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Chiralit�tstransfer von einzelnen Molek�len
in supramolekulare chirale Strukturen wurde raster-
tunnelmikroskopisch untersucht. Jeder „Gipfel“ repr�sentiert ein (M)-
Heptahelicen-Molek�l auf einer Kupfer(111)-Oberfl�che. Der „Gebirgs-
zug“ im Zentrum besteht aus sechs Molek�len, die eine im
Gegenuhrzeigersinn verzerrte Struktur bilden. Mehr hierzu erfahren
Sie in der Zuschrift von Fasel, Ernst und Parschau auf den folgenden
Seiten.
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Self-organization of chiral molecules into helical architectures
is of fundamental importance in nature.[1] In addition, interest
in the transfer of chirality from single molecules into
mesoscopic chiral ensembles is based on its application in
liquid-crystal (LC) technologies.[2] The mechanism of chirality
induction, that is, the process in which the molecular chirality
is mapped onto a supramolecular ensemble, however, is still
unclear. The type of intermolecular forces involved in the
transfer include hydrogen bonding, p–p interactions, covalent
bonding, van der Waals and electrostatic interactions.[3] It has
also been predicted by Monte Carlo simulations that steric
interaction under influence of repulsive forces alone is
sufficient to explain the induction of mesoscopic chirality.[4]

Nevertheless, molecular simulations of mesoscopic ensembles
based on the structure of the single molecule are computa-
tionally very intensive and require either a limit on the
number of molecules or greatly simplified molecular shapes.[4]

A promising approach for gaining insight into the process
of intermolecular chirality transfer is the investigation of the
self-assembly of chiral molecules on solid surfaces, where the
chirality transfer is limited to two dimensions. In particular,
this allows the use of scanning tunneling microscopy (STM)
which is an excellent tool for studying molecular pattern
formation.[5] Two-dimensional (2D) chiral effects, such as the
spontaneous separation of enantiomers, have also been
observed for chiral amphiphiles at the air–solution interface
by grazing incidence X-ray diffraction.[6] STM studies of
molecular layers adsorbed on well-ordered substrates, how-
ever, revealed other forms of expression of chirality in 2D
systems, such as the formation of homochiral domains
showing opposite angles with respect to a substrate lattice
vector[7] and the formation of handed nanostructures.[8]

Herein, we report on the mechanism of chirality transfer
from helical heptahelicene molecules ([7]H, C30H18) into the
close-packed monomolecular layer. Under these conditions,
that is, when the molecules are squeezed together, repulsive
forces dominate the lateral interaction. The self-assembly of
molecules on surfaces, however, is not only governed by the
lateral interaction between the molecules, but is also influ-

enced by the molecule–substrate interaction, which, in turn,
determines the mobility of the molecular species at a given
temperature. On Ni(111) and Ni(100), the low mobility of
[7]H did not allow the observation of chiral effects.[9] There-
fore, we studied the pattern formation on the Cu(111) surface,
where at coverages below 95% of the saturated monolayer
the molecules are observed to diffuse readily even at lower
temperatures.[10] The absence of close-packed structures up to
very-high coverages is not unexpected for [7]H since the
molecule has no chemical groups capable of directional
intermolecular bonding. Therefore, the attractive intermo-
lecular forces are expected to be very weak. At close to full
monolayer coverage, [7]H molecules are, however, forced
into well-ordered arrangements. The adsorption of racemic
[7]H led to the formation of enantiomorphous mirror
domains, in which the enantiomers are partially separated.[10]

Depending on the enantiomeric excess, the local structures in
those domains exhibited minute differences. Herein, how-
ever, we focus on the enantiopure structures, in which the
expression of chirality goes beyond the formation of mirror
domains. Figure 1 shows STM images of the two close-packed

structures observed for (M)-heptahelicene. Each bright dot
represents one molecule. At 95% (q= 0.95) of the monolayer
saturation coverage, a long-range ordered structure—appa-
rently built-up from clusters containing six molecules and
from clusters containing three molecules (“6&3-structure”)—
is observed. The six-membered clusters appear as an anti-
clockwise pinwheel, thus showing handedness. At monolayer
saturation coverage (q= 1) the unit cell of the adsorbate
lattice contains a group of three molecules (“3-structure”)
which appear a particular cloverleaf shape. Two rotational
domains, rotated by 1808 with respect to each other, are
observed in both structures.

Figure 1. Constant-current STM images (70 nm�70 nm) acquired at
50 K of long-range ordered monolayers of (M)-heptahelicene on
Cu(111). a) The 6&3-structure at 95% (q=0.95) of the saturated mono-
layer coverage. b) The 3-structure of the complete monolayer (q=1).
The insets show the molecular cluster units of the structures.
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The observed adsorbate lattice structures show enantio-
morphism, that is, adsorption of the (P)-enantiomer of
heptahelicene leads to structures which are mirror images of
those observed for (M)-heptahelicene (Figure 2). Further-
more, the enantiomeric lattices form opposite angles with

respect to the [1 1̄ 0] substrate surface direction. Since the
angle between the adsorbate and substrate-surface lattice
vectors is oblique, the supramolecular assembly breaks the
symmetry of the underlying substrate surface. The combined
molecule–substrate systems thus exhibit extended surface
chirality. Remarkably, the unit cells are not only mirror
images of each other, but also the arrangements of molecules
within the unit cells. This is most clearly seen for the
pinwheel-clusters of the 6&3-structures (Figure 2a and b):
The pinwheel's wings point either anticlockwise, as in the
(M)-heptahelicene 6&3-structure, or clockwise, as in the (P)-
heptahelicene 6&3-structure. In the case of the 3-structures
(Figure 2c and d), the mirror symmetry is expressed by tilts of
the three-molecule cloverleaf units into opposite directions
with respect to the adsorbate lattice vectors.

To interpret the observed handed supramolecular struc-
tures, we make use of the following simple topographic
model: Based on the assumption that the brightest feature in
the constant-current STM image corresponds to the upper-
most part of the molecule, the [7]H molecule is approximated
by a disk with an off-center protrusion (Figure 3). The
adsorption geometry depicted in Figure 3 derives from a
previous X-ray photoelectron diffraction (XPD) study where
we showed that [7]H is adsorbed with a terminal phenan-
threne group parallel to the Cu(111) surface.[11] The XPD
experiments also confirmed that the sixfold rotational sym-

metry of the topmost Cu(111) layer allows six equivalent
azimuthal orientations for the [7]H molecules.[11] These
orientations are obtained from the 08 (i.e. “12 o'clock”)
orientation shown in Figure 3 by successive rotations of 608
about the surface normal, resulting in “10 o'clock”, “8
o'clock”, …, 2 o'clock orientations. Assuming hexagonal
packing and attributing one of the six particular azimuthal
orientations to each molecule, both structures can be
rationalized within this simple picture (Figure 4). Going

anticlockwise along the contour of the six-molecule-pinwheel,
the [7]H molecules are rotated by + 608 with respect to each
other (Figure 4a and b). The three-molecule corner unit of
the 6&3-structure is accounted for by [7]H molecules facing
each other in an anticlockwise fashion, which corresponds to
relative azimuthal orientations of + 1208. Similarly, the
cloverleaf unit of the 3-structure is due to three molecules
oriented 08, 1208, and 2408 (Figure 4c and 4d).

In the framework of this simple model, the symmetry of
the close-packed layer is lowered due to the C1 symmetry of
the adsorbed [7]Hmolecules and, in addition, because of their

Figure 2. High-resolution STM images of (M)- and (P)-[7]H structures
(10 nm�10 nm). a) (M)-[7]H at q=0.95. b) (P)-[7]H at q=0.95.
c) (M)-[7]H at q=1. d) (P)-[7]H at q=1. The (M)- and (P)-[7]H struc-
tures are mirror images of each other. Unit cells and their basic build-
ing blocks are outlined by red lines, the [1 1̄ 0] surface direction is indi-
cated by the yellow arrows.

Figure 3. Topographic model used for the interpretation of the
observed STM images: The [7]H molecule, as adsorbed on
Cu(111) (a), is approximated by a disk with a bright protrusion at the
topmost part of the molecule (b). The azimuth of a protrusion pointing
towards the “12-o'clock” direction is defined as 08.

Figure 4. Structure models for the (M)-heptahelicene 6&3-molecule
cluster (a and b) and the (M)-heptahelicene 3-molecule cluster struc-
tures (c and d) based on a hexagonal packing of the molecules and
systematically varying azimuthal orientations. The model structures
are superimposed on the corresponding STM images in (b) and (d).
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chirality. Consequently, particular combinations of neighbor-
ing azimuthal orientations are energetically more favorable
than others. This situation leads to a distinct transfer of the
structural information—the chirality in our case—into the 2D
organized layer. Hence, the chirality is not only expressed by
opposite angles of the domains with respect to the substrate,
but also by a correlation of azimuthal orientations between
neighboring molecules which leads to handed molecular
structures. Although the arrangement of the molecules is 2D-
quasi-hexagonal, the resulting surface topography, as imaged
by STM, is highly anisotropic and exhibits chirality. In
previously reported systems either the local molecule–sub-
strate arrangement determined the angle of the chiral domain
with respect to the substrate lattice[12] or chiral clusters and
nanostructures were created through polar lateral interac-
tions, for example, by hydrogen bonding.[8] In our case,
however, it is the shape of the molecule under repulsive
conditions that governs the transfer of chirality.

To corroborate this transfer mechanism and to confirm
the proposed azimuthal arrangement, we have performed
molecular modeling calculations for the monolayer 3-struc-
ture.[13] The unit cell considered in these calculations, as
determined from a series of STM images, is sketched in
Figure 5a. The molecules at the four corners of the unit cell
have an identical azimuthal orientation 1 (Figure 5a). For
perfectly hexagonal packing, the remaining two molecules,

taking positions 2 and 3, are symmetrically centered within
the unit cell, as indicated by the yellow dots in Figure 5a.
Owing to the oblique orientation of the adsorbate unit cell
with respect to the substrate lattice this results, however, in
different adsorption sites for the molecules at positions 2
and 3 than for the corner molecules. Therefore, we have also
considered possible lateral shifts of the molecules at posi-
tions 2 and 3 to the nearest equivalent adsorption sites,
labeled t1, t2, and t3 in Figure 5a. The total energy of the
system was calculated for all combinations of adsorption sites
(4 I 4 possibilities) and azimuthal orientations (in steps of
158).We find two geometries (Figure 5c and d) with equal and
lowest total energy. In both geometries, molecules at posi-
tions 2 and 3 are shifted away from the central position within
their respective unit-cell half way towards one of the corner
molecules. Whereas the configuration shown in Figure 5c
corresponds to molecules at positions 2 and 3 being shifted
onto sites t1 and t3, respectively, the equally favorable
configuration shown in Figure 5d is obtained by shifting the
molecules with orientations 2 and 3 onto sites t3 and t2,
respectively. In both minimum-total-energy configurations
the relative azimuthal orientations of the molecules amount
to 1208 : With respect to the 08 orientation as defined in
Figure 3, the azimuthal orientations of the cloverleaf cluster
molecules are 608, 1808, and 3008 (Figure 5c), or 08, 1208, and
2408 (Figure 5d). The latter azimuthal orientation angles are
clearly identical to those derived from the topographic
modeling of the STM image as shown in Figure 4c and d,
thus confirming our structure model. Remarkably, the two
total-minimum-energy configurations of the calculation are
both experimentally observed as rotational domains of the 3-
structure: Whereas the 08–1208–2408 minimum-energy con-
figuration (Figure 5d) corresponds to domain d2 (Figure 5b),
domain d1 is formed by molecules taking 608–1808–3008
azimuthal orientations as shown in Figure 5c.

Although total energies determined from AMBER force-
field calculations can not be taken as absolute values, relative
energies should accurately reflect the energetics of different
supramolecular arrangements. We find that a single [7]H
molecule adsorbed at an on-top site on Cu(111) is 1 eV lower
in energy than within the close-packed 3-structure. Packing of
[7]H into the 3-structure thus costs about 1 eV per molecule,
which reflects the rather strong repulsive intermolecular
interaction. Therefore, the molecules take the particular
azimuthal orientations that minimize the repulsive interac-
tions between them.

For rigid molecules adsorbed on a surface, the optimiza-
tion of relative azimuthal orientations is the only way to
minimize the lateral pressure to some extent. In monolayers
of chiral LC-like molecules with long alkyl chains, repulsion
causes the chains to bend partly away from the surface.[14] In
such cases, the expression of chirality is limited to the
formation of lamella structures forming mirror domains. The
2D orientation mechanism observed in our system can be
considered as the analogue of the helical twisting in 3D
cholesteric phases. The very high twisting power (TP) of
bridged biaryl compounds in biphenyl nematics, for instance,
has been assigned to the rigid helical part rather than the long
alkyl chains.[15] This mechanism of chirality induction has

Figure 5. Molecular modeling results compared to STM results of the
3-structure at saturated monolayer coverage. a) Adsorption sites within
the unit cell considered for the calculations. b) STM image of a
domain boundary (dashed line) between the two rotational domains
d1 and d2. c) and d) The two lowest total-energy configurations as
determined from the calculations. White semi-transparent triangles
highlight the topmost parts of the molecules that are imaged brightest.
Both geometries are in excellent agreement with the observed d1 and
d2 domain structures.
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been supported by theoretical predictions of the TP within the
so-called surface model.[16] Similar conclusions have been
drawn from Monte Carlo simulations on model mesogens by
Selinger and co-workers.[4] This shows that surface studies of
2D model systems are an excellent approach towards an
understanding of the far more complicated 3D LC systems.

In summary, ordered supramolecular chiral structures
have been observed after deposition of pure heptahelicene
enantiomers on Cu(111). Besides showing opposite angles
between the enantiomorphic adsorbate lattices and the
substrate lattice, long-range chirality is also expressed by
opposite tilt angles of molecular clusters with respect to the
adsorbate lattice vectors, and by formation of handed
molecular clusters. We have shown that the chirality transfer
occurs through steric repulsion and does not require molec-
ular flexibility or strong dipole interactions. The appearance
of handed molecular clusters is due to a correlation of
azimuthal molecular orientations which are driven by repul-
sive intermolecular forces in the close-packed 2D layer.

Experimental Section
Heptahelicene was synthesized as described elsewhere.[17] Enantio-
meric separation (ee> 99.9%) was accomplished by HPLC on a
Daicel Chiracel OD column and subsequently tested by HPLC using
a Chiracel OD-H column. Assignment of the enantiomers was based
on circular dichroism (CD) spectra in accordance to Martin and
Marchant.[18] The molecules were evaporated in ultrahigh vacuum
(UHV) from a Knudsen-cell type evaporator, held at 150 K during
deposition onto the clean Cu(111) substrate which was held at room-
temperature. The Cu(111) surface was prepared by repeated cycles of
Ar+ sputtering and annealing to 800 K. After cooling of the sample to
50 K, STM images were acquired in constant-current mode. Molec-
ular modeling was performed using the AMBER force field of the
Hyperchem 7 package.[19]
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