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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 m-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

Conformationally rigid precursors

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 (¢) 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
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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,
which were laterally interconnected by subsequent thermal activation of C—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
dimers via C-Icleavage and subsequently 2D networks via C-Brcleavage (see Fig. 2b)
[35]. Similarly, Shi et al. used 1,3-bis(p-bromophenyl)-5-(p-chlorophenyl)benzene to
form dimers in a C—Brcleavage reaction and subsequently networks in aC—Cl cleavage
reaction. However, in both studies, no substantial difference could be found in the
network quality for the direct and hierarchical polymerization protocols. This suggests
thatdimers as intermediate products due their large structural flexibility donot provide a

(@ - ’ .
HH N ; Au(111J HH N LR
i M OHN — N H oW
B B B
(b) ar Br ar
Au(111)
B B 8
B
(c) :
B B
¥ Au(i) 5 "
—_— Br
b B
E B
B B

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. ¢ 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(l11).
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 m-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 = 2Vn(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
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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 m-orbitals, although several of the reported 2D
polymers possess a continuous network of sp®-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
T-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 m-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 m-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 OD and 1D shows that
the m-electron delocalization length is only little increased between 1D and 2D
CTPA polymers. In addition, constant height d//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 m-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
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Fig. 5 d1/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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