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Abstract: Building supramolecular architectures with well-defined shapes and functions is of
great importance in materials science, nanochemistry, and biomimetic chemistry. In recent
years, we have devoted much effort to the construction of well-defined supramolecular struc-
tures through noncovalent forces such as hydrogen bonding, π-stacking, metal–ligand bonds,
and hydrophilic and hydrophobic interactions, with the aid of functional building blocks. The
morphologies and their physical properties were studied, and new methods for the construc-
tion of one-dimensional nanoscale structures have been developed. In this review, we sum-
marize our recent studies on the design and synthesis of the supramolecular systems, as well
as the physical properties of nanoscale structures.

Keywords: self-assembly; supramolecular architectures; low dimension; properties; methods.

INTRODUCTION

One of the most fascinating subjects in areas such as materials science, nanochemistry, and biomimetic
chemistry is concerned with the creation of supramolecular architectures with well-defined shapes and
functions. Both covalent and noncovalent chemistry play important roles in this creativity. Self-assem-
bly of molecules through noncovalent forces including hydrogen bonding, π-stacking, metal–ligand
bonds, hydrophilic and hydrophobic interactions, and van der Waals forces has great potential for cre-
ating well-defined supramolecular structures. Much effort has been devoted to mimicking the molecu-
lar architectures of functional assemblies, including nanoscopic DNA and proteins to macroscopic
viruses and bacteria, and much success has been gained in the design of a variety of artificial supra-
molecular architectures of different sizes, shapes, and functions [1–6].

The design and self-assembly of organic molecules to form functional suprastructures is the main
goal of supramolecular chemistry. During the past decades, the control of the size, shape, and crystal
structure of solid-state materials has become one of the most highly energized research areas for un-
derstanding their profound impact on chemical and physical properties [7–9]. Self-assembly of
nanometer-sized building blocks into ordered architectures at interfaces is believed to be an appropri-
ate approach for efficient preparation of long-range ordered molecular aggregates, creating possible im-
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portant materials with novel properties [10–12]. Hence, in the construction of self-assembly building
blocks, purposeful design and the introduction of functional groups play an essential role.

In recent years, our laboratory has designed and constructed many targeted supramolecular struc-
tures with the aid of functional building blocks, such as [60]fullerene, perylenebisimides, porphyrins,
and so on. [60]Fullerene and its derivatives are well-known novel electropool π-systems and three-di-
mensional acceptors that have been widely studied for the construction of the third dimension of effi-
cient electron-transfer model systems [13–16]. Perylene bisimides, with outstanding chemical, thermal,
and photochemical stability, have been extensively studied as organic semiconductors in electronic and
optical applications [17–24]. Porphyrins have remarkable photo-, catalytic-, electro-, and biochemical
properties, and the self-assembly of porphyrin derivatives has attracted considerable attention in recent
years [25–28]. The introduction of molecular recognition motifs into these building blocks, such as hy-
drogen bonding, π–π stacking, electrostatic interactions, and metal–ligand bonds, offers an easy way to
access well-defined arrays with novel photo- and electronic properties [29–34]. In this paper, we sum-
marize our studies on self-assembly systems in the past few years, and focus on the design and proper-
ties of the functional assembly systems. As a matter of fact, in the construction of supramolecular sys-
tems, many kinds of weak interactions cooperate and coordinate to give rise to subtle structures.
Usually, we focus on the leading interaction. In the first part of the review, hydrogen-bonding assem-
blies are the subject of our discussion. In the second part, π–π stacking supramolecular systems are dis-
cussed. In the third part, the interactions of hydrophilic and hydrophobic in the self-assemblies are stud-
ied. In the fourth part, we focus on functional assemblies constructed by the weak interactions of
metal–ligand. And in the fifth part, novel methods for construction of one-dimensional nanoscale struc-
tures are discussed.

HYDROGEN-BONDING ASSEMBLIES

Control of hydrogen bonding, because of its directionality and specificity, has attracted much attention
for the design of various molecular assemblies [35–38]. Well-defined nanosized aggregates should be
very useful for the development of novel functional materials and nanoelectronic devices. Meanwhile,
energy- and electron-transfer processes have also been investigated in the assembled supramolecular
systems, through the interaction of hydrogen bonds [39,40]. Hydrogen bonding is one of the most prom-
ising methods to fabricate a controllable molecular array and shape for efficient intermolecular energy
and electron transfer between donor and acceptor units [41].

[60]Fullerene has low reorganization energy in electron processes, which leads to a significant ac-
celeration of the charge-separation step and effective deceleration of the energy-wasting charge-recom-
bination step [42–47], and thus offers the promise of applications as excellent photoelectric materials.
As mentioned above, hydrogen bonds provide an efficient way to build molecular arrays with efficient
intermolecular energy and electron transfer between donor and acceptor units. Much effort has been put
into designing the self-assemblies of fullerene derivatives by hydrogen bonds into zero-, one-, and
three-dimensional supramolecular architectures. Guldi [48] and Hummelen [49] reported, respectively,
the synthesis and photophysical properties of the first quadruple hydrogen-bonded fullerene dimer.
Soon thereafter, we reported two assemblies of supramolecules, as shown in Fig. 1, based on
[60]fullerene with three-centered intermolecular hydrogen-bonding bonds, and attempted to analyze the
influences of the different structure features on the interactions and stability of molecular aggregates
[50,51]. Well-defined supramolecular ball-like structures were constructed in our work, which could be
of interest for the construction of three-dimensional nanomaterials for future applications as photo-
electric devices.
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In the construction of suprastructures, functionalization is the main goal. Many organic systems
have been developed which exhibit reasonable light-harvesting efficiencies, and many of them show the
ability of the energy and electron transfer. These systems provide effective means to convert photons to
electrons [52–54]. Usually, these dyads could be constructed by composing a donor and an acceptor
which could be used as artificial light-energy harvesting systems [55], the donor and the acceptor are
mostly linked in a covalent way. [60]Fullerene has been widely utilized as a three-dimensional electron
acceptor, while porphyrins and pyrene are used as donors. In our previous work, hydrogen-bonding
supramolecular assemblies containing [60]fullerene have been constructed, to explore the expected out-
standing physical and chemical properties. In order to improve the optical and electronic properties of
the supramolecular assemblies, a novel self-assembly of [60]fullerene derivative 1 as acceptor and pery-
lene bisimide 2 as donor was designed and characterized (Fig. 2) [56]. The response of on-and-off
cycling of the 1·2 film is prompt and reproducible, and the photocurrent stability is rather good in the
system during the monitored time, as indicated in Fig. 3. The ball-like suprastructure (Fig. 4), assem-
bled through hydrogen-bond and π–π stacking, could be of importance for future studies on three-di-
mensional nanomaterials applied in the field of photoelectric devices. In the following research, in order
to further study the photo-electron devices and investigate some good candidates, pyrene was chosen as
an electron donor complexed with [60]fullerene acceptor [57]. A barbituric acid-substituted
[60]fullerene derivative 3 and dipyrenemethyl-substituted melamine 4 were designed and used to build
a supramolecular system through hydrogen bond in organic solvent, and the possible self-assembled
structures are shown in Fig. 5. Nanoparticles and nanorods could be fabricated by a self-assembly
process, by virtue of hydrogen-bonding and π–π stacking interactions. Importantly, self-assembled 3�4
film could produce a steady and prompt cathodic photocurrent response (Fig. 6). The new supramolec-
ular system can be expected to find potential applications in photovoltaic solar cells.
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Fig. 1 Structure of the self-assemblies.

Fig. 2 Suprastructure of self-assembly of [60]fullerene derivative 1 with perylene bisimide 2 by hydrogen bonding.
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Fig. 3 Time dependence of the photocurrent response of the self-assembly film ([1]:[2] = 2:1).

Fig. 4 (a) TEM images of assemblies ([1]:[2] = 2:1). (b) High magnification of the TEM image.

Fig. 5 Possible structure arrangements of self-assembled supramolecular system.



Previously, we discussed the functional supramolecular self-assemblies containing a donor (pery-
lene bisimide or perylene derivative) and an acceptor ([60]fullerene derivative), and studied the inter-
molecular energy and electron transfer between donor and acceptor units bonding through hydrogen
bond, which may indicate the potential application in photo-electron devices. Otherwise, we also con-
structed bis-urea compounds with perylene bisimides that self-assemble into well-defined nanoscale
structures: supramolecular systems of a perylene derivative 5 that self-assemble into nanoscale rods
(Fig. 8) [58], and a system of a perylene derivative containing double components, bis(2,6-diacyl-
aminopyridine) units 6 and a perylene bisimide 7, that self-assemble into well-defined long fibers. Both
the systems assemble through three-centered intermolecular hydrogen-bonding interactions together
with π–π stacking interactions of perylene rings, as shown in Figs. 7 and 10, respectively. The photo-
current measurements showed that the self-assembled films of 5 could produce steady and rapid anodic
photocurrent responses (Fig. 9), while a steady cathodic photocurrent response was detected in the self-
assembled 6�7 film (Fig. 11). This constitutes a first study of the photoinduced electron-transfer prop-
erty of self-assemblies on the basis of the hydrogen-bond-induced nanostructure system. Therefore,
these perylene bisimides modified with three-centered hydrogen-bond units, with the capability for self-
assembly through hydrogen bonds, are promising candidates for inclusion in photoelectric devices
based on organic semiconducting layers.
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Fig. 6. Time dependence of the photocurrent generation of the self-assembled film ([3]:[4] = 1:1) upon the
irradiation of 70 mW cm–2 white light in 0.5 M KCl solution.

Fig. 7 Possible suprastructure arrangements of 5.
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Fig. 8 (a) TEM images of self-assembled 5a in p-xylene. (b) High magnification of TEM image.

Fig. 9 Time dependence of the photocurrent responses of the self-assembled 5a and 5b films upon irradiation by
100 mW cm–2 white light in 0.5 M KCl solution.

Fig. 10 Suprastructure of the self-assembly of 6 with 7.



CONSTRUCTION OF �–� STACKING ASSEMBLIES

Much effort has been devoted to synthesizing low-dimensional structures of conjugated polymers in
view of their extraordinary optical and electronic properties [61–64]. The self-assembly of a conjugated
polymer for forming different morphology is currently attracting considerable attention [65–67]. The
self-assembly of organic molecules with the assistance of noncovalent forces, such as hydrogen-bond-
ing and π–π stacking interactions, which lead the orientations of molecules in an ordered style, provides
an efficient method for creating nanoscopic and mesoscopic structures. We sought to develop a com-
plementary strategy for self-polymerization and self-assembly to produce new aggregate nanostructures
of a conjugated polymer. Two key conditions are required for the direct formation of polymer aggregate
nanostructures by the mentioned associated effect: (i) the monomer is able to undergo self-polymeriza-
tion by UV light; (ii) the self-polymerization polymer could be self-assembled by noncovalent forces.
Accordingly, we designed a small molecule 6-carbazol-9-ylhexa-2,4-diyl-1-ol (CYDIOL) containing
diacetylene units which could be self-polymerized by UV light [60]. We suggest that the CYDIOL mol-
ecules possess the capability for forming low-dimensional nanostructures by the associated effects of
self-polymerization and self-assembly (Fig. 12). Our study has shown that the association of self-poly-
merization and self-assembly induces the production of well-defined polydiacetylene nanowires which
show excellent field-emission properties (Figs. 13 and 14). Our work presents a new concept for fabri-
cating conducting polymer nanowires, and it may have great potential for further applications of fabri-
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Fig. 11 Time dependence of the photocurrent response of the self-assembled 6�7 film upon the irradiation of
32 mW cm–2 white light in 0.5 m KCl solution ([6]:[7] = 1:2 in CHCl3).

Fig. 12 Probable self-assembly suprastructure arrangements of CYDIOL.



cating supramolecular materials-based conducting polymers for various fields, such as sensors, optical
materials, and nanotips in field-emission devices.

In the study of supramolecular materials, larger macrocyclic aromatic molecules such as hexa-
benzocoronene [68,69] have received much attention due to their stronger π–π stacking ability and im-
proved emission behavior. A series of molecules with polycyclic aromatic structures was designed and
studied in our laboratory (Fig. 15). We first find that introduction of π-rich or π-poor heterocycles sig-
nificantly affects not only the physical properties of the perylene-3,4:9,10-tetracarboxylic acid diimides
(PTIs) but also the molecular self-assembly behavior [70]. The π-rich 8 was able to self-assemble into
one-dimensional nanostructures as a result of strong π–π stacking (Fig. 16), while the π-poor 9 lacked
the one-dimensional self-assembly capability. These findings offer us the potential to control the self-
assembly capability of the π-conjugated perylene core through decoration with N-heterocycles, and also
the way to control the aggregate structures further by tuning of the solvents. In the study of larger
macrocyclic aromatic molecules, another novel compound with an enlarged aromatic system carbazole-
coronenediimide-carbazole triad (CPC) was designed and synthesized by routine methododolgy [71].
The molecule is able to self-aggregate into unique sandwich diamond-like structures in saturated
chloroform solution; in further self-assembly, it can form diamond structures with holes as shown in
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Fig. 13 Self-assembled nanostructures on copper foils: (a) without polymerization process (b) and (c) large area of
ordered polydiacetylene nanowires (d) with some entangled polydiacetylene nanowires.

Fig. 14 Field-emission J-E curves of the polyCYDIOL nanowires. The inset shows the Fowler–Nordheim plot.



Fig. 17. π–π Stacking was supposed to be the main interaction of the self-assembling process. What is
more, CPC emits fluorescence faintly in polar solvents (CH2Cl2 or tetrahydrofuran) but intensively in
aggregates, which may permit the potential application in construction of optical devices.
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Fig. 15 Chemical structure of PTI derivatives.

Fig. 16 SEM images of 8: (a) rhombic structures precipitated from CH3CN, together with nanofibers (gold stained)
cast from (b) CH3CN; (c) pyridine; and (d) a nanofiber network from an n-hexane/pyridine mixture.

Fig. 17 Chemical structure of CPC and TEM images of CPC nanostructures with different morphologies. (a) TEM
image of sandwich diamond, inset: electron diffraction image. (b) TEM image of diamond with hole obtained after
the diamond was sonicated; upper inset: SEM image; bottom inset: electron diffraction image.



ASSEMBLIES LEADING BY HYDROPHILIC AND HYDROPHOBIC INTERACTIONS

The self-assembly of amphiphilic molecules has attracted special attention for a long time, not only for
its importance in theoretical studies, but also for its crucial role in biological systems and daily life.
Usually, amphiphilic molecules contain hydrophilic and hydrophobic parts at the same time. Because
of the different solubility of the hydrophilic and hydrophobic parts, the amphiphilic molecules tend to
self-assemble into well-defined structures, and the morphologies may differ in hydrophilic and hydro-
phobic solvents, to an extent that even the control over specific shapes, dimensions, and pattern forma-
tion of supramolecular organization becomes possible. Our laboratory has designed many amphiphilic
molecules which have been constructed into functional supramolecular structures. 

Various efforts have been made to prepare inorganic and organic hollow capsules, because this
kind of nanoscale structure displays unique structural, optical, and surface properties that may lead to
a wide range of applications, such as capsule agents for drug delivery, filters, coatings, chemical catal-
ysis, or templates for functional architectural composite materials [72,73]. Porphyrins have remarkable
photo-, catalytic-, electro-, and biochemical properties, therefore, the self-assembly of porphyrin deriv-
atives has attracted considerable attention in recent years, especially for the amphiphilic porphyrins,
which have been exploited in the preparation of simple micelles, fibers, and vesicles [74–76]. We de-
signed a new V-sharp amphiphilic zinc porphyrin derivative 11, as shown in Fig. 18, which could self-
assemble into vesicles with a diameter of 200 nm [77]. These vesicles could be controlled to assemble
into hollow capsules and worm-like structures, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images confirmed the controllable process (Fig. 19). The different am-
phiphilic properties of the porphyrin moiety and bipyridine-Pd unit in a mixed chloroform/methanol
solvent, and the coordination of methanol to zinc porphyrin molecules were the driving forces for for-
mation of vesicles with multi-bilayer structure.
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Fig. 18 Chemical structure of compound 11.



The self-assembly of small molecules into a chiral supramolecular architecture on a nanoscale are
also of great interest, due to their potential applications in studies of biological sensors, information
storage technology, light energy conversion, and optical devices [79]. Many researches have been per-
formed on incorporating chiral moieties [80,81] or achiral molecules [82,83] in self-assembling organic
molecules with the objective of forming chiral supramolecular structures. In our laboratory, a chiral
small-molecule L-{2-(4-hydroxy-phenyl)-1-[(pyren-1-ylmethyl)-carbamoxyl]-ethyl}-carbamic acid
tert-butyl ester (PLBT) was designed and synthesized, which could self-assemble into ball-like parti-
cles and helical nanowires with a perfect structure (Fig. 20) by employing different solvents [84]. The
chiral molecule assembled through hydrophilic and hydrophobic interactions and π–π stacking.
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Fig. 19 Morphology transition of the vesicle heated (a) at 60 °C (b) at 80 °C. (c) SEM image of worm-like
aggregates of 11. (d) Schematic representation of compound 11. (e) Schematic representation (f) of compound 11
vesicle formed in methanol with a close-up of the vesicle membrane showing the proposed multibilayer structure.
The blue dots represent the ligated CH3OH. (f) Schematic representation of an interdigitated bilayer structure.

Fig. 20 Structure of PLBT and schematic representation of self-assembly of compound PLBT.



In the construction of well-defined nanoscale structures, the specific orientations of the final self-
assemblies and the dependences of their morphology and optical properties on assembled conditions de-
serve more attention. Much effort has been devoted to designing functional building blocks, such as
oligo(phenylene vinylene) (OPV), porphyrins, and perylene tetraboxylic diimide derivatives, for the ex-
cellent electric and optical properties. On our side, we constructed an amphiphilic perylene derivative
PDDoAM possessing a hydrophobic core and cationic tails [85], which could be controllably con-
structed into nanocubic (zero-dimensional), micro-sheet aggregates (one-dimensional) and tower-like
architectures (three-dimensional) (Fig. 21) [86]. We systemically studied the dependences of the mor-
phology and orientation of water-soluble PDDoAM on the choice of acids (Fig. 22). Because of the
variability and flexibility in materials synthesis and nanostructures preparation, the red emission fluo-
rescent organic nano- and micromaterials (Fig. 21d) constructed by us may hold the higher potentials
in biological labels, light-emitting diodes, and optical sensors.
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Fig. 21 SEM images of PDDoAM aggregates formed during evaporation of HCOOH solution (a), HCl solution (b)
by fast deposition method. (c) SEM images of PDDoAM aggregates formed during evaporation of HCOOH
solution by slow deposition method. (d) Photomicrographs of PDDoAM aggregates formed during evaporation of
HCOOH solution (the scale was 50 µm).

Fig. 22 Proposed H-aggregate (left) and J-aggregate modules (right).



ASSEMBLIES CONSTRUCTED BY THE METAL–LIGAND INTERACTIONS

The coordination-driven motif offers an alternative to the biological motif allowing for unique design
features in the assembly of discrete supramolecular species. The most important point is the greater di-
rectionality offered by metal–ligand coordinative bonding compared to weak electrostatic and
π–π stacking interactions or even hydrogen bonding [87]. Metal template strategies, using the coordi-
nation of d-metals to oligopolydentate ligands, lead to homopolymetallic helicates, ladder, grids, rings,
cages, and knots [88]. On our side, we constructed a metal-directed self-assembly of perylenetetracar-
boxylic diimide connected to ligand H3L through different spacers, which provided the opportunity to
elucidate the impact of the metal ions and spacers on the photophysical properties of perylenetetracar-
boxylic diimide and on the nanostructure of these self-assembled photofunctional materials [89].
Moreover, the metal–ligand interactions play an important role in the chiral supramolecular system be-
cause of its high directionality [87]. As one of the most known coordination systems, successful as-
semblies of metal-oligopyridine helices from chiral ligands [90] have been well studied. We also con-
structed chiral supramolecular assemblies from a novel achiral tripodterpyridine ligand, in which three
terpyridine components were introduced into respective sites of silicon core to form tripodal configu-
ration (Fig. 23) [91]. And chiral coordination architectures were constructed by the self-assembly of the
achiral tripod-ligand with silver(I) cations (Fig. 24), and the possible formation mechanism of the
superhelix was exhibited in Fig. 25. An effective approach of designing ligands of specific configura-
tion was to study the effect of “structure property” in the molecular recognition process.
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Fig. 23 Chemical structure of tripod-terpyridine ligand and the proposed “umbrella-shaped” module.

Fig. 24 SEM (on Pt substrate) images of helical strips of [Ag3L] in different views and magnitude.



OTHER METHODS FOR CONSTRUCTION OF ONE-DIMENSIONAL NANOMATERIALS

One-dimensional nanomaterials possess highly unusual physical properties. Despite great efforts and
application of various methods, the synthesis of one-dimensional organic nanomaterials [92–97] re-
mains poorly to be studied, and only a few successful examples have been reported [98]. However, we
have developed a novel and generic technique to fabricate the controlled morphology-synthesis of or-
ganic molecular materials in restricted dimensions, with controlled size and shape [99,100]. In the fol-
lowing study, we controllably prepared straight nanowires to helical nanowires and complicated helical
dendrite structures from charge-transfer complex tetrathiafulvalene -7,7',8,8'-tetracyanoquinodimethane
(TTF-TCNQ) (Figs. 26 and 27) by two-phase methods in a creative way [101–103]. I–V measurements
of an individual nanowire indicated that the TTF-TCNQ helical nanowire is conducting along the
b-axis, with a conductivity of ~295 S cm–1 (Fig. 28). The synthetic procedure offers a general approach
for producing controlled organic conductor/semiconductor nanowires, and the technique has been ap-
plied to the synthesis of AgTCNQ/CuTCNQ nanowires in a two-phase system of acetonitrile/hexane in
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Fig. 25 Proposed formation mechanism of the superhelix: free ligand molecules in dichloromethane (a), original
flat strips with Ag (I) cations (b, c), and twisted strips induced by continuous tilt of coordination planes between
ligand and Ag (I) cations (d).

Fig. 26 SEM images of TTF-TCNQ complex morphologies as prepared at the drip rate of (a) 1 µl s–1, TTF-TCNQ
nanowires; (b) 0.02 ml s–1, TTF-TCNQ helical nanowires; (c) 0.04 ml s–1, TTF-TCNQ helical dendrites; (d)
0.5 ml s–1, TTF-TCNQ complicated helical dendrites.



our experiments. This approach should have an outstanding potential for ordered nano- and microscale
architectures for advanced devices.

In the construction of one-dimensional nanoscale architectures, the controllability and order are
always of high interest. In our experiments, we demonstrated a simple and convenient electrocrystal-
lization approach, for fabricating the free-standing nanorod arrays in a large area of the organic charge-
transfer complex of κ-(BEDT-TTF)2Cu(SCN)2 supported on Pt foil and indium tin oxide (ITO) glass
(Fig. 29), which showed an excellent field-emission property (Fig. 30). The morphologies of the
κ-(BEDT-TTF)2Cu(SCN)2 nanorod arrays can be controlled by adjusting the growth of current density
as indicated by Fig. 31. These results suggest that these nanorod arrays could be useful in electron field
emitters, and the fabricating approach should be indicative of potential applications in demonstrating
efficient field-emission materials.
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Fig. 27 Shape control of TTF-TCNQ nanostructures: (a) TTF-TCNQ nanowires; (b) TTF-TCNQ helical nanowires;
(c) TTF-TCNQ helical dendrites; (d) TTF-TCNQ complicated helical dendrites.

Fig. 28 (a) Schematic diagram and SEM image of the device with contacts made on the side wall of the TTF-TCNQ
helical nanowire; (b) I–V characteristic of the corresponding nanowire in (a). (c) Schematic diagram and SEM
image of the device with contacts made on the ends of the TTF-TCNQ helical nanowire (open ends were milled
with FIB). (d) I–V characteristic of the corresponding nanowires in (d).
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Fig. 29 (a) Lower-magnification and (b) higher-magnification SEM images of the (BEDT-TTF)2Cu(SCN)2
nanorods c. (c) Lower-magnification and (d) higher-magnification SEM images of the (BEDT-TTF)2Cu(SCN)2
nanorods d. (e) TEM image and (f) SAED pattern of a typical (BEDTTTF)2Cu(SCN)2 nanorod c. (g) TEM image
and (h) SAED pattern of a typical (BEDT-TTF)2Cu(SCN)2 nanorod d.

Fig. 30 (a) Field-emission J-E curve of the (BEDT-TTF)2Cu(SCN)2 nanorods c; the inset depicts the corresponding
Fowler–Nordheim (FN) plots and the SEM image of the (BEDT-TTF)2Cu(SCN)2 nanorods c. (b) Field-emission
J-E curve of the (BEDT-TTF)2Cu(SCN)2 nanorods d; the inset depicts the corresponding Fowler–Nordheim (FN)
plot and the SEM image of the (BEDT-TTF)2Cu(SCN)2 nanorods d.

Fig. 31 Possible formation process of the (BEDT-TTF)2Cu(SCN)2 nanorod arrays under different current densities.



CONCLUSIONS

This review summarizes our recent progress in building functional supramolecular architectures. We
have focused on the construction of well-defined zero-, one-, and three-dimensional supramolecular as-
semblies with optic, electronic, and field-emission properties, which may indicate the potential appli-
cations in the various fields, such as sensors, optical materials, biosensors, biolabels, and nanotips in
field-emission devices. The report also demonstrates the interdependence of physical properties, mo-
lecular design, and supramolecular architecture, and offers pointers to potential opportunities in
supramolecular design. The novel methods for controllable construction of one-dimensional nanoscale
structures by self-polymerization show outstanding potential applications in nanoscience.

ACKNOWLEDGMENTS

This work was supported by the National Nature Science Foundation of China (Grant Nos. 20531060,
10474101, 20473102, 20571078, 20418001, 20421101) and the National Basic Research 973 Program
of China (Grant Nos. 2006CB932100 and 2006CB806200).

REFERENCES

1. J. M. Lehn. Supramolecular Chemistry, Weinheim, Germany (1995).
2. M. Muthukumar, C. K. Ober, E. L. Thamas. Science 277, 1225 (1997).
3. S. I. Stupp, M. U. Pralle, G. N. Tew, L. Li, M. Sayar, E. R. Zubarev. MRS Bull. 25, 42 (2000).
4. D. N. Reinhoudt, M. Crego-Calama. Science 295, 2403 (2002).
5. G. M. Whitesides, J. P. Mathias, C. P. Seto. Science 254, 1312 (1991).
6. J. A. A.W. Elemans, A. E. Rowan, R. J. M. Nolte. J. Mater. Chem. 13, 2661 (2003).
7. K. T. Holman, A. M. Pivovar, J. A. Swift, M. D. Ward. Acc. Chem. Res. 34, 107 (2001).
8. D. J. Norris, Y. A. Vlasov. Adv. Mater. 13, 371 (2001).
9. J. V. Barth, G. Costantini, K. Kern. Nature 437, 671 (2005).

10. M. Fialkowski, K. J. M. Bishop, R. Klajn, S. K. Smoukov, C. J. Campbell, B. A. Grzybowski. J.
Phys. Chem. B 110, 2482 (2006).

11. P. Samori, A. Fechtenkotter, F. Jackel, T. Bohme, K. Müllen, J. P. Rabe. J. Am. Chem. Soc. 123,
11462 (2001).

12. S. Manne, J. P. Cleveland, H. E. Gaub, G. D. Stucky, P. K. Hansma. Langmuir 10, 4409 (1994).
13. D. M. Guldi, M. Prato. Acc. Chem. Res. 33, 695 (2000).
14. C. A. Reed, R. D. Bolskar. Chem. Rev. 100, 1075 (2000).
15. H. Imahori, H. Norieda, H. Yamada, Y. Nishimura, I. Yamazaki, Y. Sakata, S. Fukuzumi. J. Am.

Chem. Soc. 123, 100 (2001).
16. N. D. McClenaghan, C. Absalon, D. M. Bassani. J. Am. Chem. Soc. 125, 13004 (2003).
17. W. A. Fisher. Pigment Handbook, Vol. I: Properties and Economics, T. C. Patton (Ed.), p. 667,

John Wiley, New York (1973).
18. G. Hoprowitz, F. Kouki, P. Spearman, D. Fichou, C. Nogues, X. Pan, F. Garnier. Adv. Mater. 8,

242 (1996). 
19. G. R. J. Müller, C. Meiners, V. Enkelmann, Y. Greerts, K. Müllen. J. Mater. Chem. 8, 61 (1998). 
20. M. Schneider, K. Müllen. Chem. Mater. 12, 352 (2000).
21. M. Thelakkat, P. Pösch, H. W. Schmidt. Macromolecules 34, 7441 (2001). 
22. R. Dobrawa, F. Würthner. Chem. Commun. 1878 (2002).
23. F. Würthner, A. Sautter, J. Schilling. J. Org. Chem. 67, 3037 (2002).
24. K. Sugiyasu, N. Fujita, S. Shinkai. Angew. Chem., Int. Ed. 43, 1229 (2004).
25. J. C. Chambron, V. Heitz, J. P. Sauvage. The Porphyrin Handbook, Vol. 6, K. M. Kadish, K. M.

Smith, R. Guilard (Eds.) p. 1, Academic Press, New York (2000).

© 2008 IUPAC, Pure and Applied Chemistry 80, 639–658

Low-dimensional nanomaterials 655



26. T. S. Balaban, R. Goddard, M. Linke-Schaetzel, J. M. Lehn. J. Am. Chem. Soc. 125, 4233 (2003).
27. M. Grätzel. Nature 414, 338 (2001).
28. J. Duschl, M. Michl, W. Kunz. Angew. Chem., Int. Ed. 43, 634 (2004).
29. S. Lehninger, B. Oleyunk, J. P. Stang, Chem. Rev. 100, 853 (2000).
30. C. Mak, N. Bampos, S. L. Darling, M. Montali, L. Prodi, J. K. M. Sanders. J. Org. Chem. 66,

4476 (2001).
31. A. Klyszez, M. Lauer, M. Kopaczynska, C. Bottcher, F. Gonzaga, J. H. Fuhrhop. Chem. Commun.

2358 (2004).
32. S. I. Tamaru, M. Nakamura, M. Takeuchi, S. Shinkai. Org. Lett. 3, 3631 (2001).
33. J. M. Ribo, J. Crusats, F. Sagues, J. Claret, R. Rubires. Science 292, 2063 (2001).
34. P. H. J. Schenning, F. B. G. Benneker, H. P. M. Geurts, X. Y. Liu, R. J. M. Nolte. J. Am. Chem.

Soc. 118, 8549 (1996).
35. J. A. Theobald, N. S. Oxtoby, M. A. Phillips, N. R. Champness, P. H. Beton. Nature 424, 1029

(2003). 
36. T. Moriuchi, T. Tamura, T. Hirao. J. Am. Chem. Soc. 124, 9356 (2002).
37 D. L. Keeling, N. S. Oxtoby, C. Wilson, M. J. Humphry, N. R. Champness, P. H. Beton. Nano.

Lett. 3, 9 (2003).
38. E. A. Archer, H. Gong, M. J. Krische. Tetrahedron 57, 1139 (2001).
39. A. Credi, V. Balzani, S. J. Langford, J. F. Stoddart. J. Am. Chem. Soc. 119, 2679 (1997). 
40. F. Pina, M. J. Melo, M. Maestri, P. Passaniti, V. Balzani. J. Am. Chem. Soc. 122, 4496 (2000).
41. T. Gunnlaugsson, D. A. MacDónail, D. Parker. Chem. Commun. 93 (2000).
42. H. Imahori, Y. Sakata. Adv. Mater. 9, 537 (1997).
43. S. Fukuzumi, D. M. Guldi. In Electron Transfer in Chemistry, Vol. 2, V. Balzani (Ed.), pp.

270–326, Weinheim, Germany (2001).
44. C. C. Page, C. C. Moser, X. Chen, P. L. Dutton. Nature 402, 47 (1999).
45. D. Gust, T. A. Moore, A. L. Moore. In Electron Transfer in Chemistry, Vol. 3, V. Balzani (Ed.),

pp. 272–336, Weinheim, Germany (2001).
46. H. Li, Y. Li, J. Zhai, G. Cui, H. Liu, S. Xiao, Y. Liu, F. Lu, L. Jiang, D. Zhu. Chem.—Eur. J. 9,

6031 (2003).
47. F. Lu, S. Xiao, Y. Li, H. Liu, H. Li, J. Zhuang, Y. Liu, N. Wang, X. He, X. Li, L. Gan, D. Zhu.

Macromolecules 37, 7444 (2004).
48. J. J. González, S. González, E. M. Priego, C. Luo, D. M Guldi, J. Mendoza, N. Martin. Chem.

Commun. 163 (2001).
49. M. T. Rispens, L. Sánchez, J. Knol, J. C. Hummelen. Chem. Commun. 161 (2001).
50. Z. Shi, Y. Li, H. Gan, M. Li, S. Xiao, H. Li, H. Liu, S. Xiao, D. Zhu. Org. Lett. 4, 1179 (2002).
51. S. Xiao, Y. Li, H. Fang, H. Li, H. Liu, Z. Shi, L. Jiang, D. Zhu. Org. Lett. 4, 3063 (2002).
52. C. Ego, D. Marsitzky, S. Becker, J. Zhang, A. C. Grimsdale, K. Müllen, J. D. Mackenzie, C. Silva,

R. H. Friend. J. Am. Chem. Soc. 125, 437 (2003).
53. R. Dobrawa, F. Würthner. Chem. Commun. 1878 (2002). 
54. E. Peeters, P. A. V. Hal, S. C. J. Meskers, R. A. J. Janssen, E. W. Meijer. Chem.—Eur. J. 8, 4470

(2002).
55. D. Gust, T. A. Moore, A. L. Moore. Acc. Chem. Res. 26, 198 (1993).
56. Y. Liu, S. Xiao, H. Li, Y. Li, H. Liu, F. Lu, J. Zhuang, D. Zhu. J. Phys. Chem. B 108, 6256 (2004).
57. B. K. Kaletas, R. Dobrawa, A. Sautter, F. Würthner, M. Zimine, L. De Cola, R. M. Williams. J.

Phys. Chem. A 108, 1900 (2004).
58. Y. Liu, Y. Li, L. Jiang, H. Gan, H. Liu, Y. Li, J. Zhuang, F. Lu, D. Zhu. J. Org. Chem. 69, 9049

(2004).
59. Y. Liu, J. Zhuang, H. Liu, Y. Li, F. Lu, H. Gan, T. Jiu, N. Wang, X. He, D. Zhu. ChemPhysChem

5, 1210 (2004).

J. LV et al.

© 2008 IUPAC, Pure and Applied Chemistry 80, 639–658

656



60. H. Gan, H. Liu, Y. Li, Q. Zhao, Y. Li, S. Wang, T. Jiu, N. Wang, X. He, D. Yu, D. Zhu. J. Am.
Chem. Soc. 127, 12452 (2005).

61. M. Yun, N. V. Myung, R. P. Vasquez, C. Lee, E. Menke, R. M. Penner. Nano. Lett. 4, 419 (2004).
62. A. Noy, A. E. Miller, J. E. Klare, B. L. Weeks, B. W. Woods, J. J. DeYoreo. Nano. Lett. 2, 109

(2002).
63. I. Kymissis, A. I. Akiwande. Appl. Phys. Lett. 82, 2347 (2003). 
64. M. Nisoli, V. Pruneri, V. Magni, S. De Silvestri, G. Delleoiane, D. Comoretto, C. Cuniberti, J. Le

Moigne. Appl. Phys. Lett. 65, 590 (1994).
65. H. Liu, Q. Zhao, Y. Li, Y. Liu, F. Lu, J. Zhuang, S. Wang, L. Jiang, D. Zhu, D. Yu, L. Chi. J. Am.

Chem. Soc. 127, 1120 (2005). 
66. A. Khan, S. Müller, S. Hecht. Chem. Commun. 584 (2005).
67. S. Dubus, V. Marceau, M. Leclerc. Macromolecules 35, 9296 (2002).
68. M. Kastler, W. Pisula, D. Wasserfallen, T. Pakula, K. Müllen. J. Am. Chem. Soc. 127, 4286

(2005).
69. J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, T. Shimomura, K. Ito, T. Hashizume, N.

Ishii, T. Aida. Science 304, 1481 (2004).
70. Y. Li, Y. Li, J. Li, C. Li, X. Liu, M. Yuan, H. Liu, S. Wang. Chem.—Eur. J. 12, 8378 (2006).
71. X. Xu, W. Zhou, X. He, C. Li, X. Liu, H. Liu, Y. Li. Supramol. Chem. (2008). In press.
72. Y. R. Ma, L. M. Qi, J. M. Ma, H. M. Cheng. Langmuir 19, 4040 (2003).
73. C. E. Fowler, D. Khushalani, S. Mann. Chem. Commun. 2028 (2001).
74. R. Guilard, N. Senglet, Y. H. Liu, D. Sazou, E. Findsen, D. Faure, T. Des Courieres, K. M.

Kadish. Inorg. Chem. 30, 1898 (1991).
75. S. Tamaru, M. Takeuchi, M. Sano, S. Shinkai. Angew. Chem., Int. Ed. 41, 853 (2002).
76. R. Charvet, D. L. Jiang, T. Aida. Chem. Commun. 2664 (2004).
77. Y. Li, X. Li, Y. Li, H. Liu, S. Wang, H. Gan, J. Li, N. Wang, X. He, D. Zhu. Angew. Chem., Int.

Ed. 45, 3639 (2006).
78. A. El-Ghayoury, E. Peeters, A. P. H. J. Schenning, E. W. Meijer. Chem. Commun. 1969 (2000).
79. J. J. L. M. Cornelissen, A. E. Rowan, R. J. M. Nolte, N. A. J. M. Sommerdijk. Chem. Rev. 101,

4039 (2001).
80. M. A. Mateos-Timoneda, M. Crego-Calama, D. N. Reinhoudt. Chem. Soc. Rev. 33, 363 (2004).
81. P. Jonkheijm, A. Miura, M. Zdanowska, F. J. M. Hoeben, S. De Feyter, A. P. H. J. Schenning,

F. C. De Schryver, E. W. Meijer. Angew. Chem., Int. Ed. 43, 74 (2004).
82. M. Enomoto, A. Kishimura, T. Aida. J. Am. Chem. Soc. 123, 5608 (2001). 
83. C. Kaes, M. W. Hosseini, C. E. F. Rickard, B. W. Skelton, A. H. White. Angew. Chem., Int. Ed.

37, 920 (1998). 
84. J. Xiao, Y. Li, Y. Song, L. Jiang, Y. Li, S. Wang, H. Liu, W. Xu, D. Zhu. Tetrahedron Lett. 48,

7599 (2007).
85. I. K. Iverson, S. W. Tam-Chang. J. Am. Chem. Soc. 121, 5801 (1999).
86. X. He, W. Zhou, Y. Li, X. Liu, C. Li, H. Liu, D. Zhu. J. Nanosci. Nanotechnol. (2008). In press.
87. S. Leininger, B. Olenyuk, P. J. Stang. Chem. Rev. 100, 853 (2000).
88. J. Hamacek, S. Blanc, M. Elhabiri, E. Leize, A. Van Dorsselaer, C. Piguet, A.-M. Albrecht-Gary.

J. Am. Chem. Soc. 125, 1541 (2003).
89. Y. Li, H. Zheng, Y. Li, S. Wang, Z. Wu, P. Liu, Z. Gao, H. Liu, D. Zhu. J. Org. Chem. 72, 2878

(2007).
90. O. Mamula, A. Von Zelewsky. Chem. Rev. 242, 87 (2003). 
91. X. He, Q. Li, Y. Li, N. Wang, Y. Song, X. Liu, M. Yuan, W. Xu, H. Liu, S. Wang, Z. Shuai,

D. Zhu. J. Phys. Chem. B 111, 8063 (2007).
92. S. Iijima. Nature 354, 56 (1991).

© 2008 IUPAC, Pure and Applied Chemistry 80, 639–658

Low-dimensional nanomaterials 657



93. A. Thess, R. Lee, P. Nikolaev, H. Dai, P. Petit, J. Robert, C. Xu, Y. H. Lee, S. G. Kim, A. G.
Rinzler, D. T. Colbert, G. E. Scuseria, D. Tománek, J. E. Fischer, R. E. Smally. Science 273, 4831
(1996).

94. S. Amelinckx, D. Bernaerts, X. B. Zhang, G. Vantendeloo, J. Vantlanduyt. Science 265, 35
(1994).

95. H. Liu, Y. Li, L. Jiang, H. Luo, S. Xiao, H. Fang, H. Li, D. Zhu, D. Yu, J. Xu, B. Xiang. J. Am.
Chem. Soc. 124, 13370 (2002).

96. J. D. Holmes, K. P. Johnston, R. C. Doty, B. A. Korgel. Science 287, 1471 (2000).
97. Z. W. Pan, Z. R. Dai, Z. L. Wang. Science 291, 947 (2001).
98. J. K. Lee, W. K. Koh, W. S. Chae, Y. R. Kim. Chem. Commun. 138 (2002).
99. H. Liu, Y. Li, S. Xiao, H. Gan, T. Jiu, H. Li, L. Jiang, D. Zhu, D. Yu, B. Xiang, Y. Chen. J. Am.

Chem. Soc. 125, 10794 (2003).
100. H. Liu, Y. Li, S. Xiao, H. Li, L. Jiang, D. Zhu, B. Xiang, Y. Chen, D. Yu. J. Phys. Chem. B 108,

7744 (2004).
101. H. Liu, J. Li, C. Lao, C. Huang, Y. Li, Z. Wang, D. Zhu. Nanotechnology 18, 49 (2007).
102. M. Brust, M. Walker, D. Bethell, D. J. Schiffrin, R. Whyman. J. Chem. Soc., Chem. Commun. 7,

801 (1994).
103. D. C. Pan, S. C. Jiang, L. J. An, B. Z. Jiang. Adv. Mater. 16, 982 (2004).

J. LV et al.

© 2008 IUPAC, Pure and Applied Chemistry 80, 639–658

658


