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Achieving full, nanometer-scale control over the position-
ing and organization of molecules into monolayers at surfa-
ces represents a major challenge, with potential interest in
the field of fabrication of multifunctional nanodevices.[1]

Bottom-up approaches successfully exploit the self-assembly
of molecules to generate preprogrammed structures and
patterns on such a scale.[2–8] In this context, scanning tunnel-
ing microsACHTUNGTRENNUNGcopy (STM) is a tool of choice to characterize the
molecular packing on solid surfaces and unravel dynamic
processes such as organic monolayer formation, in particular
at the solid–liquid interface.[9, 10] While the formation of
single-component self-assembled monolayers and their char-
acterization by STM has been thoroughly reported for more
than a decade,[11] only recently have interesting studies on
multicomponent two-dimensional (2D) architectures been
proposed. In this contribution we highlight various recent

results based on novel approaches for the self-assembly of
multicomponent 2D nanostructures at the solid–liquid inter-
face and their characterization on the submolecular scale by
in situ STM studies.

The controlled formation of ordered multicomponent
nanostructures with a periodic structural motif is not trivial
as most binary mixtures are prone to undergo phase segre-
gation or to form randomly mixed domains.[12] Ordered bi-
or multicomponent nanostructures can be formed by a
subtle interplay between intramolecular, intermolecular,
and interfacial interactions, and in particular by combining
principles of supramolecular chemistry and interfacial
chemistry. An important role is played by the solvent, not
only in view of its different interactions with the molecules,
but also in light of the possibility to coadsorb at surfaces.[13]

For example, De Feyter and co-workers observed the coad-
sorption of solvent (1-octanol) molecules within a mono-
ACHTUNGTRENNUNGlayer of an isophtalic acid derivative (the “studied” mole-
cule) on highly oriented pyrolytic graphite (HOPG). They
showed the exchange dynamics between 1-octanol solvent
molecules and the isophtalic acid proceeds at the monolayer
domain boundaries, leading to a rearrangement of a large
part of the monolayer within a domain in a cooperative
manner (see details in Ref. [14]). Such a result is in line
with the findings of Padowitz and co-workers, who em-
ployed thioether molecules coadsorbed within an alkane
monolayer as tracers to follow the rate of exchange (adsorp-
tion–desorption processes) and the specific molecular pro-
cesses at grain boundaries.[15]

Recently, a few STM studies reported the construction
of mixed donor–acceptor monolayers by applying a solution
containing the two molecular systems to crystalline solid
surfaces such as HOPG. In a seminal work, Rabe and co-
workers studied the monolayer formation of a donor–ac-
ceptor model system, namely isophtalic acid and pyrazine
derivatives, forming hydrogen-bonded 2D networks on
graphite, and compared the structure with a 3D crystalline
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packing.[16] Similarly, the concept of the H-bonded network
has been exploited to form discrete oligothiophene assem-
blies[17] or 2D crystals of perylene bisimide with two differ-
ent partners, and the authors have suggested strategies to
immobilize the multicomponent system at the liquid–solid
interface.[18] Therefore, these multicomponent methodolo-
gies are complementary to the classical “one-component”
approach in which the donor and acceptor are covalently
linked, forming dyads and multiads.[19–24]

Furthermore, the controlled co-deposition of two com-
ponents was proven to be a viable approach to govern the
orientation of a discotic system with respect to the basal
plane of the graphite substrate: The interaction of a Zn–por-
phyrin derivative with 1,4-diazaACHTUNGTRENNUNG[2,2,2]bicyclooctane
(DABCO) or bipyridine can, for example, drive the self-as-
sembly towards either an edge-on or a face-on packing of
porphyrin discs at the graphite–solution interface.[25]

Recently, different groups have developed donor–ac-
ceptor complexes using macrocycles (as electron donors)
that can encapsulate functional units as electron acceptors,
such as fullerene (C60). This approach represents a route to
change the reactivity of functional building blocks or to
study physicochemical aspects of spatially confined func-
tional units, and then compare them with the properties of
their bulk. One can self-assemble in solution the host–guest
system and directly adsorb it onto surfaces using a one-step
deposition. Following this strategy, calixarenes were em-
ployed to host C60 within a self-assembled monolayer on
AuACHTUNGTRENNUNG(111).[26] In contrast, two recent papers describe a two-
step procedure: First, a 2D monolayer of macrocycles is
physisorbed onto HOPG, then a solution containing C60 is
applied to the surface, yielding the encapsulation of the full-
erene within the macrocycle. Mena-Osteritz and Bau@rle de-
scribed the adsorption of C60 on a dodecathiophene macro-
cycle and showed that although the C60 would sterically fit
within the macrocycle cavity, it spontaneously tends to
adsorb onto the rims of the macrocycle (see Figure 1).[27] At
a high coverage of C60, they observed that only one C60 unit
can be adsorbed per macrocycle. In an independent

report,[28] different authors also observed that C60 adsorbs
on the bithiophene moieties of a different macrocycle; alto-
gether, these results suggest a relatively strong p-donor/
p-acceptor interaction between the thiophene moieties and
C60. However, the latter report proposed that two C60 mole-
cules can adsorb per macrocycle, which can be explained in
light of the larger macrocycle diameter (and unit cell area)
compared to the thiophene macrocycle described in
Ref. [27]. As an alternative to macrocycles, supramolecular
arrays generated from trimesic acid (TMA) derivatives can
be employed to encapsulate C60

[29] or coronene deriva-
tives.[30] In this case, the absence of a preferential weak in-
teraction, such as the one between an electron acceptor and
a donor moiety (as described in Refs. [27,28]), allowed the
incorporation of the conjugated units in the central vacancy
of the supramolecular array.

By exploiting oligo(phenylene ethynylene) (OPE),
which is known to form highly ordered monolayers on
graphite,[31] different self-assembly behavior has been ob-
tained by co-depositing phthalocyanine derivatives with
OPE at surfaces. While octakisACHTUNGTRENNUNG(octyloxy) phthalocyanine
(PcOC8) forms isolated domains adsorbed on graphite,
which are segregated from the OPE crystals on the tens-of-
nanometers scale, ordered adlayers of phthalocyanine deriv-
atives adsorbed on top of a first OPE layer have been ob-
served using praseodymium bis(phthalocyanine) (Pr-
ACHTUNGTRENNUNG[(PcOC8)2]).

[32] Nevertheless, these architectures were char-
acterized by a poor control over the stoichiometry of the
different components within the monolayer. This control
could be attained through a careful choice of the molar
ratio of the two systems in the solution applied to the sur-
face. Very recently, Wan and co-workers described the co-
adsorption of OPE and coronene (COR): Depending on the
molar ratio, alternate single and molecular pair rows on
HOPG can be observed, see Figure 2.[12] The relationship
between the molar ratio and the distribution is somehow
unexpected: For instance, a 1:1 molar ratio gives a two-by-
two distribution of COR (i.e., rows of COR pairs) while a
1:2 molar ratio gives a one-by-one distribution of COR (i.e.,

Figure 1. Left: STM image (11.6 nm�8.7 nm) of a monolayer of a thiophene-based macrocycle on HOPG, including a complex with C60 (white
arrow). Bias voltage V=�700 mV, average tunneling current I=44 pA. Right: Calculated model of a closely packed monolayer of a macrocycle
and a side view of the calculated energy-minimum conformation of the complex (inset, upper right). Reprinted with permission from Ref. [27].
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rows of single COR). The authors also describe the distribu-
tion of peptides in the OPE template, and in this case the
dispersion of the peptide is controlled by the H-bonds with
the terminal carboxylic groups of the oligomers. The struc-
tural model they propose consists of peptides that are ar-
ranged in pairs adsorbing only every two terminal carboxyl-
ic moieties of the OPE.

Charra et al. reported a similar approach, where a
monoACHTUNGTRENNUNGlayer template was employed to control the position-
ing of functional units. They used a molecule consisting of a
tristyrylACHTUNGTRENNUNGbenzene core substituted with alkyl groups at the
periphery. This system self-assembles into monolayers with
a threefold symmetry on HOPG.[33] This assembly exposes
“cavities” (i.e., uncovered HOPG) between the cores, dic-
tated by the length of the alkyl groups, in which subsequent-
ly deposited guest molecules such as COR or hexabenzocor-
onene (HBC) can adsorb. Interestingly, by following the dy-
namics of the different guest molecules in situ at the liquid–
solid interface and under vacuum, they showed that this
monolayer template actually behaves like a “sieve”; guest
molecules smaller than the channel width between two cavi-
ties (e.g., COR) can diffuse from cavity to cavity by a ther-

mally activated process,
while larger molecules such
as HBC remain sequestered
in the cavity.

Rosei and co-workers
proposed a method to con-
trol the molecular packing of
TMA coadsorbed with a
linear alcohol on HOPG.
Due to the three carboxylic
groups on the TMA unit,
TMA forms H-bonds with
the alcohol. When both com-
ponents are mixed before
imaging, two types of do-
mains are observed in the
monolayer on HOPG: a
flowerlike pattern and a
linear pattern. The former is
the typical assembly of pure
TMA in a threefold symme-
try architecture, while the
latter consists of a mixed
monolayer made of TMA
dimer tapes separated by a
tape of perpendicular linear
alcohol chains (1-heptadeca-
nol in the case of Fig-
ure 3b).[34] It is worth notic-
ing that the authors ruled out
the possibility of esterifica-
tion between the two compo-
nents. By changing the alco-
hol chain length, they were
able to modulate the distance
between TMA tapes. Inter-
estingly, they found that all

alcohols with an odd number of carbon atoms produced a
nearly perpendicular orientation of alcohol chain axis with
respect to the TMA tape (see Figure 3b), whereas they ob-
served a tilted orientation for an even number of carbon
atoms (see Figure 3a). This difference is interpreted on the
basis of the dense alkyl-chain packing in which adjacent
chains are in a staggered arrangement: For even-numbered
alcohols, efficient packing requires adjacent chains to shift
by one carbon along the chain axis, resulting in the tilt of
the chain with respect to the TMA tape.

Interestingly, STM at the solid–liquid interface has also
proven to be a useful tool to study the self-assembly of nu-
cleic acids. Very recently, Besenbacher and co-workers de-
scribed the intermolecular H-bonding between pure and
mixed assemblies of adenine and thymine physisorbed on
HOPG.[35] As pointed out by the authors, it is indeed a great
challenge to better understand the mechanism behind the
assembly of DNA nucleobases in view of their potential
complexation with proteins and with more complex biologi-
cal systems.[35]

The exploration of multicomponent monolayer systems
with STM is a rapidly evolving field, paving the route to-

Figure 2. a) Chemical structures of OPE and COR; b) STM image of a one-by-one distribution (1:2 molar
ratio of COR to OPE), V=874 mV, I=498 pA; c) STM image of a two-by-two distribution (1:1 molar
ratio), V=759 mV, I=735 pA; d) STM image of a one-by-two distribution (3:2 molar ratio), V=920 mV,
I=652 pA. Reprinted with permission from Ref. [12].
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wards exciting applications in the realm of nanotechnology,
for example, data storage and sensors. The studies highlight-
ed in this paper show that various strategies can be under-
taken towards a rational molecular nanopatterning of multi-
component architectures at surfaces, as a way to tune the re-
activity of functional units or to study and exploit their
space-confined properties. Furthermore, it represents the
first step towards the formation of multifunctional 3D nano-
structures. A precise self-assembly can be accomplished by
tailoring specific and directional noncovalent interactions
between molecules, by tuning parameters such as the molar
ratio, solvent, and temperature, or by using templates to
guide the positioning of specific molecules. To achieve a full
control over the stoichiometry of multicomponent architec-
tures, it will be of utmost importance to understand the
complex thermodynamics governing the self-assembly pro-
cess. Help in this regard could arise from molecular model-
ing as a route to unveil rational strategies for multicompo-
nent molecular patterning at surfaces, and to single out the
different energetic contributions governing the complex
phenomena.
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