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Surface Science Approaches to Molecular
Nanostructures
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Abstract: The self-assembly of large organic adsorbates on solid surfaces is driven by subtle energy balances be-
tween adsorbate-adsorbate and adsorbate—substrate interactions. Understanding these interactions is a key step
towards the rational design and large-scale production of ordered, two-dimensional organic nanostructures which
may find applications in (opto)electronic devices, sensors and surface catalysts. Due to the reduced dimensionality
at surfaces, new phenomena arise which can only be understood by combining both experimental and theoretical
methods and knowledge from chemistry and physics. In this short review, we illustrate the richness of surface
chemical phenomena at the hand of four case studies which are selected to highlight the potential as well as the

current limitations in controlling molecular self-assembly at surfaces.

Keywords: Polycyclic aromatic hydrocarbons - Polyimide - Scanning tunneling microscopy - Self-assembly -
Supramolecular architectures

Matthias Treier stud-
ied physics at the
Ecole Polytechnique
Fédérale de Lausanne
and at the University
of Nottingham. He re-
ceived his MSc from
EPFL in 2005 and
- recently finished his
PhD at the University
of Ziirich. He is cur-
rently a post-doc in the nanotech@surfaces
Laboratory at Empa. His main research in-
terests are in the field of surface-supported
organic nanostructures, including aspects
of organic, polymer and supramolecular
chemistry.

M

*Correspondence: Prof. Dr. R. Fasel®®

Tel.: + 41 44 823 43 48

Fax: + 41 44 823 40 34

E-mail: roman.fasel@empa.ch

aEmpa, Swiss Federal Laboratories for Materials
Testing and Research

Feuerwerkerstrasse 39

CH-3602 Thun

and Ueberlandstrasse 129

CH-8600 Dubendorf

°Department of Chemistry and Biochemistry
University of Bern

Freiestrasse 3

CH-3012 Bern

Roman Fasel received
his PhD in physics in
1996 from the Uni-
versity of Fribourg
and joined Empa af-
ter post-docs at La
Trobe University
(Melbourne) and the
Fritz-Haber-Institute
(Berlin). He is a
group leader in the
nanotech@surfaces Laboratory of Empa,
and since 2008 Tit. Professor at the Depart-
ment of Chemistry and Biochemistry of the
University of Bern. His group covers a wide
range of activities from fundamental to ap-
plied research in the field of nanosized or-
ganic and inorganic structures at surfaces.

1. Introduction

Research on nanoscale objects and phe-
nomena has seen an enormous increase over
the past decades, motivated by a seemingly
unlimited range of potential applications.
Along with the discoveries of new phe-
nomena arising from quantum size effects
(that become important on the nanoscale)
goes a removal of the boundaries between
traditionally independent areas of science
such as chemistry and physics. Surface sci-
ence can be regarded as one of the meet-
ing points between the two disciplines, with
surface phenomena being relevant to areas
such as solid state physics, crystallography,
catalysis or synthetic and physical chemis-
try. The reduced dimensionality at surfaces,
the resulting restraints on the degrees of
freedom of adsorbates and the specific elec-
tronic structure have direct consequences
on chemical interactions and reactions, such

that ‘chemistry in two dimensions’ can vary
considerably from more ‘traditional’ chemi-
cal environments (see e.g. refs [1-4]).

Besides the fundamental interest in
surface chemical phenomena, interest in
organic nanostructures is fuelled by pos-
sible applications in future electronic and
optoelectronic devices where functional
units might ultimately be comprised
of single molecules.l5] While proof-of-
principle experiments have successfully
shown that single molecules might be
used as switches!®7! or transistors,[89] the
technological implementation of such
devices will require the ability to place
them at well-defined sites on a substrate
and to interlink them into functional cir-
cuits. Since sequential positioning of indi-
vidual molecules is highly inefficient and
hence technologically unfeasible the use
of guided self-assembly!!0] is intensively
explored. The ultimate goal is to gain the
ability to position individual molecules
— bearing a pre-designed, chemically tai-
lored functionality — in a controlled man-
ner on well-defined sites with control
over conformation and orientation, and to
interlink them into functional devices.

Apart from the potential use of single
molecules, thin films of organic materials
have already found application in electron-
ic devices such as thin film transistors,!!]
photosensors/solar cells!!2l and organic light
emitting diodes.!'3] In order to improve the
properties of such devices and to extend
their applicability, it is of central importance
to obtain both highly ordered and struc-
tured organic thin films and nanostructures,
whose properties can be tuned by chemical
synthesis, geometric shape and dimension
of its subunits and the electronic coupling
to the substrate.
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This review shall give an overview on
recent advances in this strongly interdisci-
plinary field of research where surface sci-
entists, synthetic chemists and specialists in
theoryand modeling closely collaborate with
the goal of ultimately establishing generally
applicable principles for the fabrication and
use of surface-supported supramolecular
device components. Rather than attempt-
ing to cover this very lively field in all its
dimensions, we will focus on recent surface
science approaches towards the bottom-up
fabrication of surface-supported organic
nanostructures based on selected examples
from our own laboratory. We will, in par-
ticular, neither touch on low-dimensional
coordination architectures and hydrogen-
bonded supramolecular assemblies which
have recently been reviewed by Barth,!!4
nor on supramolecular self-assembly at
the liquid—solid interface.l'5! The examples
presented in the following evidence a subtle
balance of interactions taking place in su-
pramolecular pattern formation on surfac-
es: Apart from intermolecular interactions,
molecule—surface interactions clearly play
an important role on their own, and we will
see that they may be exploited to control
molecular self-assembly or to assist in the
formation of surface-supported polymeric
nanostructures. Detailed insight into these
phenomena is gained from low-tempera-
ture scanning tunneling microscopy (STM)
studies under highly controlled ultra-high
vacuum (UHV) conditions on single-crystal
metal surfaces.

2. Site-selective Anchoring of
Molecular Building Blocks

Different types of lithographic tech-
niques have been used to imprint structures
on surfaces, surface-supported monolay-
ers or (organic) thin films. However, these
techniques are inherently limited with re-
spect to the ultimate feature size that can
be achieved. To overcome this limitation,
naturally templated substrates such as vici-
nal surfaces!!9 or strain-relief networks, 17
exhibiting true nanoscale templating, can
be used. Such templates have for example
been used for the creation of regular metal-
lic nanodot arrays.[!8:19]

The vicinal Au(11 12 12) crystal (see in-
set in Fig. 1A) is naturally templated in one
direction by a regular succession of steps
and — along the direction of the step edges —
by the periodic change between fcc and hcp-
stacking areas which are separated by the so-
called discommensuration lines (bright lines
in Fig. 1A). This substrate is hence naturally
templated in two dimensions with a rectan-
gular unit cell of 5.8 nm x 7.2 nm.

We have recently shownl20! that the or-
ganic semiconductor hexa-peri-hexaben-
zocoronene (HBC, Fig. 1B) preferentially

Fig. 1. (A) Large scale STM image of 0.1 monolayer (ML) HBC adsorbed on Au(11 12 12). The
inset shows the bare template surface with maximum contrast applied to each terrace individually
(25 nm x 25 nm). (B) Chemical structure of HBC. (C) High resolution STM image of two kink-
adsorbed HBC molecules. (D) STM image of kink adsorbed (upper, green) and step-adsorbed
(lower, blue) HBC molecules. Dashed lines show the molecular axes, highlighting the rotation with
respect to the step edge normal for kink-adsorbed HBC. (E) Hierarchy of adsorption sites for HBC
on Au(11 12 12) at about 0.2 ML coverage (see text for details).

decorates kinks within fcc-stacking regions
on randomly oriented steps on Au(111).
As shown in Fig. 1A, HBC also selectively
decorates kinks within fcc-stacking regions
on the templated Au(11 12 12) crystal at low
coverage, hence forming a regular array of
subunits consisting of 1-3 HBC molecules,
which are regularly spaced due to the nano-
structured template surface. Characteristic
of this adsorption are two protrusions cen-
tered over two of the peripheral benzene
rings which appear to be lying on the upper
step edge (Fig. 1C), suggesting that the mol-
ecules adsorb in a tilted way across the step
edges. STM is however not able to clearly
distinguish between electronic and geomet-
ric effects, such that the tilted adsorption ge-
ometry of HBC had to be proven experimen-
tally by complementary X-ray photoelectron
diffraction measurements.2! A tilt angle of
about 12° of the aromatic board with respect
to the Au(111) terraces has been determined
experimentally and confirmed by an exten-
sive density functional theory (DFT) analy-
sis.[201 A second characteristic feature of this
adsorption configuration is a rotation of
about 18° of the molecular axis with respect
to the step edge normal direction (Fig. 1D).
While preferential decoration of surface de-
fects is widely observed for most adsorbates,
the tilted adsorption geometry across kinks
is unusual, especially since adsorbates con-
taining extended polycyclic aromatic units
are generally expected to adsorb on coin
metal substrates with their polyaromatic
board parallel to the surface.22]

A stepwise increase of the HBC cov-
erage allows five energetically inequiva-
lent adsorption sites on the Au(11 12 12)
substrate to be identification, as indicated
in Fig. 1E. Adsorption across kinks is en-
ergetically favored (denoted as a in Fig.
1E), followed by adsorption across straight
step edges within fcc-stacking regions ().
Once the step edges (straight and kinked)
within the fcc regions are fully occupied,
steps within the hcp regions are decorated

(y). After full step decoration, subsequent
adsorbates will decorate the fcc-stacking
regions on the terraces (0) in a way that
only one HBC is found per fcc-region. At
slightly higher coverage, single molecules
will also decorate hcp-stacking regions (g)
in the same way. This energetic hierarchy of
adsorption sites nicely highlights the influ-
ence of both the co-ordination of the surface
atoms (kinks and steps vs. terrace atoms)
and their electronic structure (fcc vs. hep
stacking regions) on the interaction with
adsorbates, which is of course also relevant
for catalytic processes.

The same type of vicinal Au substrate can
also be used for the formation of regularly
spaced bimolecular ribbons and chains/3!
or the formation of highly ordered arrays
of C,, nanochains.?*! Fig. 2 shows that
C,, chains consisting of 3-5 molecules are
aligned along the step edges. As for HBC,
C,, preferentially decorates fcc-stacking re-
gions with the molecules sitting at the lower
step edges. As shown by these examples,
vicinal crystals can be used for the creation
of highly ordered organic nanostructures,
with the template surface periodicity being
transferred to the organic superlattice.

Other substrates which have been suc-
cessfully used as templates for organic
nanostructures include a room-temperature
stable nanohole array produced by sputtering
the Ag/Pt strain-relief network surface,3]
the boron nitride ‘nanomesh’ monolayer on
Rh(111),1261 partially nitrided Cu(001)[27! or
— with less long-range order of the resulting
nanostructure array — the reconstructured
Au(111) surface.[28!

3. Aromatic Interactions in Two-
dimensional Supramolecular
Architectures

The site-selective anchoring of a first
adsorbate — as demonstrated in the preced-
ing section and also shown for the HBC
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Fig. 2. STM image of a C,, nanochain array
on Au(11 12 12). The inset shows a close-up
of two chains consisting of four (left) and five
(right) molecules.

derivate dodecamethyl-HBC2!l — might be
used as a first step towards supramolecular
architectures by using a specifically func-
tionalized primary adsorbate. Secondary
(ternary) co-adsorbates might then be con-
nected to the initial anchors, thus allowing
for the creation of a supramolecular system
which can be grown at well-defined posi-
tions with respect to the substrate. Supra-
molecular architectures based on hydrogen
bonding,!1423291 metal co-ordination!!430.31]
or a combination of the twol3?! have success-
fully been grown on single-crystal metal
substrates before, with the ability to tune the
networks through chemical functionaliza-
tion. We have recently shown that a rational
design of non-covalently bound supramo-
lecular networks can also be achieved by the
use of aromatic interactions, extending the
‘library’ of binding motifs — or synthons(33
— for non-covalent two-dimensional (2D)
supramolecular architectures by the class of
aromatic interactions.

Aromatic stacking interactions are
highly versatile and generally only show
limited directionality*#! compared to other
non-covalent interactions such as hydrogen
bonds, 351 which has hitherto limited their
use in rationally designed 2D supramolecu-
lar architectures. Besides their relevance
to the folding of large biomolecules and
in crystal engineering, interest in aromatic
stacking is also fuelled by the use of poly-
aromatic molecules as organic semicon-
ductors in electronic devices where the use
of polycyclic units appears to be a unify-
ing design feature.36371 In these devices,
charge-carrier pathways are created due to
the overlap between m-orbitals of nearest
neighbor in face-to-face stacking geom-
etries, so-called s— stacking.

While lateral aromatic interactions have
been suggested to play a role in the self-
assembly of organic adsorbates before,38-3]
there have been no prior studies on the pos-
sibility to rationally design supramolecular

systems based on aromatic interactions. We
have studied the adsorption behavior of the
nonplanar polycyclic hydrocarbon hexa-
cata-hexabenzoroconene (cHBC, inset in
Fig. 3A)101 on Cu(111).411 Steric hindrance
between neighboring hydrogen atoms in
the bay regions distorts the aromatic board
away from planarity. Due to this nonplanar-
ity, molecules can partially interdigitate (see
inset in Fig. 3A). At submonolayer coverage,
cHBC predominantly forms a commensu-
rate honeycomb superstructure on Cu(111)
as shown in Fig. 3A. This network is sta-
bilized by aromatic interactions between
interdigitated self-complementary tetraheli-
cene units of nearest neighbors (see model in
Fig. 3B). Force-field calculations show that
the experimentally observed nearest neigh-
bor distance of 13.3 A agrees well with the
theoretically determined distance of 13.0 A.
The interplay between (repulsive) steric hin-
drance and attractive interactions due to par-
tial overlap between interdigitated aromatic
units bestows a directionality to this type of
aromatic binding motif, hence overcoming
the limitation of non-directionality, render-
ing a rational design of supramolecular ar-
chitectures possible. Other possible entities
for aromatic binding motifs include different
types of spiral aromatic units.[42]

While cHBC is achiral, the honeycomb
networks on Cu(111) are chiral structures
with the chirality of the networks defined by
the coupling between nearest neighbors.[4!]
The bay regions of cHBC can be regarded as
helical tetrahelicene units. Each cHBC can
then be considered as consisting of three
fused M- or P-tetrahelicene units. Interdigi-
tation is only possible by two tetrahelicene
units of the same handedness. Therefore,

honeycomb structures are enantiopure in
their coupling motif which can be either
based on M—M or P—P interdigitation. This
represents a new class of surface-supported
chiral objects, an area of research which has
gained a lot of interest recently.[*3] A further
aspect of the cHBC honeycomb network is
the chiral nature of its pores, which could be
prone to enantioselectively host chiral guest
molecules.

Due to the overlapping m-orbitals, the
cHBC networks are expected to show a
significant charge-carrier mobility, which
would represent — to the best of our knowl-
edge — the first truly 2D system for which
this is the case. An AMI1 calculation (Fig.
3C) shows that the HOMO and LUMO lev-
els of the cHBC dimer in the interdigitated
geometry are split, with the splitting in-
creasing if the molecules are brought closer
together. Using Marcus theory, this splitting
is found to be proportional to the electron/
hole mobility.*4l In the present case, the
HOMO splitting is larger, suggesting that
the hole mobility exceeds the electron mo-
bility, which is commonly observed for or-
ganic semiconductors.]

Besides their use in truly 2D supramo-
lecular architectures, aromatic interactions
have also proven efficient for the binding
of fullerene C  guest molecules to a sur-
face-supported superlattice of corannulene
hosts.! Fig. 4 shows the ordering of C;
on a corannulene monolayer on Cu(110).
As highlighted in Fig. 4B, each C_ guest
sits on top of a corannulene host which is
visualized by the model in Fig. 4C. Inter-
estingly, variable-temperature STM stud-
ies reveal two distinctly different states of
C,, on the corannulene host lattice, with

L™

— LUMO
— HOMO

12 13 14 15 16
Center-to-center distance d [A]

Fig. 3. (A) STM image of cHBC on Cu(111). The upper inset shows the chemical structure of
cHBC. The lower inset shows two interdigitated nearest neighbours with the interdigitating
tetrahelicene units being highlighted in violet. (B) High-resolution STM image of the honeycomb
phase with superposed structural model. (C) Splitting of the HOMO/LUMO levels as computed
with AM1 as a function of nearest neighbour distance in the self-complementary nearest

neighbour recognition geometry.
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Fig. 4. Overview (A) and high-resolution (B)
STM images of C,, guests on a corannulene
host lattice supported on Cu(110). Contrast

is applied such that C appears yellow while
corannulene is dark blue. (C) Structural model
of the corannulene-C_; host-guest complex on
Cu(110).

different binding energies and bowl-ball
separations. This transition from a weakly
bound precursor state to a strongly bound
host-guest complex is found to be thermally
activated, and has been shown to originate
from a subtle interplay between homo- and
heteromolecular interactions. 4]

4. Nanoscale Phase Separation in
Binary Molecular Systems

When going from mono-molecular net-
works such as the ones presented above to
multi-component  supramolecular  archi-
tectures, both homo- and hetero-molecular
interactions have to be considered when de-
signing (respectively understanding) a par-
ticular network. While the interaction with
the substrate may influence the respective
interactions due to charge transfer between
substrate and adsorbate or due to substrate-
mediated interactions,*’l co-adsorption on
coin metal surfaces often only leads to a
change in absolute interaction energies while
relative interaction energies — compared to

T

Spacers

gas-phase values — are approximately pre-
served for most systems. This allows —to a
certain extent — for a rational design of 2D
supramolecular networks. Co-adsorbates
containing complementary functional units
with hetero-molecular interactions dominat-
ing over their homo-molecular counterparts
have successfully been used to produce 2D
bi-component networks.[23291 First attempts
towards three-component architectures have
also been reported recently.[*8] The other ex-
treme case, where homo-molecular interac-
tions exceed hetero-molecular non-covalent
bonds is of limited interest since this will
simply lead to a phase separation of adsor-
bates. Astonishingly, there have been only
very few reports about the intermediate re-
gion — where homo- and hetero-molecular
interactions are of comparable strength, such
that the thermodynamically most stable su-
pramolecular structure will correspond to an
optimized balance of both interactions.

We have investigated the self-assem-
bled superstructures formed by the organic
semiconductor 3,4,9,10-perylenetetracar-
boxylic-dianhydride (PTCDA) when co-
adsorbed with amine functionalized mol-
ecules 4,4’-diamino-p-terphenyl (DATP)
and  2,4,6-tris(4-aminophenyl)-1,3,5-tri-
azine (TAPT). Chemical structures are giv-
eninthe Scheme. Fig. 5 illustrates the range
of low-dimensional PTCDA structures that
can be obtained by co-adsorption of DATP
and TAPT on Au(111). A unifying feature
of all PTCDA nanostructures is that they
contain PTCDA-PTCDA interaction geom-
etries that can also be found in the mono-
layer phases of PTCDA on Au(111).[9

The amine-functionalized co-adsorbates
hence only act as hydrogen-bonding spac-
ers between pure phases of PTCDA with
nanoscale dimensions.

Neither DATP or TAPT are able to
form strong homo-molecular hydrogen
bonds because of their lack of hydrogen-
bond acceptor units. Also, van-der-Waals
interactions are small because of the
limited contact surface areas due to the
planar adsorption geometries. Homo-
molecular interactions between these two
species can hence be neglected compared
to hetero-molecular hydrogen bonds with
PTCDA. PTCDA, in turn, can form strong
multiple homo-molecular hydrogen bonds
which are rather flexible in terms of inter-
molecular distance and relative molecular
orientation, leading to a range of stable
interaction geometries as confirmed by an
extensive DFT analysis,> which is also
reflected in different types of PTCDA
monolayer superstructures that have been
observed.bl

This example shows that by exploiting
subtle energy balances between versatile
homo- and heteromolecular interactions,
highly ordered arrays of nanoscale phase-
separated structures can be grown via
self-assembly. While a rational design of
such structures may be difficult due to the
manifold and complex interactions that are
involved in final structure formation, the
identification of suitable pairs of functional
units — such as the amine-anhydride combi-
nation shown here — is possible by the use
of combined experimental and theoretical
studies.

DATP

Scheme

otese

PTCDA

| ~
N
OO~ w
2 e H,N NH,

N" SN

F

1D PTCDA

PTCDA

Fig. 5. Series of STM-images showing the range of PTCDA nanostructures that can be grown on Au(111) using hydrogen bonding spacers. Contrast
has been applied such that spacer molecules appear in turquoise while PTCDA appears red. (A) Densely packed monolayer phase of DATP spacers.
(B) Rectangular PTCDA-DATP network. (C-E) Linear PTCDA single (C), alternating single/double (D) and double ribbons (E) spaced by DATP pairs.
(F) Array of PTCDA nanoislands consisting of 7 molecules spaced by TAPT. (G) Monolayer PTCDA herringbone phase. The scale bar is 2 nm in all

images.
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5. Surface Chemistry Approaches
to Low-dimensional Polymeric
Nanostructures

Among the most promising potential
applications of 2D supramolecular porous
networks is their use as nanoscale templates
for the creation of organic/inorganic nano-
structures with dimensions well below those
achievable by lithographic techniques. Fur-
thermore, such networks can be tuned in
both shape and size by chemical synthe-
sisl!4! and it has been shown that they allow
for the templated growth of fullerene clus-
ters(2] or the trapping of large adsorbates.[>2]
Recently it has also been shown that Co and
Fe atoms selectively decorate a surface-sup-
ported metal-coordination network to form
small clusters.53 However, routinely ob-
tained networks based on non-covalent in-
teractions such as hydrogen bonds, > metal
co-ordinationB% or aromatic interactions(*!]
do not generally meet the stringent criteria
of thermal and chemical stability needed for
their efficient use in the production of tech-
nologically relevant objects such as mag-
netic nanostructures or nanoscale sensor
arrays. To overcome this limitation, there
have recently been several attempts towards
covalently bound surface-supported sub-
monolayer thick polymeric structures.[54-7]
Successful ~ proof-of-principle  studies
have exploited the oligomerization of N-
heterocyclic carbenes, imine-formation
by condensation between aldehydes and
amines,5% condensation of boronic ac-
ids,571 coupling of porphyrins through C-C
linkage via elimination of Br,58! and via a
radical mechanism supported by a copper
substrate.[!

We have investigated the surface-con-
fined condensation reaction between anhy-
drides and amines which leads to polyim-
ides (Fig. 6A).[60611 In solution and in thin
films, the amic acid reaction intermediate is
readily formed at room temperature, where-
as on Au(111) structures ascribed to amic
acid species (Fig 6B) can only be observed
after annealing to above ~470 K.[611 As out-
lined in the previous section, below this
temperature, the two species form highly
ordered nanostructures stabilized by hy-
drogen bonds.Y The restriction of the two
reaction partners to two dimensions hence
considerably raises the activation barrier for
the first reaction step which is intuitively
plausible since the nucleophilic backside at-
tack involved in this step requires an offset
between the reaction partners, which might
only be reached at higher temperatures
where vibrational amplitudes of either of
the reactants orthogonal to the surface be-
come significant. After annealing to above
~570 K, polyimide structures are formed.
For the combination of DATP and PTCDA,
linear strands which can be locally paral-
lel (Fig. 6C,D) due to inter-chain hydrogen

bonding are observed. Typical lengths of
these strands are on the order of 5-10 mole-
cules, which is considerably smaller than for
polymeric structures formed in more ‘tradi-
tional’ chemical environments. This smaller
size might be due to kinetic limitations dur-
ing growth and/or to steric hindrance. Inter-
estingly, the confinement of the imidization
condensation reaction to the surface appears
to increase the proportion of iso-imide re-
action products,[©!l where the nitrogen has
replaced the carbonyl oxygen instead of the
bridging oxygen in the final product. This is
tentatively ascribed to a lower strain energy
of both the intermediate and final reaction
products of the iso-imide in the constrained
geometry on Au(111).[01

The overall topographic properties of
the polymeric network can be influenced by
changing the reaction partners. While the

linear DATP leads to locally close-packed
films of one-dimensionally interconnected
oligomers (Fig. 6C and D), reacting PTCDA
with the three-fold symmetric TAPT leads to
extended 2D connectivity and a porous net-
work (Fig. 6E and F) which might serve as
a template for the growth of metal clusters.
However, covalent networks with signifi-
cant long-range order could not be obtained
under the chosen surface-confined imidiza-
tion conditions. This also applies to all other
surface polymerization reactions reported so
far.55-591 The formation of defect-free con-
tinuous polymer networks thus represents a
major challenge in this new field. Further
studies will have to explore the possibilities
of topological polymerization reactions in
preordered networks or self-repair mecha-
nisms that allow to dissociate and reconnect
a mislinked unit at the correct position.

10 nm
——

Fig. 6. (A) Imidization condensation reaction scheme. Anhydride and amine react to an amic

acid reaction intermediate and finally to the imide by shedding water. (B) Amic acid reaction
intermediates incorporated in non-reacted, hydrogen-bonded structures. Green arrows highlight
protrusions centred at PTCDA-DATP junctions which are ascribed to amic acid while the blue
arrow points to the corresponding hydrogen bonded junction where no protrusion is visible.

(C) Large scale STM image of linear polyimide oligomers formed between DATP and PTCDA
comprising locally aligned patches of co-parallel ribbons. (D) High-resolution STM image of co-
parallel PTCDA-DATP polyimide ribbons. (E) Large scale STM image of 2D interconnected porous
polyimide network formed by fully reacted TAPT and PTCDA. (F) High resolution STM image of an

individual pore from (E).
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6. Conclusions

The presented case studies illustrate
the richness of surface chemistry and its
relevance in the bottom-up fabrication of
surface-supported organic nanostructures.
As shown in this short review, a wealth of
intriguing phenomena are observed at the
interface between chemistry and physics,
which can differ considerably from seem-
ingly analogous processes within other
fields at the core of either discipline. Un-
derstanding the interactions between large
organic adsorbates and substrates and the
resulting implications for self-assembly,
reactivity and electronic properties remains
challenging and requires both progress in
theoretical modeling and the deduction of
generally applicable concepts from exten-
sive experimental studies.

While there is rapidly growing knowl-
edge to rationally design supramolecular
architectures on surfaces, future work will
have to focus on increasing the stability and
selectively functionalizing supramolecular
networks to render them more suitable for
possible applications. A key step in this re-
spect will consist in moving towards more
‘realistic’ sample preparation conditions,
such as pressures well above UHV condi-
tions. Also, the creation of organic nano-
structures on semiconductors, insulators or
insulating thin films will become more im-
portant in this context. As a first step along
these lines, we are currently investigating
whether the concept of template-directed
anchoring and growth can be extended to
naturally templated insulating films such as
for example ultrathin aluminum oxide on
Ni,Al(111).[021

Regarding the functionalization of
supramolecular networks, first successful
attempts towards functional pores have re-
cently been reported,l®3 paving the way for
future nanoscale sensor arrays. Aromatic
coupling motifsi*!l are inherently functional
since they combine geometrical organization
with electronic coupling and might therefore
be of particular interest in bestowing elec-
tronically relevant properties to a network.
It will most probably also be necessary to
combine different classes of non-covalent
and covalent interactions to steer the self-
assembly in order to obtain a desired func-
tionality and topology. This may also require
going beyond purely 2D systems towards
rationally designed hierarchically assembled
thin films. First attempts towards a stepwise
self-assembly into the third dimension have
been reported recently.[64]
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