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Abstract: Large polycyclic aromatic hydrocarbons (PAHs) can be considered as nanographenes, whose
electron donating or accepting properties are controlled by their size and shape as well as functionalities
in their periphery. Epitaxial thin films of them are targets for optoelectronic applications; however, large
PAHs are increasingly difficult to process. Here we show that epitaxial layers of very large unsubstituted
PAHs (C42H18 and C132H34), as well as a mixed layer of C42H18 with an electron acceptor, can be obtained
by self-assembly from solution. The C132H34 is by far the largest nanographene that up to now has been
processed into ordered thin films; due to its size it cannot be sublimed in a vacuum. Scanning tunneling
microscopy (STM) studies reveal that the interaction with the substrate induces a strong perturbation of
the electronic structure of the pure donor in the first epitaxial monolayer. In a second epitaxial layer with
a donor acceptor stoichiometry of 2:1 the molecules are unperturbed.

Introduction

The fabrication of high-performance miniaturized molecular
electronic devices based on conjugated (macro)molecules
requires an accurate control both of the structural arrangement
at the supramolecular level and of the electronic structure of
the molecules composing the active organic matrix, ideally with
a precision on the single molecule level.1-8 Particularly mixed
ordered layers of electron-rich and electron-poor conjugated
molecules open new applications for molecular electronics.9

Following the discovery of the high conductivity exhibited by
iodine-doped polyacetylene,10 a tremendous effort has been

devoted to the processing of conjugated molecules in thin
ordered films. One approach has been the sublimation in a
vacuum,11 which, although it allows to form crystalline organic
layers, is severely limited by the size of the processable
molecules. A second strategy that has been followed was
processing from solutions. In this case, increasing the size of
the rod- and disklike conjugated oligomers the intrinsic molec-
ular conductivity increases with the number of unsaturated repeat
units composing the molecule while, at the same time, the
solubility decreases dramatically with the size of the molecule.12

For solution processing the synthesis of conjugated (macro)-
molecules with solubilizing side chains opened a pathway
toward viable processability into thin films.12,13The side chains,
however, lead to a dilution of the electronically active function
of the molecule, and may also decrease the degree of conjugation
due to a torsion of single bonds.12

Synthetic polycyclic aromatic hydrocarbons (PAHs), which
can be regarded as two-dimensional subsections of graphite,
constitute a class ofπ-conjugated compounds having various
sizes and peripheral functionalities.14-16 Unsubstituted PAHs
have been processed only into ordered thin films by vacuum
sublimation, with C54H22 being the largest reported case.17 They
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are characterized by a high charge carrier mobility of theπ-π
stacked supramolecular aggregates,18 and when macroscopically
processed in thin films in the presence of an acceptor, such as
perylene dyes, they show high photovoltaic response with high
external quantum efficiencies.9

Scanning Tunneling Microscopy makes it possible to probe
the electronic states of the frontier orbitals of single molecules
adsorbed on a flat conductive substrate providing a direct real-
space imaging of the structures of organic monolayers with a
submolecular resolution.19,20

Here we report the self-assembly of very large unsubstituted
PAHs from solutions into epitaxial composites. STM is used at
room temperature and ambient pressure to visualize these
structures with submolecular resolution at the solution-graphite
interface, as well as to investigate the electronic properties of
the adsorbates on the single molecule scale.

Results and Discussion

The unsubstituted PAHs displayed in Figure 1, namely hexa-
peri-hexabenzocoronene (C42H18, 1) and C132H34 (2),15 were
dissolved in 1,2,4-trichlorobenzene (TCB) employing two
different approaches: (i) solutions of neat1 or 2 were kept at
100 °C for 12 h or (ii) an equimolar quantity of1 or 2 and an
alkylated coronenebis(dicarboximide)s derivative (3)21 was
solubilized. Saturated solutions of C42H18 with concentrations
up to 10-4 M are obtained in this way (see Supporting
Information), ready to be deposited on solid substrates. As
currently used for conjugated polymers, the term solution is here
employed in a broad sense with the meaning of dissolving single
molecules or clusters thereof. The deposition on the substrate
is characterized by a competition between adsorption and
intermolecular clustering, being therefore a kinetically compli-
cated process. While1 and2 are known to be strong electron
donors,3 exhibits the properties of a potent electron acceptor.
In this case the strong homomolecular aggregation among1

and2 is likely to compete with the tendency to form acceptor-
donor stacks, which might lead to an increased solubility of1
and2.

An STM image recorded at the interface between a solution
and highly oriented pyrolitic graphite substrate (HOPG)16 of a
monolayer of1 is shown in Figure 2a. The molecules pack in
a crystalline structure with hexagonal symmetry (see model in
Figure 2b), indistinguishable from the one detected for dry
monolayers grown in ultrahigh vacuum.22 The monolayer at the
solid-liquid interface exhibits defect-free single crystals with
areas larger than 104 nm2, providing evidence for a strong
adsorption on graphite. Moreover, due to the possibility of
monitoring simultaneously the adsorbate and the substrate lattice,
it is possible to achieve a spatial resolution of fractions of
angstroms. This is evident in the 2D Fourier Transform in the
inset of Figure 2a where the peaks of the HOPG lattice are
indicated with the black arrows while those of the adlayer
hexagonal arrangements are marked with red arrows.

Upon increasing the tunneling junction impedance, e.g. by
changing the tunneling current in STM imaging, it is possible
to lift the tip up from the substrate. This permits switching from
the imaging of the first layer to the self-assembled structures
of the second adsorbate layer, which are displayed in Figure
3a,c,e,f. For nondestructive measurements, these tunneling
conditions can be used to estimate the average resistance of
the complex molecule-solvent in the gap tip-substrate.1 While
for the first layer the tunneling impedance ranges from 2.7×
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C.; Müllen, K. Angew. Chem., Int. Ed. Engl.1998, 37, 1434-1437.
(22) Schmitz-Hu¨bsch, T.; Sellam, F.; Staub, R.; Torker, M.; Fritz, T.; Kubel,

C.; Müllen, K.; Leo, K. Surf. Sci.2000, 445, 358-367.

Figure 1. Chemical formulas of the PAHs: (1) hexa-peri-hexabenzocoro-
nene (C42H18); (2) C132H34; and (3) alkylated coronenebis(dicarboximide)
derivative.

Figure 2. Hexagonally packed first layer of1 adjacent to the substrate.
(a) STM constant height images of1 at the graphite-solution interface.
The structure possesses a unit cella ) (1.37( 0.04) nm andR ) (60 (
1)°, leading to an areaA ) (1.63 ( 0.05) nm2. The observed features do
not reflect the frontier orbital of the neat C42H18. The measurements were
performed on a sample of co-deposited1 and 3 from solution. The 2D
Fourier Transform in the inset provides evidence of the simultaneous
visualization of the HOPG (black arrow) and adsorbate (red arrow) lattices.
The packing model is displayed in part b. Tunneling condition of the STM
image: (a)Ut ) 351 mV, averageIt ) 436 pA.
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107 to 1.7 × 109 Ω, for the second layer, since the electrons
need to tunnel through a bilayer, it extends from 1.1× 109 to
8.4 × 109 Ω. In the second layer, the samples prepared from
neat 1 (procedure i) exhibit a dimer structure (Figure 3a,b)
consisting of tightly packed C42H18 disks, while the films
prepared by co-deposition of1 and3 (procedure ii) exhibit an
oblique arrangement (Figure 3c-f). This latter structure is a

complex architecture: within the same layer between two
physisorbed C42H18 disks, along the gray arrows in Figure 3c-e
a white spot can be recognized and ascribed to a coadsorbed
molecule3. Notably, in both the oblique and dimer structures
the high-resolution images allow the recognition of an intramo-
lecular contrast that seems to reflect the symmetry of the nodal
plane of the frontierπ-orbitals of the C42H18 molecule, namely

Figure 3. Self-assembled structures of the second layer of1. (a, c, e, f) STM constant height images at the graphite-solution interface. (a) Dimer structure
resolved on a film prepared by depositing a pure solution of1. The unit cell dimensions area ) (3.3 ( 0.2) nm,b ) (1.82 ( 0.15) nm,R ) (86 ( 5)°,
andA ) (6.0 ( 0.5) nm2. A “flip-flop” arrangement of the dimer structure exists, denoting an energetic similarity. (c, e, f) display the oblique arrangement
of a film prepared by co-deposition of1 and3. The unit cell dimensions area ) (3.7 ( 0.3) nm,b ) (3.6 ( 0.3) nm,R ) (86 ( 5)°, andA ) (3.3 ( 0.3)
nm2. In part c alternate rows bearing coadsorbed3 (depicted with a white spot among two C42H18 molecules) are indicated by gray arrows. Albeit the
vacancies between the C42H18 molecules in the diagonals of the oblique structure have the same size,3 packs only every second row probably because of
its preferential adsorption on the electron donor disk of1, which is exposed in the underlying first C42H18 layer. In the images in parts c and e, the contrasts
reflect accurately the nodal planes of the frontier orbitals of the neat C42H18, as evident in part f. The models of the dimer and oblique packing are displayed
in parts b and d, respectively. The immobilization of the molecules at surfaces was smaller for the second than for the first layer (Figure 2), leading to larger
error bars in the determined unit cell and to a less accurate precision in the modeling. Tunneling condition of the STM images: (a)Ut ) 1020 mV, average
It ) 122 pA. (c)Ut ) 279 mV, averageIt ) 155 pA. (e, f)Ut ) 1250 mV, averageIt) 125 pA.

Figure 4. Hexagonal architecture of3. (a, b) STM constant height images of a film of3 at the graphite-solution interface from a neat solution of3. Three
different types of contrast representing the disks can be observed (I-III). The unit cell is given bya ) (5.2 ( 0.3) nm,R ) (60 ( 3)°, andA ) (23 ( 4)
nm2. The absence of side chains which could induce the molecule to lose a geometrical planarity suggests that, differently from ref 16, the molecules are
allowed to acquire the same position along theZ-axis in the gap tip-substrate. Since the molecules of types I and II appear to be packed in the same location
in the plane relative to the graphite, the different contrasts I and II are probably due to a different number of stacked C42H18 molecules in the gap tip-
substrate. The packing model, with the error bar painted a different color, is shown in part c. (a)Ut ) 1000 mV, averageIt ) 94 pA. (b)Ut ) 1500 mV,
averageIt ) 60 pA.
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one central bright spot surrounded by 6 other equidistant spots
located at the edges of a hexagon, as evidenced in Figure 3f.

The different contrasts of the C42H18 molecules visualized
by STM in the first and in the second layer (Figures 2a and
3a,c,e,f, respectively) unambiguously manifest a different
electronic structure of the molecule in the two configurations.
In the first case, to maximize the gain in enthalpy acquired with
the adsorption at the surface,23 the C42H18 molecules arrange
into an extremely tightly packed structure. Molecular Mechanics
calculations computed in a vacuum environment with use of a
pcff force field24 reveal that the first external rim of carbon
atoms in the C42H18 molecules in the hexagonal arrangement is
bent away from the surface. This effect, possibly together with
the strong interaction between the C42H18 and the HOPG surface,
leads to a significant perturbation of the electronic states of the
C42H18. In the latter case, characterized by a larger distance
between the visualized molecule and the substrate, the observed
contrast provides a genuine image of the local densities of states
of the frontier orbitals of the neat C42H18 (Figure 3f). The
decoupling of the electronic states of the molecule from those
of the substrate is likely to be further enhanced by the variation
of the packing symmetry from the hexagonal arrangement.

The deposition of1 by drop casting diluted solutions (ca.
10-6 M) in hot TCB makes it possible also to producedry
monolayers of the hexagonally packed C42H18 arrangement.
These monolayers exhibit a striking stability in an air environ-
ment and could be visualized with STM. Notably, this stable
electron-donor monolayer can be used as a template for
subsequent surface functionalizations.

Comparing the two procedures i and ii exploited successfully
for the solubilization of the C42H18, procedure ii allows to self-
assembly of the stable double layers, while with strategy i a
second C42H18 layer exhibits a high molecular diffusion on the
time scale of the STM measurements since it cannot be imaged.
This indicates that the acceptor, which co-crystallizes with the
C42H18 in the oblique arrangement, stabilizes the overall structure
of the second layer. Note also the better resolved intramolecular
patterns in the oblique arrangement of Figure 3e as compared
to the dimers of Figure 3a.

The solubilization in hot TCB (procedure i) is successful also
for the giant PAH consisting of 132 aromatic carbons (2). This
compound is processed into crystalline monolayers which are
visualized by STM (Figure 4a,b). The adsorbate is characterized
by a hexagonal arrangement with a lattice vector ofa ) (5.2(
0.3) nm. The 2D unit cell comprises 4 molecules per unit cell:
one of them (indicated by I and II in Figure 4a,b) at the corner
of the unit cell and on the sides (marked III in Figure 4a), leading
to two different types of complexes of molecule-HOPG with
different electronic properties. This interpretation is confirmed

by the different change of contrast of I, II, and III upon variation
of the tunneling parameters from Figure 4a to Figure 4b. It is
likely that I and II differ from the number of disks which are
stacked in the gap tip-substrate. While the arrangement shown
in the model in Figure 4c appears to be loosely packed, it is
consistent with the STM measurements. It probably implies the
coadsorption of solvent molecules which could not be detected
because of their conformational mobilities that are faster than
the STM scanning rate. Molecule2, which due to the extended
π-electron delocalization in 2D has electronic properties ap-
proaching those of graphite, represents the so far largest
unsubstituted conjugated molecule that was not only solubilized,
but also processed on a surface into highly ordered structures,
if we exclude carbon nanotubes25,26 which do not suffer from
strongπ-π intermolecular interactions inducing aggregations.
The very large size of this molecule, which is the largest
nanographene that was ever processed into ordered thin films,
does not permit sublimation in a vacuum.

Conclusions and Outlooks

The solubilization of the nanographenes is of more general
importance, e.g. for their purification as well as their charac-
terization with wet analytical techniques. Moreover the epitaxial
thin films are attractive for many technological applications.
An epitaxial thin film of very large fully conjugated unsubsti-
tuted molecular systems, because of the absence of the side
chains, represents a good candidate for the fabrication of high-
performance electronic devices. Furthermore, structures of mixed
epitaxial layers of electron acceptors (A) and donors (D) provide
access to the STM exploration of the electron transfer in
noncovalently linked individual A-D pairs as an alternative to
the covalently bonded ones.27 Finally, the processing described
here may be applied to other molecules with sizes which do
not allow high-vacuum-sublimation processing, also including
polymers.
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