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ABSTRACT: The bottom-up fabrication of surface hierarchical
nanostructures is of great importance for the development of molecular
nanostructures for chiral molecular recognition and enantioselective
catalysis. Herein, we report the construction of a series of 2D chiral
hierarchical structures by trinary molecular self-assembly with copper
phthalocyanine (CuPc), 2,3,7,8,12,13-hexahexyloxy-truxenone
(TrO23), and 1,3,5-tris(10-carboxydecyloxy) benzene (TCDB). A
series of flower-like chiral hierarchical molecular architectures with
increased generations are formed, and the details of these structures are
investigated by high resolution scanning tunneling microscopy (STM).
The flower-like hierarchical molecular architectures could be described by a unified configuration in which the lobe of each
architecture is composed of a different number of triangular shape building units (TBUs). The off-axis edge-to-edge packing of
TBUs confers the organizational chirality of the hierarchical assemblies. On the other hand, the TBUs can tile the surface in a
vertex-sharing configuration, resulting in the expansion of chiral unit cells, which thereby further modulate the periodicity of
chiral voids in the multilevel hierarchical assemblies. The formation of desired hierarchical structures could be controlled through
tuning the molar ratio of each component in liquid phase. The results are significant for the design and fabrication of
multicomponent chiral hierarchical molecular nanostructures.

■ INTRODUCTION
Surface chirality has an intimate relationship with origin of
chirality in nature, chiral molecular recognition, enantioselective
catalysis, and many other important physical chemistry topics
and has attracted great attention in recent years.1−4 The
spontaneous formation of enantiopure or racemic surface
supramolecular patterns from the adsorption and assembly of
chiral or pro-chiral molecules has been well-documented.5−8 An
intriguing phenomenon in surface chirality study is the
formation of 2D organization chirality from nonchiral
molecules, where the chirality is generated and steered by the
arrangement of molecular building units in the 2D
assemblies.9−11 The underlying driving forces for the formation
of chiral building units are typically the hydrogen bonding,
dipole−dipole interaction, van der Waals interactions, and
other weak interactions between functional groups. Under-
standing the formation of assembly building blocks, application
and propagation of surface chirality in 2D supramolecular chiral
assemblies is of ultimate importance to predict and control over
the 2D supramolecular chirality. On the other hand,
hierarchical self-assembly is ubiquitous in biological systems.
Hierarchically formed architectures may exhibit excellent
properties and functions that are not displayed by their
individual components.12−14 People have gained a lot of
inspiration from biological systems for the design and

fabrication of supramolecular functional systems.15 Recently,
scientists have made progress, and some two-dimensional
multilevel hierarchical self-assembled architectures were fab-
ricated by using organic molecular building blocks.16−26 For
example, trimesic acid can form a series of multilevel
hierarchical self-assembly structures from “chicken wire”
structure to different sizes of “flower” structures via the
intermolecular hydrogen bonding.27 Spillmann et al. reported
the nanoporous two-dimensional supramolecular structures by
the hierarchical assembly of organic molecules interconnected
through metal−ligand coordination interaction.28 The tripod-
shaped bromo-adamantane trithiol (BATT) molecule was
found to form two-tiered hierarchical chiral self-assembly on
gold surface.29 A hexaphenylbenzene (HPB) derivative was
used to construct a hierarchical chiral honeycomb pattern.30

Comparing with the relatively well-documented 2D architec-
tures engineered from molecular tectons, the distinct feature of
multilevel hierarchical molecular assemblies on surfaces is that
the primary building unit is composed of molecular clusters
interlinked via noncovalent interactions. Aside from the
aesthetic-pleasing structures, the hierarchical assemblies
typically display large and continuously tunable periodicity,
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high complexity, and variety and have broad application
potential in nanopatterning, molecular electronics, and
molecular devices.31−33 The inherent complexity of hierarchical
assemblies, on the other hand, imposes a great challenge to the
detailed understanding of the underlying formation mechanism,
which is of great importance to conceive and steer the assembly
process to fabricate potential hierarchical molecular nanostruc-
tures. Therefore, it is still a challenge to fabricate multi-
component hierarchical molecular architecture with enhanced
diversity and controllability.
Herein, we use 2,3,7,8,12,13-hexahexyloxy-truxenone

(TrO23), 1,3,5-tris(10-carboxydecyloxy)benzene (TCDB),
and copper phthalocyanine (CuPc) to fabricate a series of
flower-like chiral hierarchical superstructures with the tunable
periodicity in a size range from 7 nm to more than 14 nm on
highly oriented pyrolytic graphite (HOPG). The chemical
structures of TCDB, TrO23, and CuPc are shown in Scheme 1.

TCDB has three carboxyl terminated alkyl chains which can
form a hydrogen bond with carbonyl groups of TrO23. The
molecular structure of TrO23 is characterized by a flat
truxenone aromatic core surrounded by six flexible hydro-
carbon chains. Our previous result showed that TCDB and
TrO23 can form a nanoporous network with the help of
hydrogen bond and van der Waals interactions between them
(Figure S1 in the Supporting Information, SI).34 In this study,
we have found that the participation of CuPc in the trinary
assembly results in the formation of chiral superstructures. The
assembling process of a typical hierarchical structure is

schematically illustrated in Scheme 1b. A triangle shape
building unit (TBU) composed of three TrO23, one TCDB,
and three CuPc is the secondary building unit of the
hierarchical assembly. Two TBUs can arrange in an edge-to-
edge configuration by sharing a common CuPc lines as
separator to form a rhombus unit cell. The main axes of two
TBUs in a unit cell are offset slightly and form a prochiral
hierarchical building unit, as denoted as δ and γ in Scheme 1b.
The chirality of the building unit is further amplified by tiling
the surface with these two chiral unit cells, resulting in the
formation of a flower structure with chiral voids of 6-fold
symmetry. Furthermore, the TBUs can tile the surface in a
vertex-sharing configuration, resulting in the expansion of chiral
unit cells, which thereby further modulate the periodicity of
chiral voids in the multilevel hierarchical assemblies. The
formation of specific multilevel hierarchical structures could be
controlled through tuning the molar ratio of each component
in the liquid phase. The tailored chiral hierarchical supra-
molecular assemblies on surfaces open up new possibilities for
the bottom-up fabrication of complex functional nanostruc-
tures.

■ EXPERIMENTAL SECTION
TrO23 and TCDB were synthesized by the procedure reported in the
literature.40,41 CuPc was purchased from Aldrich and used without
further purification. TrO23 was dissolved in 1-phenyloctane at
concentrations from 5 × 10−5 to 10−7 M. CuPc was dissolved in 1-
octanol to produce a saturated solution with a concentration about
10−6 M. TCDB was dissolved in 1-phenyloctane to make a saturated
solution in a concentration about 1.5 × 10−5 M and diluted to the
desired concentration before use. To prepare the trinary assemblies, a
drop of CuPc saturated solution (ca. 4 μL) in 1-octanol was first
deposited on HOPG, and the substrate was annealed to 100 °C (CuPc
is stable at this temperature42) to remove the solvent; then a drop of
the TrO23 solution (4 μL) and a drop of TCDB (4 μL) of desired
concentration were applied onto the same HOPG surface successively.
The adlayer structures were observed by using NanoScope IIIa (Veeco
Inc. USA) STM with mechanically cut Pt/Ir (90/10) tips. All STM
images presented here were recorded in a constant current mode and
presented without further processing.

■ RESULTS AND DISCUSSION

Multilevel Hierarchical Assembly. The hierarchical
assemblies are fabricated by successively deposition of CuPc,
TCDB, and TrO23 on the HOPG surface. From the large scale
STM image in Figure 1a, we can see a flower-like adlayer
structure with an orderly distributed dark area enclosed by
some bright spots. The structure is named Flower 0. The high
resolution STM image in Figure 1b manifests more details. A
unit cell is overlaid with the measured unit cell parameters of a
= b = 7.2 ± 0.2 nm, α = 60 ± 2°. In the dark holes of Flower 0,
which are located at the corner of the unit cell, there are
molecules with three chains extending to three bright spots.
The angle between any two chains is about 120°, and the length
of the chain is consistent with the alkyl chain length of TCDB.
The molecules in the dark holes are therefore identified as
TCDB molecules. Each unit cell contains two center-sym-
metrically arranged triangular clusters, as highlighted by the
shaded triangle in Figure 1b. Each triangle consists of three sets
of bright spots. The small spot illustrated by the dark blue circle
has a diameter of about 1.0 ± 0.1 nm, consistent with the size
of the truxenone core. The other set of spots with a diameter of
about 1.6 nm appears in characteristic four lobes as illustrated
by blue crosses, consistent with the chemical structure of CuPc.

Scheme 1. (a) Molecular Structures of TCDB, TrO23, and
CuPc and (b) Illustration of the Hierarchical Self-Assembly
Formation Process
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According to the diameter and appearance of large bright
crosses, they can be attributed to CuPc molecules. A small
bright spot is found at the centroid of the triangle. This spot is
attributed to a TCDB molecule, which connects with TrO23
molecules at the corner of the triangle via hydrogen bonding
between the terminal carboxylic acid group and the carbonyl
group of TrO23.34 The schematic symbols are overlaid in
Figure 1b to illustrate the Flower 0 structure. On the basis of
the above analysis, a structural model is presented in Figure 1c.
The molecular ratio of TrO23, CuPc, and TCDB in Flower 0 is
2:2:1.
Figure 1d and g shows another two flower-like structures

named as Flower 1 and Flower 2 obtained by tuning the
concentration of TrO23 and TCDB in solution phase. The
ordered adlayers with domain size larger than several hundred
nanometers are obtained. The centers of Flower 1 or Flower 2
appear as “voids” in STM images, although some highly mobile
molecules may adsorb in the center. The center “voids” of the
two flowers have the same size and 6-fold symmetry. Careful
inspection of the high resolution STM image of Flower 1
(Figure 1e) reveals similar triangular clusters as found in Flower
0. The triangle clusters are located at the center of the half-cell,
as illustrated by the shaded triangles. Comparing with the

Flower 0 structure, a noticeable feature is that there are three
linearly arranged CuPc molecules between two neighboring
triangles. Flower 2 shares many similar structural elements with
Flower 1, except that the half cell is larger than Flower 1 and
consists of three triangle clusters. Accordingly, the CuPc
“separator” is composed of 5 CuPc molecules in Flower 2. The
unit cell parameters of Flower 1 are a = b = 9.2 ± 0.2 nm and α
= 60 ± 2°, and those in Flower 2 are a = b = 13.8 ± 0.2 nm and
α = 60 ± 2°. The schematic models for Flower 1 and Flower 2
are superimposed in Figure 1e and h. Structure models for
Flower 1 and Flower 2 are illustrated in Figure 1, parts f and i,
respectively, and in good agreement with the STM images.
By tuning the molar ratio between three components, other

flower-like structures with the same TBUs but different sizes
are obtained (Figure S2). Figure 2 lists the structural details of
the flower structures of different generations. For comparison,
we outline each flower with one lobe superimposed with the
schematic model and another with a green triangle. We can
clearly see that all of the flowers’ lobes contain the same TBUs
as outlined by white triangles. Each TBU is composed of three
CuPc, three TrO23, and one TCDB. The TBUs in these
flowers represent primary supramolecular units with two
distinct surface orientations, which can be correlated by a 60°

Figure 1. Multilevel hierarchical assembly. Large-scale (a,d,g) and high resolution (b,e,h) STM images of Flower 0 (a,b), Flower 1(d,e), and Flower
2 (g,h). Tunneling conditions: (a) Itip = 366 pA, Vbias = 553 mV; (b) Itip = 291 pA, Vbias = 463 mV; (d) Itip = 473 pA, Vbias = 651 mV; (e) Itip = 213
pA, Vbias = 633 mV; (g) Itip = 365 pA, Vbias = 617 mV; (h) Itip = 241 pA, Vbias = 430 mV. Structural models for Flower 0 (c), Flower 1 (f), and Flower
2 (i).
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rotation operation. All flower structures have six lobes. The
lobe of Flower 0 is composed of one TBU. The TBUs in
Flower 1 are divided by six separators composed of a CuPc
triad as outlined in Figure 2b. There is no molecule in the
center of Flower 1 and bigger flowers. Each lobe in Flower 2 is
bigger than that of Flower 1 and composed of three TBUs. The
three TBUs pack into a bigger triangular lobe by sharing
vertexes, and neighboring lobes are separated by a CuPc
separator, as outlined with a white bar in Figure 2c. Flower 2
can also be viewed as an expanded Flower 1 by addition of one
more row of TBUs. Therefore, the generation of a flower is
named by the number of TBU rows in its lobe, except Flower 0.
Flower n (n > 0) are created by lobes with n rows of TBUs
separated by CuPc separators with 2n+1 CuPc molecules.
Careful study reveals that CuPc molecules change their
orientation alternately along the CuPc separators. The
neighboring CuPc molecules in each flowers’ CuPc separators
have a crossing angle of 15° (Figure S3). A special case for the
Flower n series is shown in Figure 2e, where the whole surface
is covered by TBUs without the presence of a CuPc separator.
This structure is named Flower ∞. Figure 2(f)-(j) shows
schematic models for all the flower structures of different
generations.
Chirality of Hierarchical Assembly. Owing to a spiral

arrangement of flower lobes around the center voids, the trinary
hierarchical assemblies show distinct surface organizational
chirality. Panels a-c of Figure 3 show the coexistence of both
enantiopure domains of Flowers 0, 1, and 2 in the same STM
image. Both mirror-symmetric chiral domains of these flower-
like architectures have been obtained. The numbers of the
entiopure domains and the domain sizes are roughly equal, as
expected. No defined correlation between the orientations of
TBUs with the underlying HOPG substrate has been observed.
Figure 3d-f shows the schematic models of chiral structures of
Flowers 0, 1, and 2. The CuPc molecules along the edge of the
TBUs and in the CuPc separators are offset from each other to
avoid the steric crowding of CuPc molecules, following the
Kitaigorodskii’s principle of closest-packing.35 As a result, the
TBUs in each unit cell take an off-axis arrangement, which
breaks down the mirror-symmetry of TBUs and confers

organization chirality to the unit cell and the hierarchical
assemblies. The chiral voids in the center of Flowers 1 and 2
and other high generation flower structures may act as a host
template for enantioselective separation or chiral catalysis.
Similar surface chirality of hierarchical assemblies has been
observed in other one-component hierarchical assem-
blies.17,32,33

Structural Evolution of Hierarchical Structures. To
understand the structural evolution of hierarchical structures of
different generations, we calculated the molar ratio of three
components in each flower structure, as presented at the
bottom of Figure 2. The molecular ratio of TrO23, CuPc, and
TCDB in Flower n can be deduced as (n2+3n+2):(3n2+9n+3):
(n2+n) (See Figure S4 for the detailed deduction process.) for
all the structures except Flower 0. The existence of TCDB in
the flower center and the absence of CuPc separators make the
molecular ratio in Flower 0 2:2:1 (6:6:3) and deviate from the
tendency of the other structures. With the continuous increase
of the flower lobes, the surface would be covered by the closely
packed TBUs eventually, as presented in Figure 2e. The
molecular ratio of TrO23, CuPc, and TCDB in Flower ∞ is
1:3:1, consistent with the result from the formula presented
above.
The TrO23/CuPc/TCDB trinary assembly system consists

of three components and is formed at solid−liquid interface.
We found that the formation of the trinary hierarchical
assemblies can be tuned by controlling the amount of individual
components in the solution phase. Owing to the limited
solubility of CuPc in phenyloctane, CuPc molecules are
believed to adsorb preferentially on the surface and act as an
excess component in the assembly. Therefore, we surveyed the
self-assembled structures at varied amounts of TCDB and
TrO23 in solution phase, while keeping the amount of CuPc
constant. Figure 4a summarizes the results of the formation of
different self-assembled structures by tuning the concentration

Figure 2. The structural evolution of hierarchical structures of
different generations. (a)-(e) STM images of single flowers of Flowers
0, 1, 2, 3, and ∞. (f)-(j) schematic models for Flowers 0, 1, 2, 3, and
∞. Image sizes: (a) 11 × 11 nm2; (b) 19 × 19 nm2; (c) 25 × 25 nm2;
(d) 40 × 40 nm2; (e) 20 × 20 nm2. The relative molecular ratios
between TrO23, CuPc, and TCDB in each self-assembled structures
are shown below each STM image.

Figure 3. STM images show coexistence of enantiopure chiral
structures of Flowers 0(a), 1(b), and 2(c). The imaging conditions are
as follows: (a) Itip = 213 pA, Vbias = 485 mV; (b) Itip = 213 pA, Vbias =
633 mV; (c) Itip = 241 pA, Vbias = 430 mV. (d-f) Strcutral models for
chiral hierarchical assemblies.
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of TCDB and TrO23 by keeping the solution volume constant.
From Figure 4a we can learn that Flower 0 often appears when
the concentration of TCDB and TrO23 are both high.
Lowering the amount of TrO23 results in the formation of
flower structures of higher generations. The flower structures of
high generation are relatively more sensitive to the concen-
tration change. The flower structure of low generations (1, 2) is
favored when the concentration of TCDB and TrO23 are both
at medium level. At properly tuned concentration, the pure
phases of low generation flower structures can be obtained (i.e.,
Figure 1). Figure 4b plots the coverage of TCDB and TrO23 in
flower structures of different generations. The correlation
between Figure 4 parts a and b indicates that the formation of
flower structures is controlled by the concentration of each
component in the solution phase.
Similar multilevel hierarchical structures have been observed

for the one-component self-assembly of other C3 symmetry
molecules such as TMA and a HPB derivative.27,30 All these
structures have six lobes, and each lobe contains C3 symmetry
components. In the case of TMA and HPB, the half-unit cells
are bound to each other via dimeric hydrogen bonds, while the
molecules within the half-unit cells are close-packed via weaker
trimeric hydrogen bonds for TMA and van der Waals
interactions for HPB. The formation of hierarchical structures
of different generations is ascribed to the balance between

intermolecular interactions (to drive the formation of porous
structures) and molecular-substrate interactions (to drive the
formation of close-packing structures).
In our system, each lobe of a flower structure is divided from

each other by CuPc molecular separators, and the interactions
at the boundary between each lobe are weak (van der Waals
interaction). In contrast, the molecules within the lobe are
relatively stronger via hydrogen bond combined with van der
Waals interactions between CuPc, TCDB, and TrO23. One
would expect the Flower∞ is thermodynamically favored since
the close-packed TBUs can simultaneously maximize the
intermolecular interactions and molecular-substrate interac-
tions. The observation of concentration-dependent multilevel
hierarchical assemblies indicates that the solid/liquid interface
plays an important role in the assembly process. The chemical
potential of molecules in self-assembled nanostructures at the
solid/liquid interface is at the dynamic equilibrium with that in
the solution phase. The coverage of adsorbates on the surface is
determined by the concentration of the molecules in the
solution phase, although the dependence is typically nonlinear.
Therefore, by tuning the concentration of TCDB and TrO23 in
the solution phase, their coverage at the surface is tuned.
TCDB, TrO23, and CuPc can form primary building block
TBU through the hydrogen bonding and van der Waals
interaction (Scheme 1). The TBU building blocks can further
attach to each other to form lobes with different sizes in
response to the molar ratio of TCDB and TrO23 at the surface.
When CuPc is excess in the system, the formation of TBU
building blocks is not able to deplete all the CuPc molecules.
Since CuPc has limited solubility in phenyloctane, CuPc prefers
to stay at the interface and organize itself into separators to the
TBU lobes. In other words, the weak interaction between CuPc
separators and TBU lobes is compensated by desolvation
energy of CuPc at the solid/liquid interface. A similar solvent
effect to modulate the self-assembly has been observed in other
systems.36−39 By increasing the concentration of TCDB in the
solution phase, and thus the coverage of it on the surface, the
lobes grow bigger and form hierarchical structures with higher
generations. At high coverage and suitable molar ratio of TCDB
and TrO23, Flower 0 is preferred since the center-sitting
TCDB provides extra hydrogen bonding to stabilize the
structure. Further theoretical modeling is underway to fully
understand the assembly process in this system.

■ CONCLUSIONS

In summary, a series of flower-like chiral hierarchical super-
structures are constructed on the HOPG surface by trinary self-
assembly of TrO23, CuPc, and TCDB molecules. High
resolution STM images reveal that the unified building block
of these hierarchical structures is a TBU with one TCDB, three
TrO23, and three CuPc. The off-axis arrangement of TBUs in
neighboring lobes in each unit cell confers surface chirality of
the resulted hierarchical assemblies. The TBUs can tile the
surface in a vertex-sharing configuration, resulting in the
expansion of chiral unit cells and thereby further modulating
the periodicity of chiral voids in the multilevel hierarchical
assemblies. The formation of hierarchical structures on the
surface could be tailored by tuning the molar ratio of each
component in the liquid phase. The results presented here are
helpful to the rational design and fabrication of multi-
component functional chiral hierarchical molecular nanostruc-
tures.

Figure 4. (a) Dependence of the observed hierarchical structures on
the concentrations of TCDB and TrO23 in solution phase. The colors
of the dots represent the hierarchical structures of different
generations. (b) The surface coverage (density) of TCDB and
TrO23 in hierarchical structures. The unit is molecule nm−2.
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