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Periodic tessellations of the plane represent 1 of 17 discrete plane
symmetry groups; none display 5-fold symmetry.1 Geometers like
Kepler, Dürer, and Penrose have proposed several clever solutions
to this problem for rigid pentagons and stars,2 but all result in
inhomogeneous tile types, aperiodicity, or lower lattice symmetry.3

Equally true, isolated molecules with point groups displaying 5-fold
symmetry must reduce their symmetry when forming crystalline
monolayers.4 The way in which the symmetry is reduced provides
insight to fundamental processes of molecular recognition in
crystals.5 Scanning tunneling microscopy (STM) allows one to
follow these complicated processes at the molecular level6 and has
provided valuable insights into various aspects of molecular
recognition among chiral molecules at surfaces.7

The C5V and C5 symmetries of corannulene (1) and its chiral
pentasubstituted derivatives (Figure 1) offer a unique opportunity
to study symmetry mismatching on surfaces. Buckybowl 1, with a
convex pentagonal form, on Cu(111) avoids C5 symmetry by a tilt
into an adsorbate geometry with one hexagonal ring oriented parallel
to the surface that allows hexagonal-like closest packing.8 Substit-
uents at the rim of 1, such as seen in pentachloro- (2)9 and
pentamethyl- (3)10 corannulene, create a slight star-like form, and
these molecules maintain their C5 axis normal to the surface. The
steric constraint due to the five substituents in the close-packed
monolayer blocks any proper tessellation of the plane and results
in random azimuthal orientations and positional disorder.

The molecules have been deposited at room temperature under
ultrahigh vacuum by evaporation from an effusion cell. Because
of the perfect match of the size of aromatic hexagonal carbon rings
and the substrate lattice, Cu(111) provides an ideal surface for thin
films of aromatic molecules.11 The strong interaction of the chloro
substituents of 2 with copper created etched pits in the Cu(111)
substrate; therefore gold(111) proved to be a better substrate. The
so-called herringbone reconstruction in the topmost atomic layer

of this surface, however,12 is known to influence molecular self-
assembly.13 Hence, we used a stepped Au(11 12 12) surface, where,
due to the limited widths of the (111) terraces, no extended
herringbone reconstruction occurs.

Figure 2 shows STM images of close-packed monolayers of 1
and 3 on Cu(111) and 2 on a (111) terrace of the gold(11 12 12)
surface. In all three structures, each molecule is surrounded by six
others. Considering only the molecular centroids gives the impres-
sion of hexagonal packing, consistent with the molecules adopting
a closest packing arrangement. At room temperature a regular (4
× 4) array is observed for the saturated monolayer of 1 on Cu(111)
(Figure 2a), a periodicity that has been observed for C60 on this
surface as well.14 All molecules of a single domain appear
asymmetrical by STM, indicating a substantial polar tilt of the bowl
(Supporting Information, Figure S1). This conclusion agrees well
with DFT calculations for 1 on a Cu(111) slab, favoring an
adsorption geometry with one hexagonal ring oriented parallel to
the surface over an fcc or hcp 3-fold hollow site.15 For 1 on
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Figure 1. Top and side views on ball and stick models of corannulene (1)
and its pentachloro (2) and pentamethyl (3) derivatives.

Figure 2. STM images (8 × 8 nm2) of (a) 1 on Cu(111) (U ) -0.7 V, I
) 45 pA, T ) 253 K), (b) 2 on Au(11 12 12) (U ) -0.7 V, I ) 35 pA,
T ) 76 K), and (c) 3 on Cu(111) (U ) -0.93 V, I ) 420 pA, T ) 62 K).
The azimuthal alignments of the molecules as observed in the STM images
have been transferred directly into the cartoons shown in the right column.
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Cu(110), a quasi-hexagonal enantiomorphous lattice with only
slightly tilted molecules, appearing in STM as 5-fold-symmetric
doughnuts, has been reported.16

The molecules in Figure 2b and c appear as 5-fold stars; i.e.,
the five chloro or methyl substituents contribute to the STM
appearance. The intramolecular STM contrast does not vary as
observed for 1, indicating that there is no pronounced tilt of the
bowl. Weak depressions observed in the center of the molecules
imply, similar to 1 on Cu(110), that the bowl opening points away
from the surface. A one-to-one reproduction of the molecules in
the STM images of Figure 2 as pentagons, maintaining the
azimuthal orientation, show that the lateral density decreases from
1 to 3, while the disorder increases. On average, the structure shown
in Figure 2c is characterized by a (5 2, -2 3) lattice (Supporting
Information Figure S2).17 This relates to 19 surface atoms per
molecule (0.935 molecules/nm2), while in the (4 × 4) lattice of 1
a surface area of 16 atoms per molecule (1.11 molecules/nm2) is
occupied. The density reflected in Figure 2b for the system 2/Au
suggests an intermediate value. On Cu(110), 1 establishes a density
of only 0.98 molecules/nm,2 because of the lower density of suitable
binding sites.16

Although 1 establishes a perfectly ordered 2D crystal on Cu(111),
i.e., all molecules obey translational symmetry in a single domain
(Figure 2a), the layer of 3 is disordered such that the molecules
are neither azimuthally nor translationally aligned. However, their
centroids are arranged on a hexagonal (5 2, -2 3) grid. The bowl
of 3 is slightly shallower than that of 1.18 Considering the bulky
substituents at the rim, an alignment with the hexagonal ring parallel
to the surface seems not possible. This forces the adsorbate to
maintain a symmetry that is incompatible with crystal symmetry.
Only when the azimuthal orientation and chirality of the adsorbate
vary can the average (5 2, -2 3) structure be realized (Figure 3).
The pentachloro derivative on Au reflects a different situation. The
molecules are aligned in antiparallel rows, with the chloro substit-
uents interdigitated in each single row. There are dislocations in
each row after a few unit cells in this “striped lattice”. The principle
of close packing19 forces the molecules into dense arrays, but due
to fundamental symmetry constraints, close packing leads to
disorder at different length scales. Either position and azimuthal
orientation varies locally, creating a “rotator phase”, or translational
symmetry is maintained only at a limited length scale with
dislocations after a short distance.

Our observations at the molecular scale agree perfectly with
previous modeling results for packing rigid pentagons in two
dimensions. The pentagon lattices for the striped and the rotator
phase, as deduced from the STM images in Figure 2b and c, have
also been found via Monte Carlo simulations.20 In addition, the
striped phase has been created in mechanical packing experiments
of styrene pentagons on a blowing air table,21 like the rotator phase
with pentagonal aluminum discs in a vibrating-shake-table ap-
paratus.22 Dislocations in the striped phase, a consequence of
icosahedral and pentagonal packing,23 have been observed in these
studies as well. Our results thus present a reverse modeling situation,
showing that molecular aggregation follows mechanical packing
rules.

In conclusion, we have shown that C5V symmetry of corannulene
can be circumvented by a substantial tilt in the adsorbate. If this is
not possible, e.g., due to bulky substituents at the rim of the
buckybowl, hexagonal lattices with dislocations or azimuthal
disorder at a local length scale are observed. Our work shows that
STM is very valuable to investigate crystal structures and phenom-
ena that need insight beyond an averaging method like X-ray
diffraction and that computational hard-object-modeling to mimic
lattice structures can be a valid approach.
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Figure 3. Example of arranging 3 on a (5 2, -2 3)/Cu(111) lattice (black
atoms). Azimuthal orientation, position with respect to substrate sites, and
handedness must vary to achieve this packing density.
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