.

However, in a recent work by Vasseur and co-authors [19] it was shown that
clever choice of molecular precursor, in this case 4,4″-dibromoterphenyl (DBTP),
results in a similarly successful polymerization outcome on the (110) face of rutile
as on the previously reported reactions on the (011) surface. DBTP precursor
structure is tailored to the reconstruction of the (110)-(1�1) surface, which is
reflected in a well-ordered supramolecular face obtained after deposition of mole-
cules on substrate kept at RT. The molecules are oriented along the [001] crys-
tallographic direction of the substrate, that is along the (1�1) reconstruction rows.
The supramolecular layer structure is confirmed by RT-STM and low-energy
electron diffraction (LEED) studies, which both show periodicity of 0.65 nm in the
[1–10] direction, that is across the reconstruction rows. This distance matches
exactly to periodicity of a bare rutile (110)-(1�1), which proves the closely packed
molecular arrangement with one molecule per reconstruction row in the [1–10]
direction of the substrate. Due to limited STM resolution the authors did not
described in detail the adsorption geometry, however, it is expected that in this
highly ordered molecular face neighbouring DBTP precursors on the same row of
the substrate are oriented with adjacent Br atoms. This is in a high contrast to the
previous studies on the (011) face [17, 18], where non-activated precursors did not
arrange in such an ordered structures. The fact of ordering molecular precursors on
the (110) face prior to the coupling reaction seems to be a pivotal element for the
successful reaction outcome.

As in the previous studies on the (011) faces Vasseur et al. used two strategies to
activate the monomers. In the first type of experiments the RT supramolecular face
was progressively annealed and system was monitored in situ by X-ray photoe-
mission spectroscopy (XPS). Thermal activation of the RT supramolecular face
occurs at about 200 °C. It is reflected by shifts of both C 1s and Br 3d core levels
observed in XPS (Fig. 5b), which are considered as fingerprints of the

Aryl–Aryl Covalent Coupling on Rutile TiO2 Surfaces 169



Fig. 5 X-ray photoemission spectroscopy: a C 1s and Br 3d core level spectra measured after a
multilayer deposition of DBTP with the sample kept at 80 K (bottom), after 1 ML deposition at RT
(middle), and after 1 ML deposition at 520 K (top); b Evolution of C 1s and Br 3d core levels as a
function of temperature, measured after deposition of 1 ML at RT; c Evolution of the integrated C
1s signal as a function of temperature, extracted from (b). Reprinted from Ref. [19] with
permission from The American Chemical Society

170 M. Kolmer and J. S. Prauzner-Bechcicki



dehalogenation of precursors [81]. The corresponding shifts are accompanied with a
general decrease in intensity of XPS signals assigned to a significant desorption of
molecules upon thermal treatment (see Fig. 5b, c). The temperature coincidence of
both processes leads the authors to a conclusion of comparable activation energy for
C–Br scission and the binding energy of DBPT molecules in the RT phase. The
change in supramolecular phase is also reflected in LEED experiment, which did
not show initially present supramolecular ordering pattern after post-annealing of
the sample to about 220 °C. RT-STM studies of a sample post-annealed to about
250 °C show short chain-like structures aligned with the substrate [001] direction.
The chains correspond to poly(p-phenylene) (PPP), which are however surrounded
by many non-assigned cluster-like defects resulting in an overall low-quality of
surface morphology.

In order to improve the quality of formed PPP chains Vasseur et al. decided to
follow the other strategy and deposit DBTP precursors directly on a substrate kept
at elevated temperature of about 250 °C. The resulting XPS analysis of corre-
sponding C 1s and Br 3d core level peak intensities match qualitatively the one
obtained by the first strategy. Interestingly, in these optimal conditions, which are
close to the one reported previously by Kolmer et al. [17, 18], the PPP chains
revealed by RT-STM analysis are effectively longer than after post-annealing of the
RT molecular phase. The high resolution STM images and LEED studies confirm
the formation of polymers as obtained lattice parameter along the [001] direction is
about 0.42 nm, which matches the theoretically predicted inter-phenyl distance
obtained by DFT for a PPP chain, as well as, the value measured experimentally for
a PPP chain on Cu(110) [81].

The formation of PPP chains on rutile TiO2(110) surface is unambiguously
proven by angle resolved photoelectron spectroscopy (ARPES) studies, which were
performed by Vasseur et al. to directly probe the electronic structure of different
molecular phases. The authors mapped the electron dispersion with ARPES along
the [001] direction, parallel to the reconstruction rows with incident photons of
21.22 eV energy (Fig. 6). The formation of supramolecular face of DBTP at RT
results in a well-defined molecular states appear just over valence band of the bare
TiO2(110) substrate (see Fig. 6a, b, d) at energy around −2.9 eV and are attributed
to the highest occupied molecular orbital (HOMO) states, the p states. Importantly,
the ARPES data obtained for PPP chains formed by deposition of DBTP at about
300 °C (Fig. 6c) present a strongly dispersive band with its top shifted to about
−2 eV. This about 0.9 eV shift toward the Fermi energy is in agreement with the
HOMO/LUMO (lowest unoccupied molecular orbital) gap reduction related to
formation of C–C bonds between the precursors. Moreover, by the direct parabolic
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fit to the obtained band Vasseur et al. were able to determine an effective mass of
−0.17 m0, together with the corresponding group velocity reaching about
9.2 � 105 m s−1. These results are the first spectroscopic evidence that atomically
precise carbon-based nanostructures can be synthesized on rutile TiO2. Moreover,
they show that the strategy of aryl halide C–C coupling is versatile and can be
applied to other faces of rutile titania.

Finally, Vasseur et al. discuss the defect state (DS) behaviour during their
ARPES experiment. DS located close to 1 eV below the Fermi energy (red arrow in
Fig. 6d) is assigned to mentioned in Sect. 2 excess charge related to surface defects,
i.e. oxygen vacancies, hydroxyl groups and interstitial Ti atoms. The authors show
that DS disappears after DBTP deposition at RT. In contrast, the very state is clearly
seen for bare surface and after DBTP deposition at 300 °C. Accordingly to adduced
XPS data there is no signal related to Br 3d levels at the temperature of 300 °C,
suggesting there is no Br atoms present on the surface. Basing on this assumption

Fig. 6 Angle-resolved photoemission spectroscopy: a–c Experimental raw ARPES intensity
maps acquired on the pristine surface (a), after 1 ML DBTP deposition at room temperature (b),
and after 1 ML deposition with the sample kept at 575 K (c); d Energy dispersion curves taken at
k∥ = 1.44 Å−1 from the three previous maps; e, f Theoretical ARPES intensity distributions
calculated within a tight-binding model for a terphenyl molecule (e) and an infinite poly
(p-phenylene) chain (f). The energy scale (E) is normalized by the resonance integral (t) between
the pz orbitals of two neighboring carbon atoms. Reprinted from Ref. [19] with permission from
The American Chemical Society
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the authors relate the DS disappearing effect to interaction between halogen atoms
and surface defects, particularly oxygen vacancies and interpret it as a possible hint
for interpretation of the reaction mechanism for on-surface polymerization on
TiO2(110) surface. However, the detailed analysis of this effect is still needed as the
resolution of laboratory sources of X-ray for ARPES and XPS experiments do not
allow to qualitative verification of possible reaction scenarios and the authors left
this issue for future research. Moreover, due to the mentioned difference in
the chemical activity between the two surfaces, it is still an open question, whether
the reaction on the (110) face of rutile follows the mechanism proposed for the
(011) face.

5 Summary and Conclusions

In summary, in this chapter we described the first successful experiments related to
aryl halide covalent coupling on two different crystallographic faces of rutile tita-
nium dioxide. Due to complexity of structural and electronic properties of rutile
titanium dioxide surfaces detailed description of reaction pathways of aryl–aryl
homocoupling is far from being complete. The first experiments suggest, though,
future research directions. Particularly, the reduction state of the surface and the
bulk seems to be of crucial importance. The reduction state is directly related to
surface defects including oxygen vacancies, hydroxyl groups and H atoms, as well
as, subsurface titanium interstitials. Detailed studies on the influence of these
defects on the aryl halide reaction outcome are needed.

First step in that direction has been made. The experiment relating the surface
density of hydroxyl groups on the rutile TiO2(011)-(2�1) with the C–C coupling
indeed demonstrated that the efficiency of the reaction could be governed by these
defects [18]. Such a result strongly supports the already proposed proton-mediated
reaction mechanism [17]. However, presentation of a clear-cut evidence for that
reaction pathway is still an open issue. Different physico-chemical properties of
other rutile surfaces, including specifically the (110)-(1�1) face, do not allow for
direct generalization of the proposed mechanism to all rutile titania faces.

The only available experimental results on the aryl–aryl homocoupling on the
(110) face do not address the question on the reaction pathway and role played in it
by surface defects and substrate reduction state [19]. Rather, the electronic prop-
erties of polymeric chains obtained by aryl-halide coupling are in the focus. By
employing angle resolved photoelectron spectroscopic characterisation it is shown
that the discussed strategy can deliver carbon based conjugated systems, alike to
graphene nanoribbons, directly on top of transition-metal oxide surface. The
detailed analysis of the reaction mechanism is in this case still lacking. In the
experimental verification of possible reaction pathways one will certainly need to
correlate the reaction outcome with a method of substrate preparation. In this
respect, the analysis should include variations of typical surface defects, like
oxygen vacancies or step edges [82].
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One additional, important conclusion can be made. From the experiment on the
(110) face follows that judicious choice of molecular precursors that takes into
account anisotropy of the substrate may lead to increased reaction yield, in terms of
oligomer chains length. Supposedly, a similar effect can be observed on the other
face too.

The presented results clearly show that thermally triggered Ullmann-like strategy
is a very versatile tool for organic nanostructures formation and can be extended
from coinage metal surfaces to other classes of technologically important martials.
Given the fact that titanium dioxide is already found in various applications, adding
yet another method of well-controlled surface modifications by formation of
on-surface organic nanostructures, strengthens position of rutile titania among other
materials.

Acknowledgements Support from the Polish Ministry of Science and Higher Education, contract
no. 0341/IP3/2016/74 is gratefully acknowledged.
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On-Surface Synthesis
of Two-Dimensional Polymers:
Rational Design and Electronic
Properties

Sabine Maier

Abstract The fabrication of long-range ordered 2D polymers directly on metal
surfaces still presents a great challenge in ultra-high vacuum surface science. The
structure of the polymer networks is in general predetermined by the coupling
chemistry and the symmetry of the molecular precursors. However, the irreversible
nature of the C–C coupling reaction readily leads to the formation of defects. Over
the last decade, several strategies in the on-surface synthesis have been suggested to
improve the structural order. Among them, the programmed hierarchical synthesis
through a sequential polymerization proved to be suitable to reduce defects in the
formation of 2D polymers. This chapter provides a review on the state-of-the-art
structural characterization of surface-supported 2D polymers by established surface
science techniques. Further, the chapter focuses on the electronic structure of 2D
polymers, which remained experimentally widely unexplored until now.

1 Introduction

Two-dimensional polymers are sheet-like, covalently bonded molecular networks
that extend in exactly two dimensions [1, 2]. The ultimate goal in fabricating novel
2D polymeric materials is motivated by a potentially limitless range of structures
with unprecedented properties, which can be created. In these organic analogs of
graphene, the band gap and the charge carrier mobility may be tuned by using
specifically designed molecular building blocks. On-surface polymerization proved
successful for the fabrication of one-dimensional structures with atomically defined
width, edge termination, and dopants on the surface [3–11]. In contrast, the
bottom-up fabrication of crystalline 2D polymers presents a far greater challenge
owing to the limited control during their synthesis on the surface despite the wide
range of possible surface reactions [12]. Some of the main issues are the bond
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flexibility in the molecular building blocks that allows the formation of a range of
polygons and the irreversible nature of the created covalent C–C bonds that pro-
hibits an error correction during the network formation in ultra-high vacuum
(UHV). These difficulties lead readily to equilibrium disordered structures of lim-
ited size [13]. Hence, the on-surface synthesis of two-dimensional periodic struc-
tures and the characterization of their structural and physical properties is a growing
field of research.

The 2D covalent organic polymers hold great potential in particular for appli-
cations in future electronic and optoelectronic devices. The strong coupling
between the molecular building blocks by covalent bonds promotes, apart from a
great mechanical and thermal stability, the ability to conduct electrons in the
extended p-conjugated system. The inherent porous structure induces an electronic
band gap that can be controlled by the pore size, density, and geometry [14]. The
topology of the network may lead in some cases to unique electronic band struc-
tures with linear electronic band dispersion and associated Dirac physics as pre-
dicted by density-functional theory (DFT) [15–17]. Hence, some of the 2D
polymers promise to combine the outstanding electronic properties of graphene
with a tunable band gap, which makes them more suitable than pristine graphene
for many electronic and optoelectronic applications that require gapped semicon-
ductor materials [4]. In addition, the use of functionalized building blocks allows
for chemically tuning the electronic properties through doping. However, require-
ment for these exciting electronic properties are long-range ordered structures. The
electronic structure of bottom-up fabricated 2D networks remained experimentally
so far widely unexplored due to a lack of structural order. Moreover, the pores of
the 2D polymers offer fascinating options in host-guest chemistry. Hence, 2D
polymer networks may be suitable for future applications in molecular electronics
and as membranes for gas sensing, separation, and storage owing to their tunable
porous structure and their improved thermal stability compared to non-covalently
linked self-assemblies [2, 18, 19].

Despite the numerous potential applications, the synthesis of large-scale, peri-
odic 2D polymers via wet chemistry or by on-surface synthesis is still challenging.
In organic chemistry, mainly boronic acid-based condensations and Schiff-base
reactions have been applied as major reversible reactions so far to successfully
fabricate covalent organic frameworks [20]. Numerous graphene-like, 2D carbon
materials have been successfully synthesized in flask [21]. However, the synthesis
of a whole range of novel 2D carbon allotropes such as graphyne and graphdiyne
could so far not be accomplished [22]. In this respect, on-surface synthesis may be a
powerful method, since it has been shown that atomically defined carbon-based
nanostructures can be fabricated in a bottom-up approach directly on the surface
[23–26]. Apart from acting as catalyst, the surface provides a templating effect for
the fabrication of novel 2D materials by confining the reacting species in two
dimensions. Thereby, the molecular precursors are commonly activated by thermal
annealing, but also irradiation with electrons or light [27, 28] have been success-
fully applied. For their characterization, various surface science techniques are
used. However, scanning probe microscopy (SPM) is currently one of the favorite
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characterization tools for the surface supported 2D polymers, since molecular
resolution is readily accomplished, and imaging in real space facilitates a direct
assessment of the structural quality. While scanning tunneling microscopy
(STM) and spectroscopy provide direct insights into the local topographic and
electronic structure, non-contact atomic force (nc-AFM) microscopy has proven
important in the unambiguous identification of reaction mechanisms and interme-
diates, since functionalized tips allow to resolve the molecular structure with sub-
molecular resolution [29, 30]. Complementary, X-ray photoelectron spectroscopy
(XPS) is commonly used to determine the chemical state of the reaction products,
near edge X-ray absorption fine structure (NEXAFS) to obtain information on the
adsorption geometry, and angle-resolved photoemission spectroscopy (ARPES) to
determine the band dispersion.

In this chapter, recent progress towards the synthesis of ordered 2D
surface-supported polymers is reviewed. Thereby, their geometric structure as
consequence of various synthesis strategies as well as their electronic structure are
discussed.

2 Bottom-Up Fabrication of 2D Networks

2.1 Limited Structural Control

One of the key issues preventing structural control in the bottom-up fabrication of
periodic 2D polymers under UHV condition is the irreversible nature of the newly
formed intermolecular covalent bonds. In contrast to self-assembled supramolecular
structures, which are held together by weak, reversible interactions—e.g. hydrogen
bonds, van-der-Waals, or metal-ligand interactions—the covalent C-C bond for-
mation prohibits an error correction in the network formation. Therefore, the
experimentally observed 2D network are usually kinetically trapped far from
equilibrium. Coupling reactions used in dynamic covalent chemistry, a common
concept in supramolecular chemistry that is based on the reversible bond formation,
were so far only applied with limited success in on-surface polymerization exper-
iments in UHV. One of the reasons is the irreversible loss of smaller products, e.g.
water, which are essential to realize the back-reaction. For instance, Abel and
co-workers [31] investigated aryl boronic acids as building blocks, but could not
achieve periodic networks on an Ag(111) surface as a consequence of the irre-
versible bond formation in UHV. In contrast, Yaghi et al. [32] employed suc-
cessfully the same coupling reaction in a solution approach to obtain the first
covalent organic frameworks (COF). Similarly, branched and irregular network
structures formed by condensation polymerization of trialdehydes and diamines
co-adsorbed on Au(111) in UHV, which is a reversible reaction in solution [33].

As a consequence of the irreversible bond formation, polygonal defects are
frequently observed in 2D networks fabricated in UHV. The defect density is
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strongly related to the bond flexibility in the molecular building blocks. The energy
relaxation for arranging threefold symmetric molecules into isolated, regular n-gons
favors the hexagon, whose geometry is commensurate with the symmetry of the
molecule [13, 34]. However, molecules may form other polygons, at an energy cost
of around an eV per ring, which leads readily to equilibrium disordered structures.
In conclusion, 2D covalent networks are inherently limited with respect to their
structural perfection [13]. The structural quality of covalent networks can however
be improved by an optimization of the reaction parameters, as it was shown in the
kinetically controlled Ullmann-type coupling on Au(111) [35].

In addition, we also have to consider effects of the molecule-surface interaction
on the structural control in the bottom-up fabrication of 2D networks. The substrate
does not only act as support but is actively involved in all reaction steps and
therefore significantly influences the morphology of the self-organized covalent
nanostructures. Bieri et al. showed in an Ullmann-type coupling reaction that
polyphenylene networks adapt morphologies from branched, fractal-like structures
on Cu(111) to extended, regular 2D networks on Ag(111) [36]. Their DFT analysis
of the diffusion and coupling pathways on Cu and Ag revealed that the balance
between the diffusion and coupling steps is significantly different on the two sub-
strates and plays an important role in the structural control. While the radicals after
debromination spontaneously form covalent intermolecular bonds on Cu, on the Ag
surface, diffusion prevails over intermolecular coupling, which results in an overall
increased mobility of the molecules on the surface and in the formation of regular
2D networks. Hence, a high mobility (or low coupling affinity of the reactants) is a
prerequisite for the growth of dense 2D polymer networks. In addition, also
adsorbed side products from the on-surfaces synthesis can influence the diffusion of
the networks and prohibit the fabrication of extended two-dimensional networks.

2.2 Rational Design of 2D Polymers

A crucial step in the rational design of 2D polymers in on-surface synthesis
experiments is to identify reaction protocols that irrespective of the reaction kinetics
lead to periodic networks. The molecular design of the building blocks is hereby a
crucial step to obtain 2D polymers with a well-defined structure. Key parameters for
the structural control are the symmetry and rigidity of the molecular scaffolds, as
well as the functional groups.

In general, the networks symmetry affects the susceptibility to forming defects;
the angular strain to form irregular polygons increases by about a factor two for
fourfold-symmetric networks compared to threefold-symmetric networks.
Therefore, the likeliness for the irregular polygon formation is drastically reduced in
a squared network, while nearly inevitable for honeycomb networks built from
larger compounds without using a rational design. The geometrical stability of
squared networks was already demonstrated in the pioneering work by Grill et al. in
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the first thermally induced on-surface Ullmann-type coupling. They could obtain
defect-free patches of covalently-linked tetra(4-bromophenyl)porphyrins [37]. For
honeycomb networks, a rigid molecular scaffold of the precursors is crucial to
improve the structural quality, because weak and rigid bonds yield a highly ordered
network, while strong and flexible bonds give rise to disordered structures [13]. The
prevalence of hexagonal pores has been successfully shown for example for the
rigid hexaiodo-substituted macrocycle cyclohexa-m-phenylene precursor, that has
been applied to synthesize porous graphene (see Fig. 1a) [38].

Ullmann-type coupling is the best studied and most applied polymerization
reaction on surfaces. However, organic chemistry is extremely diverse; thus, a good

Fig. 1 Selected design strategies in the on-surface synthesis of ordered 2D polymers. a Formation
of porous graphene via an Ullmann-type reaction of the hexaiodo-substituted macrocycle
cyclohexa-m-phenylene on Ag(111). Adapted with permission from Ref. [38], copyright 2015,
RCS. b–c Cyclotrimerization of (b) 1,3,5-tris(4-ethynylphenyl)benzene and (c) 1,3,5-tris
(4-acetylphenyl)benzene into 2D conjugated covalent networks. (b) Adapted with permission
from Ref. [39], copyright 2014, RCS and (c) adapted with permission from Ref. [40], copyright
2015, ACS
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strategy is to explore different coupling reactions on surfaces that provide more
geometrical stability. In contrast to linear reaction schemes, cycloadditions and
cyclization reactions have great potential for the fabrication of defect-free 2D
polymers in on-surface chemistry, since byproducts in this “node design” are less
frequently generated. The high selectivity of the cyclotrimerization reaction was
convincingly demonstrated in the on-surface synthesis of well-ordered,
two-dimensional networks on Au(111) using 1,3,5-tris(4-ethynylphenyl)benzene
(TEB) by Liu et al. (see Fig. 1b), while homocoupling of the same precursor on Ag
(111) led to unordered networks [41]. Also, the cyclotrimerization of acetyls to
aromatics has shown to be a promising approach to form 2D conjugated covalent
networks on surfaces under UHV (see Fig. 1c) [40].

The underlying substrate also provides for templating effects to promote
long-range order. For instance, intrinsic adatoms form intermediate organometallic
structures with carbon-metal-carbon bonds in the Ullmann-type reaction on the Cu
and Ag surfaces instead of directly establishing covalent C-C bonds. These
organometallic structures can serve as a template considering the advantage of the
reversibility of organometallic networks to equilibrate into highly ordered structures
in a self-assembly process. However, the covalent-linking is far from being a
topochemical reaction, because the conversion from organometallic to covalent
structures is accompanied by a considerable shrinkage of intermolecular distances,
which makes it difficult to obtain large domains [42]. In topochemical polymer-
ization reactions the monomers polymerize without the movement of their center of
gravity within the molecular lattice, only a minimal movement around the poly-
merizable group is allowed while the rest remains static. Diacetylene compounds
are popular to proceed in topochemical polymerizations [43].

2.3 Hierarchical Structure Formation

Hierarchical structure formation is a major step towards increasing the complexity
of on-surface synthesis experiments. In a hierarchical synthesis, sequential poly-
merization is applied using the same or dissimilar reaction types to improve the
structural quality of the reaction products. An advantage of the sequential poly-
merization is the fabrication of geometrically stable and larger intermediate struc-
tures, which would be too large for thermal deposition. Sequential on-surface
synthesis strategies comprising two different reaction types are commonly applied
in one-dimensional structures. The fabrication of graphene nanoribbons often
combines an Ullmann-type coupling reaction with a subsequent intramolecular
Scholl reaction (cyclodehydrogenation) to planarize the structures [3, 4, 44]. Also,
intermolecular dehydrogenation reactions combined with Ullmann-type coupling
are used in 1D structures, for instance, to increase the width of graphene
nanoribbons [9, 45].

In the hierarchical synthesis of two-dimensional networks mainly the sequential
synthesis via the same reaction type has been employed. In Ullmann-type coupling

184 S. Maier



reactions, one takes advantage of the bond energy differences between C–I, C–Br, and
C–Cl bonds, which leads to a lower activation temperature for aryl iodides than aryl
bromides and aryl chlorides. On Au(111), the reaction hierarchy is preserved because
stable organometallic intermediates are only rarely observed [46], which makes it an
ideal substrate. In the pioneering work done by Lafferentz et al. [47], the successful
interlinking of porphyrin building blocks was demonstrated in a hierarchical manner
through an Ullmann-type coupling on Au(111) (see Fig. 2a). Thereby, selective
activation of the weaker C-I bonds was used to form 1D polymer chains in a first step,
whichwere laterally interconnectedby subsequent thermal activationofC–Brbonds at
higher temperatures to obtain 2D network structures with high regularity.

For the hierarchical fabrication of open-porous honeycomb networks, Eichhorn
et al. used 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene to create in a first step
dimersviaC-Icleavageandsubsequently2DnetworksviaC–Brcleavage (seeFig. 2b)
[35]. Similarly, Shi et al. used 1,3-bis(p-bromophenyl)-5-(p-chlorophenyl)benzene to
formdimers inaC–Brcleavage reactionandsubsequentlynetworks in aC–Clcleavage
reaction. However, in both studies, no substantial difference could be found in the
network quality for the direct and hierarchical polymerization protocols. This suggests
thatdimersas intermediateproductsdue their largestructuralflexibilitydonotprovidea

Fig. 2 Hierarchical synthesis of two-dimensional polymers via Ullmann-type reactions on Au
(111). a Formation of square porphyrin networks with chains as intermediate structures. Adapted
with permission from Ref. [47], copyright 2012, Nature Chemistry. b On-surface synthesis of
porous phenylene networks using dimers as intermediate structures. Adapted with permission from
Ref. [35], copyright 2014, ACS. c Hierarchical synthesis of carbonyl-bridged triphenylamine
networks using macrocycles and chains as intermediate structures. The STM image of the 2D
triphenylamine-based polymer with the corresponding DFT model is shown on the right. Adapted
with permission from Ref. [49], copyright 2017, Nature Communications
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suitable template to prevent the formation of pentagonal and heptagonal pores in
hexagonal networks [48].

A benefit of the hierarchical synthesis for the fabrication of well-ordered hon-
eycomb networks was shown by Steiner et al. who used a more rigid precursor
molecule and larger intermediate structures (see Fig. 2c) [49]. In the hierarchical
synthesis, the diiodinated/brominated carbonyl-bridged triphenylamines (CTPA)
formed covalently-linked six-membered macrocycles and 1D chains as intermediate
structures, which were subsequently connected to a porous 2D polymer as final
product. Using brominated macrocycles and chains as reaction intermediates con-
strains the defects to the rim of the formed 2D networks, leaving the properties of
the covalent polymer largely preserved. The covalent linkage of the well-ordered
six-membered macrocycles leads by design to the formation of honeycomb net-
works. The only possible defect would be a combination of 4–8 membered ring
pairs, which were, however, not observed likely due to the large strain resulting
from the inherent rigidity of the CTPA moieties. Pentagonal and heptagonal defects
at the periphery of the porous graphene islands may be created by interlinking short
chains before the second reaction occurs. Hence, covalent linking of macrocycles
form defect-free 2D networks after the second reaction step, while chains are still
susceptible to build pentagonal and heptagonal defects. Unfortunately, there is
currently no method to tune the selectivity towards the macrocycle formation. The
key of this hierarchical approach is that macrocycles can be fabricated via a
bottom-up approach with high structural quality and rarely show other polygons
than hexagons, whose geometry is commensurate with the symmetry of the
molecule. The weak, non-covalent interactions among the macrocycles makes them
structurally controllable and leads to equilibrated structures. This was also observed
previously in the on-surface synthesis of hyperbenzene [50] and honeycombene
[51] and recently for the diiodo-substituted triphenylamines [49] (see Fig. 3). In
addition, the self-assembly of intermediate macrocycles and chains is essential to

Fig. 3 a–c Self-assembly of macrocycles (b) and chains (c) fabricated by on-surface synthesis
from diiodo-substituted carbonyl-bridged triphenylamine precursor molecules on Au(111).
d Hierarchically synthesized 2D polymer with carbonyl-functionalized pores on Au(111).
Adapted with permission from Ref. [49], copyright 2017, Nature Communications
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achieve structurally well-ordered covalent 2D networks, because undesired struc-
tural elements can segregate to the periphery of the network.

3 Electronic Structure of 2D Polymers

Much of the research of organic 2D polymers is driven by their unique electronic
properties predicted by DFT. This includes the expectation to correlate the geo-
metric structure with electronic properties [15]. While the electronic properties of
1D structures fabricated by on-surface synthesis have thoroughly been character-
ized with several surface science techniques including scanning tunneling spec-
troscopy (STS) and ARPES [5, 7, 8, 52], similar approaches to study the band
structure in two-dimensional p-conjugated systems remain largely unexplored. The
concept of band gap engineering in 2D is especially interesting as the number of
intermolecular connections scales linearly with the oligomer length in 1D but
superlinearly in 2D, which leads to a different HOMO-LUMO gap (HLG) for
otherwise similar polymers (see Fig. 4) [53]. More specifically, the number of
connections (conjugated links k) in 1D structures with the oligomer length n is
k = n − 1 and in 2D structures k = 2√n(√n − 1).

A number of DFT studies reported the dependence of the HOMO-LUMO gap on
the 1D oligomer length and compared it also to the corresponding 2D structures
[53–56]. Gutzler et al. [53] systematically studied by DFT the HLG of polymer
structures previously fabricated by on-surface synthesis experiments as a function

Fig. 4 a Evolution of the HOMO-LUMO gap (HLG) calculated by DFT (B3LYP) as a function
of oligomer size for 1D and 2D dimethyl-bridged triphenylamine structures. Reprinted with
permission from Ref. [53], copyright 2013, ACS. b DFT band structures (HSE) for 1D (left) and
2D (right) carbonyl-bridged triphenylamine structures revealing a decrease of the band gap of
about 120 meV in the 2D case. Adapted with permission from Ref. [49], copyright 2017, Nature
Communications
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of oligomer size and revealed the interplay between the dimensionality and the
effective conjugation. One of the main conclusions of this DFT study was that the
HLG of 2D conjugated polymers is always smaller than that of the 1D counterpart,
but the difference critically depends on the connectivity between the repeat units
and varied between 0.1 and 1 eV. The electron delocalization in most of the studied
2D polymers is limited by cross-conjugation (as in meta-substituted benzene) or by
a large twist angle between the p-orbitals, although several of the reported 2D
polymers possess a continuous network of sp2-carbons. In contrast, only a few
experimental surface science studies have addressed the changes in the electronic
structure from the precursor molecule to oligomers and 2D networks on metals [55,
57, 58]. Wiengarten et al. confirmed the reduction of the HLG in the transition from
molecular precursors to 1D structures fabricated by surface-assisted dehydrogena-
tive homocoupling of porphine molecules [57]. Similarly, Cardenas et al. used a
surface-confined Ullmann-type polymerization to fabricate 2D networks of poly-
thiophene and showed in ultraviolet photoelectron spectra (UPS) experiments that
the HOMO of the molecular overlayer shifts towards the Fermi level by 0.6 eV
upon polymerization [55]. However, the functional groups of the precursor mole-
cules may play a decisive role in such experiments. Morchutt et al. [58] showed in a
combined STS/UPS/DFT study that in the polymerization reaction of 1,3,5-tris
(4-carboxyphenyl)-benzene via decarboxylation on Cu(111) the carboxyl groups in
the precursor molecule give rise to empty states that lie closer to the Fermi level
than the empty states of polymerized structures. This is in contrast to the LUMO
stabilization and shift toward the Fermi level as a result of the extending
p-conjugation.

Structural control with atomic precision is prerequisite for studying the elec-
tronic structure of extended 2D polymer networks, because their band structure
sensitively depends on the specific atomic configuration and size. The hierarchical
approach presented by Steiner et al. [49] yields 2D and 1D polymers built from
identical building blocks with satisfactory structural quality (see Fig. 5). It provides,
therefore, a direct comparison between the electronic structure of bottom-up fab-
ricated 2D polymers and their analogous 1D counterparts, which has so far only
been explored theoretically for extended p-systems [53]. STS experiments showed
that the triphenylamine-based 2D networks are organic semiconductors with a
bandgap of 2.45 ± 0.09 eV, which is compared to the HOMO-LUMO gap of the
monomer of 3.91 ± 0.03 eV significantly reduced. Further, it was concluded that
the band gap in the CTPA compounds changes most from the monomer to the 1D
chains, while it only decreases around 170 meV from 1D to 2D structures. The
decrease of the band gap from the monomer to the 2D polymer is a result of the
increased effective p-conjugation length, which indicates an efficient conjugation
among the triphenylamine building blocks within the nanostructure. The small
difference between the band gaps of 1D and 2D compared to 0D and 1D shows that
the p-electron delocalization length is only little increased between 1D and 2D
CTPA polymers. In addition, constant height dI/dV maps at the energies of the
observed valence band edge (VBE) and conduction band (CB) states provided
further insights into the localization of the states. While the VBE shows an almost
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homogeneous electron density across the monomer backbone, the first unfilled
states are localized near and at the newly formed C-C bond, respectively.

The band gap of the triphenylamine-based networks obtained by DFT calcula-
tions at the HSE level are in good agreement with the experimentally measured
values [49]. In addition, band structure calculations provided further insights into
the reduction of the band gap from 1D to 2D structures. In the 1D case, the band
dispersion of the interacting p-bands around the Fermi level is decreased along KY
compared with the 2D case (Fig. 4b). This is observed in the valence band and (to a
smaller extent) in the conduction band, leading to an overall decrease of the band
gap by 0.12 eV. Moreover, the dispersionless band of the conduction band edge is
missing in the 1D case.

The inherent porous structure of 2D polymers leads by itself already to promising
electronic properties. The pores induce a band gap, which can be controlled for
instance by the pore size, density, and geometry [14]. In addition, the electronic
properties can be further tuned by either including dopant atoms in the carbon

Fig. 5 dI/dV curves measured on the porous 2D polymer, 1D chains, and CTPA monomer.
The STM images indicate the location of the recorded STS spectra of the valence band edge (VBE,
red) and the conduction band (CB, green) of the 2D network (top), self-assembled 1D chains (2nd
row), and isolated 1D chains (3rd row), and the corresponding HOMO and LUMO of the CTPA
monomer (bottom). The grey spectra represent the reference on the bare Au(111) surface. The blue
arrows indicate the onset of the conduction band edge (CBE). Adapted with permission from Ref.
[49], copyright 2017, Nature Communications
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backbone [59] or by trapping dopants in the pores via host-guest chemistry. Mostly
carbon- and nitrogen-containing [59, 60] 2D porous polymers have been studied so
far to avoid competing interactions among the functional groups during the reaction.
With suitable precursors, there is no inherent limitation, however, to extend the
surface-assisted synthesis to more complex 2D polymers that feature functionalized
pores [49, 61, 62]. The functional groups facing the pores can be used to selectively
bind molecules through host-guest chemistry. Most of the host-guest chemistry
experiments in physisorbed networks on solid surfaces have focused to date on
supramolecular networks [63]. The reversible nature of the non-covalent interaction
frequently leads to alterations in structure and pore sizes by the inclusion of guest
molecules [64, 65]. In contrast, the geometry and pore sizes of the covalently linked
porous frameworks can hardly be impacted by the accommodation of guest species
independent of their concentration and therefore provide more stability.
Two-dimensional nanoporous covalent organic frameworks have been used to
control the organization of various host molecules at the solid-liquid interface [66,
67] and in UHV [68].

4 Summary and Outlook

On-surface polymerization is a successful method in the bottom-up fabrication of
novel covalent nanostructures that are to some extent otherwise synthetically not
accessible. While the structural control to obtain long-range ordered structures is
commonly achieved in 1D structures, it is still challenging in 2D structures. One of
the main reasons is the kinetically driven and irreversible formation of topological
defects in form of various polygons, e.g. irregular pentagonal or heptagonal pores in
hexagonal networks. Some preprogrammed synthesis strategies such as
cyclotrimerization reactions or a hierarchical synthesis showed promise to suppress
the defect formation, however so far with limited scalability. The long-range order
is a requirement for any application, since crystallinity is necessary for the pro-
motion of a defined band structure. Despite the many exciting electronic properties
predicted by DFT, only a few experimental surface science studies have so far
reported on the electronic structure of 2D polymers. Recently, the change in the
HOMO-LUMO gap from the precursor molecule to oligomers has been shown for a
few systems. STS experiments on hierarchically synthesized structures unveiled a
narrowing of the band gap with increasing dimensionality. For applications of 2D
polymers in devices, the 2D polymers need to be electrically decoupled. This
requires the use of insulating surfaces either by in situ synthesis or subsequent
transfer. First experiments on calcite surfaces have shown that on-surface synthesis
on bulk insulator surfaces is feasible, however strategies to form well ordered 2D
networks remain to be explored [69, 70]. In the other hand, the surface supported
networks can also be decoupled via intercalation of halogens [71–73]. In conclu-
sion, the research on the surface synthesis of 2D polymer networks is a growing
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field, which is promising in particular for the synthesis of novel 2D carbon allo-
tropes beyond graphene, such as graphyne or graphdiyne.
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On-Surface Coupling Reactions
with Extrinsic Catalysts

Wei Zhao, Lei Dong, Ran Zhang and Nian Lin

Abstract On-surface coupling reactions have opened a novel route toward syn-
thesizing various organic nanostructures on surfaces. In this chapter, we discuss the
catalytic effects of Cu and Pd deposits in the on-surface Ullmann coupling and
Sonogashira cross-coupling reactions. The stepwise reaction paths, intermediates,
and activation energies are deliberated at a single molecular level using scanning
tunneling microscopy (STM). Such studies offer mechanistic insights into the
on-surface coupling reactions catalyzed by extrinsic metals.

1 Introduction

In the last decades, molecular self-assembly on surface had been widely used in the
bottom-up fabrication of nanostructures. Various intermolecular interactions have
been employed to construct molecular networks, such as van der Waals interac-
tions, hydrogen bonds, and metal-organic coordination bonds [1–4]. These
non-covalent intermolecular interactions normally result in good long-range
ordering, however, give rise to low mechanical stability and poor charge-
transport properties. In contrast, covalent interactions lead to robust molecular
architectures with appreciable electronic characteristics. Hence, on-surface
synthesis, a process involving formation of covalent bonds on surfaces, renders a
promising direction for the fabrication of molecular nanostructures. The first and
most studied on-surface reaction is Ullmann coupling, whose typical motif is to
create reactive species by dehalogenation of aryl halide precursors for subsequent
aryl-aryl coupling [5–7]. Most on-surface Ullmann coupling reactions were con-
ducted on metal substrates, taking advantages of the inherent reactivity of the
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substrates. In Sect. 2.1, we discuss the on-surface Ullmann reactions assisted by Cu
and Pd. We found that both metals significantly reduce the reaction temperature, but
delineate different mechanism in terms of reaction intermediate and reaction path.
Considering the metal substrates often strongly alter the electronic properties of the
on-surface molecular structures, to achieve coupling reactions on a non-metallic
substrate is highly desirable. Because non-metallic substrates are normally chemi-
cally inert, the catalytic activation using extrinsic metals becomes imperative for the
Ullmann reaction taking place on such substrates. In Sect. 2.2, we show that Cu and
Pd deposits effectively catalyze Ullmann coupling on an atomically thin hexagonal
boron nitride (h-BN) layer [8–15]. It is found that both Cu and Pd show notable
catalytic effect, leading to much lower threshold reaction temperatures and higher
efficiency of oligomeric production compared to the previous studies without
external catalysts. In Sect. 3, we present a study of on-surface Sonogashira
cross-coupling reactions. Sonogashira cross-coupling, which form a carbon-carbon
bond between a terminal alkyne and an aryl or vinyl halide [16, 17], has been
widely used in organic synthesis. The major challenge to apply this reaction on
surfaces is to suppress the homo-coupling among the precursors and enhance the
yield of the cross-coupling products [18–20]. We demonstrate using coordination
templates and metal catalysts can remarkably promote the cross-coupling reaction
[21].

2 Ullmann Reaction with Extrinsic Catalysts

2.1 On Metal Substrate

Cu is known to be a prototypical catalyst for Ullmann coupling [5]. In the
on-surface Ullmann coupling on a Cu surface, Cu acts not only as a platform but
also as a promoter for the reaction [22]. Organo-copper intermediates in the reaction
have been discovered in experiments and calculations [6, 23]. Pd is also a versatile
catalyst widely used in organic synthesis [24, 25]. However, Pd catalysis has rarely
been studied in the on-surface reactions. Here, we use 5,15-bis-(4-bromophenyl)-
10,20-diphenyl porphyrin (1, see the inset of Fig. 1a) to study the catalytic activity
of Cu and Pd in the Ullmann coupling on an Au(111) substrate. The molecules of 1
were thermally deposited onto a Au(111) surface that was pre-dosed with Cu or Pd
deposits. Reaction yields, rate constants and activation energy were deduced by
monitoring isothermal reaction products in situ using STM at a single-molecule
level. Kinetic Monte Carlo (KMC) simulations were performed to understand the
reaction pathways.

In the STM images shown in Fig. 1a–c, polymeric chains can be found all over
the Pd-deposited surface with post annealing at 447 K. The adjacent monomers in a
polymeric chain (inset of Fig. 1c) are spaced with a center-to-center distance of
1.74 ± 0.04 nm, which is consistent with the distance between covalently linked
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porphyrin molecules [26, 27]. It is hence believed that the molecules of 1 were
debrominated and coupled together via C–C bonds. Similar chains were obtained
when we conducted the experiment on Cu-deposited surface (Fig. 1d–f). In the
absence of Pd or Cu, annealing up to 453 K resulted in a very low yield of the
covalently-linked species [27]. Therefore, the polymeric chains formed at lower
temperatures in the presence of Pd or Cu can be attributed to the Ullmann coupling
reaction catalyzed by the extrinsically dosed Pd or Cu deposits [28, 29].

In the case of Pd-catalyzed reaction, the molecules were deposited on the Au
(111) surface precovered with Pd at room temperature (RT) and the sample was
annealed at certain temperatures for 8–10 min then cooled down to RT for STM
measurement. Dimers and longer chains were counted so that the number of bonds
formed as a function of reaction time and temperature could be derived. The STM
images in Fig. 1a–c clearly show an increase of the polymeric chains with longer
reaction time. This time-dependent increment in C–C bond concentration was
observed at different annealing temperatures (Fig. 2). At 429 K, bond concentration
first rises rapidly and then gradually reaches saturation; At 411 K, however, the
initial rapid increase is not so apparent; At 393 K, a two-phase behavior appears: a
relatively slow increase (0–60 min, defined as phase I) is followed by a rapid one
(60–140 min, phase II). The two-phase character suggests that the coupling reaction
involves multiple steps, which resembles the Pd-catalyzed homo-coupling of aryl
halides in solution [24]. We propose a two-step reaction pathway: phase I is

Fig. 1 Representative STM images show the Pd or Cu catalyzed polymerization of 1. a–c With
Pd annealed at 447 K for 5, 45 and 105 min, respectively. Inset in (a): chemical structure of 1.
Inset in (c): Polymeric chains and Pd island. d–e With Cu annealed at 453 K for 5, 75 and
160 min, respectively. Reproduced with permission from Ref. [22]. Copyright Wiley-VCH
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associated with an initial activation process, which forms an intermediate
organo-palladium complex; and phase II involves C–C bond formation. Such a
conclusion is also derived from the Pd-catalyzed coupling reaction on h-BN layer,
which will be discussed later.

Due to the high mobility, monomers of 1 were not detected at RT by STM and
the short lifetime of phase I even indiscernible above 411 K, the rate-limiting step
lies in phase II, that is, the C–C bond formation. We define [bond] as the con-
centration of the C–C bonds formed and [phenyl-Br] as the concentration of the
unreacted phenyl bromide, the rate equation can be written as Eq. (1):

d½bond�=dt ¼ k phenyl-Br½ �2 ð1Þ

In which k is the rate constant. Then the bond concentration could be presented
as Eq. (2):

Fig. 2 a Bond concentration in Pd-catalyzed coupling of 1 on Au(111) as a function of reaction
time at various temperatures. The solid lines are fitting curves using Eq. (2). The dashed line is a
curve calculated according to point “x” in (b). b Arrhenius plot of rate constant k obtained from
experimental data. c Bond concentration in Cu-catalyzed coupling of 1 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
(blue) are scaled down by a factor of five. Reproduced with permission from Ref. [22]. Copyright
Wiley-VCH
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bond½ � ¼ kt phenyl-Br½ �20
1þ 2kt phenyl-Br½ �0

þ bond½ �0 ð2Þ

where [phenyl-Br]0 refers to the initial concentration of the phenyl bromide, while
[bond]0 the bond concentration prior to annealing. By fitting the experimental data
at different annealing temperatures using Eq. (2), we got values of k which depend
on temperature T according to the Arrhenius equation, so the plot of ln(k) versus
T−1 gave a linear relationship in Fig. 2b and an activation energy of
0.41 ± 0.03 eV for the overall reaction was deduced by the fitting. Actually the
data point of 411 K deviates obviously from the fitting line, because at that tem-
perature phase I is not negligible and then it cannot be well described by Eq. (2).
A higher rate constant would be expected if phase I is not counted in, as labeled
with “x” in Fig. 2b. Accordingly a hypothesized bond concentration profile is
displayed as dashed curve in the middle panel of Fig. 2a, which owns a similar
shape as 429 K with a higher yield than the experimental one. On the other hand, a
much faster kinetics of phase I implies a lower activation energy than phase II. In
comparison to the activation energy of 1.12 eV reported for the Ullmann coupling
of iodobenzene [30] and a weaker reactivity of Br than I, we believe that as a
catalyst Pd is more efficient than Cu.

Similar experiments were carried out using Cu as catalyst, whose representative
STM images are shown in Fig. 1d–e. From the corresponding bond concentration
plotted in Fig. 2c, we found that all of them looked like the curve of Pd at 393 K in
Fig. 2a with a slow starting phase. Taking account of the multiple reaction steps
suggested for Cu-mediated Ullmann coupling, we assume that the initial activation
step, that is, the cleavage of halogen atoms to generate radicals, has a higher energy
value in the reaction catalyzed by Cu than Pd, though we could not identify each
single step in our experiments.

It is also notable that Cu-catalyzed reaction always has a much higher C–C bond
formation yield after the whole annealing process than the Pd case. The former
shows a rapid increase at higher temperatures rather than saturating like the latter.
Furthermore, in Fig. 1, it could be seen that longer polymeric chains were generated
by the Cu-catalyzed reactions than those catalyzed by Pd. As the length distribution
exhibited in Fig. 3, Pd-catalyzed reactions resulted in short chains, from dimers to
hexamers, with dimers predominating (Fig. 3a). On the contrary, longer chains
consisting of up to 17 monomers were found in the Cu-catalyzed reactions and it
presents a much broader distribution without noticeable length preference (Fig. 3b).

To interpret the different behaviors between Pd and Cu catalysts, we simulated
the coupling reaction using KMC algorithm [27, 31]. The entire process is divided
into two steps: first, the phenyl bromide of monomer is activated with energy barrier
E1; Second, C–C bond is formed with energy barrier E2 when one activated phenyl
bromide is encountered by an inactivated end of another molecule. According to
our experiments, phase I was undetectable for Pd-catalyzed reactions at higher
temperatures while for Cu-catalyzed reaction it always existed, so we set a lower E1

for Pd (0.35 eV) than for Cu (0.50 eV). E2 was set to be 0.40 eV for both.
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As shown in Fig. 3c–e, lower E1 produces short chains with a narrow length
distribution. In addition, a lower E1 for Pd also gives rise to lower yield. This
simulated result implies that a sufficient activation of the molecules reduces the
chance of encounter between an activated end and an inactivated one, then the
formation of C–C bond is suppressed and longer chain growth is unfavorable.

2.2 On BN Surface

Direct fabrication of molecular nanostructures on inert or insulating substrates is
thought to be an effective way to decouple the on-surface synthesized products from
the metallic substrates. The h-BN layer grown on metal substrates was used as the
substrate for Ullmann coupling. However, the reactions were found to happen at
much higher temperature as compared with those on the metal surfaces [13, 14]. To
lower down the reaction temperature, we employed Cu and Pd as catalysts for the
Ullmann reaction on a h-BN layer [15]. A single layer of h-BN was first synthesized
on a clean Ni(111) surface using CVD method by exposing the substrate to bor-
azine (B3N3H6) vapor at 780 °C [32], and then the polyphenylene precursor,
1,3,5-tris-(4-bromophenyl)benzene (TBB, named 2), was thermally deposited onto
the h-BN/Ni(111) sample held at RT. Two kinds of long-range ordered pattern were

Fig. 3 a, b Length distribution of the polymeric chains in the reactions catalyzed by Pd annealed
at 465 K (a) and Cu annealing at 453 K (b) for various durations. c–e KMC-simulated results with
different E1: (c) 0.35 eV; (e) 0.50 eV. Yellow tips represent the activated phenyl bromide, and
black bars are C–C bonds. Both of the length distributions are shown in (d). Reproduced with
permission from Ref. [22]. Copyright Wiley-VCH
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revealed by STM as the self-assembly of molecules 2 which were believed to be
intact on the BN layer. When we annealed the sample up to 400 °C, the molecules 2
coupled into disordered units with various sizes and shapes where dimeric struc-
tures predominated. A center-to-center distance of *1.3 nm between the linked
monomers indicates the formation of covalent bonds between molecules [33]. Such
an activation of dehalogenation and subsequent coupling started at*220 °C, being
consistent with a previous study [14].

We used Cu to catalyze the coupling reaction on h-BN/Ni(111). Two recipes
were adopted. Recipe 1 (R1): deposition of Cu on 2/h-BN/Ni(111) at RT, followed
with stepped annealing (up to 400 °C); Recipe 2 (R2): direct deposition of Cu onto
2/h-BN/Ni(111) kept at elevated temperatures (50–185 °C). Surprisingly, for R1,
coupling of 2 was found to start from 220 °C, showing a quite similar scenario to
direct annealing of 2 on h-BN/Ni(111) without catalyst. On the contrary, R2 did
considerably lower down the threshold temperature of the coupling to about 70 °C.
To understand the distinct catalytic efficiency of Cu reflected in the two recipes,
reaction yields as a function of annealing temperatures are statistically plotted in
Fig. 4c. Here the yield is defined as the ratio between the number of molecules 2
taking part in the covalent coupling reaction and the number of the molecules 2 in
total on the surface. For all the annealing steps, we can see that the yield with Cu
along R1(red) almost coincides the value of direct annealing of molecules 2 on the
substrate (black). It implies that Cu plays an ignorable role in the coupling reaction
with R1. However, the curve of R2 (green) shows that the coupling is initiated
already to 70 °C and rapidly accelerated above 150 °C. It indicates that Cu effi-
ciently catalyzes the coupling reaction only when directly deposited onto a ‘hot’
surface. In R1, Cu clusters (diameter: 1–4 nm) were observed after the deposition at
RT and molecules 2 kept the same self-assembled motif, implying that the
agglomerated Cu atoms do not activate the coupling reaction even in the following
annealing process. However, in R2, Cu atoms were directly dosed on the sample
held at elevated temperatures, where the coupling reactions can occur with more
mobile Cu atoms available as catalyst. Hence, it is concluded that individual

Fig. 4 Ullmann coupling reaction of molecules 2 on h-BN/Ni(111) catalyzed by dosed metal
atoms. a, b Representative STM images of the sample after annealing at 180 °C with Cu catalyst
along R1 and R2, respectively. Sketches in black highlight the produced oligomers. c Statistical
plots of the yields of oligomers versus temperatures for different experimental methods.
Reproduced with permission from Ref. [15]. Copyright Royal Society of Chemistry
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diffusing Cu adatoms are the key agent for catalyzing the Ullmann coupling on
h-BN/Ni(111). In addition, unlike the Ullmann coupling on Cu(111) surface [6, 23,
33, 34], on h-BN no organometallic intermediates were observed.

In contrast to the Cu-catalyzed reaction, deposition of Pd atoms onto 2/h-BN/Ni
(111) surface at RT leads to both covalently linked structures and organometallic
intermediate, as shown in Fig. 5a. Gentle annealing would generate islands made
up of these intermediates regularly-arranged as the pattern displayed in Fig. 5b. The
shape and size of these kinked dimers hint that they are composed of two
head-to-head linked molecules 2 with a central joint. A tentative model is overlaid
on the assembly where two monomers are linked via C–Pd–C bridge. After being
heated up to 210 °C, the ordered islands were dissolved and turned into
covalently-linked oligomers dispersed on the surface, which could be seen in
Fig. 5c.

Apparently, Pd exhibits higher catalytic activity than Cu especially at lower
temperatures (<180 °C), as plotted in blue in Fig. 4c. It could be easily distin-
guished by the comparison of Fig. 4a, b. Above 180 °C, the yield of Cu-catalyzed
reaction exceeds the Pd-catalyzed one. Besides the catalytic activity, the
organometallic intermediates are observed in the Pd-catalyzed reaction, but which is
absent in Cu-catalyzed coupling, implying that Cu and Pd render distinctive reac-
tion paths. We propose the following reaction mechanism: The Pd-catalyzed
reaction overcomes two reaction barriers: one from brominated molecules to the
organometallic intermediate and the other from the intermediate to the
covalently-linked final products. In contrast, the Cu-catalyzed reaction does not
involve a stable organometallic intermediate, and thus only have one energy barrier
to go over. Presumably the two-step Pd-catalyzed reaction involves moderate
reaction barriers, while the single-step Cu-catalyzed reaction involves a higher
reaction barrier. Such a conclusion agrees well with the result on Au(111) in
Sect. 2.1 and supports the previous interpretation.

Fig. 5 Ullmann coupling of molecules 2 catalyzed by Pd on h-BN/Ni(111). a Dosage of Pd atoms
to 2/h-BN/Ni(111) triggered the formation of organometallic intermediates (red dashed oval) and
oligomers (white dashed oval). b Ordered array of kinked dimeric intermediates after annealing at
180 °C. Tentative models are superimposed. c Most of the molecules have been coupled in
oligomers after being heated to 210 °C
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3 Sonogashira Cross-Coupling

On-surface Sonogashira cross-coupling (SCC) is of great potential for designing
molecular nanostructures. The challenge is to suppress the unwanted
homo—coupling of the precursor molecules. Herein we employed a metal-organic
template to control the SCC reaction process, as illustrated in Fig. 6a [27, 35–37].
The template (T) was formed through the coordination of 5,10,15-tri-(4-pyridyl)-
20-bromophenyl porphyrin (3) and Cu atoms on Au(111) surface [38]. T features a
double-row ladder structure involving py-Cu-py coordination in two orthogonal
directions. Figure 6b reveals clearly that the bromides are present at the two sides of
the ladders, which are fully accessible for SCC reaction between molecules 3 and
another molecular precursor, 4-ethynylbiphenyl (A). (see the scheme in Fig. 6a)
After molecules of A were dosed onto the sample (Fig. 6c), the areas between the
ladders appeared blurry due to the presence of diffusive 2D gas-phase A molecules
on the surface. No SCC products were observed. Annealing this sample to 170 °C
resulted in many rod-like and Y-shaped features on both sides of T, marked in
Fig. 6d with short and long arrows, respectively. The distance from the center of
molecule 3 to the end of the rod is 1.86 ± 0.03 nm, matching the expected value
for a SCC product. We propose that the Y-shaped structures (denoted as CP2) also
are products of cross-coupling. Figure 6e presents a higher-resolution STM topo-
graph of the SCC and CP2 products with the proposed molecular models overlaid.
We postulate that a CP2 product is formed in a two-step process: first a SCC

Fig. 6 a SCC between 3 and A with template T. STM topographs showing templated reactions at
different steps: b Cu-coordinated template T, with the inset showing a structural model (white, H;
grey, C; blue, N; red, Br; orange, Cu); c after dosing A molecules; d after annealing to 170 °C,
with SCC products indicated by short arrows and CP2 products by long arrows; e a magnified
image showing SCC products and CP2 products overlaid with chemical structures. Reproduced
with permission from Ref. [21]. Copyright Royal Society of Chemistry
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product forms; in the second step, another A molecule undergoes an addition
reaction with the triple bond in the SCC product, forming a butene moiety. Such
addition processes were reported in homo-coupling of aryl acetylenes [39–43].

To explore the Pd catalysis, we loaded Pd to a sample with T and A at room
temperature. Figure 7a clearly shows the SCC and CP2 products on the sides of the
ladder structures. The amount of these products increased substantially after
annealing the sample to 170 °C. As shown in Fig. 7b, most sites along the two
sides of the ladders are occupied with either SCC or CP2 products. Figure 7c
compares the yields of Pd-free reactions with those of Pd-catalyzed ones: The yield
of SCC products increased from 0 to 7.7% at room temperature, and from 6 to 41%
at 170 °C. The yield of CP2 products increased from 0 to 3.2% at room temper-
ature, and from 5.5 to 26% at 170 °C. Apparently, Pd is an effective catalyst for
on-surface SCC. The ratio of SCC to CP2 products increased from 6:5.5 to 41:26
when Pd catalyst was added, suggesting that Pd promotes SCC more efficiently than
it does for CP2.

4 Summary

On-surface organic synthesis is developing rapidly and being studied with
tremendous efforts. Various prototypal covalent reactions have been found to
work on the surfaces to generate robust molecular architectures. In this chapter, we
focus on the catalytic effects of using the extrinsic metal deposits to promote the
on-surface reactions. Our findings are summarized as follows:

(1) Cu or Pd-catalyzed Ullmann coupling on Au(111) show a two-phase reaction
pathway that involves an initial activation followed by C–C bond formation.
Furthermore, the two catalysts account for different reaction mechanisms: the
initial activation phase is the rate limiting step for the Cu-catalyzed reaction at
all temperatures tested, whereas the later phase of C–C formation is the
rate-limiting one for the Pd-catalyzed reaction;

Fig. 7 STM images of Pd-catalyzed SCC on T at a room temperature and b with annealing to
170 °C. c Yields of SCC (shaded) and CP2 products (solid) in Pd-free and Pd-catalyzed reactions
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(2) Cu or Pd-catalyzed Ullmann reactions on h-BN/Ni(111) show that both Cu and
Pd are capable of catalyzing the Ullmann coupling on the inert h-BN surface,
but delineate different reaction mechanisms in terms of reaction intermediate
and reaction path;

(3) Sonogashira cross-coupling can be controlled using a metal-organic template.
Higher production yields could be achieved by using Pd as catalyst.

The introduction of extrinsic catalysts is proved to be a feasible approach for
activating the Ullmann coupling and Sonogashira cross-coupling reactions. We
anticipate that various extrinsic metal catalysts will be also useful for other
on-surface reactions.
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Addressing Long-Standing Chemical
Challenges by AFM with Functionalized
Tips

Diego Peña, Niko Pavliček, Bruno Schuler, Nikolaj Moll,
Dolores Pérez, Enrique Guitián, Gerhard Meyer and Leo Gross

Abstract In this chapter, we illustrate the great potential of combining organic
synthesis with atomic resolution AFM and STM to address relevant and classic
issues in chemistry, by summarizing selected examples in which we were involved
in recent years. As case studies, the long-standing chemical challenges covered here
include the experimental discrimination of bond orders in single molecules, the
characterization of extremely insoluble compounds such as nanographenes, the
analysis of the individual components of complex mixtures, and the on-surface
generation and identification of highly reactive molecules and intermediates.

1 Introduction

Undoubtedly, scanning probe microscopy (SPM) is one of the most relevant tools to
study surfaces at the nanoscale. First, the introduction of scanning tunneling
microscopy (STM) [1], followed by the discovery of atomic force microscopy
(AFM) [2], have contributed extensively to the development of diverse scientific
fields. In the last decade, SPM has demonstrated to be the crucial technique in the
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emerging field of on-surface synthesis, to identify and to characterize products
resulting from the thermally-induced polymerization of selected monomers on
different surfaces [3–8]. On-surface synthesis is an ideal arena for fruitful scientific
collaborations between organic chemists and surface physicists who are specialists
in SPM: the former design and synthesize suitable molecules in solution while the
latter use these molecules as building blocks for on-surface polymerizations
(Fig. 1). In a seminal experiment [9], 10,10′-dibromo-9,9′-bianthracene was heated
on a Au(111) surface to obtain an armchair graphene nanoribbon (7-AGNR) by a
sequence of Ullmann couplings followed by cyclodehydrogenation reactions
(Fig. 2). Since then, new dibromo-substituted polycyclic aromatic compounds have
been designed and provided as “à la carte” building blocks to produce GNRs with
well-defined widths, edges, and substitution to control the properties and func-
tionality of the final nanostructure. This successful approach is extensively dis-
cussed in other chapters of this volume, as well as in some recent reviews [10, 11].

Another interesting perspective in this collaborative scenario, which is fre-
quently performed in parallel to the previously mentioned approach, is the topic of
this chapter: to take advantage of the clues captured by SPM to answer
long-standing chemical questions which are difficult to address with more con-
ventional techniques. In this respect, it has been crucial to achieve sub-molecular
resolution in SPM of compounds studied on-surface, a recent breakthrough enabled
by the introduction of functionalized tips in AFM under ultrahigh vacuum
(UHV) conditions at cryogenic temperatures (5 K) [12]. This finding has provided a
privileged methodology to image single molecules with unprecedented resolution
and has stimulated a plethora of exciting results in the following years, including
the characterization of natural products [13, 14], the conformational analysis of
diverse molecules [15–17], the identification of intermediates and products of
on-surface reactions [18–26], the study of GNR derivatives [27–31] and the char-
acterization of metal-organic complexes on-surface [32, 33], among other examples
[34, 35]. In this chapter we discuss the powerful combination of organic synthesis
and atomic resolution AFM to address relevant issues in chemistry, by summarizing
selected projects in which the authors, chemists from CIQUS and physicists from
IBM Research–Zurich, have been involved in recent years.

Fig. 1 Interrelation between
synthetic chemistry and
surface science
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2 Experimental Details

The contrast above bonds and atoms in AFM images of molecules arises from
repulsive force contributions due to Pauli repulsion [12, 36]. To reach this regime,
in which the electron distributions of the molecule and the tip apex start to overlap,
the tip is scanned parallel to the surface at a vertical distance of about 4 Å to the
molecule. Metallic tip apices are too reactive to reach such small tip-molecule
separations. Therefore, it is crucial to terminate (functionalize) the tip apex with an
inert front atom or molecule [12]. Most frequently, CO is used, but a wide variety of
different terminations has been explored, ranging from single atoms like Cl [12], Br
[37], Xe, [37], or O [38] to larger naphthalenetetracarboxylic diimide (NTCDI)
molecules [39]. CO-tips are most popular because of their stability, ease of
preparation, the localized probing electron density that protrudes from the oxygen
atom and the flexibility of the CO at the tip.

Other prerequisites are small oscillation amplitudes of a few tens of picometers
to increase the sensitivity to the short-range contributions responsible for the
contrast on bonds and atoms [40]. To this end, piezoelectric quartz sensors are
operated in frequency-modulation mode [41]. That is, the sensor oscillates with a
fixed amplitude at its resonance frequency. The measurement signal is the shift in
that resonance frequency, Df, due to the tip-sample interaction. In the limit of small
oscillation amplitudes, Df is proportional to the vertical gradient of the interaction
force. When the frequency shift is recorded as a function of distance, the force can
then be calculated numerically [42].

While all experiments presented in this chapter were carried out at temperatures
of about T = 5 K using qPlus sensors oscillating at about 30 kHz [43], other works
use length extension sensors oscillating at 1 MHz [44, 45]. However, resolution on

Fig. 2 On-surface preparation of 7-AGNR [9]
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molecules has also been demonstrated at higher temperatures, at 77 K [39], and
even at room temperature using a Si cantilever [46].

3 Pauling Bond-Order Analysis

In 1935, Linus Pauling introduced the concept of bond order to explain the
double-bond character found in molecules with single-double bond resonances
[47]. Since then, the bond-order analysis has been widely used in chemistry to
predict bond lengths and reactivity in a simple manner by drawing the different
resonance structures of a molecule. For example, naphthalene has 11 C–C bonds,
which can be classified in four kinds of bonds (Fig. 3) and three different resonance
structures (1a, 1b, 1c). Focusing on the C1–C2 bond (in red, which is equivalent to
C3–C4, C5–C6 or C7–C8), this bond can be drawn as a double bond in structures
1a and 1b, but as a single bond in structure 1c, leading to a 2/3 of double-bond
character by the Pauling bond-order analysis. By contrast, the C2–C3 bond (in
green, equivalent to C6–C7) can only be drawn as a double bond in the structure 1c,
that means 1/3 of double-bond character. Since greater double-bond character
implies shorter C–C bond distance, this simple analysis suggests C1–C2 to be
shorter than C2–C3. This prediction was experimentally proved by X-ray diffrac-
tion analysis, which shows that the C1–C2 is shorter than C2–C3 (1.36 Å vs.
1.40 Å) [48]. However, diffraction techniques are based on averaged values over a
large set of molecules. A tool to analyze bonds within individual molecules with the
necessary precision was lacking.

In 2012, it was shown that AFM with CO-terminated tips can discriminate bond
orders of organic compounds with high precision [49], based on two effects: the
frequency shift of the bonds and the apparent length in constant-height AFM
images. The first one is directly related to the different electron densities: the
electron density increases with the bond order and greater electron densities give
rise to greater repulsive force contributions, which lead to increased frequency
shifts. The second effect is related to the tilting of the CO tip which magnifies the

Fig. 3 Double-bond character in the four kinds of C–C bonds of naphthalene. The three main
resonance structures for naphthalene are 1a, 1b and 1c
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apparent bond length differences and provides an additional mechanism to dis-
criminate bond orders. This analysis can be difficult at the edge of the molecules or
with non-planar adsorption geometries. On the contrary, bond-order discrimination
by AFM is particularly accurate in internal C–C bonds of flat molecules. For
example, Fig. 4 shows this analysis for dibenzo[cd,n]naphtho[3,2,1,8-pqra]per-
ylene (DBNP, Fig. 4a), a polycyclic aromatic hydrocarbon (PAH) which was
prepared in solution by a sequence of domino Diels-Alder cycloadditions, followed
by a reduction and a cyclodehydrogenation reaction [50]. Interestingly, DBNP has
five different C–C bonds in the central part of the molecule (q, r, s, t and u) with
calculated bond orders varying from 0.163 (bond t) to 0.490 (bond r). Indeed, AFM
analysis confirmed that bond r has the greatest bond order out of these five bonds,
by showing the largest frequency shift (Fig. 4b, d) and the smallest apparent length
(Fig. 4c, e) [49]. As we will discuss later, bond-order analysis was found to be
particularly useful in the characterization of organic intermediates such as ortho-
arynes [51] as well as the study of oligoacetylene chains [19].

Fig. 4 Bond-order analysis for dibenzo [cd,n] naphtho [3,2,1,8-pqra]perylene (DBNP).
a Structure of DBNP. b Constant height AFM measurements on bilayer NaCl on Cu(111) at
z = 3.6 Å (oscillation amplitude = 0.5 Å). c Pseudo-3D representation of (b). d Measured values
of the frequency shift as a function of the Pauling bond order. e Measured values of the apparent
bond length as a function of the Pauling bond order. f Apparent bond length as a function of the
bond length obtained by DFT calculations. Linear regressions (in red) are drawn as a guide to the
eye. Adapted from [49]. Reprinted with permission from AAAS
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4 Characterization of Insoluble Compounds:
Nanographenes

Organic chemists have a deep experience in the manipulation and identification of
soluble molecules. Even most nano-sized compounds can be fully characterized by
modern spectroscopic techniques, in particular by NMR, if the molecules are sol-
uble enough [52]. On the contrary, the characterization of insoluble compounds is a
great challenge for researchers working in an organic chemistry laboratory. This is
often the case when preparing large unsubstituted polycyclic aromatic hydrocarbons
(PAHs). Interestingly, these molecules are not only ubiquitous environmental
pollutants [53, 54] and the largest molecules ever detected in space [55], but PAHs
are also promising compounds for organic electronics which have attracted a great
deal of attention in material science [56]. Moreover, since a piece of graphene is
nothing but a large PAH, the synthesis of large PAHs has undergone an important
revival in recent years [57–61]. Synthetic methodologies that were traditionally
used for decades for the preparation of PAHs are now employed in the preparation
of well-defined nanographenes by solution chemistry. A major limitation is that
increasing the size of a PAH favors its self-assembly by means of p-interaction and
thereby reducing the solubility of the material. Therefore, the purification of flat
nanographenes by chromatography or its characterization by NMR in solution is
not possible. This was the case when we attempted the preparation of the three-fold
symmetric nanographene 2 by solution chemistry (Fig. 5) [62]. This is a PAH
formed by the fusion of 22 benzene rings with 78 sp2 carbon atoms. We designed
an extremely simple two-steps/one-pot procedure starting with commercially
available bistriflate 3. The treatment of this compound with CsF in solution

Fig. 5 Synthetic route to obtain three-fold symmetric nanographene 2 by solution chemistry [62]
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generated the intermediate aryne 4. This aryne reacted with one of the bay regions
of perylene (5) by means of a [4+2] cycloaddition (Diels-Alder reaction) to afford
adduct 6, which evolved in the reaction mixture to form triflate 7. In a second step,
which was performed in the same reaction flask, the treatment of compound 7 in
solution with CsF in the presence of a catalytic amount of a palladium complex led
to the formation of a highly insoluble grayish solid. Based on our experience on
aryne chemistry [61], we expected this solid to be nanographene 2, resulting from
the Pd-catalyzed [2+2+2] cycloaddition of the in-situ formed aryne 8. In fact, the
mass spectrum of the solid showed a molecular ion at m/z = 972.2 consistent with
the molecular formula expected for this compound (C78H36). However, the extreme
insolubility of this compound precluded structural confirmation by NMR
spectroscopy.

Inspired by the successful use of AFM for the identification of natural products
[13], we attempted to confirm the structure of nanographene 2 analogously.
Compound 2 was expected to be planar, an important advantage for the accurate
characterization by atomic resolution AFM. However, since purification by chro-
matography was not possible, the solid isolated from the reaction was far from being
a pure compound. In addition, the large size of the molecule could complicate its
sublimation in order to deposit the molecule on the surface. Despite these limitations,
the solid was sublimated by rapid heating from a Si wafer onto a Cu(111) sample
partially covered with islands of NaCl held at T = 10 K. Satisfactorily, the analysis
by AFM with CO-functionalized tip confirmed the structure of nanographene 2
(Fig. 6a). STMwas also carried out to obtain molecular orbital images. The image of
the negative ion resonance (Fig. 6b) corresponds to the lowest unoccupied molecular
orbital (LUMO) as seen by comparison with the orbital density obtained by DFT
calculation (Fig. 6c). This agreement is an additional confirmation of the molecular
structure, therefore the combination of AFM and STM proved the successful syn-
thesis of compound 2. Interestingly, careful inspection of other adsorbates by AFM
discovered the presence of a tetranaphthoheptacene, an unexpected compound
probably formed by the head-to-tail dimerization of aryne 8 [62]. This finding gave

Fig. 6 On-surface identification of nanographene 2. a AFM image. b STM orbital image on
bilayer NaCl on Cu(111) using a CO tip. c Calculated orbital density of the LUMO at a distance of
1.2 Å above the molecular plane. The scale bar is 5 Å. Adapted from [62]. Reprinted with
permission from Wiley
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additional value to the analysis of reaction mixtures by AFM, where the on-surface
identification of byproducts provided key clues to understand the reaction of aryne
intermediates in solution.

5 Characterization of Complex Mixtures: Asphaltenes

Usually, SPM studies are performed with ultrapure compounds, since the presence
of small amounts of impurities can complicate both the preparation and the study of
the sample. However, high resolution SPM can also be extremely useful to analyze
complex mixtures by providing the molecular characterization of individual con-
stituents, as it was demonstrated in 2015 by means of asphaltene characterization
with atomic resolution AFM [63]. Asphaltenes are the solid components of crude
oil, which consist of an extremely complex mixture of polyaromatic molecules with
high economic relevance in oil processing [64]. This chemical complexity has
limited the structural analysis of asphaltenes by conventional techniques and con-
sequently their molecular architecture has been subject to debates. For example,
some studies suggest that the asphaltene molecular structure is based on a single
PAH core (island model) while other studies point to a structure with multiple PAH
cores (archipelago model). Notably, the structure elucidation of single molecules of
asphaltenes by atomic resolution AFM indicate that the island-type architecture is
clearly predominant (Fig. 7) [63]. As expected, AFM analysis showed the enor-
mous molecular diversity of this fraction. Orbital imaging with STM contributed to
the structural assignment of the polyaromatic molecules, which in some cases have
sophisticated molecular architectures (e.g. 18-ring nanographene CA6). These
findings suggest the exciting possibility of using asphaltenes as an unlimited source
of new specimens for single-molecule electronics. Many different molecules can be
screened by SPM in a single preparation without going through a lengthy chemical
synthesis, purification, and characterization for each one of them beforehand.

Obviously, this AFM-based method is not limited to analyze asphaltenes but also
related carbon-based aromatic mixtures, such as petroleum and coal vacuum resi-
dues, heavy fractions, tar, pitch, bitumen, etc. SPM techniques are most suitable for
flat molecules composed mainly by sp2 hybridized carbons. However, some of the
compounds constituting these carbon-based aromatic mixtures present alkyl chains
with sp3 hybridized carbons and non-planar fragments, which are difficult to study
by AFM and complicate the structure elucidation. For this reason, the preparation
and AFM characterization of model compounds featuring aliphatic moieties can be
extremely useful to identify molecules in carbon-based mixtures [17].

For example, compound 9 (CHNP, Fig. 8) was prepared as a cycloaliphatic
model compound for asphaltene characterization, with a partially saturated
six-membered ring with four sp3 hybridized carbons. AFM analysis on Cu and
NaCl surfaces showed that this cyclohexene moiety adopted the expected chiral
half-chair conformation (Fig. 9). In fact it was possible to identify both enantiomers
(9a and 9b), which were configurationally stable at cryogenic temperatures.
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Demonstrating the ultimate control of SPM manipulation over on-surface deposited
single molecules, reversible enantiomerization (chiral switching) between 9a and
9b was induced by applying a STM voltage pulse of 0.4 V (Fig. 9f, g). In addition,
in a remarkable example of an on-surface oxidation reaction, it was possible to
abstract four hydrogen atoms from CHNP by voltage pulses between 3.1 and 3.8 V,
to obtain PAH 10 (Figs. 8 and 9h) [17]. To sum up, these experiments illustrate the
powerful of on-surface atomic manipulation by SPM, not only to provide key
fingerprints of both aromatic and aliphatic moieties for structural elucidation of
natural samples, but also to study basic chemical transformations and even to
perform conformational analysis of organic molecules on surface.

Fig. 7 CO-tip AFM images of individual molecules of a coal-derived asphaltene. Reprinted with
permission from Ref. [63]. Copyright 2015 American Chemical Society

CHNP, 9 10

STM
voltage
pulses

-4H

Fig. 8 Structure of 10,11,12,13-tetrahydroanthra[1,2,3,4-ghi]perylene (CHNP, 9) used as
cycloaliphatic model compound and product 10 resulting from the on-surface STM tip-induced
dehydrogenation [17]
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6 Investigation of Elusive Molecules: Acenes

Acenes are PAHs formed by the linear fusion of several benzene rings, which have
been extensively used in organic electronics due to their outstanding semicon-
ducting properties [65]. However, the synthesis and manipulation of acenes under
ambient conditions is demanding due to low solubility and high reactivity, in
particular with increasing acene length. Qualitative estimation on the stability of
PAHs can be deduced by application of the Clar’s sextet rule, grouping the p
electrons of the PAH into sextets (i.e. three conjugated double bonds within a
six-membered ring) [66]. These sextets provide an aromatic stabilization to the
molecule, such that PAH with only few Clar sextets are particularly reactive under
ambient conditions. Acenes have only one sextet, regardless of the length of the
molecule, which explains their instability. Therefore, the synthesis of large acenes
has fascinated organic chemists for decades and remains a long-standing synthetic
challenge [56]. Up to now, the largest unsubstituted acene ever prepared was
nonacene, which was photogenerated and detected in an Ar matrix at cryogenic
temperatures [67]. On-surface generation of large acenes under UHV conditions
from soluble and stable precursors offers the possibility to circumvent the major
difficulties of solution-based acene preparation. This concept has been recently
demonstrated with the on-surface reduction of diepoxytetracenes 11 to form tet-
racene (13) on Cu(111), through the formation of intermediate 12 (Fig. 10) [68]. It
was shown that this transformation can be achieved either by thermal activation or
by STM tip-induced manipulation, where the Cu–O interaction is crucial to achieve
the deoxygenation of the starting epoxyacenes. This method was latter employed
for the on-surface generation of larger acenes, such as the preparation of hexacene

Fig. 9 AFM and STM characterization of CHNP, 9. a, e Enantiomers 9a and 9b of the CHNP
structure. b–dCO tipAFM images of 9a onCu(111) at different tip heights. f, gCO tip STM image of
9a before (f) and 9b after (g) enantiomerization by means of a voltage pulse of 0.4 V. hMolecule 10
after removing four H atoms from the aliphatic ring of 9 with voltage pulses between 3.1 and 3.8 V.
Adapted from [17]
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on Au(111) by deoxygenation of triepoxyhexacenes (Fig. 11a) [69]. As a result, it
was possible to study the electronic structure of single hexacene molecules with
intramolecular resolution.

12 13

(a)

(b) (c)

Fig. 10 On-surface generation of tetracene (13). a Reaction route to obtain tetracene (13) from
diepoxytetracenes syn/anti-11. b Constant-height AFM image of the epoxytetracene 12
intermediate after the first oxygen detachment. c Constant-height AFM image of the resulting
tetracene (13) after complete deoxygenation. Adapted with permission from [68]. Copyright 2016
American Chemical Society

(a)

(b)

Fig. 11 On-surface generation of hexacene (a) [69] and triangulene (b) [70]
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A recent breakthrough on the investigation of elusive PAHs was the generation
and characterization of triangulene by combined STM/AFM [70]. Triangulene is
formed by six benzene rings fused in a triangle shape, so it is not possible to draw a
Kekulé resonance structure and triangulene presents two unpaired electrons
(Fig. 11b). Therefore, the molecule is a p-diradical which is unstable under ambient
conditions, so attempts to generate triangulene by solution chemistry were unsuc-
cessful [71]. Finally, atom manipulation has allowed the preparation of this
three-fold symmetric PAH for the first time by means of tip-induced dehydro-
genation on Cu, NaCl and Xe surfaces. Notably, STM confirmed the open-shell
character of the molecule [70].

7 Investigation of Reactive Intermediates: Arynes

Arynes are reactive intermediates formally derived from arenes by the removal of
two hydrogens from one benzene ring [72]. The simplest arynes are benzynes (one
single benzene ring), which are classified depending on the relative position of the
two unpaired electrons: ortho (1,2), meta (1,3) or para (1,4) (Fig. 12). Although
arynes were first suggested in 1902 [73], the first evidence of the intermediacy of
benzyne in a chemical reaction was established in 1953 by Roberts and coworkers
in a seminal isotopic labeling experiment [74]. Arynes are so reactive that they only
exist for several milliseconds in solution, making them extremely difficult to
characterize. However, structural data of arynes were obtained from UV, IR,
microwave and NMR spectroscopies, either in gas phase, using matrix-isolation
techniques or in solution after encapsulation inside a hemicarcerand [75], but the
interpretation of these data have been the matter of debate. In particular, there is a
long-standing discussion about the contribution of diradical 14a, alkyne 14b and
cumulene 14c resonance forms to the real structure of ortho-arynes (Fig. 12a).

Recently, combined STM/AFM with functionalized tips allowed the on-surface
generation and visualization of an aryne (10,11-didehydronaphtho[1,2,3,4-g,h,i]
perylene) [51]. The aryne was generated by tip induced cleavage of the two vicinal
C–I bonds of 10,11-diiodonaphtho[1,2,3,4-g,h,i]perylene (DINP, Fig. 13). To this
aim, after positioning the tip above DINP, a voltage pulse (V > 1.6 V) was applied.
The analysis by atomically resolved AFM using a CO terminated tip, showed the

(a) (b)

Fig. 12 Structure of benzynes, the simplest arynes: ortho-benzyne (a), meta- and para-benzyne
(b)
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dissociation of both C–I bonds and the formation of the corresponding aryne. To
proof that the formed specie retains its arynic nature and reactivity at cryogenic
temperature, an additional experiment was performed. After lateral manipulation to
place two iodine atoms close to the aryne ring, a voltage pulse was applied causing
the reconstruction of the intact DINP molecule, in contrast to the reactivity of
arynes in solution. In addition, the extended planar polyaromatic core facilitated the
bond-order analysis of this aryne, following the methodology described in detail in
Sect. 2, with the results shown in Fig. 14. The bond order evaluation, focused on
the central bonds marked on Fig. 14a, pointed out a dominant contribution of the
cumulene resonance structure under these conditions, in good agreement with DFT
calculations [51], contributing to clarifying a classic debate in aryne chemistry [72].

Another type of closely related intermediates are para-arynes (Fig. 12) [72],
r-diradical species which can be involved in relevant rearrangement reactions such
as the Bergman cyclization. This reaction was first proposed in 1972 to explain the
thermal isomerization of enediynes [76], and it became an important transformation
in synthetic chemistry when enediyne anticancer antibiotics were introduced in the
80s [77]. Recently, a reversible Bergman cyclization on NaCl was induced by
atomic manipulation and studied by combined AFM/STM [78]. Starting with
dibromoantharacene (DBA) a sequence of STM voltage pulses induced the
cleavage of the two C-Br bonds to generate a para-diradical, which evolved to a

Fig. 13 On-surface generation of an ortho-aryne (10,11-didehydronaphtho[1,2,3,4-g,h,i]pery-
lene) from 10,11-diiodonaphtho[1,2,3,4-g,h,i]perylene (DINP). Images with atomic resolution
were obtained by non-contact AFM using a CO tip. Adapted from [51] with permission from
Nature Publishing Group
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strained 10-membered ring diyne by means of a retro-Bergman reaction (Fig. 15).
Notably, the strained diyne could be transformed back into the diradical, demon-
strating switching on demand between two intermediates with different reactivity,
electronic and magnetic properties.

A

Fig. 14 Bond-order analysis of the three major resonance structures of an ortho-aryne.
(A) Laplace-filtered representation of the AFM image of an individual aryne. Adapted from
[51] with permission from Nature Publishing Group

Fig. 15 Reversible Bergman cyclization. STM voltage pulses induce the sequential dissociation
of two bromine atoms from dibromoanthracene (DBA) to generate a para-diradical, which evolved
to a diyne by a retro-Bergman cyclization. The latter transformation can be reversibly triggered by
tunneling electrons with a minimum energy of 1.6 V. All measurements were performed on bilayer
NaCl on Cu(111). Adapted from [78] with permission from Nature Publishing Group

222 D. Peña et al.



8 Conclusions

Atomic resolution AFM and STM by means of functionalized tips is in its infancy,
but has already demonstrated an impressive potential regarding to the visualization
and manipulation of single atoms and molecules. We are convinced that classic
issues in organic chemistry will be revisited using the combination of AFM/STM,
mostly to confirm the thesis of chemistry pioneers such as Pauling [47], Clar [66,
71], or Roberts [74] as shown in this chapter, but also to discover new molecules,
intriguing molecular behavior or unexpected reactions. In fact, the combination of
organic chemistry and AFM/STM with sub-molecular resolution is an ideal
serendipity playground which is expected to provide exiting findings in the near
future. More than ever, we are closer to the inspiring prediction by
Richard P. Feynman, masterfully outlined in his famous talk Plenty of Room at the
Bottom in 1959:

…it would be, in principle, possible (I think) for a physicist to synthesize any chemical
substance that the chemist writes down. Give the orders and the physicist synthesizes it.
How? Put the atoms down where the chemist says, and so you make the substance. The
problems of chemistry and biology can be greatly helped if our ability to see what we are
doing, and to do things on an atomic level, is ultimately developed— a development which
I think cannot be avoided.

Acknowledgements We are deeply grateful to all our coworkers. We acknowledge financial
support from the ERC Grants CEMAS (agreement no. 291194) and AMSEL (682144), the EU
project PAMS (610446), the Agencia Estatal de Investigación (MAT2016-78293-C6-3-R and
CTQ2016-78157-R), the Xunta de Galicia (Centro singular de investigación de Galicia accredi-
tation 2016–2019, ED431G/09) and the European Regional Development Fund (ERDF).

References

1. Binnig, G., Rohrer, H., Gerber, C., Weibel, E.: Tunneling through a controllable vacuum
gap. Appl. Phys. Lett. 40, 178–180 (1982)

2. Binnig, G., Quate, C.F., Gerber, C.: Atomic force microscope. Phys. Rev. Lett. 56, 930–933
(1986)

3. Grill, L., Dyer, M., Lafferentz, L., Persson, M., Peters, M.V., Hecht, S.: Nano-architectures by
covalent assembly of molecular building blocks. Nat. Nanotechnol. 2, 687–691 (2007)

4. Franc, G., Gourdon, A.: Covalent networks through on-surface chemistry in ultra-high
vacuum: state-of-the-art and recent developments. Phys. Chem. Chem. Phys. 13,
14283–14292 (2011)

5. Klappenberger, F., Zhang, Y.-Q., Björk, J., Klyatskaya, S., Ruben, M., Barth, J.V.:
On-surface synthesis of carbon-based scaffolds and nanomaterials using terminal alkynes.
Acc. Chem. Res. 48, 2140–2150 (2015)

6. Lindner, R., Kühnle, A.: On-surface reactions. Chem. Phys. Chem. 16, 1582–1592 (2015)
7. Méndez, J., Francisca López, M., Martín-Gago, J.A.: On-surface synthesis of cyclic organic

molecules. Chem. Soc. Rev. 40, 4578–4590 (2011)
8. Nacci, C., Hecht, S., Grill, L.: The emergence of covalent on-surface polymerization. In:

On-Surface Synthesis, S. 1–21. Springer (2016)

Addressing Long-Standing Chemical Challenges … 223



9. Cai, J., Ruffieux, P., Jaafar, R., Bieri, M., Braun, T., Blankenburg, S., Muoth, M., Seitsonen,
A.P., Saleh, M., Feng, X., Müllen, K., Fasel, R.: Atomically precise bottom-up fabrication of
graphene nanoribbons. Nature 466, 470–473 (2010)

10. Narita, A., Feng, X., Müllen, K.: Bottom-up synthesis of chemically precise graphene
nanoribbons. Chem. Rec. 15, 295–309 (2015)

11. Talirz, L., Ruffieux, P., Fasel, R.: On-surface synthesis of atomically precise graphene
nanoribbons. Adv. Mater. 28, 6222–6231 (2016)

12. Gross, L., Mohn, F., Moll, N., Liljeroth, P., Meyer, G.: The chemical structure of a molecule
resolved by atomic force microscopy. Science 325, 1110–1114 (2009)

13. Gross, L., Mohn, F., Moll, N., Meyer, G., Ebel, R., Abdel-Mageed, W.M., Jaspars, M.:
Organic structure determination using atomic resolution scanning probe microscopy. Nat.
Chem. 2, 821–825 (2010)

14. Hanssen, K.O., Schuler, B., Williams, A., Demissie, T.B., Hansen, E., Andersen, J.H.,
Svenson, J., Blinov, K., Repisky, M., Mohn, F., Meyer, G., Svendsen, J.-S., Ruud, R.,
Elyashberg, M., Gross, L., Jaspars, M., Isaksson, J.: A combined atomic force microscopy and
computational approach for structural elucidation of breitfussin A and B, highly modified
halogenated dipeptides from the Arctic hydrozoan Thuiaria breitfussi. Angew. Chem. Int. Ed.
51, 12238–12241 (2012)

15. Pavliček, N., Fleury, B., Neu, M., Niedenführ, J., Herranz-Lancho, C., Ruben, M., Repp, J.:
Atomic force microscopy reveals bistable configurations of dibenzo[a, h]thianthrene and their
interconversion pathway. Phys. Rev. Lett. 108, 086101 (2012)

16. Albrecht, F., Bischoff, F., Auwärter, W., Barth, J.V., Repp, J.: Direct identification and
determination of conformational response in adsorbed individual nonplanar molecular species
using noncontact atomic force microscopy. Nano Lett. 16, 7703–7709 (2016)

17. Schuler, B., Zhang, Y., Collazos, S., Fatayer, S., Meyer, G., Pérez, D., Guitián, E., Harper, M.
R., Kushnerick, J.D., Peña, D., Gross, L.: Characterizing aliphatic moieties in hydrocarbons
with atomic force microscopy. Chem. Sci. 8, 2315–2320 (2017)

18. de Oteyza, D.G., Gorman, P., Chen, Y.-C., Wickenburg, S., Riss, A., Mowbray, D.J., Etkin,
G., Pedramrazi, Z., Tsai, H.-Z., Rubio, A., Crommie, M.F., Fischer, F.R.: Direct imaging of
covalent bond structure in single-molecule chemical reactions. Science 340, 1434–1437
(2013)

19. Riss, A., Wickenburg, S., Gorman, P., Tan, L.Z., Tsai, H.-Z., de Oteyza, D.G., Chen, Y.-C.,
Bradley, A.J., Ugeda, M.M., Etkin, G., Louie, S.G., Fischer, F.R., Crommie, M.F.: Local
electronic and chemical structure of oligo-acetylene derivatives formed through radical
cyclizations at a surface. Nano Lett. 14, 2251–2255 (2014)

20. Rogers, C., Chen, C., Pedramrazi, Z., Omrani, A.A., Tsai, H.-Z., Jung, H.S., Lin, S.,
Crommie, M.F., Fischer, F.R.: Closing the nanographene gap: surface-assisted synthesis of
peripentacene from 6,6ʹ–bipentacene precursors. Angew. Chem. Int. Ed. 54, 15143–15146
(2015)

21. Albrecht, F., Pavliček, N., Herranz-Lancho, C., Ruben, M., Repp, J.: Characterization of a
surface reaction by means of atomic force microscopy. J. Am. Chem. Soc. 137, 7424–7428
(2015)

22. Kawai, S., Haapasilta, V., Lindner, B.D., Tahara, K., Spijker, P., Buitendijk, J.A., Pawlak, R.,
Meier, T., Tobe, Y., Foster, A.S., Meyer, E.: Thermal control of sequential on-surface
transformation of a hydrocarbon molecule on a copper surface. Nat. Commun. 7, 12711
(2016)

23. He, Y., Garnica, M., Bischoff, F., Ducke, J., Bocquet, M.-L., Batzill, M., Auwärter, W., Barth,
J.V.: Fusing tetrapyrroles to graphene edges by surface-assisted covalent coupling. Nat.
Chem. 9, 33–38 (2017)

24. Kocic, N., Liu, X., Chen, S., Decurtins, S., Krejcí, O., Jelínek, P., Repp, J., Liu, S.-X.: Control
of reactivity and regioselectivity for on-surface dehydrogenative aryl-aryl bond formation.
J. Am. Chem. Soc. 138, 5585–5593 (2016)

25. Riss, A., Paz, A.P., Wickenburg, S., Tsai, H.-Z., de Oteyza, D.G., Bradley, A.J., Ugeda, M.
M., Gorman, P., Jung, H.S., Crommie, M.F., Rubio, A., Fischer, F.R.: Imaging

224 D. Peña et al.



single-molecule reaction intermediates stabilized by surface dissipation and entropy. Nat.
Chem. 8, 678–683 (2016)

26. Stetsovych, O., Švec, M., Vacek, J., Chocholoušová, J.V., Jancark, A., Rybácek, J.,
Kosmider, K., Stará, I.G., Jelnek, P., Stary, I.: From helical to planar chirality by on-surface
chemistry. Nat. Chem. 9, 213–218 (2017)

27. van der Lit, J., Boneschanscher, M.P., Vanmaekelbergh, D., Ijäs, M., Uppstu, A., Ervasti, M.,
Harju, A., Liljeroth, P., Swart, I.: Suppression of electron–vibron coupling in graphene
nanoribbons contacted via a single atom. Nat. Commun. 4, 2023 (2013)

28. Ruffieux, P., Wang, S., Yang, B., Sánchez-Sánchez, C., Liu, J., Dienel, T., Talirz, L., Shinde,
P., Pignedoli, C.A., Passerone, D., Dumslaff, T., Feng, X., Müllen, K., Fasel, R.: On-surface
synthesis of graphene nanoribbons with zigzag edge topology. Nature 531, 489–492 (2016)

29. Schulz, F., Jacobse, P.H., Canova, F.F., van der Lit, J., Gao, D.Z., van den Hoogenband, A.,
Han, P., Klein Gebbink, R.J.M., Moret, M.-E., Joensuu, P.M., Swart, I., Liljeroth, P.:
Precursor geometry determines the growth mechanism in graphene nanoribbons. J. Phys.
Chem. C 121, 2896–2904 (2017)

30. Kawai, S., Saito, S., Osumi, S., Yamaguchi, S., Foster, A.S., Spijker, P., Meyer, E.:
Atomically controlled substitutional boron-doping of graphene nanoribbons. Nat. Commun.
6, 8098 (2015)

31. Dienel, T., Kawai, S., Söde, H., Feng, X., Müllen, K., Ruffieux, P., Fasel, R., Gröning, O.:
Resolving atomic connectivity in graphene nanostructure junctions. Nano Lett. 15,
5185–5190 (2015)

32. Mohn, F., Repp, J., Gross, L., Meyer, G., Dyer, M.S., Persson, M.: Reversible bond formation
in a gold-atom–organic-molecule complex as a molecular switch. Phys. Rev. Lett. 105,
266102 (2010)

33. Albrecht, F., Neu, M., Quest, C., Swart, I., Repp, J.: Formation and characterization of a
molecule–metal–molecule bridge in real space. J. Am. Chem. Soc. 135, 9200–9203 (2013)

34. Gross, L., Schuler, B., Mohn, F., Moll, N., Repp, J., Meyer, G.: Atomic resolution on
molecules with functionalized tips. In: Morita, S., Giessibl, F.J., Meyer, E., Wiesendanger, R.
(eds.) Noncontact Atomic Force Microscopy, S. 223–246. Springer (2015)

35. Pavliček, N., Gross, L.: Generation, manipulation and characterization of molecules by atomic
force microscopy. Nat. Rev. Chem. 1, 0005 (2017)

36. Moll, N., Gross, L., Mohn, F., Curioni, A., Meyer, G.: A simple model of molecular imaging
with noncontact atomic force microscopy. New J. Phys. 14, 083023 (2012)

37. Mohn, F., Schuler, B., Gross, L., Meyer, G.: Different tips for high-resolution atomic force
microscopy and scanning tunneling microscopy of single molecules. Appl. Phys. Lett. 102,
073109 (2013)

38. Mönig, H., Hermoso, D.R., Arado, O.D., Todorović, M., Timmer, A., Schüer, S.,
Langewisch, G., Pérez, R., Fuchs, H.: Submolecular imaging by noncontact atomic force
microscopy with an oxygen atom rigidly connected to a metallic probe. ACS Nano 10, 1201–
1209 (2015)

39. Sweetman, A.M., Jarvis, S.P., Sang, H., Lekkas, I., Rahe, P., Wang, Y., Wang, J.,
Champness, N.R., Kantorovich, L.N., Moriarty, P.: Mapping the force field of a
hydrogen-bonded assembly. Nat. Commun. 5, 3931 (2014)

40. Giessibl, F.J.: Advances in atomic force microscopy. Rev. Mod. Phys. 75, 949–983 (2003)
41. Albrecht, T.R., Grütter, P., Horne, D., Rugar, D.: Frequency modulation detection using

high-Q cantilevers for enhanced force microscope sensitivity. J. Appl. Phys. 69, 668–673
(1991)

42. Sader, J.E., Jarvis, S.P.: Accurate formulas for interaction force and energy in frequency
modulation force spectroscopy. Appl. Phys. Lett. 84, 1801–1803 (2004)

43. Giessibl, F.J.: High-speed force sensor for force microscopy and profilometry utilizing a
quartz tuning fork. Appl. Phys. Lett. 73, 3956–3958 (1999)

44. Hapala, P., Švec, M., Stetsovych, O., van der Heijden, N.J., Ondráček, M., van der Lit, J.,
Mutombo, P., Swart, I., Jelínek, P.: Mapping the electrostatic force field of single molecules
from high-resolution scanning probe images. Nat. Commun. 7, 11560 (2016)

Addressing Long-Standing Chemical Challenges … 225



45. Stetsovych, O., Švec, M., Vacek, J., Chocholoušová, J.V., Jančařík, A., Rybáček, J.,
Kosmider, K., Stará, I.G., Jelínek, P., Starý, I.: From helical to planar chirality by on-surface
chemistry. Nat. Chem. 9, 213–218 (2017)

46. Iwata, K., Yamazaki, S., Mutombo, P., Hapala, P., Ondráček, M., Jelínek, P., Sugimoto, Y.:
Chemical structure imaging of a single molecule by atomic force microscopy at room
temperature. Nat. Commun. 6, 7766 (2015)

47. Pauling, L., Brockway, L.O., Beach, J.Y.: The dependence of interatomic distance on single
bond-double bond resonance. J. Am. Chem. Soc. 57, 2705–2709 (1935)

48. Abrahams, S.C., Robertson, J.M., White, J.G.: The crystal and molecular structure of
naphthalene. Acta Cryst. 2, 238–244 (1949)

49. Gross, L., Mohn, F., Moll, N., Schuler, B., Criado, A., Guitián, E., Peña, D., Gourdon, A.,
Meyer, G.: Bond-order discrimination by atomic force microscopy. Science 337, 1326–1329
(2012)

50. Criado, A., Peña, D., Cobas, A., Guitián, E.: Domino Diels-Alder cycloadditions of arynes:
new approach to elusive perylene derivatives. Chem. Eur. J. 16, 9736–9740 (2010)

51. Pavliček, N., Schuler, B., Collazos, S., Moll, N., Pérez, D., Guitián, E., Meyer, G., Peña, D.,
Gross, L.: On-surface generation and imaging of arynes by atomic force microscopy. Nat.
Chem. 7, 623–628 (2015)

52. Silverstein, R.M., Webster, F.X., Kiemle, D.J. Bryce, D. L.: Spectrometric Identification of
Organic Compounds, 8th edn. Wiley (2014)

53. Harvey, R.G.: Polycyclic Aromatic Hydrocarbons. Wiley, New York (1997)
54. Lunch, A.: The Carcinogenic Effects of Polycyclic Aromatic Hydrocarbons. Imperial College

Press, London (2005)
55. Tielens, A.G.M.: Interstellar polycyclic aromatic hydrocarbon molecules. Ann. Rev. Astron.

Astrophys. 46, 289–337 (2008)
56. Anthony, J.E.: The larger acenes: versatile organic semiconductors. Angew. Chem. Int. Ed.

47, 452–483 (2008)
57. Peña, D.: Ideas in Chemistry and Molecular Sciences: Advances in Synthetic Chemistry,

pp. 237–261. Wiley, Weinheim (2010)
58. Chen, L., Hernandez, Y., Feng, X., Müllen, K.: From nanographene and graphene

nanoribbons to graphene sheets: chemical synthesis. Angew. Chem. Int. Ed. 51, 7640–
7654 (2012)

59. Narita, A., Wang, X.-Y., Feng, X., Müllen, K.: New advances in nanographene chemistry.
Chem. Soc. Rev. 44, 6616–6643 (2015)

60. Itami, K.: Toward controlled synthesis of carbon nanotubes and graphenes. Pure Appl. Chem.
84, 907–916 (2012)

61. Pérez, D., Peña, D., Guitián, E.: Aryne cycloaddition reactions in the synthesis of large
polycyclic aromatic compounds. Eur. J. Org. Chem. 5981–6013 (2013)

62. Schuler, B., Collazos, S., Gross, L., Meyer, G., Pérez, D., Guitián, E., Peña, D.: From
Perylene to a 22-ring aromatic hydrocarbon in one-pot. Angew. Chem. Int. Ed. 53, 9004–
9006 (2014)

63. Schuler, B., Meyer, G., Peña, D., Mullins, O.C., Gross, L.: Unraveling the molecular
structures of asphaltenes by atomic force microscopy. J. Am. Chem. Soc. 137, 9870 (2015)

64. Mullins, O.C., Sheu, E.Y., Hammami, A., Marshall, A.G.: Asphaltenes, Heavy Oils, and
Petroleomics, vol. 1. Springer, New York (2007)

65. Ye, Q., Chi, C.: Recent highlights and perspectives on acene based molecules and materials.
Chem. Mater. 26, 4046–4056 (2014)

66. Clar, E.: The Aromatic Sextet. Wiley, New York (1972)
67. Tönshoff, C., Bettinger, H.F.: Photogeneration of octacene and nonacene. Angew. Chem. Int.

Ed. 49, 4125–4128 (2010)
68. Krüger, J., Pavliček, N., Alonso, J.M., Pérez, D., Guitián, E., Lehmann, T., Cuniberti, G.,

Gourdon, A., Meyer, G., Gross, L., Moresco, F., Peña, D.: Tetracene formation by on-surface
reduction. ACS Nano 10, 4538–4542 (2016)

226 D. Peña et al.



69. Krüger, J., Eisenhut, F., Alonso, J.M., Lehmann, T., Guitián, E., Pérez, D., Skidin, D.,
Gamaleia, F., Ryndyk, D.A., Joachim, C., Peña, D., Moresco, F., Cuniberti, G.: Imaging the
electronic structure of on-surface generated hexacene. Chem. Commun. 53, 1583–1586
(2017)

70. Pavliček, N., Mistry, A., Majzik, Z., Moll, N., Meyer, G., Fox, D.J., Gross, L.: Synthesis and
characterization of triangulene. Nat. Nanotechnol. 12, 308–312 (2017)

71. Clar, E., Stewart, D.: Aromatic hydrocarbons. LXV. Triangulene derivatives 1. J. Am. Chem.
Soc. 75, 2667–2672 (1953)

72. Wenk, H.H., Winkler, M., Sander, W.: One century of aryne chemistry. Angew. Chem. Int.
Ed. 42, 502–528 (2003)

73. Störmer, R., Kahlert, B.: Über das 1- und 2-Brom-cumaron. Ber. Dtsch. Chem. Ges. 35,
1633–1640 (1902)

74. Roberts, J.D., Simmons, H.E., Carlsmith, L.A., Vaughan, C.W.: Rearrangement in the
reaction of chlorobenzene-1-C14 with potassium amide. J. Am. Chem. Soc. 75, 3290–3291
(1953)

75. Warmuth, R.: o-Benzyne: strained alkyne or cumulene?—NMR characterization in a
molecular container. Angew. Chem. Int. Ed. Engl. 36, 1347–1350 (1997)

76. Jones, R.R., Bergman, R.G.: p-Benzyne. Generation as an intermediate in a thermal
isomerization reaction and trapping evidence for the 1,4-benzenediyl structure. J. Am. Chem.
Soc. 94, 660–661 (1972)

77. Nicolaou, K.C., Dai, W.-M., Tsay, S.-C., Estevez, V.A., Wrasidlo, W.: Designed enediynes: a
new class of DNA-cleaving molecules with potent and selective anticancer activity. Science
256, 1172–1178 (1992)

78. Schuler, B., Fatayer, S., Mohn, F., Moll, N., Pavliček, N., Meyer, G., Peña, D., Gross, L.:
Reversible Bergman cyclization by atomic manipulation. Nat. Chem. 8, 220–224 (2016)

Addressing Long-Standing Chemical Challenges … 227


	Preface
	Contents
	1 Mechanistic Insights into Surface-Supported Chemical Reactions
	Abstract
	1 Introduction
	2 Imaging and Counting Intermediates
	3 Why Are Intermediates Stabilized?
	4 Bringing It All Together
	5 Outlook
	Acknowledgements
	References

	2 Kinetic and Thermodynamic Considerations in On-Surface Synthesis
	Abstract
	1 Introduction
	2 Dehydrogenation Reactions
	3 Entropy of Desorbed Hydrogen Molecules
	4 Electrocyclic Ring-Closure Reaction
	5 C–H Activation and Coupling of Porphyrins
	6 Reaction Intermediates Stabilized by Surface Dissipation and Translational Entropy
	7 Summary and Outlook
	References

	3 Reactivity on and of Graphene Layers: Scanning Probe Microscopy Reveals
	Abstract
	1 Introduction
	2 Chemical Reactivity
	2.1 Synthesis of Imines
	2.2 Other Reactions

	3 Photochemical Reactivity
	4 Electrochemical Reactivity
	5 Tip-Induced Reactivity
	6 Graphene Manipulation and Grafting
	7 Summary and Conclusions
	Acknowledgements
	References

	4 Dehydrogenative and Dehalogenative Homocoupling Reactions of C–X Groups on Metal Surfaces
	Abstract
	1 Introduction
	2 Results and Discussions
	2.1 On-Surface Dehalogenative Homocoupling
	2.2 On-Surface Dehydrogenative Homocoupling
	2.3 Sequential C–X Groups Activation

	3 Summary and Outlook
	References

	5 On-Surface Ullmann Reaction for the Synthesis of Polymers and Macrocycles
	Abstract
	1 Introduction
	2 Synthesis of Polymers via Surface Ullmann Reaction
	2.1 The Emergence of the On-Surface Ullmann Reaction
	2.2 Identification of Organometallic Intermediates on Surfaces
	2.3 Stabilization of Organometallic Chains
	2.4 Dynamics of the Formation of Organometallic Chains
	2.5 Formation of Covalent Polymers

	3 Synthesis of Macrocycles via Surface Ullmann Reaction
	3.1 Cyclisation via Ring-Closure on a Surface
	3.2 Formation of Organometallic Macrocycles
	3.3 Formation of Covalent Macrocycles

	4 Summary
	References

	6 Bottom-Up Fabrication of Atomically Precise Graphene Nanoribbons
	Abstract
	1 Introduction
	2 Synthesis
	3 Characterization Tools and Associated Insight
	3.1 Electronic Properties Determination
	3.2 Chemical Structure
	3.3 Detection of Vibrational Modes

	4 Tuning the Electronic Properties
	4.1 Tuning Through Edge Orientation
	4.2 Tuning Through Width Control
	4.3 Tuning Through Doping
	4.4 Tuning Through Strain
	4.5 Tuning Through Heterostructure Formation

	5 Applications
	Acknowledgements
	References

	7 Aryl–Aryl Covalent Coupling on Rutile TiO2 Surfaces
	Abstract
	1 Introduction
	2 TiO2 Properties
	2.1 General
	2.2 Comparison Between Rutile Faces
	2.3 Crystal Reduction and Surface Defects

	3 Aryl Halide Coupling on the Rutile (011) Surface
	3.1 First Successful C–C Coupling on a Rutile Surface
	3.2 Insight into Aryl Halide Coupling on the Rutile (011) Surface (Adapted from Ref. [18] with Permission from the Royal Chemical Society)

	4 Aryl Halide Coupling on the Rutile (110) Surface
	5 Summary and Conclusions
	Acknowledgements
	References

	8 On-Surface Synthesis of Two-Dimensional Polymers: Rational Design and Electronic Properties
	Abstract
	1 Introduction
	2 Bottom-Up Fabrication of 2D Networks
	2.1 Limited Structural Control
	2.2 Rational Design of 2D Polymers
	2.3 Hierarchical Structure Formation

	3 Electronic Structure of 2D Polymers
	4 Summary and Outlook
	Acknowledgements
	References

	9 On-Surface Coupling Reactions with Extrinsic Catalysts
	Abstract
	1 Introduction
	2 Ullmann Reaction with Extrinsic Catalysts
	2.1 On Metal Substrate
	2.2 On BN Surface

	3 Sonogashira Cross-Coupling
	4 Summary
	Acknowledgements
	References

	10 Addressing Long-Standing Chemical Challenges by AFM with Functionalized Tips
	Abstract
	1 Introduction
	2 Experimental Details
	3 Pauling Bond-Order Analysis
	4 Characterization of Insoluble Compounds: Nanographenes
	5 Characterization of Complex Mixtures: Asphaltenes
	6 Investigation of Elusive Molecules: Acenes
	7 Investigation of Reactive Intermediates: Arynes
	8 Conclusions
	Acknowledgements
	References




