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

1 Introduction

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

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

2 Results and Discussions

2.1 On-Surface Polymerization Technique

In general, the on-surface assembly of molecular building blocks into large and
extended structures according to a bottom-up scheme can be achieved by different
strategies. If stabilized by rather weak non-covalent intermolecular interactions [5-8,
33], these nanostructures belong to the field of supramolecular chemistry [34]. For
instance dipole—dipole interactions have been used to govern the molecular aggre-
gation of porphyrin derivatives, carrying two trans-positioned cyanophenyl groups,
into long linear chains on a Au(111) surface (Fig. 1a) [6]. Two opposing cyanophenyl
groups can engage in a self-complementary dipolar interaction (hydrogen bond)
thereby driving and directing the self-assembly into elongated porphyrin chains.
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Fig. 1 Supramolecular self-assembled molecular structures. a STM image at 63 K of
trans-BCTBPP wires hold together via dipole—dipole interactions on Au(111) (Reproduced from
[6], with permission). b Two-dimensional networks of PTCDI and melamine molecules stabilized
via H-bonding (model structures of the molecules and network in the upper panel). In the lower
panel, an STM image of the network (=2 V, 0.1 nA). In the inset, a high-resolution view of the
Ag/Si(111)-/3 x 3R30° is shown (Reprinted by permission from Macmillan Publishers Ltd:
Nature [7], copyright 2003). ¢ STM topographic image of an extended and highly regular networks
formed by Codirected assembly of NC—Ph;—CN linkers. In the inset, the structure of the molecule
including its length and STM topography of the threefold Co—carbonitrile coordination motif with
model structure is shown (Adapted with permission from Schlickum et al. [8]. Copyright 2007
American Chemical Society)

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

In addition to these interactions, the formation of even stronger covalent carbon—
carbon bonds between molecules on the surface gained large attention in the last
years [9-18, 30, 31, 35]. The nature of the covalent bond allows to confer high
stability and durability to the molecular structures, in contrast to non-covalent
intermolecular bonds-based structures. This property is a key when thinking of
potential use in future applications [2]. In analogy to the approach here, the
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Fig. 2 Covalently linked molecular architectures by on-surface polymerization. Single building
blocks are synthesized ex situ with halogen substituents. After being thermally activated, the
species diffuse across a surface, interact to each other and the formation of new carbon—carbon
covalent bonds take place at the activated sites positions [9]

bottom-up growth of large networks as graphene [3] and boron nitride [4] sheets
also led to highly stable structures, because of the covalent nature of their links.

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

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

3 Chemical Considerations

When considering an Ullmann coupling reaction [32] as the connection sequence
for an on-surface polymerization, several key criteria have to be met. First, one
needs to design monomers, which on the one hand have to be reactive at the desired
connection sites to allow for regioselective activation, for example, by carrying
labile halogen substituents, yet otherwise need to be stable at the deposition and
reaction conditions. In addition, the activated monomers also have to be mobile on
the surface to diffuse to other monomers and the growing polymer. The latter point
inevitably also depends on the surface, which needs to stabilize the formed aryl
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Fig. 3 Possible activation mechanisms for aryl halides to initiate covalent on-surface
polymerization

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

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

While in all cases the aryl-halogen single bond is broken, the technique/stimulus
used for activation potentially provides control over where the Ullmann reaction
and hence polymerization is taking place. In contrast to the pioneering work of the
Rieder group on the dimerization of iodobenzene induced with the STM tip at the
step edge of a Cu(111) surface [36] the majority of the reported work has been
exploring thermal activation mostly in conjunction with coinage metal substrates.
Hereby, the temperature required for dissociation of the halogen substituent cru-
cially depends on the type of halogen (and potentially also on the type of (het)aryl
moiety) as well as the type of substrate. The first aspect has been exploited by us for
the hierarchical growth of two-dimensional polyporphyrin networks (see below),
where we utilize sequential activation of first iodine and then bromine substituents
to separate the two orthogonal growth directions [35]. While the C-I bonds are
cleaved at 120 °C, the C-Br bonds cleave at 250 °C on the employed Au(111)
surface. Of course, the latter is important as well since similar C—I bonds cleave at
much higher temperatures in the absence of a coinage metal as shown by the work
of Gourdon, Kiihnle, and coworkers on calcite (CaCOj3), where temperature above
300 °C are necessary for activation [37].

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



6 C. Nacci et al.

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

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

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

(a)
dimerization of
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surface-stabilized radicals: Are + eAr ——= Ar—Ar R S ORC >€_ =5
@m @m

(b)

reductive elimination
from metal-aryl complexes: Ar—M-Ar = Ar—Ar

Fig. 4 Possible coupling mechanisms for aryl halides to initiate covalent on-surface polymer-
ization: regioselective coupling (a) and aryl-aryl connection via an intermediate formation of an
aryl-metal—aryl intermediate (b)
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Fig. 5 a Chemical structure of Br,—HBC. b Cu-bridged HBC chain on Cu(111) (5.5 x 2.0 nm?,
=300 mV, 0.3 nA). ¢ HBC chain on Au(111) (5.5 x 2.0 nm?, =300 mV, 0.1 nA). d Height profiles
in STM images along a HBC trimer on Cu(111) and Au(111) [43]

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

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

4 On-Surface Synthesis of Covalently Bound
Nanostructures

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

In both cases, the covalent linking takes place on the supporting surface upon
thermal diffusion. As a first candidate for on-surface synthesis, a porphyrin building
block with four bromine substituents (Br,TPP) has been used (inset of Fig. 6a). If
the evaporator temperature was 550 K or lower during deposition, large and ordered
islands of intact Br,TPP were found as a result of molecular diffusion at the surface
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Fig. 6 Molecular nanostructures formed by different approaches (methods I and II). a STM image
(20 x 20 nm?) of a BryTPP molecular island on Au(111) after deposition at low evaporator
temperature of 550 K onto the substrate surface kept at room temperature. Molecules are deposited
intact onto the surface. The inset shows the chemical structure of Br,TPP. b STM image
(41 nm x 41 nm?) for deposition at elevated evaporator temperature of 610 K. This causes the
activation of the molecular species into the evaporator and subsequently the formation of
covalently bound structures onto the surface. The Au(111) sample was cleaned by repeated Ne ion
sputtering (E = 1.5 keV) and subsequent annealing up to 720 K. Measurements were performed
under UHV conditions with a low-temperature STM operated at a temperature of 10 K. STM
images were recorded in constant current mode with the bias voltage referring to the sample with
respect to the STM tip [9]

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

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

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

If the monomer building block provides just one reactive side (BrTPP, Fig. 7a), the
only possible result is a dimer. Porphyrin building blocks carrying two reactive sides
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Fig. 7 Building nanoarchitectures using different monomer building blocks carrying one (left
column, prepared by method I), two (middle column, prepared by method II) and four (right
column, prepared by method I) Br substituents (a—c). STM images (3.5 x 3.5 nm?) of the single
intact molecules (d—f). Overview STM images (30 x 30 nmz) of the nanostructures after activation
and connection (g—i). Detailed STM images of the resulting nanoarchitectures (j 5 x 5 nm?;
k 10 x 10 nm>; 1 8.5 x 8.5 nmz). Corresponding chemical structures of the nanostructures (m-o).
Measurements were performed under ultrahigh vacuum (UHV) conditions with a low-temperature
scanning tunneling microscope (STM) operated at a temperature of 10 K. Covalently linked
molecular structures were produced in case of method I from molecular building blocks via
on-surface polymerization [9], i.e., dehalogenation at a typical temperature of 523 K (bromine
dissociation) for 10 min and subsequent covalent linking of the molecules [9]
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as trans-Br, TPP (Fig. 7b) allows accordingly the formation of long and linear chains as
shown in Fig. 7h, k. When all four porphyrin unit legs carry Br substituents (Fig. 7¢),
the construction of two-dimensional molecular network is enabled (Fig. 7i, 1). This
proves that a careful choice of the molecular design, i.e., the arrangement of the active
end groups within the molecular framework of the single building block, and a suc-
cessful ex situ organic synthesis of the initial building blocks give high control over the
final architecture of the molecular structures.

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

didViau)

Energy above the Fermi bevel (eV)

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

A clear signature for the covalent nature of the intramolecular bond within the
dimer is provided by spectroscopy of single molecules (by scanning tunneling
spectroscopy, STS). The interconnection site within the dimer appears homogenously
at low bias voltages, while it appears as a bright protrusion when imaged at +3.0 V
(Fig. 8a, b). This protrusion is indeed related to an electronic broad features localized
at around +3.0 V (upper STS curve in Fig. 8c) suggesting the presence of a localized
orbital [9]. DFT calculations prove the local formation of a covalent C—C inter-
molecular bond in full agreement with the experimentally measured porphyrin cores
interdistance. Specifically, the calculations revealed the formation of C—C bonding
(o) and antibonding (c*) orbitals that give rise to the signal in the d//dV spectra.
Hence, the peak at around 3 eV is a direct fingerprint of the chemical nature of the
covalent bond. It is caused by the strong interaction with the two non-occupied
antibonding 7 orbitals associated to the two legs, resulting in an in-phase and an
out-of-phase combination, which are split by 1.3 eV. The in-phase combination is
responsible for the increase of the calculated local density of states precisely located
in between the porphyrin cores at about 2.8 eV (Fig. 8e, f) above the highest occupied
molecular orbital (HOMO). This calculated electronic feature is associated to the
experimentally probed electronic feature at about 3.0 eV shown in Fig. 8 [9].

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

Fig. 9 Formation of polyphenylene-based polymers by on-surface polymerization. a Ullmann
coupling of diiodobenzene molecules. b STM image (7' = 115 K, 19 x 19 nm% V=-193V,
I =1.06 nA) of PPP-based olygomers. 1,3-diodobenzene (/ in panel a) were dosed on Cu(110)
kept at room temperature and afterwards annealed to 500 K. ¢ 0.2 L of 1,3-diiodobenzene dosed
onto Cu(110) held at 500 K. STM topography (11.3 x 11.3 nm?, Vo =-0.57 V, I, = 0.82 nA) of
oligomer branches. A model of PMP is overlaid on one of the oligomers. Top-right inset a force
field relaxed model of PMP chain in the iodine matrix on a slab of Cu corresponding to the marked
region in the STM image. Bottom right inset a scale portion of the RT deposited surface, showing a
protopolymer of molecule 2 in panel a. Reproduced from [19]. © 2009 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. doi:10.1002/sml1.200801943
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covalent bonds when depositing molecules on the surface kept at room temperature.
Heating the sample to 500 K for 5-10 min is needed to induce the formation of
straight conjugated PPP olygomers (Fig. 9b). The formation of zigzag PMP wires
and macrocycles as well were promoted and observed when using
1,3-diiodobenzene (Fig. 9c, kinks are ascribed to the molecular symmetry) [19].

5 Controlling Nanostructures by Hierarchical Growth

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

As mentioned above, the architecture of the final structures is encoded in the
single monomer building block by incorporating distinct carbon—halogen bonds
that dissociate and create active sites at the halogen sites. With this purpose, a
porphyrin trans-Br,I, TPP unit has been designed and synthesized in order to carry
two different types of halogen—phenyl side groups (Fig. 10a). Trans-Br,I,TPP
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activation
temperatures

Fig. 10 Single monomer building blocks carrying Br and I substituents for sequential activation.
a Chemical structure of the trans-Br,I,TPP. Br and I chemical groups have different chemical
activation temperatures. b STM image (0.5 V, 0.1 nA) of a single intact trans-Br,],TPP on Au
(111). I substituents appear brighter than Br ones because of their different chemical structure.
Measurements were performed under UHV conditions with a low-temperature STM operated at a
temperature of 10 K. Molecules were sublimated at 593 K onto Au(l111) kept at room
temperature [35]

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

Trans-Br,1, TPP molecules have been deposited onto Au(111) while keeping the
substrate at a temperature of 80 K to suppress catalytically driven iodine dissoci-
ation from the molecules that occurs at higher temperatures, thus to keep the
molecules intact with all four halogen substituents [35]. Under these conditions,
molecular units are preferentially found in close-packed arrangements (Fig. 11b).
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Fig. 11 Hierarchical growth of homogeneous molecular structures. a Scheme of the sequential
activation mechanism (from left to right). In the first activation step, I substituents are dissociated
and active sites in a trans geometry (first growth direction) are created enabling the formation of
linear structures (from b to ¢). In the second step, Br are dissociated by annealing at higher
temperatures. This further step allows to create lateral active sites that enable the growth along the
second growth direction, i.e., the formation of 2D networks (from ¢ to d). STM images (8 x 8 nm?,
b) of trans-Br,l,TPP molecules on Au(111), after heating up to 120 K (step 1, 8 x 8 nm?, ¢), and
after further annealing up to 250 K (step 2, 10 x 10 nm?, d). e STM image (10 x 10 nm?) of
close-packed porphyrin chains after the first activation step. Further experimental details are in
caption Fig. 9 and Ref. [35]

Annealing of the sample up to room temperature induces a partial I dissociation,
while annealing up to 120 °C enables an efficient polymerization across the trans-
iodine direction (first growth direction in panel Fig. 1la) during the first
step. According to the frans-arrangement of halogen substituents within the single
monomer, linear chains of porphyrin units are grown (Fig. 11c). This is in analogy
to the trans-Br,TPP molecules (Fig. 7h) but at lower temperatures because iodine is
involved here. There are two important characteristics of these intermediate prod-
ucts (shown in Fig. 11c): (1) These chains always have a bright loves at their end,
which reflects an iodine atom (as in Fig. 10b). Hence, all newly formed bonds are
located at former iodine sites, which confirms the successful selective activation in
this first step. (2) The Br substituents, which appear darker than the iodines, can be
clearly seen sideways at the polymer chain and are therefore still present. However,
they have not been activated yet and are therefore dormant, waiting to be activated
at a suitable temperature.

Furthermore, covalently linked porphyrin chains arrange themselves parallel to
each other into close-packed islands (Fig. 11e). In the next growth step, Br sub-
stituents are efficiently dissociated by thermal annealing up to 250 °C enabling the
polymerization process along the second growth direction (as indicated in Fig. 8a)
and triggering the formation of TPP-based two-dimensional networks (Fig. 11d).
This represents an elegant way to grow two-dimensional networks in a sequential
manner, and it is worth to compare it with the same structure obtained by the
one-step growth process (TPP-based networks in Fig. 7i, 1). An analysis of the
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regularity of the TPP-based networks grown following both methods suggests that
the hierarchical growth allows to prepare 2D architectures with less incorrectly
connected building blocks, i.e. defects, and larger spatially extent regular networks
(a detailed analysis is present in [35]).

Heterogeneous molecular architectures might be grown according to a hierar-
chical growth scheme. Covalently linked two-component structures on metal sur-
faces under UHV condition have already been achieved [10], although in a one-step
growth process and thus limited control. The capability to activate different reaction
pathways step-by-step allows a better tuning of the growth process. While the
formation of two-dimensional TPP networks could also be achieved in a one-step
process (Fig. 71), the mixture of two molecular species in addition to the selective
activation mechanism leads to molecular nanostructures that cannot be formed in
one step. When combining trans-Br,I,TPP and DBTF molecules (Fig. 12a) on a Au
(111) surface the two growth steps are sequentially activated when heating the
sample at 250 °C. First, iodines of trans-Br,, TPP molecules are dissociated and
linear porphyrin chains are created while Br-phenyl groups remain intact (Fig. 11c).
Second, Br sites are dissociated and DBTF molecules form linear chains that
connect to the former Br site of porphyrin building blocks (Fig. 12b). In this way a
ladder-type structure is formed that could not be achieved in one step.

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

auason|4

Fig. 12 Hierarchical growth of heterogenous architectures. a Chemical structure of DBTF
molecules. b STM image (7= 10 K, 18 x 13 nm?) of heterogenous networks based on DBTF and
trans-Br, ], TPP on Au(111) by hierarchical growth after heating up to 250 °C. ¢ Statistical analysis
of porphyrin and fluorine attachment to the porphyrin trans-Br,l, TPP monomer at former bromine
and iodine sites (number of evaluated sites: n; = 489, ng, = 269). Measurements were performed
under UHV conditions with a low-temperature STM operated at a temperature of 10 K. A Knudsen
cell was used to evaporate BryTPP molecules at 550 K and DBTF molecules at 503 K onto Au
(111). The on-surface synthesis was achieved raising the sample temperature to 250 °C [35]
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these sites are incorrectly used for fluorine connections. The second growth step
determines a pronounced occupation of the remaining two Br sites by fluorene
molecules (70 %, see Fig. 11c). The numbers are less impressive in this second
case, because at the former Br sites also two porphyrin chains could be linked side
to side, which represent a competition process for the planned ladder structure. This
proves that the hierarchical growth leads to the formation of copolymers assisted by
a remarkable degree of selectivity of the chemical species involved in the process.

6 Substrate-Directed Growth by On-Surface Synthesis

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

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

The effect of surface anisotropy on the growth of two-dimensional networks has
been studied with an Au(100) single-crystal surface. The reconstructed surface
shows a quasi-hexagonal (5 % 20) superstructure with straight rows of vertically
displaced atoms [47], as shown in Fig. 14a [35]. Trans-Br,,TPP molecules have
been deposited on Au(100) at low temperature in order to keep all halogen—phenyl
groups intact. Afterwards the sample was annealed to 120 °C. After this procedure,
covalently bound porphyrin chains with a preferential orientation are found as
illustrated in Fig. 14a. Hence, the surface reconstruction determines the orientation
of the final nanostructure.



The Emergence of Covalent On-Surface Polymerization 17

f_v

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

An analysis of the chains angular distribution reveals a preferred angle at 51°
between chains and atomic rows (Fig. 14b). This finding can be easily rationalized
by geometric arguments since all porphyrin units are adsorbed on equivalent sites
(Fig. 14c¢), thus reducing the total energy by this particular angle [35]. This is in
contrast to the rather flat Au(111) surface where the angular distribution of chains is
less defined (Fig. 7 and Ref. [1]) and underlines the importance of the surface
corrugation. After heating to 250 °C (the second activation step), formation of
rectangular networks is again found (Fig. 14d) with a clear orientation off the Au
(100) atomic rows orientation [35]. Small networks reveal deviations from the
rectangular shape (angle B = 101 + 3° instead of 90°) as shown in Fig. 14d. This
effect is most likely ascribed to the reduced relative contribution of intermolecular
bond energy compared to the interaction of the molecular assembly with the surface
[35] for small networks. Furthermore, a larger average size of networks is achieved
as compared to the Au(111) surface [35], which can directly be assigned to the
surface anisotropy. The corrugation rows lead to a parallel arrangement of the
intermediate products (as illustrated in Fig. 14a) that results in a sort of zipping
mechanism for the two-dimensional linking in the second step: If the first link
between two chains is established, all other porphyrin units are in a perfect
arrangement with respect to each other and a rather efficient linking of long chain
segments can occur. As a consequence, the final nanostructures are larger for
hierarchical growth on a corrugated surface than in a single-step process.
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(d)

20 40 60 80
Angle, a

Fig. 14 Substrate-directed growth of networks. a STM image (42 x 42 nm?) of trans-Br,l,TPP
chains grown on Au(100) after the first activation process. b Angular distribution for chains shown
in panel a. ¢ Adsorption geometry scheme of polymeric chain on Au(100) surface with an angle of
55° for equivalent adsorption sites for all porphyrins (ag = 1.44 nm and dy = 1.76 nm). d STM
image (20 x 20 nm?) of an approximately squared covalently linked molecular network after the
second activation process. Measurements were performed under UHV conditions with a
low-temperature scanning tunneling microscope (STM) operated at a temperature of 10 K.
A Knudsen cell was used to evaporate BrsTPP molecules at 550 K onto Au(100). The first and
second activation steps were induced by heating to 120 and 250 °C, respectively [35]

7 Summary

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