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Molecular and supramolecular chiral recognition governs
fundamental processes in living systems.!! Its importance for
disciplines such as biology, pharmaceutics, chemistry, and
physics stems from the different properties the two chiral
forms exhibit in the presence of chiral phenomena, such as,
for example, chiral enzymes and drugs,” B-rays,*! circularly
polarized light, and spin-polarized electrons.”! The differ-
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ences in physical and chemical characteristics should become
important for the design of molecular electronic and opto-
electronic devices.'® The first steps have been made through
the study of the self-organizing behavior of chiral organic
molecules by scanning tunneling microscopy (STM) and the
determination of the chirality of individual molecules and
supramolecular assemblies.”) Herein we present the first
direct observation of all stages of a nested self-assembly of -
conjugated chiral molecules into cyclic supramolecular struc-
tures. We have followed by STM the hierarchical self-
organization of single molecules into individual pentagonal
supermolecules which then act as building blocks for the
formation of supramolecular decagons. We show the sponta-
neous chiral resolution of the racemate into disjointed
homochiral complex architectures and demonstrate the
possibility to monitor directly the evolution of chiral recog-
nition processes on the molecular and supramolecular level.

The aromatic hydrocarbon 5,6,11,12-tetraphenylnaphtha-
cene (rubrene, C,,Hyg) is chiral and nonplanar as a result of
intramolecular steric hindrance!® which causes a twisting of
the central tetracene backbone around its axis and forces the
four phenyl groups to rotate around their o bonds (Fig-
ure 1a). Its highly efficient luminescence can be induced by a
variety of methods, such as incident light,[9] chemical reac-
tions,"”! and electronic excitation. The latter property estab-
lished the success of rubrene as a dopant for organic light
emitting diodes which led to the improvement of the
efficiency and stability of the devices."!! The high charge
carrier mobility measured on the surface of the crystals'' led

Figure 1. Monomers and self-assembled structures of rubrene on gold.
a) Twisted 3D conformation of rubrene in the gas phase. b) STM
image of two adsorbed monomers of opposite chirality represented in
two different color codings. The arrows indicate the shoulders of fea-
ture B for the two enantiomers L and R. ¢) STM image showing the
supramolecular structures on the herringbone-reconstructed Au(111)
surface. Two terraces separated by a monatomic step are visible. The
squares denoted L and R indicate areas shown in Figure 2c and d,
respectively. d) STM image of an isolated supramolecular pentagon
and two interlocked supermolecules resembling gear wheels.
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to their integration into organic field-effect transistors™*! that
can be switched by light™™ as a consequence of the reversible
photooxidation behavior of the molecule.™™ Despite this
growing interest in the application of rubrene, there have
been no investigations of the self-assembly process and the
molecular and supramolecular chirality of rubrene at the
nanoscale.

Figure 1b shows an STM image of two individual
molecules of rubrene adsorbed on an Au(111) surface.
Three unequally shaped features (denoted by A, B, and C)
with an apparent height of approximately 0.25 nm can be
detected in each molecule. The monomer on the left has a
counterclockwise arrangement of these lobes (BAC), while
the one on the right follows a clockwise orientation (ABC),
thus the molecules are mirror images of each other and reflect
the chiral conformation of the molecule in the gas phase. The
same STM image represented in a different color coding in
the lower part of Figure 1b reveals the existence of shoulders
(green/blue bulges) belonging to the features A and B which
appear either on the left side of each maximum or on the right
side, as viewed from the center of the molecule. This
characteristic arrangement of asymmetric features deter-
mines the molecular chirality and allows the classification of
the adsorbed molecules as L or R enantiomers, as shown
schematically by the chiral triangles. The independence of
these features on an applied voltage between —2 Vand +2 V
indicates that a modulation of the electronic substrate states
by broadened molecular levels gives rise to the observed
molecular contrast,' thus suggesting that the characteristic
appearance of the molecules in the STM images reflects their
nonplanar and twisted conformation.

The spontaneous self-assembly of single rubrene mole-
cules results in the formation of complex supramolecular
structures (Figure 1c). The STM image shows disjointed
chains and rings which are constructed out of small building
blocks. These structures are incommensurate with the hex-
agonal periodicity of the Au(111) substrate, but are stabilized
by the domain walls of the herringbone-reconstructed surface
and at step edges. A smaller scale image reveals that the
observed building units of the supramolecular chains are
molecular assemblies on their own (Figure 1d). More inter-
estingly, they contain exactly five molecules which are linked
into a pentagonal supermolecule with a radius of 1 nm. The
appearance of regular pentagons in our experiment is very
surprising, given that Cs symmetries are mainly found in living
organisms, but are a rarity in nonliving matter because of the
impossibility of a periodic space-filling arrangement with
pentagons. Supramolecular self-assembly of adsorbed mole-
cules is the result of a competition between molecule—
substrate interactions and noncovalent intermolecular attrac-
tions arising from van der Waals forces, hydrogen bonds, and
electrostatic interactions. The absence of any permanent
dipole in the molecule and the chemical structure of rubrene
suggest that the observed self-assembly is the result of an
interplay of van der Waals forces and CH:--t hydrogen bonds.
The incommensurability of the structures rules out site-
specific bonding to the surface and indicates that the observed
supramolecular assembly is determined by intermolecular
forces.
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A new level of supramolecular self-assembly is reached by
a second organization step that follows the first assembly into
stable fivefold structures (Figure 1d). The pentagonal super-
molecules diffuse on the surface in a similar manner as the
individual molecules and link to each other to form nano-
meter-sized gearlike wheels. This interlocking of the super-
molecules is realized by one pentagonal gear wheel rotating
by exactly 36° with respect to the other, which leads to a final
distance of approximately 3 nm between their centers. This
assembly of two individual supramolecular entities results in a
stable individual structure to which other pentagons can join
to build supramolecular architectures of higher complexity.

A fascinating aspect of this progression of supramolecular
structures is that the molecular chirality is conserved and
transferred to the next higher organizational level. A detailed
analysis of the pentagonal supermolecules from the first
assembly step reveals the existence of two different types of
fivefold structures. Pentagons are found that consist of five L-
type molecules (Figure 2a), while others are made out of five
R-type molecules (Figure 2b). This observation shows that

Figure 2. STM images of the enantioselective self-assembly into left-
and right-handed supramolecular structures that are mirror images.

a, b) Chiral pentagons formed by L-type (a) and R-type (b) molecules,
rotated into opposite directions around their centers. c,d) Magnified
image of the areas indicated in Figure 1c. Self-assembled chiral chains
of interlocked L-type (c) and R-type (d) pentagons.

the spontaneous self-assembly of the individual chiral mole-
cules is enantioselective, and results in two versions of
homochiral pentagons. Furthermore, each molecule in the
structures is rotated by approximately 14° around its center to
optimize the interlocking between the molecules (Fig-
ure 2a,b). The direction of rotation is dependent on the
molecular chirality: counterclockwise for the L-type mole-
cules and clockwise of the R-type species. This rotation of the
molecules, together with the homochirality of the whole
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assembly, results in the creation of L-type and R-type
pentagons (Figure 2a, Figure 2b). The impact of this chiral
property on the second step of self-assembly results in the
formation of nested chiral structures. STM images of supra-
molecular chains (Figure 2¢,2d) clearly demonstrate that
chirality is conserved in the spontaneous interlocking of
pentagonal supermolecules. This observation proves that the
two enantiomers of the molecule, as well as the pentagonal
supermolecules, are not acting equally in the bonding process
as this would result in chirally mixed supramolecular archi-
tectures. On the contrary, chiral recognition is of decisive
importance for the supramolecular self-assembly and results
in a spontaneous self-resolution of the original racemic
mixture into nanometer-sized homochiral architectures.

An entirely new and especially beautiful result of the
enantiomerically pure self-organization is the creation of a
second generation of cyclic size-defined structures (Figure 3).

Figure 3. Formation of chiral supramolecular decagons of pentagonal
supermolecules. a,b) STM images of a left-handed (a) and a right-
handed (b) homochiral decagon. c,d) Construction of the decagons
out of ten counterclockwise rotated L-type pentagons (c) and clockwise
rotated R-type pentagons (d).

These planar decagons are composed of ten pentagonal
supermolecules of the same chirality and rotated by approx-
imately 12° around their centers. The orientation of the
rotation depends on the chirality of the pentagonal building
blocks and determines the chirality of the decagons (Fig-
ure 3a, Figure3b). The overlaid picture in Figure 3¢
describes the finding that the decagon shown is a homochiral
assembly of exclusively L-type pentagonal supermolecules.
Since each pentagon is constructed out of five L-type
molecules, we obtain a hierarchically organized architecture
of 10x5=50 molecules of the same chirality. This fact,
together with the counterclockwise orientation of each
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pentagon, yields an L-type chirality of the tenfold supra-
molecular structure. The creation of the mirror image of this
chiral pattern, namely the R decagon made out of clockwise-
rotated R pentagons, is the result of analogous but mirrored
building rules as the L-type structure (Figure 3d). The
rotation of neighboring pentagonal supermolecules by 36°
illustrates that the chiral supramolecular decagons are a
special result of the formation of supramolecular chains. The
white arrows in Figure 2 ¢ and d indicate the docking sites the
last pentagons of the chains would have to take to continue
the arclike arrangement of the three previous ones. If ten such
chirally selected pentagons join together in this way, their
assembly leads to the construction of a supramolecular
decagon with a diameter of 10nm. In contrast to the
combination of the first three pentagons, which always
construct the basis for a cycle, the arriving supermolecules
from the forth unit on have only a 50 % chance of occupying
the “correct” site. This reduces the probability for the
development of a complete decagon to less than 1%, a
value which explains the rarity of these nested patterns.

Our results demonstrate the surprising hierarchical com-
plexity of the two-dimensional supramolecular assembly of
rubrene on gold (Figure 4a). We have identified its three

Figure 4. Hierarchy and conservation of chirality in the spontaneous

two-dimensional supramolecular assembly. a) STM images represent-
ing the three generations of the nested two-staged self-organization.

b) Enantioselective assembly from L-type monomers to L-type penta-
gons and further on to L-type decagons.

successive generations: single molecules, pentagonal super-
molecules, and supramolecular decagons. The chirality of the
individual molecules is conserved in both assembly steps, and
both resulting generations of the progression are chiral as a
result of the chirality-dependent rotation of the building
blocks (Figure 4b). Since this self-organization of increasing
complexity is enantioselective on the molecular and supra-
molecular level, we obtain a spontaneous resolution of the
original racemic mixture of individual molecules into homo-
chiral architectures. Our findings on the conservation and
recognition of chirality at all stages of the supramolecular
self-assembly of rubrene may have an impact on the develop-
ment of chiral molecular electronic and optoelectronic
devices, and exemplify the working principle of basic
processes in nature.
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Experimental Section

Experiments were performed using a home-built scanning tunneling
microscope in an ultrahigh vacuum system at a base pressure of 2 x
107" mbar and a temperature of 5 K. Typical tunneling parameters
were: [[=20 pA and Vg=-0.8 V. The rubrene molecules were
deposited at low coverage (0.3 monolayers) in situ by sublimation
from a home-built evaporator onto a clean Au(111) substrate at room
temperature.
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