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Covalent on-surface polymerization
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With the rapid development of scanning probe microscopy, it has become possible to study polymerization processes on suit-
able surfaces at the atomic level and in real space. In the two-dimensional confinement of a surface, polymerization reactions
can give rise to the formation of unprecedented polymers with unique structures and properties, not accessible in solution.
After a little over one decade since the discovery of covalent on-surface polymerization, we give an overview of the field, anal-
yse the crucial aspects and critically reflect on the status quo. Specifically, we provide some general considerations about fun-
damental mechanisms as well as kinetics and thermodynamics of on-surface polymerization processes. The important role of
the surface is detailed in view of its ability to control polymer formation with regard to structure, dimensionality and composi-
tion. Furthermore, examples that allow for locally induced polymerization are highlighted. Finally, we provide an analysis of

scientific challenges in the field and outline future prospects.

both homogeneous and heterogeneous processes. While

homogeneous reactions offer the advantage of efficient mix-
ing of substrates, the interface at the phase boundary offers unique
advantages in heterogeneous processes: the catalytic activity of the
typically solid surface, its anisotropy, chirality and templating effect
as well as the facilitated separation/purification. Examples such as
the (possibly symmetry breaking) reactions of prebiotic molecules
on inorganic mineral surfaces millions of years ago and industrial
ammonia synthesis, developed by Haber and Bosch about a century
ago, are testament to the power of heterogeneous catalysis and the
importance of solid surfaces to enable, facilitate and catalyse spe-
cific chemical transformations.

In the context of polymerization, heterogeneous catalysts were
the first to be used to produce high-density polyethylene, as pio-
neered by Ziegler in the early 1950s'. The advent of nanoscience
and nanotechnology was triggered by the development of scan-
ning tunnelling microscopy (STM) by Binnig, Rohrer and Gerber
in the 1980s* which, for the first time, enabled researchers to
atomically resolve solid surfaces and image individual molecules
on them. While investigations of small molecules on metal sub-
strates by STM helped to reveal detailed insight into ammonia
synthesis among others’, studies of polymeric entities suffered
from limited sample preparation. Although a large variety of typi-
cally sheet-like supramolecular polymers could successfully be
prepared by self-assembly of small-molecule building blocks*”,
covalent polymers were not studied — simply because they could
not be evaporated intact due to their high molecular weight
(and limited thermal stability).

Inspired by the vision of Drexler’s assembler®, and in particular
by the key demonstration of covalent assembly at the single-mole-
cule level using the STM tip by Hla, Rieder and co-workers’, we ser-
endipitously discovered the in situ formation of covalent polymers
directly on the surface after evaporating molecular precursors®.
The successful formation of a chemical bond is not only visible
in microscopy images via the characteristic geometric arrange-
ment — and also well-defined distance — of the linked monomers,
but also can be clearly identified via electronic features that are a
spectroscopic fingerprint for covalent bonding®. Importantly, the

f ynthetic chemistry, and in particular catalysis, encompasses

monomer building blocks were linked at predetermined (activated)
positions, allowing for the rational synthesis of one-dimensional
(1D) polymer chains and two-dimensional (2D) polymer networks,
and thus providing the basis of what is nowadays referred to as
‘on-surface polymerization™.

Starting from some key findings about one decade ago', this
area of research at the interface of matter as well as disciplines
has witnessed an enormous development with an ever-increasing
number of publications and, even more importantly, many impor-
tant breakthrough contributions. It is fair to state that ‘on-surface
polymerization’ has developed into a respected modern method of
preparing otherwise inaccessible polymer architectures with unique
functions, as impressively highlighted by the precision synthesis
of graphene nanoribbons (GNRs) by Fasel and Miillen'"'?. In this
Review Article, we highlight the current state of the art in the rap-
idly growing field of on-surface polymerization from both physical
and chemical perspectives. We focus on covalent polymerizations
in single molecular layers on solid, atomically defined surfaces, in
contrast to, for instance, nanoparticles', soft air/liquid interfaces
(for example, Langmuir-Blodgett films') or exfoliation of layered
systems'®. Polymers composed of metal-ligand coordination bonds,
although used very successfully for the formation of 1D and 2D
supramolecular nanostructures’, are not included.

Polymerizations on planar crystalline surfaces are characterized
by two unique features. On the one hand, the surface confines mono-
mers, intermediate oligomers and polymers in two dimensions and
provides an anisotropic surrounding with spatially defined sites for
reactivity (catalysis) and preorganization (templation). On the other
hand, the atomically defined surface enables the detailed under-
standing of elementary chemical processes as it allows for analysis
in real space by scanning probe microscopy. While in the (to the
best of our knowledge) first polymerization experiment on a well-
defined surface'®, spectroscopic techniques were used that average
over large surface areas, local probing by STM became the method
of choice. With the development of non-contact atomic force
microscopy (ncAFM)", another method for molecule characteriza-
tion has become available in recent years. By using highly defined
functionalized tips, Gross and co-workers were able to resolve
intramolecular bonds'®. Thus, this method is capable of imaging
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Fig. 1| Key aspects of on-surface polymerization. Various topics that are discussed in this Review Article are shown schematically and are grouped

according to the sections in which they appear.

the chemical structure of an adsorbed molecule in detail*** and is
well suited for on-surface polymerization by studying the precise
structure of intermediate and final products, in particular for flat
molecular systems.

The abilities of scanning probe microscopy to locally charac-
terize the polymerization products in real space is accompanied
by the drawback that polymers on a surface are typically not pres-
ent in an amount sufficient to use conventional chemical analysis
techniques, such as NMR spectroscopy and mass spectrometry. A
rare attempt to combine the two approaches was reported by Stohr,
Mayor and co-workers, who compared covalent bond formation
on a flat Cu(111) surface and on silver nanoparticles”, using STM
in the first case and mass spectrometry in the latter case. In addi-
tion, covalent on-surface coupling has been studied recently with
quadrupole mass spectrometry and time-of-flight secondary ion
mass spectrometry by starting from a saturated layer of precursor
molecules on Au(111)*. Most studies on atomically defined solid
substrate surfaces have been carried out under ultrahigh vacuum
(UHV) conditions to provide very well-defined conditions and
to exclude side reactions with the liquid or gaseous environment
and contaminants therein, yet few polymerization reactions were
induced on a solid/air** or solid/liquid**** interface.

In the following sections, we will first emphasize crucial gen-
eral considerations related to on-surface polymerization processes,
before detailing key aspects related to the role of the surface as a
‘reactive workbench’ and the design of the monomer building blocks
for generating a variety of polymer structures (Fig. 1). We critically
discuss past and current achievements and finally provide an out-
look with regard to both future scientific challenges and potential
for application.

General considerations

Polymerization reactions taking place in the 2D confinement of a
substrate surface are fundamentally different from the ones in the
environment of bulk, solution or gas phase. The nature of the reac-
tion mechanism used to link the monomers determines whether
the polymerization proceeds in a step-wise fashion to form oligo-
mers, which dimerize into larger oligomers and eventually assemble
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into polymers, as in typical step-growth polycondensation®, or
whether the polymerization occurs exclusively at the growing poly-
mer chain end, leading to a linear growth of the molecular weight
with increasing monomer conversion as in ‘living’ chain-growth
polymerization®. Only the latter has enabled the control over chain
length and dispersity as well as polymer architecture in solution?’.
Conventionally, the access of polymer structures has been limited
for rather practical reasons, since the polymer product is typically
characterized in solution and solubility has therefore to be main-
tained throughout the course of the polymerization. Hence, usually
linear or branched polymers are being prepared while the intro-
duction of even a small number of cross-links typically leads to
insoluble amorphous polymer networks. These display the desired
mechanical properties from elastic to plastic materials yet evade in-
depth structural analysis due to lack of solubility and order.

In recent years, structurally well-defined 2D and 3D polymers
with internal periodic order, which allows for structural insight by
diffraction techniques, have become accessible by polymerizing
monomers preorganized in a sheet-like fashion'* and by dynamic
covalent chemistry of rigid 3D building blocks®, respectively. By
confining the monomers to the solid substrate surface (as a mono-
layer), the resulting polymer structure is by default restricted to
be planar, that is, ranging from linear polymer chains over inter-
mediate ribbon structures to extended (open or closed) networks.
Moreover, as the polymerization proceeds directly on the surface
and analysis of the polymer products is typically performed in situ
by STM or ncAFM, solubility no longer constitutes a restriction. For
these reasons, on-surface polymerization has become an attractive
and powerful method as it grants access to polymer structures that
could not be prepared by other means.

When analysing the polymerization types (Fig. 2a) that have
been explored on solid substrate surfaces, the majority of reactions
have been polycondensation reactions involving the formation of
small-molecule by-products in each coupling step. In solution,
step-growth polycondensation yields polymers with typically rather
low molecular weight and broad dispersity, yet if carried out in an
iterative activation—coupling sequence with different monomers, it
provides exquisite control over sequence”. On a surface, spatially

NATURE CHEMISTRY | VOL 12 | FEBRUARY 2020 | 115-130 | www.nature.com/naturechemistry


http://www.nature.com/naturechemistry

NATURE CHEMISTRY

resolved activation by the STM tip as demonstrated by the semi-
nal work of Rieder and co-workers’ therefore in principle allows
for unprecedented control over polymer architecture — a potential
that has not been harnessed. In a few instances, polyaddition reac-
tions have been realized in the context of dimerization of carbenes™
or biradicals, either generated in initial cyclization reactions** or
before deposition using a two-zone process®, circumventing the
generation of small-molecule by-products.

Formally, on-surface polymerization of such (globally) activated
monomers proceeds via a step-growth mechanism, but in reality
not much is known about the actual mechanism. In fact, as diffu-
sion decreases substantially with increasing molecular size, growth
is most likely occurring at the chain end or edge of the practically
immobilized polymer chain or network by reaction with rapidly
diffusing activated monomers (or short oligomers). Such a ‘liv-
ing’ chain-growth scenario should be reflected in the typical linear
evolution of degree of polymerization as a function of monomer
conversion, but respective comprehensive experimental studies
monitoring the chain length or network size as a function of cover-
age are lacking. In this context, we want to highlight the fact that
with the exception of topochemical polymerization in diacetylene
monolayers*~, chain growth, allowing for localization of reactiv-
ity at the chain end, has only been realized very recently by photo-
initiating radical polymerization of preorganized maleimides on an
insulator surface”. The scarcity of chain-growth on-surface polym-
erization arises because of the lack of suitable precursors — which
are thermally stable during evaporation — and the limited linkage
types that can be made on the substrate, which most importantly
should not interfere with or quench chain propagation.

Thermodynamically, polymerization reactions typically suffer
from a severe entropic penalty to the covalent linking of many mono-
mer units, which lose their translational degrees of freedom, into one
larger entity (note that there can be favourable entropic contributions
from enhanced conformational degrees of freedom in ring-opening
polymerization processes)®. To overcome this effect and achieve an
overall reduction of Gibbs free energy of polymerization, enthalpy
comes to the rescue as in a typical chain-growth polymerization,
weaker C=C n-bonds are being converted into stronger C-C 6-bonds.
These two opposing effects balance each other at a critical ‘ceiling’
temperature, below which enthalpy drives the polymerization and
above which entropy drives depolymerization. In the confinement of
the surface, however, the entropy of all reaction partners — including
the monomers — is substantially reduced. Assuming adsorption ener-
gies to scale approximately linearly with increasing covered surface
area and hence number of monomer units as well as similar enthalpic
gain (due to the same covalent bond formation for all linking steps),
step-growth polycondensation has the entropic advantage of produc-
ing small-molecule fragments as by-products (Fig. 2b) as pointed
out in computational work by Oison, Humbel and co-workers®. As a
remarkable consequence, this behaviour should give rise to a classical
nucleation-growth mechanism, in which the initial formation of an
oligomeric nucleus (‘germ™) is entropically disfavoured, but subse-
quent addition of monomer units to form larger polymeric structures
occurs spontaneously with low barriers. Importantly, this suggests the
possibility of realizing ‘living’ polymerization processes on surfaces —
even when using conventional polycondensation chemistry.

Considering the kinetics during polymerization in the 2D
confinement of solid surface, both the mobility and the reactivity
of the (activated) monomers (and intermediate oligomers) are cru-
cial steps that dictate the polymerization outcome. Depending on
the properties of the surface and the monomer structure, as well as
the linking reaction, the polymerization kinetics are limited by either
diffusion or coupling at a given temperature (as sketched in Fig. 2c).
This is nicely illustrated for the case of Ullmann coupling of aryl
halides on coinage metal substrates*>*. On Cu(111), coupling reac-
tivity is high, but the strong interaction with the monomers (and
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oligomers) leads to diffusion-limited polymerization. On Au(111),
diffusion is much faster and the polymerization becomes limited by
the coupling reaction. Disentangling these two features has, however,
proven difficult and requires kinetic studies by analytical techniques
with sufficient temporal resolution, such as fast X-ray photoelectron
spectroscopy. These should be complemented by computational
modelling and kinetic simulation as used in the collaborative efforts
of the Perepichka, Rosei and Contini groups, who provided evi-
dence for a nucleation-growth mechanism during an Ullmann-type
polycondensation reaction®’. Therefore, the polymerization can be
controlled by tuning the nature of the substrate (composition and
surface reconstruction) and the monomer (reactivity and adsorption
properties) and by adjusting the substrate temperature.

In addition to sufficient diffusion, an increased surface cov-
erage, that is, monomer density, enhances the polymerization.
Note, however, that polymerization reactions have often been
carried out with submonolayer coverage to facilitate analysis
of discrete 1D or 2D objects by STM. Ultimately, the obtained
degree of polymerization is governed by the extent of mono-
mer conversion according to Carothers’ famous equation and
hence the size of the surface-bound polymer reflects the over-
all efficiency of the coupling reaction used (for more details,
see ‘Orientation and diffusion’ below). Beyond diffusion and
reactivity, one needs to steer the chemo- and regioselectivity
of the monomer coupling steps during the on-surface polym-
erization process to fully control the resulting polymer struc-
ture with regard to dimensionality, topology and composition.
The required selectivity can be achieved by the use of anisotropic,
corrugated surfaces as well as specifically designed, sterically hin-
dered monomers to favour specific reactions pathways.

The synthesis of new products on a surface requires a chemical
modification of the monomer molecules, in contrast to supramolecu-
lar and organometallic molecular assemblies that are based on revers-
ible interactions between unchanged species or metallic linker atoms,
respectively. In most studies, dehalogenation of a suitable precursor
has been used to create reactive sites within the molecules (namely
the ‘activation’” step) that subsequently undergo covalent linking to
other building blocks. It has been proposed that a surface-stabilized
radical is formed" where the dehalogenated carbon atoms of the
molecule form a chemical bond with the metal surface. The thus
enhanced lifetime of the radical gives rise to efficient covalent linking.
Note that isolated activated monomers — as sketched in Fig. 1 — are
rarely found on the surfaces after thermal treatment®. The reactive
sites in each molecule are precisely determined by the location of the
halogen substituents in the initial precursor, which plays a crucial role
as it is responsible for the atomic precision of on-surface synthesis. It
allows for the creation of 1D chains, 2D networks or simple dimers
from molecular building blocks, depending only on the number
and position of halogen substituents in the initial molecular build-
ing blocks®. However, these positions are not always fixed as radical
sites can migrate, for example, along the backbone of tetracene on
Cu(110), reaching new positions within the molecule and thus differ-
ent regiochemistry of monomer-monomer connection*. Recently,
Xu and co-workers (using STM and ncAFM for imaging) employed
more than one halogen substituent atom at the same location within
the molecule, resulting in on-surface polymerization via double* and
triple*® carbon-carbon bonds if two or three Br substituent atoms are
used, respectively. The following sections focus on the role of the solid
substrate surface to steer the outcome of the polymerization process
and subsequently discuss the types of polymer structures accessible
by the on-surface polymerization technique.

Surface reactivity

The formation of covalent bonds in the vicinity of solid substrate
surfaces is historically associated with the concept of heteroge-
neous catalysis* — widely used in the chemical industry — where
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of step growth due to release of small-molecule by-products can give rise to a nucleation-growth mechanism*°. ¢, Growth processes can be induced by
stimulated/catalysed activation and controlled by the relative rates of diffusion and coupling®.

the products typically leave the surface after the reaction while they
remain adsorbed in on-surface polymerization. The molecule-sur-
face interactions dictate molecular mobility and hence reaction
kinetics — yet, moreover, the surface often directly influences the
mechanism due to its inherent catalytic activity, lowering activa-
tion barriers and associated temperatures. Various low-index noble
metal surfaces, which are rather inert and therefore enable efficient
diffusion, such as Au(111)*'*, Au(100)*, Cu(111)*°, Cu(110)°°°,
Ag(111), Ag(100)>* and Ag(110)** (Fig. 3a—c) have been used to
link molecules by on-surface synthesis, in some cases comparing
them directly*>*>*-".

A key parameter is the balance between adsorption energy and
molecular diffusion. For instance, while dehydrogenative polym-
erization and cyclodehydrogenation occur for different polycyclic
(hetero)aromatic hydrocarbons on the rather inert Au(111) surface
(with efficient molecular diffusion), only the cyclodehydrogenation
process was observed for the same molecules on the more reactive
Pt(111) that strongly reduces diffusion*. Porte and co-workers have
studied polymerization by dehydration of 1,4-benzenediboronic
acid on copper, silver and gold surfaces and they found that Ag(111)
(Fig. 3c) is the best compromise between mobility and adsorption
strength®. On Cu(111), the molecules adsorb too strongly, lead-
ing to limited diffusion, while on Au(111) the molecule-surface

interaction is too weak, resulting in early molecular desorption™.
The same two surface orientations, yet different surface materials,
lead to very different results for hexabenzocoronene coupling™.
On Au(111), covalent coupling occurs at 420 K, whereas on the
catalytically more active Cu(111), the molecules are spontaneously
activated at room temperature, forming metal-ligand bonds with
Cu adatoms (Fig. 3f) without any heating step. Subsequent heating
of the Cu(111) surface at 450 K leads to molecular desorption and
does not result in covalent polymers.

Besides the choice of the surface material, its orientation and
therefore surface structure is crucial because this affects the catalytic
activity of the surface. For instance, dimers and trimers of anthra-
cene are formed by cycloaddition on Au(111), but only dimers are
generated on Au(100) due to its surface corrugation®. While low-
index surface orientations are preferred because they provide high
mobility of the molecular precursors, the same surfaces typically
exhibit lower catalytic activity, which is important for monomer
activation and coupling. When using the stepped Au(10,7,7) surface
for polymerization of dibromoterfluorene molecules, spontaneous
Br dissociation at room temperature was found, which is absent on
Au(111)®. The kink sites at step edges could be identified as cata-
lytically active sites for the dehalogenation (the activation process is
sketched in Fig. 3g).
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(a) and on Cu(110) (38 x 38 nm?)*° (b), polymerization of 1,4-benzenediboronic acid on Ag(111) (30 x 30 nm?)*>* (¢), boroxine networks on graphite

(13 x 13 nm?)?# (d) and of benzoic acid polymers on an insulating calcite (11 x 11 nm?2)”* (e). f, Hexabenzocoronene coupling via Cu adatoms (visible as
small lobes between the bright molecules) on Cu(111) (10 x 15 nm?)>>. g, Schematic view of Br (in red) dissociation from molecular building blocks
(white/grey) at kink sites on Au(10,7,7) (yellow)®°. h,i, On-surface polymerization of bianthryl on Cu(110)>" (8 x 5 nm?) (h) and Cu(111)%° (i). j, Anthracene
oligomer with diacetylene units as linkers (indicated by green arrows) on Cu(111) (3.1 x 1.4 nm?)'”°, k, Distribution of polymer lengths for Pd (top) and

Cu (bottom) adatoms that act as catalysts to enhance reactivity for on-surface polymerization’. I, STM image (top) and calculated structure (bottom)
with a calculated STM image (inset) of bis(aryl) Cu complexes as the intermediate product during polymerization (8 x 4 nm?)’°. m, Individual molecular
polyfluorene wires on ultrathin insulating NaCl films (15.4 x 6.1 nm?)’°. n, On-surface polymerization of terfluorene on semiconducting TiO, (ref. ).
Panels a-d, f, h, I-n are STM images; panels e, i and j are AFM images. Panels adapted with permission from: a, ref. ¢, Springer Nature Ltd; b, ref. *°, RSC;
d, ref. 72, American Chemical Society; e, ref. 7%, American Chemical Society; f, ref. °°, Elsevier; g, ref. ©°, Wiley; h, ref. /, American Chemical Society; i, ref. ¢,
American Chemical Society; j, ref. ”°, American Chemical Society; k, ref. 72, Wiley; |, ref. 7°, American Chemical Society; m, ref. 7°, Wiley; n, ref. %, RSC.

Panel ¢ reproduced with permission from ref. >3, APS.

Another example is the growth of GNRs from one and the same
10,10’-dibromo-9,9’-bianthryl precursor on differently oriented
copper surfaces. On Cu(110), no extended polymers but individual
nanographene molecules were observed (Fig. 3h), due to the reactiv-
ity of the slightly corrugated Cu(110) surface that induces cyclode-
hydrogenation before Ullmann coupling”. This is in contrast to the
flat Cu(111) surface where polymerization takes place and GNRs
have been observed by different research groups who investigated
the very same system of dibromo-9,9'-bianthryl on Cu(111)°"°".
However, they interpreted their results differently, which resulted
in a debate®® whether the observed GNRs have a straight seven-
armchair (similar to what has been observed on Au(111)'' and
Ag(111)%) or a chiral (3,1) structure. It was ncAFM with function-
alized tips that solved this controversy. While in STM images*”*' the
characteristic kinks of chiral (3,1) GNRs are only weakly visible,
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ncAFM identifies them very clearly (Fig. 3i and Fig. 41). This rather
novel method was thus capable of clarifying the precise chemical
structure of the products, which are not straight seven-armchair
but indeed chiral (3,1) GNRs®. The strength of high-resolution
ncAFM becomes furthermore evident in the on-surface polymer-
ization of anthracene oligomers on Cu(111) where the diacetylene
units that link neighbouring anthracene moieties can clearly be
identified (marked by arrows in Fig. 3j).

In addition to its orientation, a metallic surface can also influ-
ence the polymerization process by providing adatoms. After
activation of the molecules by thermal dehalogenation, they form
metal-ligand bonds with single adatoms, either to a final product
of the polymerization process” or as an intermediate species that is
subsequently transformed into a covalently bound product by heat-
ing at higher temperatures®. This effect depends on the number of
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adatoms available to serve as linkers and thus the adatom diffusion
barrier on the surface®. In some cases, reductive elimination from
the intermediate bis(aryl) copper complexes (Fig. 31) to the corre-
sponding biaryl-linked covalent polymers could be observed”’.
Surface adatoms as side products can also be detrimental to the cat-
alytic activity of the surface as observed at the solid/liquid interface
where iodine atoms that are split off in the dehalogenation step can
poison the Au(111) surface and therefore inhibit polymerization”.
Although the metallic surface very often acts as a catalyst, this func-
tion can also be provided by adsorbed atoms, for example, Pd or Cu
atoms on a Au(111) surface, leading to a lower activation energy in
the presence of Cu compared with Pd (Fig. 3k), directly revealing
the beneficial catalytic role of the adatoms™.

Weakly interacting, typically insulating, surfaces represent a chal-
lenge for on-surface polymerization because molecules often bind
too weakly. This results in low desorption temperatures, which are in
contradiction to the much higher temperatures needed for molecu-
lar activation. Nevertheless, polymerization could be achieved on a
catalytically inactive graphite surface (Fig. 3d)*, because polymer-
ization starts already at 120 °C where no desorption occurs. Higher

polymerization temperatures are difficult to achieve on graphite
surfaces — trimesic acid molecules, for example, desorb at 200 °C
(ref. ). A direct comparison between noble metal and graphite sur-
faces thus revealed that, in accordance with the different adsorption
energies, polymerization could be induced on the former whereas
the molecular building blocks desorbed from the latter before any
reaction took place™. On calcite, as another weakly interacting sub-
strate, this desorption problem has been solved by Kiihnle, Gourdon
and co-workers by introducing carboxylic acid groups as ‘anchors’ to
bind more strongly to the insulating surface (Fig. 3e)"*".

In contrast to bulk insulating samples, ultrathin NaCl films on a
metallic substrate represent a particular setup’®, because molecular
structures are decoupled from the metal underneath while scan-
ning tunnelling microscopy and spectroscopy can be used. Such a
metal-insulator-molecule setup can be achieved by transferring
molecular nanostructures with the tip of an STM from metallic areas
— where they were grown — onto thin NaCl islands”’*. However,
the island height is limited since stable imaging becomes difficult
on thicker NaCl films”. By depositing NaCl after the on-surface
polymerization step, it turned out that the presence of molecular
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nanostructures does not perturb crystalline NaCl growth. The
NaCl islands simply repel the polymers on the surface until they
(partially) adsorb on the NaCl islands (Fig. 3m). This particular
configuration can be used for analysing charge transport through
individual polymer chains™. In the case of on-surface polymeriza-
tion on a boron nitride layer® on top of a Ni(111) surface, Pd and
Cu atoms were deposited to catalytically induce the reaction, which
occurs at lower temperatures than without the metal atoms®'.
Beyond insulators and metals, semiconductor surfaces include
promising properties due to their relevance in technology. However,
they have been used for on-surface synthesis only scarcely so far,
because of their high reactivity that typically limits molecular dif-
fusion and thus covalent linking. On Ge(001) for example, Br
substituents dissociate already at room temperature whereas the
same precursor molecules remain intact on hydrogen-passivated
Ge(001)*. Heating of the latter at 450 K to induce molecular cou-
pling causes hydrogen desorption from the surface and thus destroys
the passivating hydrogen layer instead of polymerization®. If, how-
ever, aryl iodides are used on H-terminated Ge(001), polymeriza-
tion becomes feasible. Accordingly, oligomers are formed — rather
short though, due the limited temperatures (below 240 °C)*. If tem-
peratures above 250 °C are used, the passivating hydrogen layer is
destroyed again and consequently molecular diffusion and covalent
linking is hindered. Hence, there is only a narrow window for on-
surface synthesis. In addition, TiO, has been successfully used for
linking of Br- and I-substituted bianthryl derivatives (Fig. 3n)**,
showing that the on-surface polymerization can indeed be applied to
semiconducting surfaces. It turned out that the efficiency of the cou-
pling reaction between the aryl halides is governed by the density of
surface hydroxyl groups. In fact, polymerization does not occur in
the absence of hydroxyl groups, pointing to a substantially different
polymerization mechanism on TiO, compared with noble metals.

Orientation and diffusion

10,10’-Dibromo-9,9’-bianthryl precursor molecules have been used
by Fasel and co-workers in their pioneering work to grow straight
GNRs by on-surface polymerization via an Ullmann reaction and
subsequent cyclodehydrogenation on Au(111)" (straight ribbons
were obtained also on Ag(111)*"). However, on another fcc(111)
surface — Cu(111) — the Ullmann route is inactive for the same
precursor, because the Cu(111) surface structure leads to a char-
acteristic orientation of the precursor molecules with respect to
each other before polymerization®'. As a result, chiral — instead of
straight — GNRs are formed as can be seen very clearly in ncAFM
imaging® (Fig. 41).

So far, free monomers that move in any direction on the surface
have been considered. However, at the atomic level no crystal sur-
face is isotropic and therefore molecular precursors always adopt
specific adsorption sites and orientations that affect the polymeriza-
tion reaction. Moreover, the conformation of each individual mono-
mer building block on adsorption is important as it must enable a
facile linking reaction. For instance, the efficient formation of meso-
linked anthracene polymers can be achieved by the deposition of a
suitable 10,10’-dibromo-9,9’-bianthryl precursor'** with a twisted
structure that is crucial for the polymerization since it reduces the
steric hindrance between activated monomers. In contrast, simple
anthracene monomers adsorbing in a flat geometry on the surface
cannot link*.

Anisotropic surface orientations, such as Cu(110)*>*"*, and
stepped surfaces, such as Au(10,7,7)° and Au(788)¥, can cause
preorganization of the initial precursors and activated monomers
as well as alignment of the intermediate and final polymerization
products (Fig. 4a—c). However, different surface reconstructions
can also be utilized to preorganize monomers and the resulting
polymers (Fig. 4e—h shows (111), (100) and (110) facets of Au)****-%2.
A preferred orientation of long poly(para-phenylene) (PPP) chains
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has been achieved along the oxygen rows of the semiconducting
TiO,(110) surface (Fig. 4d) as shown by a combination of low-
energy electron diffraction (averaging over large surface areas)
and STM (local probing)”. The same PPP chains were shown to
grow in a preferred orientation on the reconstructed Au(110)
surface because the coupling reaction is confined in the surface
troughs (Fig. 4h)”.

By directly comparing the same 4,4"'-dibromo-meta-terphenyl
precursors on two differently oriented copper surfaces, Cu(111)
and Cu(100), Gottfried and co-workers observed oligo(meta-phen-
ylene)s formation by Ullmann coupling on both (Fig. 4i-k).”* On
Cu(111), however, close-packed so-called hyperbenzene rings with
a large diameter of 21.3 A (Fig. 4k) were observed”, whereas on
Cu(110), non-covalent of assemblies of zigzag oligo(meta-phenyl-
ene) chains (Fig. 4j) were found”. Another strategy to pre-organize
monomers relies in a non-covalent self-assembly before the polym-
erization reaction, using either metal-ligand bonds™ or covalent
linking in a preliminary step that results in a zipping process®.

Molecular adsorption geometry can also affect diffusion”, a
key parameter for on-surface synthesis polymerization as it rules
the supply of precursor molecules, activated monomers and inter-
mediate oligomers. Thermal diffusion of these species can be
completely suppressed as in the case of molecular monolayers**
or chemisorbed molecules® that are linked with each other in a
subsequent step.

Reactivity and diffusion both govern on-surface synthesis pro-
cesses, each of them in very specific manner depending on the type
of molecular building blocks, linking chemistry and surface struc-
ture. In fact, these two parameters typically compete, resulting in
either coupling-limited or diffusion-limited processes (Fig. 2),
depending on their relative energy barriers*. Diffusion-limited
polymerization occurs for polyphenylene networks on noble metal
surfaces. The different surface properties resulted in molecular
networks of low density and branched, fractal-like structures on
Cu(111), while much more regular and denser structures were
found on Ag(111) due to the different kinetics of the involved diffu-
sion and coupling steps as revealed by accompanying Monte Carlo
simulations (Fig. 4m)*. However, coupling-limited polymeriza-
tion was observed where either steric hindrance can inhibit effi-
cient bond formation®” or an improved orientation of the building
blocks results in more efficient coupling®. Specifically, the number
of defects decreases and the size of the networks increases if the
reaction is carried out on Au(100) instead of Au(111), because the
straight rows of Au(100) lead to a preferred parallel orientation of
the intermediately formed oligo(porphyrin) chains (Fig. 4f)*.

The statistical nature of the (covalent) coupling leads to chains
of different lengths, that is, number of repeat units, when a polymer
grows in a bottom-up fashion. To simulate a step-growth polym-
erization process according to Flory’s model”, we assume that
monomers and intermediate oligomers exhibit equal reactivity at all
stages. This means that the probability of an individual monomer
to be reacted (between 0 and 1, depending on its reactivity and the
experimental conditions) is equal to the total fraction p of all mono-
mers that have linked. On the basis of these assumptions, the total
number N, (f) of n-mers, that is, polymers that consist of # units, at
time ¢ is:

N, (t) = no(1 _p)prn—l

where 7, is the total number of monomers (available at the begin-
ning of the reaction)®. It is composed of the probability p" to find a
chain of (n — 1) units and the probability (1 — p) that the final (nth)
unit is unreacted (and therefore limits the chain length to exactly n).
Thus, the length distribution of a polymerization process results in
an exponential decrease as plotted in Fig. 4n (dashed lines). Note
that the distribution decays for all possible p values, showing that
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the number of molecular chains consisting of only one unit is always
the largest. This is because all oligomers grow in the same manner,
that is, with equal reactivity (p = constant). Hence, while monomer
coupling should raise the number of dimers, the number of trimers
increases at the same time at the cost of dimers and so on.

On a surface, however, the situation changes, because the mobil-
ity of the growing polymer chains typically decreases with increas-
ing size (as the diffusion barrier rises with the adsorption energy,
which is approximately proportional to the polymer length). Hence,
the probability p of an individual monomer to be reacted decreases
with the oligomer length n. For simplicity, we assume a linear rela-
tionship: p(n) = ¢; — ¢, X n (with ¢,, as constants) that results in
a modified distribution (Fig. 4n). Specifically, a maximum appears
that was absent before, that is, without surface. Hence, a certain
polymer length should exhibit the highest abundance, in depen-
dence of the function p(n) that reflects the properties of molecules
and surface and defines the position of the maximum (two examples
are given in Fig. 4n). In experiments, the occurrence of such peaks
in the polymer distribution has indeed been observed, namely
for the on-surface polymerization of GNRs on a stepped Au(788)
surface (Fig. 40)¥ and on Au(111)", where the peak position was
attributed to the dimensions of the Au(111) surface reconstruction.
Furthermore, the maximum of the distribution could be shifted via
the sample annealing temperature for nanostructures formed by
metal-coordination bonds'®, illustrating the general validity of the
Flory model modified by simple assumptions.

Polymer structure

The past decade has witnessed an explosion of the on-surface
polymerization field as an increasing number of chemical reactions
have been utilized to successfully link molecular building blocks
on various, particularly metal, surfaces. A recent comprehensive
overview of all chemical transformations explored in on-surface
synthesis is given by Fuchs and Studer'®'. Here, we want to focus on
important structural aspects in the context of polymers, in particu-
lar focusing on control over the nature of the backbone, its dimen-
sionality and composition.

Initially, a lot of research was — and still is — being devoted to
the formation of stable C-C connections and in particular aryl-aryl
connections due to the attractive electronic properties of the result-
ing conjugated polymers. While the first coupling of an aryl halide
precursor, that is, iodobenzene, on Cu(111) has been investigated
by Xi and Bent using (averaging) spectroscopic techniques back in
the early 1990s'®'?, it was the group of Rieder that provided the first
spatially resolved insight into this STM tip-induced, surface-assisted
Ullmann reaction in their landmark paper” (see Fig. 7 below). These
observations enabled the development of the dehalogenative aryl
halide coupling into a successful polymerization technique'®”. The
group of Weiss was the first to investigate a real monomer, that is,
1,4-diiodobenzene, on Cu(111) and described the formed chains
as ‘protopolymers’'* (Fig. 5a), yet only later the team of Rosei and
Perepichka studying the same monomer on Cu(110) could unam-
biguously demonstrate the formation of PPP>'. This method has
since then been used to prepare a variety of m-conjugated polymers,
such as polythiophenes™* or polyfluorenes (Fig. 5a)”, which in
some cases serve as precursors for extended ribbon structures (see
below). In addition to C-X (X = halogen), also C-H bonds can be
activated as demonstrated by the coupling of activated alkynes'® or
benzylic positions™. In the specific channel-type confinement of
a Au(110) surface, it is even possible to selectively dimerize unac-
tivated alkanes at their termini®, a reaction that cannot (yet) be
accomplished in solution. In contrast, radical polymerization — a
reaction extremely common in solution and in bulk — has only very
recently been accomplished on an inert KCl surface (Fig. 5b)*, illus-
trating the dramatic differences between polymerization processes
under conventional versus on-surface conditions.

Beyond carbon-carbon bonds, heteroatom-containing con-
nections have been used to polymerize monomers on surfaces,
for example, in the formation of polyesters'®, polyimides'”,
polyimines'®, polyimine ribbons'”, as well as polyboroxines and
polyboronates™'’, among others. While all the above polymers
are formed by polycondensation-generating by-products, such as
halides, dihydrogen and water, few polyaddition reactions have been
developed and are based on the dimerization of either carbenes™ or
diradicals formed by cyclization of enediyne precursors*** and thus
these reactions proceed also by a step-growth mechanism.

Over the past decade, many types of polymers, in which mono-
mer units are connected via single covalent bonds, providing some
degree of flexibility to the resulting 1D chains, have been reported.
However, the growth of ordered 2D network structures requires
additional strategies to overcome the associated entropic penalty
(discussed above). One approach has been the folding of single
chains using non-covalent interactions, such as hydrogen bonds,
between the chains, as pioneered by van Esch and de Feyter on
highly oriented pyrolytic graphite''’ and used in the case of polyam-
ides on Ag(111)"*2. While this strategy gives rise to a surface-sup-
ported secondary structure, the covalent capture of appropriately
folded polymer chains on a surface has proven to be an extremely
successful strategy for the formation of ribbons, formally defined as
ladder-type polymers, which constitute intermediates on the way
from 1D to 2D structures. Their synthesis involves sequential con-
nection, first in an intermolecular fashion (polymerization) and
subsequently intramolecularly by cyclization within the same chain.
Arguably, the most impressive examples for this approach have been
described by the team of Fasel and Miillen in their landmark syn-
thesis of zigzag (Fig. 5¢)'* as well as armchair (Fig. 5d)"' GNRs. Due
to their flat, truly 2D chemical structure, GNRs are highly suitable
to being studied with ncAFM at high resolution. This technique
allows imaging of the chemical structure, thus giving direct insight
into the atomic composition of various types of GNRs'»>66113:114
(as shown in Figs. 3i, 40 and 5c). Using appropriately designed
monomer building blocks, the resulting ribbons’ edge structure,
width as well as composition can be controlled. A potpourri of
nanoribbons has been made ranging from polyrylenes as the thin-
nest possible ones'"” to wide and (hetero)aryl extended ribbons'®'"”
as well as N-doped"'®'"” or B-substituted'*'*’ GNRs. All these GNR
structures, however, have a finite extension in the second dimension.

True 2D polymer networks have been prepared by polymerizing
multifunctional monomers of four-fold or six-fold symmetry, such
as tetra-brominated (metallo)porphyrins®'*?, 1,2,4,5-tetracyano-
benzene to form a phthalocyanine network on the surface'* or hexa-
iodinated cyclohexa(meta-phenylene) macrocycles to form ‘porous
graphene™>'*. The networks formed by these direct approaches,
however, suffer from their limited extension in both dimensions,
which can primarily be attributed to the difficult steric accessibility
of reactive sites, reflected in narrow trajectories for the incoming
activated monomer and thus low probabilities for productive colli-
sions with the growing network. Note that successful network for-
mation includes both branching but also closing of the loop and it is
the latter that appears both kinetically as well as thermodynamically
challenging*>*'**. A way to overcome this obstacle is to make use
of sequential reactions in combination with the templating effect
of the intermediately formed 1D structures. In one approach, pre-
formed GNRs'' can be fused at their armchair edges by thermal
annealing either on Ag(111) (Fig. 5¢)** or on Au(111)"** and there
have been early indications on the feasibility of dehydrogenation
between oligophenyls'”’. In another approach, the chemoselectiv-
ity in C-C coupling reactions between aryl bromides and iodides
has been exploited to first polymerize in one dimension (by pref-
erably activating the more reactive linearly oriented C-I bonds in
the 5,15-bis(4-iodophenyl)-10,20-bis(4-bromophenyl)-porphyrin
monomers) and subsequently activating the orthogonally positioned
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Fig. 5 | From 1D to 2D structures. a,b, Step-growth polymerization of dihalide precursors provides n-conjugated polymers such as PPP>"“ and polyfluorene
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on a different surface®. e, Sequential activation of a dibromo-diiodo-porphyrin precursor allows for initial linear polymerization followed by orthogonal
cross-linking of the preorganized chains to provide polyporphyrin networks*. Panel b is an AFM image; panels c-e are STM images. Panels adapted with
permission from: b, ref. ¥/, Springer Nature Ltd; ¢, ref. 2, Springer Nature Ltd; d, centre, ref. ", Springer Nature Ltd; right, ref. °* under a Creative Commons
licence (http://creativecommons.org/licenses/by-nc-nd/3.0/); e, ref. *°, Springer Nature Ltd.

bromide side groups in the preorganized 1D chains to cause 2D net-
work formation (Fig. 5d)*. The importance of preorganization has
nicely been demonstrated by Lin and co-workers by supramolecular
templating using coordination bonds between pyridine-terminated
porphyrins®. While the C-I/C-Br chemoselectivity on Au(111) has
also been used to assemble hexagonal networks'*, on an insulating
calcite surface the reactivity difference between aryl bromide and
chloride has been exploited to link monomers sequentially”. Using
the above strategy of hierarchical bottom-up assembly, nanoporous
graphene has very recently been synthesized via a new three-step
sequence of C-Br Ullmann-type coupling followed by cyclodehy-
drogenation and final C-H coupling'*.

Despite these sophisticated growth approaches, the extension
of the formed 2D networks remains rather limited, primarily due
to irreversibly incorporated defects that prevent further growth.
Thus, it is imperative to involve polymerization reactions under
thermodynamic control to allow for defect healing. Initial work by
Linderoth and co-workers involved imine formation, however, in
UHV under non-equilibrating conditions*, and hence kinetically
trapped cycles among other species were formed'®. The same holds

true for boroxine formation®’, and probably the majority of chemi-
cal reactions under typical UHV conditions. It was Lackinger who
first showed the importance of equilibration to heal defects*>'*” and
could exploit boroxine formation under thermodynamic control
also for larger aromatic bisboronic acid monomers to grow extended
covalent organic framework layers on the surface'**'*!.

Most polymers that have been prepared via on-surface polym-
erization are composed of one and the same repeat unit. The main
reason for this prevalence is that the majority of the transformations
employed during step growth are typically homocouplings, that is,
involving a reaction between two identical chemical functionalities.
Thus, it is difficult to run a classical A, + B, -type polycondensa-
tion between two distinct monomers, which then strictly alternate
in the formed polymer chain/network. There are only a few exam-
ples involving two monomers containing different coupling func-
tionalities'*!?”1%1*2 perhaps the most prominent case presented by
1,4-benzenediboronic acid as the linear A, monomer connected via
2,3,6,7,10,11-hexahydroxytriphenylene as the trigonal B, branching
units (Fig. 6e)*%. This particular monomer combination has his-
torically been particularly successful as Coté and Yaghi used it to
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prepare the first porous crystalline covalent organic frameworks'*,
sheets of which Dichtel and co-workers later grew on graphene®.

Limited to conventional symmetrical coupling approaches,
control over the incorporation of different monomers could only
arise from reactivity differences, that is, reactivity ratios as in con-
ventional copolymerization, and different dosing and diffusion. In
principle, proper steric constraints should be able to prevent the
homocoupling of one monomer, effectively forcing it to connect
to the other monomer, which however is able to homopolymer-
ize and form blocks. Thereby, a junction is being formed between
blocks and one could refer to it as a copolymer that is enriched in
one monometr, that is, blocky. This strategy has been used to create
chevron-type GNR junctions resembling three-arm star polymers"..

Steric inhibition of the homocoupling step is actually a common
pitfall that controls and often prevents on-surface polymerization,
as has been shown for GNRs where a twisted biaryl structure is
essential for efficient coupling™'"*. In case of frustrated homocou-
pling, the reactive centre can also migrate as reported for the polym-
erization of the 10,10’-dichloro-9,9’-bianthryl monomer, which due
to the high thermal barrier for chlorine activation first undergoes
cyclodehydrogenation thereby preventing direct coupling and lead-
ing to a radical shift'"’, and also documented for the dimerization of
dibromotetracene. Linear junctions have been prepared between
N-doped and all-carbon monomers, leading to multiple p-n junc-
tions within chevron-type GNRs (Fig. 6a)'"”. However, no particular
preferences for block-type structures were found and the prepared
nanoribbons resemble statistical copolymers. The same is true for
the recently published copolymerization to access edge-extended
armchair GNRs'*“. A conceptually different approach relies on the
use of properly designed monomers, which on homopolymeriza-
tion form chains or ribbon structures, which resemble strictly
alternating copolymers. For example, in related work on topologi-
cal phases, armchair GNRs of alternating width have recently been
accessed by regioselective head-to-head and tail-to-tail coupling of
non-symmetrical o,w-dibromoteraryls (Fig. 6b)'*. To circumvent
potential formation of regioisomers, our own groups had previously
utilized symmetrical donor-acceptor-donor dibromo monomers
for the synthesis of alternating donor-acceptor n-conjugated poly-
mers as flexible molecular wires (Fig. 6¢)'*.

Utilizing the different activation energies for halide dissociation,
a sequential growth method (Fig. 5d) was realized to also prepare
block-type heterostructures from porphyrin and fluorene mono-
mers®. Initial selective homopolymerization of the porphyrins
into linear 1D structures is followed by preferred attachment of the
formed polyfluorene segments in the side chain, first forming comb-
type structures, which after annealing on the corrugated Au(100)
surface give rise to ‘hairy networks’ as a new and unprecedented
type of block copolymer (Fig. 6d). True linear block copolymers
have thus far successfully only been prepared by epitaxial growth
on the surface of an Au(111) electrode in the pioneering work of
Sakaguchi and co-workers™'?". Exploiting the different oxidation
potentials of alkyl- and alkoxy-substituted thiophene monomers,
they were able to prepare diblock copolymers, that is, ‘heterowires’
(Fig. 6f, left), and even (random) heteroblock copolymers, that
is, ‘multiblock heterowires’ (Fig. 6f, right), using electrochemical

deposition followed by STM visualization'*’.

Stimulated growth

In the previous sections, we have illustrated how the obtained poly-
mer structures can be controlled both by the nature of the surface
as well as the monomer building blocks. In addition, externally
addressing the specific site, where (and possibly also when) the poly-
mer is being formed, will enable the realization of localized complex
growth processes. This would merge the hitherto described chemi-
cal bottom-up approaches with state-of-the-art physical top-down
approaches and thus promises an exquisite, if not the ultimate,
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control over the resulting covalent nanostructures. For this pur-
pose, a suitable stimulus with high spatial (and proper temporal)
resolution is needed and there have been promising reports, mostly
using the tip of the STM itself**-*!* as well as electron'*® or light'*
sources. The latter has been realized with ultraviolet light, which
was used to generate PPP on Ag(111) at room temperature'*.

Chemical reactivity induced in the tunnelling junction of an
STM'"! was first used by Rieder and co-workers to induce the
dimerization of iodobenzene (Fig. 7a)’ and was envisioned by him
as a way to practice ‘molecular surgery’ in the future'*>. However,
while also the oxidation of single CO molecules could be realized'*,
the rational step-by-step construction by moving, activating and
connecting individual monomers on a surface has only scarcely
been explored since then, due to the time-consuming nature of
these serial processes involved in each individual connection step.
Tip-induced polycondensation has been described involving the
transformation of hydrogen-bonded lamellar islands of 1,4-ben-
zenediboronic acid into the corresponding covalent boroxine
networks'*. In this case, the STM tip was used to locally create a
polymerization nucleus, which subsequently propagates converting
the hydrogen-bonded precursor phase into the covalently bonded
polymer phase. The kinetics of this transformation are sufficiently
slow to allow for monitoring by STM; however, they can be substan-
tially accelerated by exposure to an e-beam (15 eV for 20 s), pre-
sumably due to formation of more reactive charged species caused
by excitation of the underlying Ag(111) substrate. Recently, voltage
pulses from an STM tip have been used to induce the collision of
individual CF, fragments on a Cu(110) surface and it was found that
their addition occurs only if the target molecule is on the trajectory
of the incoming fragment, resulting in formation of C,F, and thus
en route to Teflon'*.

In contrast to step growth, chain-growth polymerization of
appropriately organized monomers would require control over only
the initiation step while subsequent polymerization proceeds with-
out the need for further stimulation. This concept was first dem-
onstrated by Okawa and co-workers for self-assembled monolayers
of 10,12-nonacosadiynoic acid on graphite surfaces (Fig. 7b)**.
Proper preorganization of the monomers enabled topochemical
polymerization of the diacetylene units'* after local initiation with
the STM tip to give poly(diacetylene) wires, which were terminated
by defects in the monolayer. One decade later, a team led by the
same author took this concept one step further and reported on het-
erostructures that they created using the same diacetylene-contain-
ing monolayers but in the presence of phthalocyanine molecules™.
After tip-induced initiation and propagation along the aligned
diacetylene monomer rows, the reactive carbene chain end was not
terminated at the ‘defect, which happened to be the phthalocyanine
molecule, but covalently connected presumably via C-H insertion
(Fig. 7b). This so-called ‘chemical soldering’ provides perhaps the
most impressive example thus far to create distinct and non-peri-
odic molecular nanostructures combining top-down and bottom-
up methods. Diacetylene polymerization has also successfully been
carried in monolayers of slightly shorter 10,12-pentacosadiynoic
acid monomers on an epitaxial graphene surface using photons'®.
Light as a mild yet global initiation method has also recently been
used to trigger the radical polymerization of maleimide-containing
monomers pre-organized on an insulating KCl surface (Fig. 5b)”.

Scientific challenges and future prospects

Future developments of the field will heavily depend on an in-depth
understanding of the elementary physical and chemical processes
occurring during on-surface polymerization. This should include
microscopic as well as spectroscopic tools to characterize reaction
products and possibly intermediates, ideally with atomic resolution.
The latter will become essential when new on-surface reactions,
lacking a solution-phase analogue, give rise to new products with
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(1) Tip-induced (2) Tip-mediated 3) Tip-induced (2) Tip-mediated (1) Tip-induced
activation manipulation bond formation manipulation activation
Dissociation 0, Orientation Orientation /> Dissociation
/Couplmg
b

R = —(CH,)4CO,H
R’ =~(CH,),,CH,

Pentamer of PC

Fig. 7 | Controlling local covalent bond formation and chain-growth polymerization. a,b, Using the STM tip to induce the coupling of two iodobenzene
moieties to generate biphenyl en route to polyarylenes’ (a) and the chain-growth polymerization of pre-organized diacetylenes to generate poly(diacetylene)
(PDA), which can be terminated at predefined defect sites*** or intentionally placed phthalocyanine (Pc) moieties on highly oriented pyrolytic graphite
(HOPG)* (b). Panel b adapted with permission from: left, ref. *4, Springer Nature Ltd; centre, ref. *>, AIP; right, ref. *°, American Chemical Society.

unexpected connectivities'*. Developing these techniques even fur-
ther to monitor structural changes in situ as the polymerization is
proceeding will enable valuable insights into the reaction dynamics
to be obtained'*’. Additional information can be gained by pulling
the molecular constructs off the surface to map electrical, mechani-
cal, electronic as well as optical properties using STM***1*41*> and
AFMP* 1%, respectively. Equally important are new techniques that
allow for the investigation of new substrate surfaces. Thus far, the
field has been largely limited to readily accessible coinage metal
substrates that can easily be analysed by STM due to their conduct-
ing nature. Alternative approaches have been emerging, such as
ncAFM, which provides atomic resolution even on non-conducting
surfaces'”. However, the types of surfaces are still rather limited
in combination with on-surface polymerization since the thermal
treatment, required for covalent bond formation, can cause difficul-
ties (see ‘Surface reactivity’). We believe that photoinduced, hence
remotely controlled, on-surface polymerization is a very promis-
ing approach, avoiding thermal treatment and at the same time
providing exquisite selectivity via the choice of the photon source.
Complementing the use of new substrate surfaces should also be
an exploration of new reaction conditions beyond UHV. In this
context, the two-zone chemical vapour deposition procedure devel-
oped by Sakaguchi and co-workers is promising as it separates the
activation from the polymerization steps™.

Beyond instrumentation and method development, a deeper
understanding of the electronic properties of the generated
n-conjugated polymers hybridized with the underlying metallic
or semiconducting substrate is required to correctly interpret the
obtained spectroscopic signatures. For example, the electronic
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structure of PPP has been studied on Cu(111)"** and on Cu(110),
exhibiting a quasi-1D metallic character on the latter'*’, whereas
on TiO,(110) the band structure of PPP shows highly dispersive
bands characteristic of a substantial overlap between the repeat
units along the n-conjugated polymer®. Moreover, the on-surface
polymerization of 1,3,5-tris(4-carboxyphenyl)-benzene via decar-
boxylation has been studied on Cu(111) by following the elec-
tronic structure from the monomer to the 2D covalent network'*°.
Thelatter example illustrates that in contrast to linear n-conjugated
polymers, which are reasonably well understood, there is still a
lack of electronic structure theory for 2D n-conjugated polymers,
which would substantially aid their design for optoelectronic
applications'’~"*.

In addition to the established synthetic pathways, new concep-
tual approaches are needed and are most likely to be found in the
synergy of molecular and surface chemistry. Clearly, improved
catalytic systems, for example, consisting of single Pd atoms on
exfoliated graphitic carbon nitride'® will continue to emerge and
should become valuable for on-surface polymerization. In addi-
tion to the catalytic role of the substrate, the inherent order of a
specific surface could be utilized to direct molecular polymeriza-
tion processes by steering chemical reactivity and selectivity. Along
this line, the seminal work by Wolkow on the self-directed growth
of styrene lines on H-terminated Si(100)'*' serves as an impressive
inspiration, although formally no connection occurs between the
monomer units and hence no polystyrene is being formed. Another
noteworthy collective effect in chain-like assembly structures has
been reported by Yates, who observed a propagating reaction along
dimethyldisulfide chains on Au(111) and Au(110)'*.
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Complementary to these approaches based on an intrinsic
reactivity modulation at the molecule/substrate interface, external
stimuli provide remote control over local reactivity, as illustrated
by photo- or tip-induced chain-growth polymerization® "%
highlighted above. Such top-down controlled bottom-up nano-
fabrication has the promise to connect different monomers into
sequence-specific, non-periodic 2D structures, hardly (if at all)
accessible via conventional synthesis. Moreover, it is fair to state that
structural complexity with regard to backbone heterogeneity, that is,
copolymer type, has thus far also been limited. In this context,
complementary metal-ligand interactions can be used to enhance
the structural and compositional complexity as demonstrated by
Amabilino, Raval and co-workers'®.

Extending into the third dimension is another promising
direction to take, as illustrated by the advent of surface-mounted
metal-organic frameworks developed by Woll and co-workers'®.
In their work, they exploited epitaxial layer-by-layer growth
of metal-organic frameworks on top of surfaces covered by
self-assembled monolayers. Similarly, 2D networks grown by
on-surface polymerization as discussed above could serve as
templates from which to construct new 3D frameworks, for
example, using metal coordination or possibly even by (dynamic)
covalent bonds.

The technological relevance of on-surface polymerization thus
far arises mainly from the production of large graphene sheets on
metal surfaces by decomposition of carbon-containing molecules
(as ethylene, propene, benzene, among others) and the polym-
erization of the fragments on the surface'®. In a similar fashion,
single 2D layers of boron nitride are formed on a metal surface by
decomposition of borazine molecules'*’. These examples illustrate
that on-surface polymerization is conceptually related to chemical
vapour deposition, although during the process the organic precur-
sor structure is typically not incorporated into a polymeric product
but lost. In both cases, the product is generated where it is needed
and thus removal of the underlying substrate to prepare non-sup-
ported 1D or 2D structures is typically not intended, and moreover
problematic due to their insoluble nature. There have, however,
been some attempts to transfer them from the substrate where
they were grown to another'’. In addition, there have been efforts
to move on-surface polymerization closer to producing GNRs not
in ultrahigh but ‘ordinary’ vacuum'®’ and even at ambient pres-
sure'®®. The latter example is important as it illustrates a common
drawback of many studies since the nanostructures prepared by
on-surface polymerization typically never leave the UHV chamber.
Thus, the preparation of robust constructs, which are subsequently
investigated with regard to their function under ambient condi-
tions, should be pursued more frequently, despite the associated
experimental difficulties.

There is certainly potential for porous 2D materials grown via
on-surface polymerization approaches as they provide superior
control over the dimensions, spacing and nature of the pores.
However, two considerable obstacles have to be overcome before
realizing such ideal membranes. On the one hand, the 2D net-
works have to be grown much larger and defect free and this will
only be possible by using reversible coupling reactions under ther-
modynamic control as highlighted herein for some 2D networks
based on boronic esters?>'*>**. On the other hand, the underly-
ing support has to be removed and free-standing sheets isolated
as discussed above. Beyond using the inner voids as pores, 2D
polymers and materials thereof can also serve to organize catalyti-
cally active sites relative to each other in space. For realizing and
studying complex catalytic processes, which involve multiple steps
at distinct and chemically incompatible sites, such well-defined
architectures are highly attractive'®. In related studies using 2D
metal-organic frameworks'’® promising nonlinear effects have
been revealed for the oxygen evolution reaction'”’ as well as
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CO, capture'”. Perhaps the most straightforward yet also most
promising function based on porous 2D polymers involves the
chemical interaction of a target analyte with the pores producing
an electrical or optical signal. Due to their unique electronic struc-
ture, m-conjugated 2D polymers should therefore be interesting
candidates to develop materials for (bio)chemical detection with
superior sensitivity combined with high selectivity. Considering
the covalent 2D networks grown by on-surface polymerization
discussed herein as building blocks (sheets) to construct 3D mate-
rials thereof, that is, covalent organic frameworks®, many more
applications in areas ranging from separation to catalysis as well
as storage are imminent.

While most chemical applications eventually require large scales,
the continuing miniaturization of electronic devices offers many
opportunities for on-surface-grown molecular circuitry'”*. Charge
transport through individual polymer chains and ribbons prepared
in situ by on-surface polymerization has been realized and impor-
tant design parameters for the construction of molecular wires con-
tinue to be derived’®**0114136174 "This is a step further towards the
realization of molecular logic gates by in situ assembly of a node
from a core branching unit and defined oligomers as the leads to
establish macroscopic contacts and probe different conjugation,
thus conductance, paths'”. In addition to transport properties,
electroluminescence has also been observed in the case of single
n-conjugated porphyrin-terthiophene copolymers, covalently
assembled by on-surface polymerization and pulled into the STM
junction'**'*. Furthermore, by incorporating paramagnetic metal
centres in monomers and branching units, spin wires, gates and tails
have been covalently assembled and investigated as single-molecule
logic devices'”®'””. The unique electronic properties of on-surface
grown polymers have already been exploited in real device applica-
tions. For example, field-effect transistors with high on-current and
high on-off ratio at room temperature have successfully been real-
ized using high-quality GNRs prepared by on-surface synthesis®'"%,
and further innovation can be expected in the field of electronic and
optoelectronic devices.

The rise of on-surface synthesis and polymerization during the
past decade has proven how fruitful the marriage of organic chem-
istry and surface science — two typically disjointed fields — can be.
By combining key skills to design and make suitable molecular
precursors on the one hand and to execute and analyse cutting-edge
microscopic and spectroscopic experiments on the other hand,
many more exciting discoveries are ahead.
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