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Chiral Pinwheel Clusters Lacking Local Point Chirality

Kai Sun, Ting-Na Shao, Jia-Le Xie, Meng Lan, Hong-Kuan Yuan, Zu-Hong Xiong,
Jun-Zhong Wang,* Ying Liu, and Qi-Kun Xue*

The supramolecular pinwheel cluster is a unique chiral structure with evident
handedness. Previous studies reveal that the chiral pinwheels are composed of
chiral or achiral molecules with polar groups, which result in strong intermolecular
interactions such as hydrogen-bonding or dipole interactions. Herein, it is shown that
the simple linear aromatic molecule, pentacene, can be self-assembled into large chiral
pinwheel clusters on the semimetal Bi(111) surface, due to enhanced intermolecular
interactions. The pentacene pinwheels reveal two levels of organizational chirality:
the chiral hexamers resulting from asymmetric shifting along the long molecular
axis, and chiral arrangement of six hexamers with a rotor motif. Furthermore, a new
relation between the local point chirality and organizational chirality is identified
from the pinwheels: the former is not essential for the latter in 2D pinwheel clusters

of the pentacene molecule.

1. Introduction

Chirality plays an important role in physics, chemistry, and
biology. Due to its potential applications in enantioselective
catalysis and enantiospecific sensors, supramolecular chi-
rality has been studied intensively in the past few years.[!
Significant progress has been made in chiral recognition,?!
chiral amplification,®! and chiral switching.[*! Various chiral
supramolecular architectures ranging from 1D chainsP®!
and nanoscale 2D clusters®13] to extended 2D domains!'4-1¢]

Dr. K. Sun, T.-N. Shao, Dr. J.-L. Xie, Dr. M. Lan,
Dr. H.-K. Yuan, Prof. Z.-X. Xiong, Prof. J.-Z. Wang
School of Physical Science and Technology & MOE Key p_my
Laboratory on Luminescence and Realtime Analysis k=
Southwest University

Chongqging 400715, P.R. China
E-mail: jzwangcn@swu.edu.cn

Prof. Q.-K. Xue

Department of Physics

Tsinghua University

Beijing 100084, P.R. China

E-mail: gkxue@mail.tsinghua.edu.cn
Prof. Y. Liu

Department of Physics

Hebei Normal University
Shijiazhuang 050016, P.R. China

DOI: 10.1002/smll.201200168

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

have been fabricated. Primary amongst these are the supra-
molecular pinwheel clusters; the unique structure with evident
handedness appeared either in discrete superstructures®!3! or
in extended 2D domains.'723] It was noticed that the chiral
pinwheels were formed not only by chiral molecules, but also
by prochiral (2D chiral) or even achiral adsorbates, such as
metal-organic complex Fe(TMA), (trimesic acid, TMA),[3]
the linear NC-Ph,-CN molecule,?*?? as well as the small
CO molecule.[2] Moreover, almost all the molecules within
pinwheels possess polar groups, which result in strong inter-
molecular interactions such as hydrogen-bonding, dipole, or
metal-ligand interactions. Thus, an important question here
is whether achiral molecules without any polar groups can be
assembled into chiral pinwheel architectures.

In principle, surface chirality can be expressed at two dif-
ferent levels: point chirality (local chiral motif) and organi-
zational chirality (2D chiral domains), which represent the
first and second hierarchies of 2D chirality, respectively.
Recently, an intriguing result has been predicted for the
chirality induced by achiral molecules: point chirality is not
needed at all in 2D chiral domains of the achiral star-shaped
molecules.?! Good registry between the molecular shape
and substrate lattice leads to achiral adsorbates, which still
can be organized in a chiral fashion via a close-packing inter-
digitation mechanism. Hence another question arises here of
whether point chirality is essential to the organizational chi-
rality in nanoscale 2D clusters.
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Figure 1. a) Chemical structure of the pentacene molecule. b,c) Top and side views,
respectively, of the calculated HOMO for the free pentacene molecule using DFT. d) Scanning
tunneling microscopy (STM) image (56 A x 28 A) with atomic resolution of the Bi(111) surface.
e) STM image (130 A x 65 A) of isolated pentacene molecules adsorbed on the Bi(111)

surface.

Pentacene (C,,H,,) is an achiral molecule that consists of
five aromatic rings arranged in a linear fashion (Figure 1a).
The semimetal Bi(111) surface has been shown to be a good
template for organic epitaxial thin films.*®) Compared with
noble metal substrates, it has a much smaller density of states
at the Fermi level, thus resulting in a considerably weak
molecule—substrate interaction. As a result, standing-up pen-
tacene molecules were observed even in the very first mono-
layer, due to the dominant intermolecular interactions.!’!
Herein, we show that, on the Bi(111) surface, pentacene
molecules are self-assembled into chiral pinwheel clusters
with either clockwise (R) or anticlockwise (L) handedness.
Two levels of organizational chirality have been identified
from the pinwheels: one is chiral hexamer formation due to
asymmetric shifting along the long molecular axis; the other
is the arrangement of six homochiral hexamers. Most impor-
tantly, some pentacene molecules still remain achiral within
pinwheel clusters, because the molecule’s and substrate’s
symmetry planes match precisely. Our results demonstrate
that point chirality is not essential to the chiral organization
in pentacene pinwheel clusters.

2. Results and Discussion

Low-temperature deposition of a small
amount of pentacene onto the Bi(111) sur-
face leads to the flat-lying orientation of
isolated pentacene molecules. As shown in
Figure le, the individual molecules exhibit
pronounced features resembling the top
view of electron density of the highest
occupied molecular orbital (HOMO) for a
free pentacene molecule (Figure 1b). The
symmetric distribution of molecular pro-
trusions implies the flat-lying orientation
of pentacene molecules with the aromatic
ring parallel to the substrate surface.?7-%
Furthermore, the long molecular axes
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are aligned in the high-symmetry direc-
tions of the Bi(111) substrate (Figure 1d),
which indicates that the single adsorp-
tion motif of pentacene is achiral. Thus,
the adsorption-induced point chirality is
absent at this initial adsorption stage.
With increasing coverage, most pen-
tacene molecules aggregate to the steps
of the substrate, forming molecular nano-
structures. Primary amongst these are
the large pinwheel clusters possessing
no mirror symmetry. Most pinwheels are
composed of six curving lobes arranged in
either clockwise or anticlockwise fashion,
denoted as “R” or “L” handedness, respec-
tively. The individual lobes are bent to
either right or left side, denoted as “r” or
“1” chirality. There is a 60° angle between
every two adjacent lobes. Figure 2a presents
a sample area with four R-pinwheels and
one L-pinwheel, while Figure 2b shows a sample place with
two R-pinwheels and four L-pinwheels. By statistical analysis
of the cluster chirality, equal numbers of R- and L-pinwheels
have been observed on the substrate surface. Thus, the whole
surface remains achiral at a global level, though symmetry
breaking occurred at a local level. It is noticed that the pin-
wheel clusters exhibit either regular or irregular shapes,
depending on the spacing to substrate steps. A small distance
to step edges leads to irregular pinwheel formation. The pin-
wheels reveal a height of =3.0 A, nearly twice of that (1.6 A)
of flat-lying pentacene molecules. This implies that pentacene
molecules adopt a side-lying orientation in the pinwheels. An
orientational transition from flat-lying to side-lying orientation
occurred in the formation process of pentacene pinwheels.
Figure 3a shows the high-resolution STM image of a
regular L-pinwheel cluster. It is observed that each lobe is
composed of six pentacene molecules (one hexamer) with
parallel and shifted arrangement. Besides the 36 molecules
within six lobes, there are eight flat-lying molecules attached
to pinwheel edges. Thus, the total molecular number reaches
44 in this pinwheel. The six lobes are close-packed together

Figure 2. Pentacene pinwheel clusters formed near the steps of the Bi(111) surface. a) One
sample area (750 A x 750 A) containing four R-pinwheels and one L-pinwheel. b) Another
sample area (620 A x 620 A) containing two R-pinwheels and four L-pinwheels.
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Figure 3. High-resolution STM images of regular pentacene pinwheels. a) An L-pinwheel
cluster composed of 44 molecules (88 A x 88 A, U = —1.5 V). b) An R-pinwheel cluster
composed of 45 pentacene molecules (100 A x 100 A, U = -2.5 V). ¢,d) Schematic models
for the L- and R-pinwheels shown in (a) and (b), respectively. The black arrows indicate the

three high-symmetry directions of the Bi(111) surface.

driven by the dominant intermolecular interactions. The six
hexamers are laterally offset such that they are not pointing
to the pinwheel center. As a result, organizational chirality is
introduced into this pinwheel, as revealed by the red rotor
motif in Figure 3c.

Each pentacene molecule manifests as five oval protru-
sions, resembling the side view of the HOMO of the free
pentacene molecule in Figure 1c. Due to the limited lateral
resolution, the nodal plane across the aromatic rings is not
visible. The reflection symmetry of each oval protrusion
indicates that pentacene molecules adopt a side-lying ori-
entation (7 stacking) with the aromatic rings normal to the
substrate surface. Such a perpendicular orientation of the
pentacene plane can be attributed to the
close packing of six hexamers. Moreover,
we observed that the long molecular axis
is parallel to the high-symmetry directions
of the Bi(111) surface. The good match
between the molecule’s and substrate’s
symmetry planes demonstrates that the
individual pentacene molecules still remain
achiral within this chiral pinwheel. Hence,
point chirality is not a necessary condition
for the organizational chirality in regular
pinwheel clusters of achiral pentacene
molecules. This is in agreement with the
prediction of Schock et al.[4]

There is an asymmetric shift (2.2 £
0.1 A) along the molecular long axis
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between two neighboring molecules from
the same hexamer. It is the asymmetric
shifting that destroys the reflection sym-
metry of the underlying Bi(111) substrate,
thereby resulting in the chirality of the
hexamers. Thus, there are two levels of
organizational chirality in this pinwheel:
the homochiral hexamers represent the
first hierarchy, while the large pinwheel
cluster represents the second. More
interestingly, we noticed that the asym-
metric shifting is reversed to the opposite
direction at the fifth molecule of a hex-
amer, which resulted in the curving lobes.
According to force-field model calcula-
tions, the asymmetric shift in the penta-
cene crystal results from the interplay
between van der Waals interaction and
the electrostatic Coulomb interaction.’]
From the schematic models in Figure 3c,
the intermolecular interactions include
the C-C interaction within n-stacked hex-
amers and the C-H interaction between
neighboring hexamers.

It can be conceived that, if the shifting
direction in an l-hexamer is reversed, the
I-hexamer will change to its enantiomer,
that is, the r-hexamer. If all the shifting
directions in an L-pinwheel are reversed,
the six l-hexamers will change to six
r-hexamers, and the L-pinwheel will become an R-pinwheel.
Figure 3b shows the STM image of a regular R-pinwheel
cluster. The six r-hexamers constitute a pinwheel cluster with
clockwise handedness. Besides the 36 side-lying molecules
in the hexamers, there are nine flat-lying molecules at the
periphery. Thus, the total molecular number reaches 45 in this
R-pinwheel. The six r-hexamers 1’-6” shown in Figure 3d can
be viewed as the enantiomers of the six I-hexamers 1-6 shown
in Figure 3c. It is observed that the two terminal protrusions
of a pentacene molecule become dimmed, possibly because of
the intermolecular coupling between neighboring hexamers.

The STM image of an irregular L-pinwheel is displayed
in Figure 4. There are some defects in the pinwheel interior

Figure 4. a) STM image of an imperfect L-pinwheel cluster (100 Ax 100 A, U=—1.5 V). Dashed
lines indicate the area with defects. b) STM image showing the registration of pentacene
molecules with respect to the Bi(111) surface (160 Ax 160 A, U=+2.0 V).
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Figure 5. Enantiomorphism
domains on Bi(111) together with the unit cells are displayed. Left and
right panels have the same size of 72 Ax 72 A (U=-3.5 V).

in 2D pentacene domains. Two mirror

(marked by the dotted lines in Figure 4a). Six inequivalent
lobes have been observed in this irregular pinwheel: one
heptamer (lobe 2), two tetramers (lobes 5 and 6), and three
hexamers (lobes 1, 3, and 4). In contrast to the regular pin-
wheels, the asymmetric shifting in lobe 1 occurs at the fourth
molecule instead of the fifth molecule. In Figure 4b, both
the individual molecules and the substrate lattice are visible
simultaneously. It is observed that the six molecules within
the regions A and B are not aligned with their long axis par-
allel to the high-symmetry directions of the Bi(111) surface,
and constitute chiral adsorbates. However, most pentacene
molecules remain achiral with their long axis parallel to the
high-symmetry directions of the Bi(111) surface. Hence the
point chirality introduced by a few pentacene molecules can
be attributed to defect formation inside the cluster.

We found that pinwheel cluster formation is only restricted
in the coverage far from monolayer. 2D chiral domains of
pentacene molecules have been observed in the monolayer
regime. There are six different chiral domains in total due to
the threefold symmetry of the Bi(111) surface plus the mirror
reflection element. The coexistence mirror domains suggest
an overall achiral racemic surface at the global level. Figure 5
shows two mirror domains together with their respective unit
cells, where the molecular long axes are no longer aligned in
the high-symmetry directions of the Bi(111) surface. The 2D
pentacene domains consist of molecular rows oriented along
the [101] direction with a periodicity b = 6.0 A and an inter-
row distance ¢ = 16.3 A, which are very close to the lattice
constants of the b—c plane in pentacene crystals. The forma-
tion of pentacene crystalline domains confirms again that the
intermolecular interaction is strong enough to dominate the
substrate—molecule interaction.

3. Conclusion

In summary, we have demonstrated the formation of chiral
pinwheel clusters of achiral pentacene molecules on the sem-
imetal Bi(111) surface. The chiral pinwheels reveal two levels
of organizational chirality: one is the chiral hexamers resulting
from asymmetric shifting along the long molecular axis; the
other is chiral arrangement of six hexamers with a rotor motif.
The organizational chirality of pentacene pinwheels can be
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rationalized by the enhanced intermolecular C-C and C-H
interactions, which dominate the molecule-substrate interac-
tion on the Bi(111) substrate. Furthermore, we demonstrated
a different relation between local point chirality and organi-
zational chirality: the former is not essential for the latter in
the nanoscale 2D clusters of achiral pentacene molecules.
Our results are significant for chirality construction by achiral
molecules driven by enhanced intermolecular interactions.

4. Experimental Section

The experiments were conducted in a Unisoku low-temperature
(LT) STM system with base pressure =1.2 x 10719 mbar. Bi(111)
film was prepared by depositing 20 monolayers (MLs) of Bi atoms
on a Si(111) 7 x 7 surface at room temperature with subsequent
annealing at 400 K. Pentacene molecules were deposited onto a
Bi(111) surface by vacuum sublimation, by heating the tantalum
cell to 450 K while the sample was held at =100 K. The typical
growth rate was about 0.02 ML min~!. Constant-current STM
images were acquired with the sample temperature kept at 4.3 or
78 K. After deposition of the pentacene molecules, the sample was
transferred immediately to the LT STM chamber for imaging.
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