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1.1
Introduction

The bottom-up growth of covalently connected organic networks is a fascinat-
ing approach for the development of new functional nanomaterials with tun-
able mechanical and optoelectronic properties [1–5]. Hereby, organic
molecules are the building blocks, which can be deposited on a substrate by
evaporation under ultrahigh vacuum (UHV) conditions or by solution growth
in liquid environments. By the proper design of the precursor molecules and
by controlling the parameters such as deposition rates, concentrations, and
substrate temperature or irradiation, chemical reactions can be induced. This
can lead to the formation of either conjugated polymers or 2D covalently con-
nected networks [6–8]. The structural and optoelectronic properties of these
products can be adjusted by the manifold possibilities of organic chemistry,
which allows tailoring the reactive end groups, and the geometry as well as
the electronic properties of the reactants. Following this idea, nanoscale
devices ranging from simple wires to transistors, capacitors, or solar cells can
be envisioned. Although recent years have shown significant progress in this
field, there are only a few established on-surface reaction mechanisms that
actually lead to covalent coupling directly at surfaces. Therefore, there are still
considerable scientific challenges at play, making it a current hot topic in
nanotechnology [2,5,6].
To study the chemical processes involved in the synthesis of such materials,

experimental techniques with high lateral resolution are particularly desirable.
Therefore, scanning probe microscopy and in particular scanning tunneling
microscopy (STM) and noncontact atomic force microscopy (NC-AFM) have
become the standard characterization tools providing direct insight into reaction
mechanisms. These techniques offer topographic and electronic information of
single molecules and on-surface chemical processes with high resolution [9–11],
and the probe tip itself can be used to trigger chemical reactions [12–14] or to
manipulate molecular species at surfaces [15,16]. Furthermore, both STM and
NC-AFM experiments can be performed under different environmental
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conditions, such as in UHV, in liquids, or in gaseous environments, providing
further versatility to the targeted experiments. Many studies also rely on comple-
mentary experimental techniques such as X-ray photoelectron spectroscopy
(XPS) or temperature-programmed desorption (TPD). From the theory side,
density functional theory (DFT) is applied to describe adsorption geometries
and chemical processes that take place on various substrates.
In the following, the so far established on-surface reaction mechanisms are

reviewed, which potentially can be utilized for the bottom-up growth of cova-
lently connected organic networks. Other approaches where surfaces are
exclusively involved to catalyze reactions and where the products do not stay
on the surface are not considered in this chapter. Besides a general overview of
the various reaction types, we present a compilation of the results obtained by
our group at the University of Münster, which contributed to this exciting
research field.

1.1.1

Ullmann Coupling

This particular reaction is the most studied one in the recent years. It involves
the thermal activation of precursor molecules with halogenated moieties after
or during deposition on a substrate, which, by the supply of heat, leads to the
formation of C-C bonds between the radicalized reactants. This reaction has
been performed mostly on metal substrates. However, recently it has been
shown to also proceed on insulators [17], which represents a significant step
forward toward potential applications of the Ullmann coupling mechanism.
The halogen specie mostly studied is bromine [18–24], although successful
covalent coupling after scission of terminal iodine [19,25–27] and chlorine
[17,28] has also been reported. The difference in activation temperature for the
different carbon–halogen species has allowed to hierarchically control
the formation of two-dimensional networks [19,24]. Another interesting nanoma-
terial with functional electronic properties developed with this method is based
on graphene nanoribbons. These are obtained by a two-step reaction sequence
where after initial on-surface Ullmann coupling, a further annealing step at a
higher temperature leads to cyclodehydrogenation of adjacent aromatic spe-
cies [23,29]. In particular, graphene nanoribbons were also successfully grown
on a stepped Au(788) surface, which form well-defined (111) terraces with a
width of about 3.8 nm along the [01–1] direction (Figure 1.1). This allows to
gain control over the orientation of the nanoribbons, which predominantly
grow along the terraces. High-resolution direct and inverse photoemission
experiments of occupied and unoccupied states allowed to determine the ener-
getic position and momentum dispersion of electronic states, which showed a
bandgap of several electronvolts for different types of graphene nanoribbons
[23,29].
It has been demonstrated that in general it is possible to achieve covalent

bonding between organic molecules and metal atoms on surfaces [11,30].
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Therefore, there are also efforts to not directly bind the organic building blocks
for supramolecular structures, but instead use metal atoms to mediate the cou-
pling. Following this approach under UHV conditions, covalent bonding
between tetracyanobenzene molecules and Mn atoms was accomplished to form
Mn-phthalocyanine [31]. In another study, strong bonds between metal atoms
and dehalogenated reactants have been shown to play an important role in the
on-surface Ullmann coupling, stabilizing two-dimensional networks [24]. Fur-
thermore, an on-surface chemical reaction between copper ions and quinone lig-
ands at the liquid/solid interface of a Au(111) surface has been shown to
successfully form two-dimensional metal–organic polymers [32].
The results on metal–organic materials lead to further developments, which

use Ullmann coupling to form gold–organic hybrids, where chemical bonding
between organic precursor molecules is mediated by bonding to a substrate
gold atom. With this approach, the on-surface synthesis of gold–organic linear
polymers by the dehalogenation of chloro-substituted perylene-3,4,9,10-tetracar-
boxylic acid bisimides (PBIs) was accomplished on the Au(111) and Au(100) sur-
faces [17,28]. Figure 1.2a shows an STM image after depositing the PBIs at room
temperature on a Au(111) surface, leading to a self-assembled monolayer of the
unreacted molecules. The STM contrast features a combination of two small
bumps and a big rod corresponding to the short alkyl chains and the aromatic
core of the PBI molecule, respectively. The bright spots on both sides of the
core correspond to the twisted two chlorine atoms. Linear molecular chains
were formed via depositing the precursor molecules on a 490 K preheated

Figure 1.1 (a) STM image of spatially aligned
graphene nanoribbons on a Au(788) surface.
(b) After initial Ullmann coupling at a sub-
strate temperature of 440–470 K, an additional
heating step at 590 K results in a

dehydrogenation process leading to the
formation of the nanoribbons. (c) Statistical
distribution of the ribbon length. (Reprinted
figure with permission from [29]. Copyright
(2012) by the American Physical Society.)

1.1 Introduction 3



Au(111) surface at a deposition rate of about 0.1 monolayer per hour.
Figure 1.2b is a representative STM image of the reaction products, in which
polymers with a length of up to 70 nm can be observed. Interestingly, the orien-
tation of the molecular chains was found mainly along h110i directions on the
Au(111) surface. A high-resolution STM image of such a polymer is shown in
Figure 1.2c, with its proposed chemical structure shown in Figure 1.2d. The
measured periodic distance along the chain is (0.83± 0.04) nm, which matches
well with the theoretical distance of 0.82 nm as determined by DFT calculations.
Further experiments with the PBI deposited on the reconstructed Au(100) sur-
face showed that on this surface the polymerization occurs exclusively along the
[011] direction [28]. Further DFT calculations on a simplified model system con-
firmed that the reaction mechanism involves an intermediate state where a PBI
radical generated from the homolytic C-Cl bond dissociation binds to a surface

Figure 1.2 Ullmann reaction to form gold–
organic hybrids. (a) The self-assembly struc-
tures of tetrachloro-PBI at a Au(111) surface
(10 nm× 10 nm). (b) Polymerized molecular
chains of tetrachloro-PBI on a Au(111) surface
(via depositing molecules onto the hot surface

of a substrate at 490 K). (c) High-resolution
STM image of a polymerized PBI–Au chain and
(d) its proposed chemical structure. (Repro-
duced with permission from Wiley-VCH Verlag
GmbH [28].)
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gold atom, which partially is pulled out from the surface to form a stable PBI–
gold hybrid species.

1.1.2
Condensation Reactions

Condensation reactions are commonly referred to as dehydration synthesis,
which involves the combination of two functional groups to form a unique cova-
lently bound product, together with a small molecular by-product, following an
addition–elimination mechanism. Several condensation reactions have been
proven to be suitable candidates for on-surface synthesis and have received
increased attention due to their reversibility by simply adding a solution with a
certain concentration of the by-product [33,34]. Successful polyimide condensa-
tion [35,36] was accomplished on a Au(111) surface by reacting anhydrides and
amines with H2O as a by-product, where the careful design of the reactants
allowed to obtain both polymeric strands and porous networks. Moreover,
by reacting aldehydes and amines on Au(111) [37,38], successful polyimine con-
densation was accomplished to produce 1D and 2D polymers on a substrate,
together with H2O as a by-product. This process has also been successfully
accomplished at a liquid–solid interface on highly oriented pyrolytic graphite
(HOPG) [34]. Furthermore, with HCl as a by-product, two on-surface condensa-
tion reactions have been performed to successfully form 2D porous covalent net-
works: polyester condensation [39] by reacting alcohols and acyl chlorides on a
Au(111) surface and polyamide condensation [40] by reacting acid chlorides
with amines.
However, despite the versatility of these condensation processes, the on-

surface condensation of boronic acids has received most of the attention to
grow nanostructures on surfaces. This chemical reaction is a good example of
how noncovalent interactions controlling self-assembly processes can be used
to later initiate covalent coupling between adsorbed molecules on a substrate.
Furthermore, given their capability to form reversible covalent complexes,
boronic acids are extensively used in organic chemistry. Taking these factors
into consideration, successful on-surface covalent coupling between boronic
acids has been accomplished on a large variety of substrates, such as Ag
(111) [41,42], Ag(100) [41,43], Cu(111) [41], at the liquid–solid interface on
HOPG [33], and Au(111) [41,44]. These studies have demonstrated not only
the reversibility of the on-surface reaction, but also that the pore size and
quality of the 2D networks can be tailored through careful control over the
kinetic parameters of the reaction and the design of the reactants. Moreover,
successful attempts to combine the success of the condensation of boronic
acids and the Ullmann coupling have been carried out on Au(111) [44]. By the
reaction of a single reactant charged with boronic acid and bromine moieties,
subsequent stepwise activation leads to an optimization of the growth mecha-
nism of the 2D network on that substrate, with the polymerization yield reach-
ing almost 100%.
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1.2
Alkane Polymerization

To study the on-surface polymerization of alkanes, the Au(110) surface was
found to be a suitable substrate [45]. After the treatment of several sputtering–
annealing cycles, this surface reconstructs to form a missing row structure along
the [1–10] direction. Acting as one-dimensional constraint, the reconstruction of
the surface efficiently confines the diffusion of adsorbed molecules in the [1–10]
direction within the atomic channels. In the first step, n-dotriacontane (C32H66)
was used as a precursor molecule, which was deposited under UHV conditions
onto the gold substrate held at room temperature. Shorter alkane chains can
easily desorb, whereas the strong interaction of n-dotriacontane with the surface
inhibits desorption at elevated temperatures. The monomers adsorb on the Au
(110) surface exclusively along the atomic channels (Figure 1.3a). After subse-
quent annealing at 440K, the alkane monomers were bonded end to end, form-
ing long molecular chains within the atomic channels of the Au(110) substrate
(Figure 1.3b). The successful polymerization was checked by controlled manipu-
lation experiments with the STM tip, showing that sections of the reacted chains
could be pulled out from the substrate grooves (Figure 1.3c) and providing fur-
ther evidence that the products are covalently bound. It was found that most of
the reacted polymers have a length of more than 200 nm. In TPD experiments,
the desorption of H2 could be verified during the thermally activated polymeri-
zation pointing to a dehydrogenation polymerization process. This was further
confirmed by testing the reaction with 1,4-di(eicosyl)benzene and eicosylbenzene
monomers, which both have a phenylene moiety as a marker connecting the
alkyl chains (for more details see Ref. [45]). Results from DFT calculations pro-
vide a reasonable mechanism for the activation of the monomers, which exclu-
sively takes place at the terminal CH3 or penultimate CH2 groups. Furthermore,
the DFT results confirm that the orientational constraint of the reconstructed
Au(110) surface is a major factor for the reaction to proceed.

1.3
Azide–Alkyne Cycloaddition

Among the many conceivable reactions that have potential to be performed as
on-surface processes, azide–alkyne cycloadditions (often referred to as “click”
reactions) are interesting candidates due to their strong covalently linked prod-
ucts and their low activation energies [46]. Such reactions are free of by-prod-
ucts and performed as solution-phase processes that have been widely used for
the modification of surfaces and materials [47–49] as well as for the preparation
of biologically active compounds in pharmaceutical research [50]. The most
commonly used “click” reaction is the azide–alkyne 1,3-dipolar cyclo-
addition [51,52] leading to 1,4- and 1,5-triazoles. Whereas the classical thermal
process (Huisgen azide–alkyne [3+ 2]-cycloaddition), which proceeds under
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harsh conditions, that is, high temperatures, generally delivers a mixture of the
two regioisomers, the use of a copper catalyst provides 1,4-triazoles with high
efficiency and regioselectivity under ambient conditions (CuAAC) [51].
Resembling the CuAAC mechanism in solution, a successful cycloaddition of

alkynes and azides was recently accomplished on a Cu(111) surface with com-
plete regioselectivity toward the formation of the corresponding 1,4-tria-
zoles [53]. As for the solution-phase process, the high regioselectivity was
discussed considering the involvement of a copper acetylide (C-H activation)
and bonding of the alkyne group to the Cu(111) surface. However, a strong
interaction between the Cu atoms of the surface and the azide moiety causes the
degradation of the latter, limiting its reactivity considerably.
In an own recent study, STM experiments and DFT simulations were com-

bined to investigate on-surface cycloaddition reactions of N-(4-azidophenyl)-4-
ethynylbenzamide (AEB) monomers on a Au(111) surface under UHV condi-
tions [54]. The design of the AEB monomers (Figure 1.4a) is a combination of
two phenyl rings connected through an amide linker as backbone, allowing the
monomers to be thermally deposited on the surface, where they can lay flat and
diffuse, thus increasing the probability of the alkyne and azide groups to meet

Figure 1.3 Dehydrogenative polymerization
of n-dotriacontane (C32H66). (a) STM image of
C32H66 monomers on the Au(110)-(1× 2) sur-
face (20 nm× 15 nm). (b) Parallel polyethylene
chains after annealing up to 440 K for 30min
(50 nm× 50 nm; inset: 9 nm× 13 nm). (c) Sev-
eral polyethylene chains partially released
from the grooves by the STM tip

manipulations (50 nm× 70 nm). (d) High-
resolution STM image of Au atomic rows and
polyethylene chain (6 nm× 2.5 nm). (e) Height
profiles at the dotted lines in (d). (f) H2 signal
detected by mass spectrometry during the
annealing process (heating power: 1.2 A by
10.25 V). (Reprinted with permission from
AAAS [45].)
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with each other and react. The selection of the Au(111) surface as a template is
based on an attempt to diminish/prevent the degradation of the azides on the
surface, thus enhancing the reactivity.
The deposition of the AEB molecules on the Au(111) surface was carried out

by sublimation at a crucible temperature of 85 °C in UHV, while the surface was
kept at room temperature. The covered surface usually showed a first layer mix-
ture of reactants mixed with already reacted dimers as well as trimers, sur-
rounded by a disordered molecular phase (Figure 1.4b(i)). Such phase could be
ascribed to the azide end group degradation on Au(111) [53]. The quantitative
assessment of the yield of the observed cycloaddition revealed that from the total
of intact molecules found for four different deposition runs, about 29% reacted to
dimers and about 8% to trimers. Around 63% were found as nonreacted mono-
mers. It is interesting to note that the dimerization yield for the cycloaddition on

Figure 1.4 (a) Scheme of the proposed on-
surface azide–alkyne cycloaddition reaction.
Green circles enclose the triazole moieties.
(b) STM images of AEB monomer
deposition on Au(111) at room temperature.
(i) Large coverage deposition (50 nm× 50 nm).
(ii) Self-assembly of monomers and dimers

(13 nm× 17 nm). (iii) Dimers and trimers
formed as a result of the successful azide–
alkyne “click” reaction (3.5 nm× 7nm).
Inset: Molecular structure of the 1,4-triazole
dimer. (Adapted with permission from
Ref. [54]. Copyright 2013, American Chemical
Society.)
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Au(111) is considerably larger than the one observed on Cu(111) [53], which one
would expect larger due to the potential catalytic activity of copper. To confirm
the covalent linkage of the reactants, controlled manipulations with the STM tip
were carried out on the dimers and the trimers. Triazoles are known for their
robustness and their high torsional degree of freedom and such features are also
displayed by the on-surface coupling products on Au(111).
For a successful on-surface reaction to proceed, two monomers have to diffuse

toward each other so that the reactive alkyne and azide functionalities are close
enough for successful cycloaddition. Therefore, the self-assembled structure
obtained after initial deposition must somehow relate to the reactivity. In our
experimental studies, we found the unreacted AEB monomers to be present in
three different configurations: (i) nucleation along the step edges, which is in
agreement with the alkyne group high affinity for highly reactive sites, such as step
edges; (ii) agglomeration adjacent to molecular islands as a result of diffusion of
the molecules on the Au(111) surface and self-assembly driven by van der Waals
forces; most likely those observed monomers are unreacted remnants, which did
not find a counterpart to react with (lower section of Figure 1.4b(ii)); and (iii) self-
assembled arrangement of three monomers in a stable triangular shaped island
(upper section of Figure 1.4b(ii)). We found this configuration quite frequently
(∼27% of the monomers that remain intact after the deposition), being the only
configuration where exclusively monomers self-assembled independently.
The inset in Figure 1.4b(iii) represents the molecular structure of a 1,4-triazole

dimer. This structure matches very well the STM observations, since the alterna-
tive 1,5-regioisomer would present a significant tilt (L-shaped structure, see
scheme in Figure 1.4a) instead of the observed linear structure. In these experi-
ments, only the formation of the 1,4-regioisomer was observed. DFT calculations
showed that the Au substrate (i) lowers the activation energy, which causes the
reaction to proceed at room temperature, (ii) does not act as a catalyst but
merely as a two-dimensional constraint, and (iii) steers the complete 1,4-regiose-
lectivity of the [3+ 2] on-surface cycloaddition reaction by means of surface-
induced steric effects preventing the formation of the 1,5-regioisomer. The fact
that the regioselectivity of the azide–alkyne cycloaddition can be controlled by
the surface constraint and the reactants’ design provides an efficient method to
develop well-defined nanostructures at surfaces, without the requirement of a
catalyst or additional thermal activation.

1.4
Glaser Coupling

Another interesting coupling mechanism involves the halogen-free reaction of
aryl alkynes (Glaser coupling), which was studied at gold and silver surfaces [55].
For initial investigations, the diethynyl-substituted π-system C38, as shown in
Figure 1.5a, was studied. Figure 1.5b(i) shows an STM image of the C38 mole-
cule, which forms a self-assembled structure dominated by Van der Waals
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Figure 1.5
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interactions between the C6-alkane chains. After thermal annealing, the C38
molecules form a covalent bound nanostructure via reactions of the alkynes
(Figure 1.5b(ii)). However, due to various possible reaction pathways, several side
products were identified: Glaser coupling (Figure 1.5c(i)), formal hydroalkynyla-
tion of the terminal alkyne functionality either at the α-position or at the β-posi-
tion (Figure 1.5c(ii) and (iii)), dieyne products (Figure 1.5c(iv)), enediyne moiety
(Figure 1.5c(v)), and diyne polycyclotrimerization (Figure 1.5c(vi)). To further
study the catalytic role of the metal surface, the relative frequency of occurrence
of the reaction pathways (i)–(vi) was determined on the Au(111) and Ag(111)
surfaces. As in some cases the reactions (i) and (ii), as well as (iv) and (v), were
undistinguishable, they were combined in this analysis. However, it is important
to note that the Glaser reaction (i) is the main reaction type within the (i)/(ii)
pair of the statistical analysis. It was found that the reaction pathways (i)/(ii) and
(iv)/(v) occurred with frequencies of (26± 3) and (50± 3.6)% on the Au(111) sur-
face, while frequencies of (64.3± 8.1) and (19.7± 5.7)% were found on the
Ag(111) surface, respectively. Thus, Glaser coupling seems to be more efficient
on Ag(111) than on Au(111) surfaces, while the side reactions (iv)/(v) reverse.
To further improve the selectivity toward Glaser coupling, dimers of 1,4-dieth-

ynylbenzene having no alkane chains on its side (C20, Figure 1.6a(i)) were tested
as alternative reactants. Deposited on the Au(111) surface, they formed ordered
(Figure 1.6a(ii)) as well as disordered self-assembled structures [55]. After anneal-
ing, branched covalent bound nanostructures can be observed (Figure 1.6a(iii)).
In a similar statistical analysis as for the C38 case, Glaser coupling events
occurred at a frequency of (43.3± 4.3)% on the Au(111) surface. The selectivity
toward this reaction type could be further improved by performing the experi-
ment on the Ag(111) surface, where a frequency of (67± 3.8)% could be achieved.
At the same time, the side reactions (iv)/(v) were slightly reduced to (40.8± 4.1)%
on the Au(111) surface and (21.6± 3.6)% on the Ag(111) surface.
By further optimization of the precursor molecules, the side reactions of

alkynes could be completely suppressed. Figure 1.6b(i) shows the structure of the
resulting C22 molecule with an ortho-substituent next to the alkyne functionality,
which suppresses side reactions due to steric reasons. As shown in Figure 1.6b
(ii), STM images of the self-assembled C22 molecules on Au(111) match its
chemical structure very well. After reaction, C22 molecules were mainly con-
nected one by one through Glaser coupling (Figure 1.6b(iii)). The length of the

Figure 1.5 Glaser coupling of the C38 mole-
cule. (a) Molecular chemical structure.
(b) High-resolution STM image of C38 precur-
sors at a Au(111) surface (i: 6 nm× 6 nm), as
well as high-resolution image of C38 oligo-
mers after thermal annealing at 123–140 °C
(ii: 25 nm× 25 nm). (c) Rationalization of the
different observed covalent bonding types in
on-surface oligomerization by STM images

(all with 6 nm× 6 nm) and the corresponding
chemical structures. (d) Corresponding statisti-
cal analysis for the distribution of the
observed products on Au(111) and Ag(111)
surfaces, which clearly prove that the Ag(111)
surface works more efficiently toward the
Glaser coupling. (Redrawn with permission
from Wiley-VCH Verlag GmbH [55].)

◀_________________________________________________________________________________
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polymers could be increased up to 59 monomers when Ag(111) was used as a
substrate. The statistical analysis revealed that the Glaser coupling was optimized
up to (92.1± 5.1)% on Au(111) and (96.4± 1.7)% on Ag(111). At the same time,
the side reactions (iv)/(v) were completely suppressed.

Figure 1.6 Glaser coupling of C20 and C22
molecules. (a) Chemical structure of the C20
molecule (i) and its high-resolution STM
images before (ii: 6 nm× 6 nm) and after
(iii: 25 nm× 25 nm) the Glaser coupling
reaction on the Au(111) substrate. (b) Chemical
structure of the C22 molecule (i) and its high-
resolution STM images before (ii: 6 nm× 6nm)
and after (ii: 25 nm× 25nm) reaction on the
Au(111) substrate. (c) Summary of the

statistical analysis for the distribution of the
observed products on the different substrates
allowing the comparison of the catalytic abili-
ties of Au(111) and Ag(111) surfaces toward
Glaser coupling, side cross-coupling, and the
influences of chemical structures from C38 to
C20 and C22. ((a) Adapted with permission
from Ref. [56]. Copyright 2013, American
Chemical Society. (b) Redrawn with permission
from Wiley-VCH Verlag GmbH [55].)
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Figure 1.6c shows a summary of the statistical frequencies for the different
tested reactants C38, C20, and C22. As indicated by the yellow arrow, the ortho-
substituent next to the alkyne works very efficiently toward chemical selectivity
of Glaser coupling in alkyne reactions. Another important point is that the Ag
(111) surface has a stronger catalytic effect toward Glaser coupling than the Au
(111) surface, where the latter leads to more side reactions. To understand the
different catalytic effects of on-surface Glaser coupling on metal surfaces, DFT
simulations were conducted [56]. The results suggest a model with two possible
reaction pathways: C-C coupling via direct C-H activation and C-C coupling
via alkynyl activation by π-complex formation. On both Au and Ag surfaces, the
alkyne direct C-H activation was found to be a high-energy pathway (1.64 and
1.85 eV on Au and Ag, respectively), which is very unlikely to occur in experi-
ments. The alternative low-energy route (0.79 and 0.9 eV on Au and Ag, respec-
tively) comprises interaction of the alkyne functionality with the surface and
direct C-C bond formation as the rate-determining step.
In a subsequent study on the (111) surfaces of Ag, Au, and Cu, photoinduced

effects on the Glaser coupling were investigated by exposing self-assembled
monolayers of the C22 molecule to UV irradiation [57]. As shown in Figure 1.7a,
the formation of aryl alkyne dimers at the Ag(111) surface could be induced after
UV irradiation for 67 h at a wavelength of 375 nm. This photochemical aryl
alkyne dimerization occurred also on Cu(111), but with a significantly reduced
efficiency compared with Ag(111). On the gold surface, no photoinduced effects
could be observed at all, emphasizing the catalytic role of the substrate also for
the photoinduced approach of the Glaser coupling. Short aryl alkyne oligomers
such as trimers and tetramers could be observed on the Ag(111) surface as shown
in Figure 1.7b. The statistical analysis of the oligomer length distribution shows
that the main products of photochemical reaction of the C22 molecules are the
dimers with an abundance of (87.4± 2.1)%, which significantly differs from the
products of the thermally induced C22 reactions on Ag(111). In comparison with
the thermal process, the major advantage of the photochemical on-surface
reaction at room temperature is that the self-assembly of the reactants after initial
deposition may be restored, allowing spatiotemporal control of the C-C bond
formation. The DFT simulations indicate why the Ag surface is more efficient
than Au. This is because the gold surface interacts stronger with the alkynyl
groups resulting in a reduced mobility of the molecules on the substrate and a
longer trapping of C-C coupled intermediates to branching reactions.

1.5
Decarboxylative Polymerization of Acids

The metal-catalyzed polymerization of 2,6-naphthalenedicarboxylic acid
(NDCA) is another important recent achievement in the research filed [58]. The
C-C coupling of NDCAs was found to occur via a three-step process, which is
visualized in the scheme in Figure 1.8a: step 1 is a dehydrogenation process to
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provide the corresponding metal carboxylate; in step 2, a decarboxylative process
leads to the formation of polymeric bisnaphthyl-Cu as an intermediate species;
and step 3 finally leads to C-C coupling forming poly-2,6-naphthalnene chains
via decarboxylation. First of all, it was found that this reaction seems generally
not to proceed on the Au(111) surface. Switching to the Ag(111) surface, the
interaction of the carboxyl group with the substrate could be increased and
covalent coupling of NDCAs occurred after thermal annealing to 156 °C. How-
ever, due to the desorption of NDCA during annealing, the efficiency toward
poly-bisnaphthyl-Ag intermediates as well as the oligo-2,6-naphthalene was

Figure 1.7 Photochemical Glaser coupling of
the C22 molecule after UV irradiation (67 h) on
Ag(111). (a) STM image of C22 dimers (17 nm
× 17 nm), with a high-resolution image shown
in the inset (5 nm× 5 nm). (b) STM image of
short C22 oligomers (20 nm× 20 nm), with an

inset image (8.4 nm× 8.4 nm). (c) The corre-
sponding statistical analysis for the oligomer
distribution. (Adapted with permission from
Ref. [57]. Copyright 2014, American Chemical
Society.)
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Figure 1.8 Metal-catalyzed on-surface
polymerization of NDCA. (a) Schematic
illustration of the reaction pathway. (b) STM
images for the polymerization of NDCA on
Cu(111) from unreacted precursor molecules
(i: 6 nm× 6nm), to their dehydrogenated state

(ii: 10 nm× 10 nm), via the bisnaphthyl-Cu
intermediates (iii: 4.24 nm× 4.24 nm),
and finally to poly-2,6-naphthalene
(iv: 4.2 nm× 4.2 nm). (Adapted with permission
from Ref. [58]. Copyright 2014, American
Chemical Society.)
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rather low. Therefore, Cu(111) was tested as substrate for the reaction, as it
shows the strongest interaction with carboxyl groups compared with the Au(111)
or Ag(111) surfaces. Expectedly, a hydrogen-bonded self-assembly structure (one
of the different phases is shown in Figure 1.8b(i)), dehydrogenated product
(Figure 1.8b(ii)), bisnaphthyl-Cu species (Figure 1.8b(iii)), and final polynaphtha-
lenes (Figure 1.8b(iv)) were obtained with high efficiency. Moreover, the differ-
ences of Cu(111), Cu(100), and Cu(110) surfaces were compared toward such
decarboxylative polymerization. Surprisingly, the following reactivity order was
observed: Cu(111)>Cu(100)>Cu(110), which likely relates to the ability of metal
atoms being pulled out of the surface. The experiments also revealed that the
organometallic polymers (bisnaphthalene-Cu species) on the Cu(100) surface
were grown only in [001] and [010] directions, while organometallic polymers on
the Cu(111) surface grow in [110], [011], and [101] directions. This substrate
dependence indicates that the metal atoms part of the organometallic polymers
should have a specific interaction with the metal surfaces.

1.6
Conclusions

An interesting feature of on-surface chemical reactions is the possibility of tar-
geted conjugation in more than one direction on a substrate, extending 1D
polymerization to the growth of 2D organic networks. Thereby, on-surface
reactions performed under UHV conditions benefit from the lack of solvents
required, which allows us to gain insight into chemical processes under well-
defined conditions. The recent achievements in this research field allow to
identify some important prerequisites for a successful covalent coupling, which
are summarized in the following.
An important aspect is the flat adsorption geometry of the reactants, where the

adsorption strength is crucial to avoid desorption when the system is supplied
with additional energy by thermal annealing and/or light illumination. In particu-
lar, it has been observed to impact directly the ordering of the products after the
on-surface coupling [55,59,60]. Too strongly adsorbed molecules might inhibit a
reaction by reduced diffusion, which is vital for the reactive moieties to meet in
the desired geometry on a surface. Therefore, reduced diffusion can lead to poor
reactivity and stereocontrol [55,59,60]. For experiments under UHV conditions,
the design of the reactants should enable a straightforward deposition, which in
most cases is done by thermal sublimation. Potential issues could be the decom-
position of the molecules or reactive end groups due to the elevated sublimation
temperatures in the crucible. For the proper design of the reactants, steric effects
on the surface should be considered, providing further control on the reaction
mechanism, for example, in view of regioselectivity of the anticipated bond for-
mation. Another important aspect is the choice of the substrate. As shown ear-
lier, a surface can act as both a two-dimensional spatial constraint [54] and an
active catalytic agent in a specific reaction mechanism [28,45]. Therefore, a
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simple transfer of reaction mechanisms from solution-phase chemistry to on-sur-
face reactions is not straightforward. Furthermore, surface orientation, recon-
structions, or well-oriented stepped surfaces can help to provide directional
alignment of the products [23,28,29,45]. Finally, reaction by-products are usually
detrimental for the properties of a highly defined nanomaterial and can hinder
the studied process or even suppress it [26].
Given the remarkable achievements of the last few years in the field of on-

surface reactions with organic molecules, a promising approach for the develop-
ment of novel nanomaterials with tailored optoelectronic properties and poten-
tial applications in devices emerged. The current major challenges are to
determine the critical parameters to control reaction pathways and material
properties in the two-dimensional environment of a surface. However, future
work should also focus on extending the existing tool kit of on-surface chemistry
by finding additional reaction pathways.
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