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1. Introduction

The coverage of solid surfaces with atoms and, more
recently, with (organic) molecules is a broad scope area that
has received the attention of the scientific community during
recent years. This interest is based on the fact that the
presence of the (organic) molecules usually modifies the
surface properties, resulting in new materials with enhanced
properties suitable for the preparation of devices in molecular
electronics or for the study of emerging nanoscience and
nanotechnology.'

In this regard, the design and development of coated
surfaces showing unprecedented optoelectronic properties
require detailed understanding of the phenomena occurring
at the atomistic scale at the interface between the solid
surface and the added molecules.? To unravel the fascinating
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aspects occurring in these new materials, a wide variety of
studies have been carried out on different solid substrates
using a huge number of molecules to interact with them.
Thus, important topics such as those devoted to nanopar-
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ticles,’ nanoelectrodes and nanopores,* self-assembling mono-
layers (SAMs) and multilayers,” the most recent so-called
“nanovehicles”,’ or, for instance, dendrimers at the nanometer
scale for application in molecular electronics, sensing, or
catalysis’ are topics where the topological and electronic
interactions occurring at the interface between the substrate
and the molecules are critical.

Needless to say, to have good expertise in all of these
topics as well as in their applications, such as light conver-
sion,® or to discuss their manipulations (electric measure-
ments and charge transport,” nanocars,' etc.) is out of the
scope of a single research group; therefore, multidisciplinary
studies are required for the rational development and
applications of these modified surfaces.

In this context, the coverage of solid surfaces with
fullerenes offers the possibility of transferring the fascinating
properties of these molecular carbon allotropes (involving
chemical, electrochemical, and photophysical properties) to
solid surfaces.!! The chemical and physical methods available
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allow transfer of fullerenes in a controlled way to the
substrate, giving rise to ordered structures where electronic
interactions between the molecules with the solid surface or
with other closed molecules are responsible for the two-
dimensional (2D) supramolecular organizations.

Fullerenes are fascinating spherical molecules exhibiting
outstanding chemical, electrochemical, and photophysical
properties, which have made them one of the most studied
chemical compounds during the last 20 years.!? As a result,
nowadays, there is a good understanding of the covalent
chemistry of these carbon allotropes.'> Supramolecular
chemistry of fullerenes has also been developed to a great
extent, and because of their singular geometry, these spherical
molecules have been used as both hosts and guests in a wide
variety of supramolecular ensembles reported during the last
years. !4

A different supramolecular approach to that known in
solution or three-dimensional (3D) crystals, which currently
represents a major challenge in science, is the engineering
of atoms or (organic) molecules on atomically well-defined
solid surfaces of a different nature, mainly involving metals
(Au, Cu, or Ag) or semimetals (graphite). The aim is to
achieve good control of the self-ordering of the adsorbed
atoms or molecules on the substrate with the final goal of
obtaining new nanostructured functional materials for the
preparation of smaller devices."” This bottom-up approach,
which is mainly based in the characterization of samples by
using modern microscopy techniques [scanning tunneling
microscopy (STM), atomic force microscopy (AFM), and
transmission electron microscopy (TEM)], requires a good
understanding of the interactions occurring between the
substrate and the adsorbed molecules as well as the ones
among the molecules in the presence of the interacting solid
surface. Thus, the 2D arrangement is a result of a combina-
tion of weak noncovalent intermolecular forces (such as van
der Waals or dispersive forces) with molecule—substrate
interactions, where crystalline symmetry of the surface plays
a leading role.'® Therefore, supramolecular chemistry is an
important tool for the development and understanding of the
emergent nanoscience and nanotechnology at surfaces.
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In this regard, molecule—substrate interactions usually
determine adsorption geometry and conformation at low
surface coverages. Only when molecules are able to form
strong directional bonds, such as H-bonds, and the corruga-
tion of the potential energy for the adsorbed species is small
as compared to the energy gain from intermolecular interac-
tions, supramolecular structures formed on surfaces are
mainly determined by intermolecular forces (although the
substrate influence may still be important).!” On the other
hand, in some specific systems—such as the Au(111)
surface—there is a strong selectivity in the adsorption site
of the adsorbates, which, in turn, determines the final
morphology of the organic monolayer.

Herein, we review the different strategies followed for the
incorporation of fullerene molecules onto solid surfaces,
which mainly involve (i) the site-selective adsorption of
fullerene or fullerene derivatives on a bare metal—where
reconstructions frequently occur on the metal surface—or
semiconductor surface; (ii) the generation of a regular
network of an organic molecule on the surface, which, in
turn, is used as a template for the further controlled
organization of fullerenes, thus avoiding the strong tendency
of fullerenes to rearrange the substrate atomic structure; and
(iii) the formation of lateral superlattices at a nanometer scale
by mixing fullerenes with other electronically complementary
molecules.

The aim of this review is not to make a comprehensive
presentation of the still relatively few examples known on
surface-supported 2D supramolecular networks involving
fullerenes but to show some paradigmatic cases that illustrate
the importance of this bottom-up approach for the controlled
generation of ordered carbon nanostructures.

2. Substrate-Controlled Adsorption of Fullerenes
on Solid Surfaces

The nature of the interaction between fullerenes and metal
single crystals surfaces has been the subject of a numbers
of reports. Recently, Tamai, Baumberger, and co-workers
have addressed the unraveling of the electronic structure at
the Cgo/metal interface by means of high-resolution angle-
resolved photoemission,'® revealing the presence of an extra
photoemission peak dispersing in the highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular
orbital (LUMO) gap, which has been interpreted as a
signature of a strong hybridization between the copper and
the carbon electronic states. The covalent interaction between
Ceo molecules and metallic surfaces is also supported by STM
studies—showing a significant influence of the underlying
metal on the electronic structure of the absorbed Cg'***—and
DFT calculations.?! Apart from the hybridization between
the d-states of the metal surface and the s-orbitals at the
Ceo cage, a significant charge transfer from the substrate to
Ceo 1s usually observed, with reported values ranging from
0.7 to 2 €/C60.22

Another topic that has been amply discussed in the
literature is the effect of surface reconstruction upon fullerene
adsorption. For strongly interacting substrate/adsorbate sys-
tems, adsorption often leads to significant changes in the
subtle energetic balance governing surface structure and, thus,
to a significant modification of the substrate’s atomic
geometry known as surface reconstruction. For fullerene
adsorption on clean metal surfaces, surface reconstruction
seems to be the rule rather than the exception. For example,
Pd(110)* and Ni(110)** surfaces show large mass transport
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associated with fullerene adsorption; the strong interaction
between these d-band metals and the z-systems of Cg
promotes the creation of a long-range ordered array of
vacancy islands that permit a closer interaction between the
metal surface and the lateral ;r-electrons of the Cg cage that
otherwise would not be in close proximity of any surface
atoms. There is even ample evidence supporting surface
reconstruction for the much less reactive noble metal
surfaces,” ¥ including close-packed ones.??~3!

2.1. Adsorption Site Selectivity

2.1.1. Zero-Dimensional Point Defects: Points of
Emergence of Ordered Surface Dislocation Networks

Surfaces showing well-ordered, uniform arrays of anchor-
ing sites are excellent templates for the preparation of ordered
molecular nanostructures by site-selective nucleation and a
further self-assembly of the adsorbed molecules. This has
been shown for metallic nanostructures, for example, as a
consequence of the strain-relief patterns and dislocation
networks characteristics of some solid surfaces, for example,
the Au(111) herringbone-reconstructed surface,> which
favors the initial nucleation in preferential regions.*® Actually,
a wide variety of surface defects, such as steps or impurities,
can also act as nucleation sites for anchoring molecules.
While, contrary to metal adatoms,** Cg, molecules have not
been observed to decorate preferentially the elbows of the
herringbone reconstruction, fullerene derivatives, such as
PCBM (phenyl-Cg;-butiric acid methyl ester),> adsorb
preferentially at the elbows, forming a regular array of single
molecules (Figure 1).° At low coverages, because of the
influence of the “side-tail” of PCBM, the herringbone
reconstruction of Au(111) acts, thus, as an efficient template
that dictates the resulting structure.’

2.1.2. One-Dimensional (1D) Line Defects: Ordered
Monatomic Steps on Vicinal Surfaces

Fullerenes have been deposited onto metal surfaces since
the early 1990s, and in particular, the most studied Cg
molecule has been observed to diffuse fast on Au(111) 22
x /3 herringbone-reconstructed surfaces at room temper-
ature, to end up being selectively anchored at the lower step
edges on the face-centered cubic (fcc) areas.’” This observa-
tion suggested the possibility to employ vicinal Au surfaces
with a periodic arrangement of monatomic steps as a template
to obtain ordered arrays of fullerene molecules. In stepped
and reconstructed gold surfaces [vicinal to the (111) face],
a rectangular array of preferred adsorption sites arises from
the perpendicular intersection of two nanoscale patterns of
different origin: step edges and dislocation lines from the
remaining herringbone reconstruction on the (111) facets.

This inherent property of vicinal gold surfaces has been
skillfully exploited by Fasel and co-workers for preparing
Cgo nanostructures with long-range order and uniform size
by using Au(11 12 12) surfaces, which consists of 7 nm wide
(111)-oriented terraces separated by a periodic array of (100)
monatomic steps.*® After deposition of 0.1 monolayer (ML)
of Cgo on the gold surface at room temperature, a highly
regular 2D superlattice of short molecular chains, formed
mostly by four or five Cg units, was observed (Figure 2).
Interestingly, the nanochain superlattice contains fullerene
molecules adsorbed exclusively on the fcc areas of the step
edges of the substrate.*® This organization has been accounted
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Figure 1. (a) STM image (92 x 127 nm?) of a highly regular 2D array of the Cg, derivative PCBM molecules on the reconstructed
Au(111) template surface. (b) High-resolution image of a single PCBM molecule adsorbed at the elbow of the herringbone reconstruction.

Figure 2. STM image of the superlattice obtained after formation
of a highly regular 2D array of Cgy nanochains on the Au(11 12 12)
template surface after deposition of ~0.1 ML of Cgy (T ~ 40 K,
Viias = —2 V, and I = 0.03 nA). The inset (Vi3 = —2.5 V, and
I, = 0.5 nA) shows a high-resolution image of two short chains.
Reproduced with permission from ref 38. Copyright 2006 American
Chemical Society.

for by the possibility of a certain charge transfer degree from
the electron-rich step edge to the electron deficient Cgy. Only
after complete decoration of the step edges, close-packed
Ceo islands grow. At higher coverages, the Cg layer grows
out from the chains and across the terraces, which is
energetically favored over the closing of the nanochain
segments into extended 1D molecular chains.

Berndt’s group has used the tendency toward faceting of
the Au (433) vicinal surface—with regular 4 nm wide terraces
separated by bunches of 1.4 nm terraces—and the trend of
Cgo to modify the atomic structure of some metal surfaces
to fabricate long and narrow fullerene stripes. The combina-
tion of Cg adsorption on the gold vicinal surface and
subsequent annealing to 500 K results in the formation of a
faceted surface decorated with alternating metal and fullerene
stripes, several hundreds of nanometers long, with an average
width of 6—8 adjacent molecular chains (Figure 3).%

2.1.3. One-Dimensional Line Defects: fcc vs hcp Stacked
Surface Regions on Au(111)

Even on flat (nonvicinal) Au(111) surfaces, the dislocation
pattern arising from the herringbone reconstruction also
provides a 1D template for the growth of fullerene deriva-
tives. For example, in the case of PCBM, the organization
process starts with adsorption of individual PCBM molecules
at the elbows of the reconstruction as described above but
for larger coverage continues with the formation of 1D wires

S W N iy N
Figure 3. STM images of the deposition of 0.5 ML of Cg on
Au(433) before (a) and after (b) annealing at 7 = 500 K for 15
min. The insets show close-up views. Reproduced with permission
from ref 39. Copyright 2006 American Chemical Society.
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Figure 4. STM images of the deposition of 0.5 ML of PCBM on
Au(111). Reproduced with permission from ref 36. Copyright 2007
Wiley-VCH Verlag GmbH & Co. KGaA.

formed by double rows of PCBM molecules nucleated
exclusively at the fcc areas of the reconstruction, which gives
rise to a 2D nanosized spiderweb of PCBM nanowires
(Figure 4).%

2.2. Interaction-Controlled Molecular Ordering:
Adding Functionality to Fullerenes

The intrinsically symmetric nature of fullerenes makes
difficult their organization in complex structures. This can
be achieved by functionalizing fullerene with added specific
groups. In a recent study, we have shown that UHV
deposition of the fullerene derivative PCBM—which has been
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Figure 5. Large-scale STM image of the Au(111) surface after
depositing ~0.6 ML of PCBM, showing the coexistence of two
different phases: (a) the nanoscale spiderweb (created by the
templating effect of the substrate surface) and (b) the sets of parallel
double rows connected by an array of weak hydrogen bonds. (c)
Close-up of PCBM double rows produced on Au(111) by the take
over of the intermolecular interactions. (d) Top and (e) side views
of the optimized (calculated) structure for a PCBM dimer. (f)
Optimized structure for a PCBM tetramer. The dotted lines mark
the weak hydrogen bonds responsible for this conformation.
Reproduced with permission from ref 36. Copyright 2007 Wiley-
VCH Verlag GmbH & Co. KGaA.

extensively used in organic photovoltaic solar cells**—on
Au(111) leads to a coverage-dependent transition from
substrate-controlled to (weak) H-bond-controlled self-as-
sembly.’® As the density of the molecules increases above
the coverage for which the nanoscale spiderweb described
above is found, the collective effect of the intermolecular
interactions (weak hydrogen bonds) lifts the templating effect
of the substrate reconstruction, to result in the formation of
long, straight wires of double rows of PCBM molecules
(Figure 5). These findings reveal that when the density of
molecules exceeds that of the available fcc areas, the
interactions between the organic addends of the fullerenes
take over molecule—substrate interactions, resulting in a
cross-over from substrate-controlled to intermolecular inter-
action-controlled in the surface organization of PCBM
molecules.

Density functional theory calculations predict that two
PCBM molecules are connected through two weak H-bonds
between the tails, leading to an energy gain of 2.19 kcal/
mol in comparison with two isolated molecules. A further
calculation of the tetramer by considering the presence of
two additional H-bonds between adjacent dimers resulted in
an excellent agreement with the experimental findings (Figure
5). Interestingly, weak H-bonds of type C—H+++O have been
a matter of discussion during the last 25 years, being
recognized as a key aspect in many supramolecular organi-
sations.*' In our case, the weak H-bonds between the methyl
ester groups and between the phenyl rings and the carbonyl
functionalities are responsible for the observed cross-over
site selectivity, confirming that they could be a valuable tool
for engineering molecular nanostructures at surfaces.

Nanowires of other fullerene derivatives have also been
formed in a predictable way on graphite surfaces by using
fullerenes with long alkyl chains (compounds 1a—e in Figure
6).*? The samples were deposited on highly oriented pyrolytic
graphite (HOPG) by spin-coating from chloroform solutions
and were then studied by STM at 100 K under UHV
conditions. Lamellar structures and 1D alignment of the
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a) b)

1a: R=R'= 0CygH33
1b: R = R' = OCgoHas
1c: R = R'= OC1oHos
1d: R = OCygHgs: R = H
1e: R=H; R = 0CygHa3

Figure 6. (a) Chemical structure of fullerene derivatives 1. (b)
High-resolution STM image of 1a on HOPG (scan range, 30 x 30
nm?; I, = 40 pA; and Vy,s = +3.0 V). Reproduced with permission
from ref 42. Copyright 2006 American Chemical Society.

a) b) c)

Figure 7. Chemical structure of ErsN@Cy, (a) and STM images
of molecular islands of it on SrTiO5(001)-c(4 x 2) (55.4 x 31.3
nm? Vg = +1.6 V, and I, = 0.10 nA) (b). Two-dimensional
endohedral fullerene array organization (31 x 16 nm?, V, = +3.0
V, and /;, = 0.1 nA) on SrTiO3(001)-(6 x 8) (c). STM images of
the growth of epitaxial Cy (d) islands onto SrTiO3(001) showing
a one-molecule wide chain (e) and a four-molecule-wide island of
C7o (f). Imaging conditions: Vi = +2.6 V, and [, = 0.10 nA for
image e and V; = +2.3 V, and I, = 0.10 nA for image f. Reproduced
with permission from ref 43. Copyright 2006 American Chemical
Society. Reproduced with permission from ref 44. Copyright 2007
Royal Society of Chemistry.

fullerenes were observed. This study revealed the strong
impact that the presence of alkyl chains has on the 2D
arrangement. Thus, derivatives bearing three alkyl chains are
adsorbed in a head-to-head bilayer structure resulting in
zigzag type of wires within the lamellae. In contrast, the
presence of only one alkyl chain gives rise to the formation
of an interdigitated lamella. The spacing between lamellae
is determined by the alkyl chain length.

The interactions described above reveal the important role
that supramolecular chemistry can play in the construction
of molecular nanostructures on solid surfaces. The arsenal
of noncovalent interactions available—where alkyl chains and
functional groups can play a leading role—to achieve a
rational order of the molecules on the substrate is currently
being applied on different solid surfaces and must lead to
amazing results in the next coming years.

2.3. Fullerene Ordering on Nanostructured
Surfaces

Nanostructured SrTiO3(001) has also been used as a
template to order endohedral Er;N@Cg, and Cyy molecules
(Figure 7). The adsorption of ErsN@Cg, (Figure 7a) on
SrTiO;3(001) results in the formation of close-packed islands
without an apparent epitaxial relationship with the c(4 x 2)
reconstruction of the surface (Figure 7b). However, preparing
the sample with an intensive sputtering and annealing
procedure (945 °C and >1 h) yields a different surface
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reconstruction, with a periodicity (6 x 8), and subsequent
deposition of Er;N@Cg giving rise to a 2D organization as
a consequence of the fitting of this endohedral fullerene in
the array of monatomic deep trenches generated on the
SrTiO3(001) surface (Figure 7c).* In contrast, Cy, fullerene
(Figure 7d) deposited on the standard c(4 x 2) reconstruction
of SrTiO3(001) forms a number of linear configurations, from
one-molecule wide linear chains to two-molecule wide
clusters, as well as three-, four-, and five-molecule wide
elongated islands (Figure 7e.f). As expected, because of the
absence of alkyl chains or functional groups on the fullerene
molecule as well as to the large corrugation of this surface,
the observed configurations assume a packing order that is
commensurate with the substrate. This finding has been
accounted for by considering that the locations of the bonding
sites are correlated to the size and geometry of the molecules
in relation with the size and geometry of the substrate.**

2.4. Orientational Ordering Imposed by the
Substrate

In contrast to most of the planar molecules, which usually
adsorb flat on surfaces, spherical fullerenes add an additional
rotational degree of freedom and, consequently, a higher level
of complexity. STM has been successfully used for detecting
the orientation of the Cg units despite their spherical shape.
These studies reveal random orientation® of the fullerene
molecules forming the assembled clusters or monolayers.
Only in a few cases the strong interaction between the Cg
units and the solid surface results in simple orientational order
with a uniform orientation*® or ordered alternation of two
orientations.*’

In this regard, Berndt’s group has recently found a long-
range orientational order in a C4 monolayer on Au(111) by
using STM at low temperature.*® Remarkably, a unit cell
formed by 49 Cgy molecules adopts 11 different orientations
(Figure 8). This unit cell can be divided into a faulted and
an unfaulted half—similar to the (7 x 7) reconstruction of
Si(111). In this singular case, intermolecular interactions play
a leading role in stabilizing the observed superstructure.

3. Fullerene Adsorption on Surface Scaffoldings
by Organic Templates. Formation of 2D
Architectures

While the adsorption and self-assembly of fullerenes on
bare metal surfaces could be naturally patterned at the
nanoscale by the presence of surface reconstructions or step-
edge arrays, they offer very little flexibility with regard to
the overall geometry of the nucleation sites. A two-step
approach has been tried by different research groups in recent
years: In the first step, a monolayer of organic molecules is
deposited on the solid surface, which would self-assemble
into long-range ordered arrays, thereby providing an organic
nanoscale pattern for the subsequent, second step, deposition
of fullerenes. This approach allows the rational design of a
nanoscaffold by a careful choice of the molecular species
involved. Furthermore, these hierarchical arrays allow avoid-
ance of the strong tendency of fullerenes to modify the
substrate atomic structure.

Although one of the first papers published on this kind of
2D structures involved calix[8]arene,* most frequently,
porphyrins are the electron donor molecules used to form
supramolecular ensembles by combination with Cg either
in solution or in the solid state.’® The first example of
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Figure 8. STM images (/ = 0.1 nA, and V= 1.5 V) of Cg islands
deposited at room temperature on Au(111): (a) 32 x 20 nm? and
(b) pseudo-3D 20 x 20 nm? The height scale corresponds to the
highlighted rhombus (a) and (b) defines a unit cell. Added dashed
lines indicate equivalent cells. (c) STM images of adsorbed Cg
with a 1-, 2-, or 3-fold symmetry axis (1 nm?), their corresponding
top view models (d), and the proposed Cqy arrangement in the
superlattice (e). Reproduced with permission from ref 48. Copyright
2007 American Physical Society.

supramolecular architectures formed by assembly of fullerenes
and porphyrins on Ag(100) under UHV conditions was
recently reported by Spillmann, Jung, Diederich, and co-
workers involving compounds 2 and 3 of Figure 9.°! The
self-assembly in these compounds bearing cyanophenyl
substituents is due, probably, to both van der Waals and
dipole—dipole interactions. STM images at 1 ML coverage
reveal that both porhyrins 2 and 3 self-organize in regular
molecular rows with a high packing density. The subsequent
ordering of deposited Cgy molecules depends on the por-
phyrin structure underneath.

Deposition of 0.14 ML of Cg onto a preadsorbed
monolayer of diporphyrin 2 generates unidirectional chains
composed of eight Cgy molecules (ca. 15.5 nm long and 4.4
+02A high, Figure 9a). These Cg units are located outside
of the porphyrin core despite their large surface area. On
the contrary, deposition of Csy under the same conditions
on a monolayer of 3 on a Ag(111) substrate resulted in the
formation of two segregated molecular domains of Cg and
3, with the Cg units accommodated on top of the porphyrin
layer.

Porphyrin 3 has also proven to form a nanoporous phase
on Ag(111) that exerts a templating effect in the complex-
ation of Cg. As in the case of bis-porphyrin 2, STM images
of 3 reveal that porphyrins lie flat on the surface without
overlapping with their neighbors, forming an hexagonal
superstructure of pores with a diameter of ~1.2 nm and a
depth of ~1.2 A. These pores act as selective receptors for
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Figure 9. Chemical structure of porphyrins 2 and 3 and STM
image of 2+Cg (a) and 3+Cg (b) complexes (scan range, 30 x 30
nm?; I, = 16 pA; and Vi = 2.67 V). (c) Proposed model for the
assembly of 2+Cgy complexes: The C¢y molecules (black spheres)
are situated between the molecules of 2 approximately on top of
the 3-cyanophenyl groups; the arrows indicate the major and minor
growth directions. Reproduced with permission from ref 51.
Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA.

Ceo to form new highly organized and atomically well-
defined functional materials (Figure 9). At room temperature,
fullerenes jump from pore to pore with a rate of ~1073 s™!
at low coverages (0.01 ML). At higher coverages (0.02 ML),
Cg0 molecules condense, forming supramolecular islands
located close to empty porous areas. This finding has been
accounted for by the attractive cohesive intermolecular
interactions between the fullerene molecules.

However, not all of the 2D supramolecular ensembles
obtained by deposition of porphyrins on surfaces yield the
same results. Yokoyama and co-workers have described the
formation of a flexible porous network upon adsorption of
Ceo on a Au(111) surface covered with a compact monolayer
of porphyrin 4 (Figure 10) bearing two carboxylic groups.>?
In this case, it is the adsorption of Cgy molecules that leads
to the formation of nanopore structures by laterally shifting
the supramolecular wires of porphyrins, which occurs
simultaneously to the partial change in the conformation of
the metalloporphyrin (Figure 10). A similar reorganization
of the underlying molecular patterns has been observed for
Ceo/acridine 9-carboxylic acid (ACA) on Ag(111).33

Donor—acceptor 2D supramolecular ensembles have also
been formed employing adsorbed shape-persistent macro-
cycles as surface templates. Thus, Freyland and co-workers
have recently generated a 2D supramolecular structure from
macrocycle § and its codeposition with fullerenes on HOPG
(Figure 11).>* STM images recorded under ambient condi-
tions have been claimed to show that S is organized into
rows separated by the interdigitated alkyl chains on the
graphite surface. Further deposition of 5/Cg in a 1:4 ratio

Chemical Reviews, 2009, Vol. 109, No. 5 2087

Figure 10. (a) Proposed model, chemical structure, and high-
resolution STM image of a linear Cg chain arranged on self-
assembled porphyrin 4. The circles indicate the rotation of the
porphyrin aryl substituents to avoid steric hindrance. Reproduced
with permission from ref 52. Copyright 2007 Wiley-VCH Verlag
GmbH & Co. KGaA.

OC 5Hgy OC,gHy

CuH;;O: i 0OC 16H33
CygH33 0 < o OCgHys

Figure 11. Chemical structure of macrocycle 5, higher resolution
STM image under ambient conditions, revealing the adsorption site
of C¢ on the macrocycle (Vs =1.0 V, and I, = 0.3 nA) and
proposed structural model. Reproduced with permission from ref
54. Copyright 2006 American Chemical Society.

formed an array of well-ordered bright spots corresponding
to two Cg molecules weakly bonded to the macrocycle. Each
Ceo pair is not located above the center of the macrocycle
(intrinsic hole) but just on the two bithiophene moieties
present in the macrocycle. Therefore, the driving force for
this superstructure is not the interaction of the Cg units with
the uncovered graphite surface inside the rings but the
donor—acceptor interactions between the electron-rich
bithiophene fragments and the electron-poor Cgy molecule.

Cyclooligothiophene 6 (Figure 12) has also been reported
to host Cg molecules on HOPG.» The packing of the
macrocyles on the surface brings the ring-shaped 7-systems
together to distances of 0.4 nm, forming a “spiderlike”
conformation, which allows the intermolecular interactions
between the alkyl chains. These van der Waals interactions
are the driving force for the self-organization of alkylated
conjugated systems. The so-formed modified surface of ring-
shaped m-type organic semiconductors is appropriately
organized for complexing Ceo. Thus, stable 1:1 host—guest
complexes are formed. At very low coverage, different
adsorption sites are observed, with the fullerene unit adsorbed
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Figure 12. STM image (left) of a monolayer of cyclooligoth-
iophene 6 on HOPG, including a 6+Cg complex (white arrow).
Image area, 11.6 x 8.7 nm?; tunnelling conditions, Vy,s = —700
mV, and /; = 44 pA. Reproduced with permission from ref 55.
Copyright 2002 Wiley-VCH Verlag GmbH & Co. KGaA.

in the cavity of the macrocycle or in the rim. Interestingly,
at higher coverages (98%), the formation of multiple
complexes involving more than one Cg molecule per
oligothiophene is not observed, forming exclusively 1:1
complexes. The complexed fullerenes form a 2D crystalline
superstructure exhibiting a true epitaxial growth matching
the underlying macrocycle monolayer (Figure 12).

All of the examples hitherto described consist of hierarchi-
cally organized close-packed arrays of molecules on top of
which subsequently deposited fullerenes sit. A different
scenario is that of open nanoporous networks held by
directional interactions, such as hydrogen bonding or metal
coordination, whose pores act as nucleation sites for Cg
adsorption. A representative example is the honeycomb
structure resulting from codeposition of melamine and
perylene tetracarboxylic diimide (PTCDI)on Il ML Ag—Si(111)
/3 x +/3R 30° surface.’® Melamine can bind three PTCDI
molecules through triple hydrogen bonds, along three axes
forming an angle of 120° with each other. These hydrogen
bonds direct the growth of a honeycomb structure whose
nodes are melamine molecules linked by PTCDI molecules.
Upon Cg, deposition on this honeycomb structure, Cg
adsorbs exclusively on the hexagonal nanopores of the
honeycomb. Moreover, because of the particular size of the
pore for the melamine-PTCDI network, it can accommodate
seven Cgp molecules and no more, and so, Cg heptamers
can be found on the images. Following a similar approach
with terphenyl and benzoic carboxylic acid molecules, which
form nanoporous coordination networks upon codeposition
with Fe, Stepanow et al. were able to probe that the Cg
cluster size can indeed be controlled by the pore size, which,
in turn, is determined by the size and shape of the molecular
species that form the organic pattern.’

Stepanow et al. have also recently carried out a systematic
STM study of the hierarchical self-assembly of Fe atoms
and trimesic acid molecules (TMA, compound a in Figure
13) on a Cu(100) substrate in ultrahigh vacuum, forming
broad-branch X-shape nanocavities with an opening of ~1
nm. Each single nanocavity was formed by eight TMA
molecules, and the structure that resulted was stable at
temperatures as high as 500 K under vacuum conditions.*®
Fullerene Cg, was further deposited on the nanocavity-
covered substrate by thermal sublimation (690 K) from
organic beam evaporators under UHV conditions, and the
STM measurements were performed in situ at room
temperature.

Figure 13e shows that each nanocavity binds only one
fullerene Cg, molecule. The apparent height of the adsorbed
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Figure 13. Chemical structures of trimesic acid (TMA, a), cystine
(b), and Phe-Phe (c). (d) STM image (left) of the 2D metallosu-
pramolecular nanocavities obtained on a Cu(100) substrate by
hierarchical assembly of TMA and Fe atoms. The inset in panel d
shows the proposed model for a single nanocavity surrounded by
eight uncoordinated carboxylate groups. (¢) STM images, 14 x 14
nm?, of the Cgy binding s in the receptors. The different molecular
heights might reflect distinct adsorption configurations. (f) STM
images, 25 x 22 nm?, of the Phe-Phe binding molecules in the
receptors. Reproduced with permission from ref 58. Copyright 2006
Royal Society of Chemistry.

Cgo molecules is a result of the different configurations
(orientation or position). In any case, adsorption of fullerene
molecules was observed at the Cu surface, thus occurring
exclusively at the nanocavities. To estimate the binding
strength of the hierarchical organization, annealing experi-
ments were performed. At 470 K, release of Cg was
observed, this temperature being significantly lower than that
required for the desorption of Cgy from clean Cu surfaces
[730 K for Cu(110)].° These STM experiments reveal the
reversibility of the process, which is an important issue for
the fabrication of 2D nanoarrays of fullerenes at solid
surfaces.

4. Coadsorbed Fullerene Systems and the
Formation of Intermixed Layers at a Nanometer
Scale

One step further in the construction of molecular self-
assembled devices is the use of coadsorbed systems, which
offer even broader possibilities for structure and property
control.® In these systems, it has been shown that the adlayer
structures formed depend on the ratio of the molecular
components and their degree of coverage, resulting in a
variety of different molecular structures.>"5!
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A= D) S e () = o (L)
Figure 14. (a and b) Proposed models and STM images of the
intermixed Cgo-ACA supramolecular structures for the R and S
chiral surfaces (c and d). A unit cell is indicated in each panel for
reference purposes, along with the matrix notation of the domain.
Reproduced with permission from ref 53. Copyright 2005 American
Chemical Society.

As an outstanding example of the above concepts, Wil-
liams et al. have shown, by using a coadsorbed system
formed by acridine-9-carboxylic acid (ACA) and fullerene
Ceo on Ag(111), that the formation of the intermixed
structures depends on the balance between Cg-ACA-Ag(111)
interactions.®® Thus, upon changing the initial ACA coverage,
two different Cgp: ACA cooperative structures were formed
(a chiral intermixed structure and a chainlike Cg structure).
The chiral Cgy:ACA structure was obtained at critical local
coverage of 0.4 ML of ACA, whereas the chain C¢:ACA
structure was related with a ACA dimer phase. Thus,
important organization patterns, such as chirality or 1D
chains, can be tuned as a function of the coverage of the
predeposited ACA structures.

Chirality is a concept that has fascinated chemists from
its very beginning, which has been used by Mother Nature
for the construction of biologically active molecules, which,
eventually, gave place to life. In this regard, the development
of chirality on surfaces opens the way to an altenative
procedure for the preparation of new chiral compounds and
enatioselective reactions. Furthermore, chiral surfaces show
enantiospecific properties of interest, such as, for instance,
electron—molecule interactions,* polarization-dependent pho-
toemission,® and nonlinear optical response.®

Chiral surfaces have been achieved by following two
different strategies: (i) adsorption of chiral molecules on an
achiral surface (direct-transfer chirality) and (ii) adsorption
of achiral molecules, which became chiral when confined
on a solid surface due to the symmetry breaking imposed
by the surface (surface-confined chirality).>® It is important
to note, however, that in this second case, even though the
adsorbed molecules become chiral, the surface phase often
remains achiral due to the formation of the racemate.
Fullerene Cg, because of its [, symmetry is not a good
candidate for chiral symmetry breaking. However, as stated
above, Williams et al. have shown that when coadsorbed
with symmetric ACA (C,, symmetry) on an epitaxially
ordered Ag(111) surface, they form a chiral phase (Figure
14).33

In a recent study, we have carried out the growth of a
self-assembled lateral superlattice of 2-[9-(1,3-dithiol-2-
ylidene)anthracen-10(9H)-ylidene]-1,3-dithiole (exTTF, 7)%
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Figure 15. Nanoscale segregation of PCBM and exTTF mixtures
on Au(111) (118 x 132 nm?). The inset shows the grow morphol-
ogy of the ext-TTF films at ~1 ML of coverage on Au(111).

Reproduced with permission from ref 67. Copyright 2007 American
Chemical Society.

as an electron donor and PCBM as an electron acceptor on
Au(111) under UHV conditions at variable temperature. The
superlattice areas were determined to be 10—20 nm in width
(Figure 15).°” The aim of this work was to use the nanometer-
scale pattern provided by the well-known 22 x +/3 “her-
ringbone” reconstruction of Au(111) surface as a template
to steer the growth of the molecular species into 1D
molecular nanostructures with sizes in good agreement with
the exciton diffusion lengths (10—20 nm), as required for
highly efficient photovoltaic solar cells.® Our results reveal
that the lateral segregation of donor/acceptor blends into a
long-range ordered superlattice where the appropriate mor-
phology is feasible.

PCBM, which upon vacuum deposition on Au(111) leads
to a coverage-dependent transition from substrate-controlled
to (weak) H-bond-controlled self-assembly (see Figure 5),%
and 7 were deposited from two separate glass crucibles
resistively heated at 400 and 500 K, respectively, onto the
Au(111) substrate, which was held at room temperature.
Addition of ~0.6 ML of 7 on top of the PCBM-based
nanoscale spider-web structure results in the formation of
two distinct areas observed by STM at room temperature:
(i) a well-ordered areca of exTTF where the elbow-free
herringbone reconstruction underneath can be recognized as
a long-period corrugation of the molecular rows and (ii) a
disordered area reminiscent of the high-coverage PCBM
phase.

This singular nanoscale phase segregation has been ac-
counted for by (i) the low tendency of 7 and PCBM to mix,
(i1) the high mobility of PCBM molecules at room temper-
ature (used in the experiment), and (iii) the stronger
interaction of 7 with the gold surface, in contrast to PCBM,
which behaves as a 2D gas. Thus, the morphology and phase
separation remain almost intact upon increasing the coverage,
forming exTTF and PCBM stripes of around 20 nm, which
compares well with typical exciton diffusion lengths.*>68
These morphological features fulfill the requirements for the
construction at the nanometer scale of efficient photovoltaic
solar cells, and in a broader sense, they are of interest for
the study of other optoelectronic devices where morphology
between photo- and electro-active donor and acceptor species
plays a leading role.

A well-ordered organic donor/acceptor nanojunction array
formed by self-assembly of fullerene Cgy (as an electron
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Figure 16. STM images [50 x 50 nm? (a) and 15 x 15 nm? (b)]
of 0.1 ML Cg on “face-on + edge-on” 6P layer on Ag(111)
corresponding to the preferential adsorption of Cg triplets atop
single 6P molecule. The inset in panel b shows the proposed model.
STM images [80 x 80 nm? (c) and 20 x 20 nm? (d)] of 0.5 ML
Cep on face-on + edge-on 6P layer on Ag(111) showing the
formation of a well-ordered vertical Cg/6P array. STM images [100
x 100 nm? (e) and 13 x 13 nm? (f)] of the lateral Cg/6P arrays.
(g) Schematic model for the regular superlattice of alternating Cg
and 6P linear chains. Reproduced with permission from ref 69.
Copyright 2008 American Physical Society.

acceptor) on the molecular nanotemplate formed by nanos-
tripes of p-sexiphenyl (6P) (as an electron donor) on Ag(111)
has recently been reported by Chen et al.® In this case, STM
studies reveal the formation of Cg/6P arrays with a well-
defined 2D arrangement. A further annealing process on the
molecular superstructure formed by the Ce/6P at 380 K leads
to the insertion of Cg linear chains between the 6P
nanostripes, thus resulting in the formation of a periodic
lateral nanostructure constituted by Cg and 6P molecules
(Figure 16).

The examples collected in this section clearly reveal that
the preparation of well-organized organic donor/acceptor
nanojunction arrays is feasible as shown in the low-
temperature STM investigations carried out on different
donors (exTTFs, 6P) and Cgy as a paradigmatic case of
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electron acceptor molecule. These new 2D organic nano-
structures represent outstanding and alternative realistic
possibilities for the preparation of nanoelectronic devices.

5. Outlook

Although fullerenes have already been used for the direct
coverage of different metal substrates from the very begin-
ning, only recently they have been mixed with other
appealing molecules, which nicely complement them from
a geometric and electronic point of view. As a result, organic
molecules previously deposited on a substrate have been used
as new templates for the formation of 2D-ordered fullerene
superstructures. Thus, planar as well as concave host organic
molecules, namely, involving macrocyles, have been suc-
cessfully used to accommodate fullerenes (Cg and Cyy) and
fullerene derivatives in which the presence of alkyl chains
or functional groups has a strong impact on the induced order.
The different strategies followed along this review clearly
show that the modification of the metal surface can be
avoided by first decorating the solid surface with suitable
organic molecules acting as templates and can be exploited
in the construction of hierarchical assemblies of fullerene
arrays. Furthermore, the rational design of coadsorbed
systems results in outstanding achievements such as the
generation of chiral surfaces, also described for other classes
of organic molecules, or the organization of intermixed layers
of electron donor and acceptor components. These 2D
superlattices are thus new scenarios for testing, for instance,
nonconventional enantiomeric synthesis (chiral surface) or
unraveling the fundamental electron transfer process in
intermixed layers for the production of optoelectronic devices
at a nanometer scale. In summary, fullerenes—probably the
most studied molecules during the last 20 years—are called
to play a leading role in the development of 2D supramo-
lecular organizations formed by the assembly of pristine and
chemically modified fullerenes that can preserve the out-
standing chemical, electrochemical, and photophysical prop-
erties that they exhibit.
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