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Absolute Configuration and Chiral Self-Assembly of
Rubrene on Bi(111)

Kai Sun, Meng Lang, Jun-Zhong Wang=*
School of Physical Science and Technology & MOE Key Lab Luminescence & Real
Time Anal, Southwest University, Chongqing 400715, China.

We investigated the chiral self-assembly of rubrene molecules on a semi-metallic
Bi(111) surface using low-temperature scanning tunneling microscopy. The absolute
configuration of isolated rubrene enantiomers was identified from high-resolution
images. Two types of homochiral domains of rubrene monomers and hexamers were
observed, respectively. For rubrene monomers, chiral separation was spontaneous
with each chiral monomer appearing in their respective domain. For rubrene hexamers,
two levels of organization chirality were recorded: one is six heterochiral rubrene
molecules arranged alternatively in a rubrene hexamer; and the other is a homochiral
arrangement of individual hexamers. After annealing at 350 K, a large area of
supramolecular self-assembled L- and R-type triangular heterochiral hexamers were
obtained at the narrow terrace of Bi(111). Moreover, a molecular chiral inversion
from L-(R-)type to R-(L-)type occurs during the formation of the hexamer domain
structure and can be attributed to the enhanced intermolecular interactions governed

by the intensive intermolecular extrusion at the narrow terrace.

Introduction

As a universal phenomenon in nature, chirality plays an important role in physics,
chemistry, life science as well as material science. In particular, chirality at 2D
surfaces has attracted considerable attention over the past few years due to its
potential applications in enantioselective catalysis, enantiospecific sensors and
non-linear optical devices [1-4]. A series of significant achievements have been made
on 2D chirality such as chiral recognition [5-7], chiral separation [8-12] and chiral
construction [13-15]. Chiral and achiral molecules can assemble into supramolecular
chiral structures on the surface when the surface symmetry is broken [16].

Rubrene (5,6,11,12-tetraphenyltetracene, C4,Hag), an axial chiral molecule that
consists of a twisted tetracene backbone with four phenyl substituents symmetrically

attached to the two sides of the backbone in the gas phase (Fig. 1a and b), has been
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widely employed in light-emitting diodes and field-effect transistors because of the
higher charge carrier mobility of rubrene single crystals on the surface [17-21]. The
twisted tetracene backbone can lead to chiral adsorption when the rubrene molecule is
deposited on a solid surface. However, rubrene crystals adopt a planar tetracene
backbone without any chirality [22]. So far, various chiral structures of rubrene have
been investigated on different solid surfaces. Schneider et al. reported the existence of
local chiral and hierarchical chiral structures of rubrene [23-26]. Li Wang et al.
observed supramolecular chiral self-assembly of rubrene on Au(111) [27]. Rosei et al.
investigated the self-assembly of rubrene on copper surfaces [22, 28-29] and found
the coexistence of achiral row-like and chiral square-like assemblies [29]. However,
these studies mentioned obove were performed on noble metal surfaces. It was
reported recently that pentacene, another benchmark molecule, grown on the
semimetallic Bi(111) substrate forms the epitaxial crystalline films with pentacene
molecule standing up, even in the first monolayer[30,31]. The upright orientation of
the pentacene molecule is attributed to the small density of states near the Fermi level,
which leads to the reduction of molecule-substrate interaction[32]. In the present
study, we present the chiral adsorption of isolated rubrene molecules adsorbed on a
Bi(111) surface and low-temperature scanning tunneling microscopy (STM) was used
to evaluate its chiral separation and self-assembly. The triangular hexamers may show
clockwise (R) or anticlockwise (L) handedness at the narrow terrace. Moreover, the
strong intermolecular forces originating from the repulsive interactions between

rubrene molecules may cause a molecular chiral reversal, which is also investigated.

Experimental

The experiments were carried out in a Unisoku low-temperature scanning tunneling
microscopy (STM) system with base pressure of 1.0 x 10~'° mbar. Flat and
well-ordered Bi(111) films were prepared by depositing 20 monolayers of bismuth
atoms on a Si(111) 7 x 7 surface at room temperature with subsequent annealing at
400 K. Rubrene molecules were deposited onto Bi(111) surface by heating the
tantalum cell to 473 K in an ultra-high vacuum while the sample was held at 100 K.
The typical growth rate was about 0.03 monolayers per minute. The sample was
transferred into the STM chamber immediately after the deposition of rubrene

molecules. Constant current STM images were acquired at a liquid helium
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temperature of 4.3 K. Throughout this study, we define the rubrene coverage in terms

of the crystalline monolayer corresponding to the a—b plane of rubrene single crystals.

Results and discussion
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Fig. 1 Isolated rubrene molecules of opposing handedness. Chemical structure of (a)
R- and (b) L-type monomer of rubrene. High-resolution STM image of (c) R- and (d)
L-type monomers of rubrene, 4.7 nm x 4.7 nm, +2.0 V. (e) The height profile line

across the Rubrene molecule marked with a dashed line in (d).

Firstly, a small amount of rubrene molecules were deposited onto a Bi(111) surface
at a low temperature, and individual rubrene molecules were observed on the terrace
as shown in Figs. 1c and d. Each isolated molecule exhibits an apparent height of
approximately 0.23 nm (Figs. 1e) and consists of three unequally shaped features
(denoted by A, B and C) with heights decreasing from A to C. The height of features
B and C is approximately 22 and 38% lower than A. These height ratios were
acquired from plenty of rubrene monomers and determine the molecular chirality. The
left molecule in Fig. 1c presents a clockwise arrangement of ABC, whereas the right
one in Fig. 1d follows an anticlockwise orientation of BAC. The rubrene molecules
have a mirrored symmetry with respect to each other. They were classified as R- and

L-enantiomers, which demonstrates the chiral conformations of rubrene molecules in
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the gas phase. In addition, the chiral adsorption of single rubrene molecules on the
Bi(111) surface is very similar to that on Au(111) [24], which implies the molecules

may adopt identical adsorption orientations on both surfaces.
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Fig. 2 Homochiral domains of rubrene monomers formed on Bi(111). (a)
Sub-monolayer rubrene islands sticking to the step edges of the substrate, 300 nmx
300 nm, +5.4 V. (b) Full monolayer rubrene on Bi(111) with a moire pattern, 128 nm
x 128 nm, +2.0 V. High-resolution STM images acquired on the (c) L- and (d) R-type
domains and structure models, 15 nm % 15 nm, +2.0 V. (e) Schematic diagrams of

structural models for the (e) L- and (f) R-type homochiral domains.

With increasing coverage, rubrene molecules begin to assemble into sub-monolayer
islands at the step edges (Fig. 2a) of the Bi(111) substrate because of the strong
attractive force from the step edge. When the coverage reaches one monolayer, the
homochiral domain showed a widely recognized moiré pattern characterized by a 4 x
3 supercell (Fig. 2b). The lattice of the homochiral domain was b; = 14.6 £ 0.2 A, b=
16.6+0.2 A, = 68.0 +0.5°. b, is parallel to a principal axis of the Bi(111) substrate,
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and the packing density is calculated to be =0.445 nm 2. The homochiral domain can
be classified into two structures with opposing chirality from the high-resolution
images. One is an L-type domain composed of only L-rubrene molecules, and the
other is an R-type domain consisting of uniform R-rubrene molecules, which revealed
a spontaneous chiral separation occurring on Bi(111) surface. Within the homochiral
domain, each rubrene molecule retained chirality with a twisted tetracene backbone
resembling the chiral adsorption of rubrene monomer. This spontaneous self-assembly
of the individual chiral molecules is enantioselective, and results in these two
homochiral domains. Figs. 2e and 2f show schematic diagrams for the structural
models of the homochiral domain, where all the molecular lattice points reside on the
substrate lattice lines along the Si axis. Chiral self-assembly is usually the result of a
competition between molecule—substrate interactions and non-covalent intermolecular
attractions arising from van der Waals forces, hydrogen bonds, and electrostatic
interactions. Combined with the structural model, we consider that the homochiral
domain of rubrene can be ascribed to the result of an interplay of van der Waals forces
and CH-- - interactions arising from the H atoms within the phenyl ring of one
molecule and the tetracene backbone of the other molecule (Fig. 2f), which can

dominate the weak molecule—substrate interactions on the Bi(111) substrate.
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Fig. 3 Homochiral arrangement of individual hexamers formed at the narrow terrace
of the Bi(111) surface, coexisting with homochiral domains. (a) Sample area
containing two homochiral domains and one triangular hexamer domain, 120 nm X
120 nm, +3.5 V. (b) Another sample area containing two homochiral domain and two
triangular hexamer domains, 100 nm % 100 nm, +3.4 V. (¢) High-resolution image of
L-type triangular hexamer domains, 24.6 nm x 24.6 nm, +3.0 V. (d) High-resolution

image of R-type triangular hexamer domains, 29 nm % 29 nm, +2.5 V.

When the homochiral domains of rubrene were annealed to 350 K, a large area of
homochiral supramolecular domains with threefold symmetry were discovered at the
narrow terrace of the Bi(111) surface, coexisting with the homochiral domains. Figs.
3a and 3b are two different sample areas, containing homochiral domain (type I) and
supramolecular structure (type II). From the high resolution STM images of type II
domains, the supramolecular structure presented in Fig. 3¢ consists of triangular chiral
clusters with a anticlockwise arrangement (L), whereas the structure in Fig. 3d shows
triangular chiral clusters with an clockwise (R) arrangement. As a result, the
supramolecular self-assembly are mirror images of each other and can be classified as
L- or R-type domains. The lattice of the supramolecular self-assembly was c; = 33.9A,
c2=133.4 A, 6=60°%0.5°, and the packing density was 0.63 nm 2, which is larger
than that of the homochiral domain. The angle of the high symmetry direction
between the supramolecular self-assembly and the substrate was 6°+0.5°. We
speculate that there might be a slight energy difference between the homochiral
domain and the supramolecular self-assembly. At elevated temperature, the slight
erengy difference has been smeared out by thermal fluctuation, leading to the two
structures that occurred simultaneously. Rubrene molecules in homochiral domain
gain enough energy to seek the lowest energy of the whole system on their own,
reconstructing into supramolecular self-assembly at the narrow terrace of Bi(111). By
statistical analysis of the domain chirality, almost equal areas of R- and L-type
domains were observed on the substrate surface, which suggests an overall achiral
surface at the global level. This triangular domain structure is very different from
chiral pentagons adsorbed on Au(111)[27] or chiral trimer structures formed on

Cu(111)[29].
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Fig. 4 High-resolution STM images of triangular hexamer structure. (a) A small area
of L-type triangular hexamer domain structure, 7.7 nm % 7.7 nm, +2.0 V and (c) the
proposed model. (b) A small area of R-type triangular hexamer domain structure, 7.7

nm X 7.7 nm, +2.0 V and (d) the proposed model.

Fig. 4a shows the high-resolution STM image of an L-type triangular unit that we
attributed to six heterochiral rubrene molecules. Each side of the triangular structure
exhibits four bright protrusions. Within each side, an L-enantiomer rubrene molecule
appears as two bright protrusions, whereas an R-enantiomer exhibits two different
bright protrusions. Both of the rubrene enantiomers alternate with each other.
Consequently, each triangular structure is composed of six rubrene enantiomers as
shown in Fig. 4c. It can be conceive that, if the neighboring molecules exchange
positions with each other, the L-hexamer will change into its enantiomer, i.e., the
R-hexamer, as shown in Fig. 4b. Thus, the rubrene hexamers reveal two levels of
organization chirality: one is the six heterochiral rubrene molecules arranged
alternatively in rubrene hexamer; and the other is the homochiral arrangement of
individual hexamers.

Moreover, the chiral hexamer domains appeared at the narrow terrace of the
Bi(111) substrate where strong intermolecular interactions coming from the intense
intermolecular squeeze exist. When the homochiral domain was annealed, rubrene
molecules began to flow and migrate to the terrace where this molecular flow may

become blocked. Therefore, rubrene molecules begin to grind against each other and
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undergo a molecular chirality reversal, which are finally reconstructed into chiral
hexamer domain structures.

In addition, several bright bands over the triangular domain structures were
observed, and we considered these as a second layer of hexamer domains as shown in
Fig. 5. The insert of Fig. 5b is the structural model of the second layer. It can be
observed that all of the bright bands are aligned along the high symmetry direction of
the triangular hexamer structure. The triangular units on each side of the bright bands
are rotated by 60° with each other, but keeps the same chirality. As the intermolecular
extrusion becomes stronger, rubrene molecules in the first layer are elbowed aside
onto the top layer, leading to the formation of bright bands. The formation of bright
bands confirms that the intermolecular interplay is strong enough to dominate the

substrate—molecule interaction.

Fig. 5 STM images of hexamer structures with bright bands on the top layer. (a) One
sample area containing two self-assembled monolayers and one triangular hexamer
structure, 100 nm % 100 nm, +3.5 V. (b) High-resolution image of R-type domain
structure, 28.7 nm x 28.7 nm, +3.0 V. The insert of (b) is the structural model of the
bright bands.

Conclusion

In summary, we identified the absolute configuration of single rubrene enantiomers
from high-resolution STM image. Isolated rubrene molecules exhibited an axial chiral
adsorption due to the twisted tetracene backbone on the semi-metallic Bi(111) surface.

As the coverage increased, two types of homochiral domains composed of rubrene
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monomers or hexamers were observed. For rubrene monomers, chiral separation was
spontaneous with each chiral monomer appearing in their respective domain. For
rubrene hexamers, two levels of organization chirality of six heterochiral rubrene
molecules arranged alternatively in rubrene hexamer and the homochiral arrangement
of individual hexamers were recorded. By annealing the homochiral domain to 350 K,
a large area of supramolecular self-assembled L- and R-type triangular heterochiral
hexamers were achieved at the narrow terrace of Bi(111). The formation of hexamer
domains can be rationalized by the enhanced intermolecular interactions at the narrow
terrace, which dominate the molecule—substrate interactions on the Bi(111) substrate.
Moreover, a molecular chiral inversion from L-(R-)type to R-(L-)type occurs during
the formation of the hexamer domain structure because of the strong intermolecular
interactions governed by the intensive intermolecular extrusion at the narrow terrace.
Our findings are significant for supramolecular chirality construction driven by
enhanced intermolecular interactions and promote the application of interfacial chiral
molecular electronic and optoelectronic devices.
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