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ABSTRACT: Advanced materials are often based on smart molecular self-
assemblies that either respond to external stimuli or have hierarchical structures.
Approaches to this goal usually stem from complicated molecular design and
difficult organic synthesis. In this invited feature article, we demonstrate that

desired molecular self-assemblies can be made conveniently by introducing simple \
functional molecules into amphiphilic systems. We show that upon introducing
specific small molecules which serve as responders, modulators, or even building
blocks, smart supramolecular architectures can be achieved which avoid
complicated organic synthesis. We expect that this could be a general and
economical way to produce advanced materials in the near future.

1. INTRODUCTION

Molecular self-assernbly,k3 the spontaneous association of
molecules into structurally well-defined entities, is ubiquitous
throughout basic science, technology, and nature.* It provides a
general route to achieving order from disorder at various length
scales.>™” Extensive effort has been exerted for surfactants,®
polymers,” colloidal particles,* and even large biological
molecules,'® where these building blocks organize into larger-
scale ordered structures."' Molecular self-assembly not only
leads to a better understanding of biological systems but also
enriches rational building units for complex and functional
materials.

There are thousands of natural and artificial molecules known
to mankind, but their functions are far beyond being fully
recognized. For instance, many previously discovered drugs are
found to be efficient in treating new diseases, and a simple
combination of some ordinary molecules may produce amazing
materials or structures. It is expected that the employment of the
existing simple molecules may be an economical approach that
leads to advanced materials.

This critical review aims to elucidate the versatility and
fantastic functions of simple molecules in self-assembling
systems developed in our laboratory. The contents are arranged
in the following way: (1) general principles of using simple
molecules; (2) a brief description of the advanced systems built
up with specific simple molecules where they serve as the
responder, modulator, or building block; and (3) perspectives on
the impact of simple molecules on the future of material science.

2. GENERAL PRINCIPLES OF USING SIMPLE
MOLECULES

Simple molecules refer to those with low molecular weight which
are obtained easily either from nature or by laboratory synthesis.
Usually, small molecules themselves are not able to self-assemble
although they bear functional groups. However, they are able to
interact with most amphiphiles by noncovalent interactions, such
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as electrostatic interactions, hydrophobic interaction, hydrogen
bonding, coordination, or m—z stacking. In this way, the
functional groups can be introduced to the self-assembled
structures of amphiphiles. Of course, these simple molecules may
contribute to the self-assembling structures as well in the form of
formation via coassembly. Upon employment of different
combinations of simple molecules and amphiphiles, one may
expect bulk materials based on various self-assembled structures.
Since the functional groups provided by simple molecules may
change their conformation or structure upon exerting a stimulus,
such as photo, chemical, pH, shearing, or temperature, the self-
assembled structures change accordingly, as will be expressed as
the responsiveness to the corresponding stimulus of the bulk
materials.

Clearly, one need only choose a simple molecule which
contains groups that respond to the desired stimulus in order to
fabricate a smart material that responds to a certain stimulus.
Then combine this responsive simple molecule with an
amphiphile so that they may interact through noncovalent
interactions. This avoids tedious synthesis chemistry and leads to
convenient supramolecular self-assemblies. It is well known that
supramolecular chemistry is one of the major approaches toward
advanced materials. The characteristic feature of advanced
materials lies mainly in their smart responsiveness to external
stimuli and their hierarchical structures. From this point of view,
the role of simple molecules in molecular self-assemblies can be
briefly categorized as (1) stimuli responders, which endow the
stimuli inert systems with responsiveness to various external
stimuli, such as photo, chemicals, temperature, pH, and salt; (2)
structural modulators, which assist in the formation of different
structures other than the original molecular self-assemblies
formed by the amphiphilic component; and (3) structure
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makers, namely, acting as key building blocks which have never
been realized to form novel self-assemblies. In the following text,
we briefly introduce approaches taken in our laboratory to
fabricate advanced molecular self-assemblies on the basis of
simple molecules.

3. SIMPLE MOLECULE AS A FUNCTIONAL RESPONDER

Smart materials which are able to respond to external fields or
stimuli have attracted intense attention in nanoscience and
nanotechnology. In past decades, great effort has been ing)ut to
create various novel molecules to achieve this goal.>'>~"” This
not only involves complicated organic synthesis but also
confronts the problem of bulk fabrication. Therefore, simple
protocols that avoid organic synthesis are highly desired to
fabricate responsive materials that have applicable potential. It is
realized that it is not necessary that all of the structure-forming
molecules be responsive to stimuli; in most cases, the
responsiveness produced by a small fraction of molecules may
already produce a strong-enough effect for the whole system. As
examples for demonstration, we will introduce some responsive
self-assemblies completed in our laboratory upon introducing a
simple molecule into a nonresponsive self-assembled system.
3.1. Sodium Cholate (SC) as a Temperature and pH
Dual Responder. Sodium cholate (SC) is a member of the bile
salts, which are different from conventional “head-and-tail”
surfactants and are well known as facial amphiphiles composed of
a polar face and a nonpolar face.'® In addition, SC has three
temperature-responsive hydroxyl groups, a pH-responsive
carboxylate group, and a hydrophobic steroid skeleton'® (Figure
1a). When a small amount of SC was added to a stimuli-inert
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Figure 1. (a) Molecular structure of SC. Its facially amphiphilic structure
is highlighted. Its hydroxyl groups and carboxylate group are sensitive to
temperature and pH, respectively. (b) Adding a responder (SC) endows
responseless catanionic surfactant vesicles with temperature- and pH-
responsive abilities. Copyright 2008, Royal Society of Chemistry.

vesicular system formed with dodecyltriethylammonium bro-
mide (DEAB)/ sodium dodecyl sulfonate (SDS),"® the DEAB/
SDS vesicles exhibited temperature and pH dual responsiveness.
The system underwent a micelle-to-vesicle transition (MVT)
upon heating or acidifying, and the reverse process occurred
when cooling or alkalifying (Figure 1b). It is well known that
catanionic surfactants have a superior ability to form vesicles, but
these vesicles are inert to external stimuli, which makes them less
applicable on many occasions. However, upon introducing the

responsive SC into the DEAB/SDS system we are able to make
the system both pH- and temperature-sensitive. Since temper-
ature and pH responsiveness are relevant to many biological
process and smart materials, our strategy makes it possible to gain
scientific insight or to construct responsive materials using
simple catanionic surfactants.

3.2. Sodium (4-Phenylazo-phenoxy)-acetate (AzoNa)
as a Photoresponder. Azobenzene compounds are very often
used to build photosensitive molecular self-assemblies.”*>* The
often-employed strategy is to synthesize complicated amphi-
philes which contain azobenzene groups.**** Upon exerting UV
irradiation, the azobenzene groups undergo trans—cis isomer-
ization, which tr‘isggers the phase and structure differences in the
self-assemblies.”® For instance, this has been utilized to switch on
or switch off supramolecular processes such as host—guest
chemistry,”” the reversible self-assembly of amphiphiles,*” the
fabrication of molecular machines,*" changing the wettability of
modified surfaces,”® and control over drug release.”

Considering that the synthesis of photoresponsive self-
assembled molecules is usually quite complicated and often
not available in many laboratories, the employment of simple
molecules which possess photoresponsive groups together with
an amphiphile seems very promising. The two form mixed self-
assemblies where the photoresponsive molecules act as the
responder. Then upon light irradiation the photoresponder
changes its properties, which leads to a change in the original self-
assemblies. For instance, when a small sodium acetate
azobenzene molecule (AzoNa) was introduced into the aqueous
solution of cetyltrimethylammonium bromide (CTAB), dramat-
ic phase and microstructures were triggered.”” The light-
triggered trans—cis transition of AzoNa caused a significant
change in its dipole moment. This led to a weaker interaction
between the CTAB molecules and cis-AzoNa so that the mode of
molecular packing in the CTAB/AzoNa mixed system was
changed accordingly. Depending on the UV irradiation time, four
phase states resulting from multiscale nanostructures were
obtained in the mixed system, namely, the viscoelastic phase of a
long, flexible wormlike micelle, a biphasic solution of global
vesicles and planar lamellae, a viscous fluid of rodlike micelles,
and a waterlike system of small micelles (Figure 2). It is
anticipated that the concept of photomodulated multistate and
multiscale self-assembling systems may be extended to related
research areas such as molecular devices, logic gates, and sensors.

3.3. Hydrophobic Salt as pH Responder. Hydrophobic
salt has been widely used to tune the self-assembled structure of
amphiphiles. These are a class of salts that bear an aromatic group
(hydrophobic) and an ionic group (hydrophilic).>* They cannot
self-assemble in water but may facilitate the self-assembly of
other amphiphiles.>' ~** For instance, Hoffmann et al. reported
that nanofibers can be formed upon addition of a hydrophobic
salt to the surfactant solution of tetradecyldimethyl amine oxide
(C14DMAO).**** Raghavan et al. found that the rheological
behavior of fluids formed with amphiphiles can be considerably
changed upon introduction of various hydrophobic salts into the
system.>® Lin et al. in our group found that by careful selection of
a hydrophobic salt, a system can be endowed with pH
responsiveness using commercially available compounds.®”
According to this route, pH-sensitive viscoelastic fluids can be
easily obtained by introducing a pH-responsive hydrophobic salt
such as potassium phthalic acid (PPA) into a solution of CTAB.
This fluid can be switched between a gellike state and a waterlike
state within a narrow pH range (Figure 3a). Rheology and DLS
results revealed that the pH-sensitive flow behavior was

dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 14375—14384
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Figure 2. (a) Molecular structure of AzoNa. (b) Molecular structure of CTAB. (c) Structural evolution and phase behavior in the solution of 30 mM

CTAB and 50 mM AzoNa varying with UV irradiation time.
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Figure 3. (a) Illustration of the self-assembled structures from wormlike micelles to short cylindrical micelles with pH variation. (b) Schematic of the
responsive pH window for the 60 mM CTAB system upon addition of 40 mM different hydrophobic salts: pH 3.5—3.5, potassium phthalic acid (oblique
line region); pH 5.5—6.5, 2-naphthyl phosphate monosodium (vertical bar region); pH 8.5—10.5, 3-hydroxybenzoic acid (gridding region).

attributed to the microstructural transition between wormlike
micelles and short cylindrical micelles. Replacing PPA with other
hydrophobic salts such as 2-naphthyl phosphate monosodium
and 3-hydroxybenzoic acid may also lead to pH-responsive
viscoelastic fluids (Figure 3b). Because the viscoelasticity of the
fluids changes sharply around the pK, of the hydrophobic salt,
this allow us to design smart fluids over a wide spectrum of pH
simply by the employment of hydrophobic salts with the desired
pK..

4. SIMPLE MOLECULE AS A STRUCTURAL
MODULATOR

Recently, tuning the morphologies or the properties of molecular
self-assemblies has attracted increasing attention since structural
transitions are important processes in biological and materials
science.** ™ The transition of molecular self-assemblies in the
presence of other small molecules is of particular importance in
understanding the evolvement of disease and the performance of
materials. In the following text, we summarize some
representative work in our laboratory concerning tuning the
self-assembled structures with simple molecules.

14377 dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 14375-14384
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Figure 4. (a—d) Microscopic structure of the unilamellar vesicles (a, cryo-TEM), mulilamellar vesicles (b, cryo-TEM), aggregates of vesicles (c, TEM),
and fibers (d, TEM) formed in the mixed system of SDBS/BzCl. (a, b) From mixed systems aged for 24 h; (c, d) systems aged for 1 and 6 months,
respectively. (e—g) Macroscopic appearance of SDBS/BzCl solution that is kept for 6 months (e); ultralong fibers lifted up from the SDBS/BzCl
solution (f, a ruler is also placed on the right to indicate the length of surfactant fiber); and water droplets spreading on ultralong fibers (g). The fibers
were prepared in a 10 mM/10 mM SDBS/BzCl solution. (h) Schematic illustration of the molecular packing mode for the fibers formed in the SDBS/

BzCl mixed system. Copyright 2012, Elsevier.

4.1. Inducing Self-Assembly with a Hydrophobic Salt.
Surfactants may form spherical micelles in solution. This is
usually not interesting in view of molecular self-assemblies.
However, in the presence of small hydrophobic salts, the self-
assembling ability of surfactants can be drastically enhanced. Lin
et al. in our group reported that anionic surfactant sodium
dodecylbenzenesulfonate (SDBS) may be induced to form
vesicles by adding hydrotropic salt benzylamine hydrochloride
(BzCl).*' These vesicles can further aggregate to form ultralong
fibers. BzCl was found to facilitate the close packing of
surfactants, thus inducing the structural transformation from
SDBS micelles to unilamellar vesicles (Figure 4a) and multi-
lamellar vesicles (Figure 4b). The multilamellar vesicles could
transform into macroscale fibers (Figure 4c,d) after standing still
for months, which was long enough to be visualized with the
naked eye (Figure 4f). In particular, these fibers were
hydrophobic (water droplets may reserved on the surface of
the fiber, Figure 4g) and robust enough to be conveniently
separated from the solution. The combined effect of noncovalent
interactions such as the hydrophobic effect, electrostatic
attractions, and 7— interactions was supposed to be responsible
for the robustness of the fibers, in which z7—7x interactions

14378

provide the directional driving force for fiber growth. In this
recipe, ultralong nanofibers were produced with only two
economical molecules upon simple combination, which indicates
that advanced materials can indeed be made from existing simple
molecules. Obviously, this will greatly simplify the procedure of
fabrication and may produce a significant impact on the
development of materials science.

4.2. Tuning the Stoichiometry with Cyclodextrins
(CDs). In recent decays, CDs are widely applied in fabricating
smart molecular devices owing to their uniquely truncated
doughnut-shaped structures.*” These are oligosaccharides of six,
seven, or eight p-glucopyranose (C¢H,(Os) units (named a-, /-,
and y-CD, respectively) linked by a-1,4 glycoside bonds. The
hydrophobic CH, groups are located in the cavity which forms a
hydrophobic environment, whereas the hydrophilic OH groups
in the exterior make the outer surface hydrophilic***~* (Figure
5). When such a structure encounters an amphiphile in solution,
the hydrophobic portion of the amphiphile will insert into the
cavity of CD to make the amphiphile hydrophilic.*® This was
used to disassemble the aggregated structures which were driven
by hydrophobic interaction, such as the release of DNA and RNA
from the package of polymers.*’ As charged macromolecules,

dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 1437514384
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Figure S. Structure of cyclodextrins (CDs) and approximate values of
the largest diameter of their nanocage. Copyright 2011, Royal Society of
Chemistry.

DNAs or RNA can form mixed micelles with oppositely charged
surfactants; upon addition of -CD, they are able to be released
from the mixed micelles due to the formation of S-CD—
surfactant inclusion complexes, which breaks the micelles.
Different from the disassembly of aggregates with CD, we
found that CDs can also be used to tune the morphology of the
self-assemblies. This smart design was created by Jiang in our
group.*** B.CD was added to the mixed cationic/anionic
surfactant systems. It exhibited selective binding toward the
major component (molar fraction >0.5) in the cationic/anionic
surfactant mixture, which changed the effective mixing ratio
between the cationic and anionic surfactant. This shifted the
system toward a ratio in which the charge was balanced. This
composition variation enhanced the electrostatic attractions
between the oppositely charged surfactant headgroups and led to
self-assemblies with smaller curvature. As a result, the spherical
micelles elongated gradually and finally transformed into vesicles.
From this point of view, #-CD is a “stoichiometry booster” for
the whole class of cationic/anionic surfactant systems (Figure 6).

17mth the blue one i excess

Figure 6. Scheme of the aggregate growth induced by A-CD in
nonstoichiometrical cationic/anionic surfactant systems. Upon selective
binding of the excess component, the composition in the aggregates
gradually approaches 1:1, which is accompanied by aggregate growth.
Reprinted with permission from the American Chemical Society,
copyright 2009.

A similar strategy is embodled in the work of other groups. For
instance, Signorell et al.>” and Degrip et al.>" utilized the selective
extraction of detergents by CD from the mixed micelles of
detergent/lipid/protein to prepare the 2D crystallization of
protein. Before CD addition, the detergent/lipid/protein
mixture formed mixed micelles due to the presence of a
considerable amount of the micelle-forming detergent. After CD
addition, the detergent was selectively extracted by CDs, whereas
the vesicle-forming lipid and the protein were left to form
protein-containing vesicles (a micelle-to-vesicle transition).

4.3. Tuning the Aggregating States with Enzyme.
Enzyme is known to decompose certain chemical bonds.>* ¢
For instance, a-amylase can cleave a-1,4 linkages between
glucose units of starch molecules including CDs, which will
degrade CDs in two steps (ring opemng and chain scission)
giving glucose in the end (Figure 7a).>* This was smartly used to

Arnylase N‘ﬂvlﬂse
rmg openlng Ghall‘l sclssnon

Amylase

]

Figure 7. Schematic illustrations of the degradation of 3-CD by a-
amylase (a), enzyme-triggered monolayer formation (b), enzyme-
triggered micellization (c), and enzyme-triggered vesicle formation (d).
Copyright 2012, Royal Society of Chemistry.

tune the self-assembly transition in the host—guest system by
Jiang et al®>” The addition of a-amylase to surfactant/CD
mixtures resulted in releasing the included surfactant molecules.
For dilute surfactant/CD solutions, this led to the occurrence of
adsorbed film on the surface and resulted in a dramatic decrease
in the surface tension (Figure 7b). For surfactant/CD solutions
close to its CMC, the addition of a-amylase switched on the
formation of micelles (Figure 7c). Similarly, for systems far
beyond the CMC, the addition of a-amylase triggered the
formation of vesicles (Figure 7d). It is worth mentioning that the
abnormal increase in a-amylase is intimately associated with
acute pancreatitis, thus the a-amylase-triggered self-assembly
might be of potential use in their early detection and clinical
treatment.

4.4, Tuning the Molecular Distance with Surfactant.
The coassembly of surfactant with other amphiphiles has been
widely applied in molecular self-assemblies, especially in
inducing the self-assembly of insoluble molecules. This actually
changes the distance between the strongly interacting molecules.
Therefore, we expect that surfactant can be specially used to tune
the distance between interacting molecules. To this end, we
employed a cationic surfactant, dodecyltriethylammonium
bromide (DEAB), to tune the distance between amphiphiles
containing thiophene groups TTC4L to obtain multicolor
emissions (Figure 8).>® The rationale is that the emission of
oligo thiophene is intermolecular-distance-dependent. Oligo-
thiophene amphiphile TTCA4L self-assemble into vesicles in
solution which exhibits blue emission. Upon tuning the

dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 14375—14384
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Figure 8. Illustration of the arrangement of TTC4L molecules under various conditions. (a) Self-assembly formed by TTC4L. (b, c) Coassemblies
between TTC4L and surfactants with increasing surfactant concentration. The lightning bolts represent different emitted colors by the various

assemblies. Copyright 2012, Royal Society of Chemistry.

intermolecular distance between the terthiophene groups by
changing the self-assembly of TTC4L to its coassembly with
various surfactants, Zhao et al. obtained emissions from violet to
orange which cover most of the visible-light region. It is worth
noting that this approach avoids changing and modifying the
structure of the TTC4L and achieves multicolor emission on a
one-molecule platform. We expect that it is a general approach
applicable to many surfactants and fluorescent molecules with
similar properties.

5. SIMPLE MOLECULE AS A BUILDING BLOCK

According to experiences in the past, advanced self-assemblies
are usually constructed with complicated molecules.*® Recently,
it was found that advanced building blocks can also be made with
simple molecules. In this section, we will introduce some typical
illustrations completed in our laboratory to serve as a modest
spur to future contributions in this field.

5.1. Surfactant @ 2CD as a Building Block. It has long
been considered that the addition of cyclodextrins (CDs)
disfavors the self-assembly of surfactants in dilute solutions since
the hydrophobic effect is destroyed upon the formation of the
hydrophilic CD/surfactant inclusion complex. But in a series of
works by Jiang et al,, it was found when the tail of a surfactant is
completely buried in the cavity of CD, the supramolecular
complex may act as a novel hydrophilic building block to form
nonamphiphilic self-assemblies. For instance, as the molar ratio
of SDS and f-CD was 1:2 in aqueous media, channel-type dimers
of f-CD can be formed with the tail of SDS going through the
cavities. This led to an SDS@2/-CD supramolelcular complex
(Figure 9a,b). At high enough concentrations, the supra-
molecular tile of SDS@2f-CD is able to self-assemble into
well-defined lamellae (Figure 9d), tubes (Figure 9¢), and vesicles
(Figure 9f), depending simply on concentration.**~%!

As shown in Figure 9, all three classes of aggregates share a
consistent SDS@2f-CD building block, which forms the
channel-type crystalline bilayer membrane (Figure 9c); the
membrane will laterally expand into infinite 2D lamellar
structures at high concentrations (Figure 9d), extend in one
direction, and scroll up in the perpendicular direction to form 1D
multilayer microtubes (Figure 9¢) or close up along two in-plane
axes to generate dispersed vesicles (Figure 9f).

Figure 9. Schematic self-assembly behavior of SDS@24-CD. (a) SDS
and f-CD monomers. (b) SDS@24-CD complex. (c) SDS@24-CD
bilayer membrane with a channel-type crystalline structure. (d—f) The
aggregates transform upon dilution from lamellae via microtubes to
vesicles. Copyright 2011, Royal Society of Chemistry.

These self-assembled structures are driven by hydrogen
bonding. For this reason, they are sensitive to temperature. At
temperature above 42 °C, the hydrogen bonding in this system is
greatly retarded so that the tubes tend to transform into vesicle
and the vesicles tend to break.*

Electrostatic interactions were found to determine the critical
self-aggregation concentration of the system. The presence of
ionic repulsion requires a higher concentration to form self-
assembled structures, whereas in nonionic surfactant systems this
aggregation concentration is greatly lowered. For instance, in an
ionic surfactant SDS system, the critical aggregation concen-
tration at 25 °C is 5%, whereas that in the nonionic surfactant
Tween 20 system is only 0.02 mM.**

5.2. Sodium Cholate as a Building Block. Sodium cholate
(SC) is well known for its superior self-assembly properties. As
mentioned in previous text, this molecule has an ionic carbonate
group.**~% Because many metal ions may coordinate with the
carbonate group, we expect multivalent metal ions to connect at
least two such groups to form 1D or 3D structures. This is indeed
the case. Well-defined right-handed helical nanoribbons in

dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 14375—14384



Langmuir

Invited Feature Article

==

Figure 10. Morphology of calcium cholate supramolecular nanohelices. (a) Typical unstained TEM image of right-handed nanohelices; (b) tapping-
mode AFM height image revealing the helical undulation feature; (c) high magnification of the boxed area in (b); (d) corresponding cross-sectional
analysis of nanohelices showing uniform pitches; and (e) representative scheme of the temperature-dependent nanostrucutural evoluation of the

hydrogel.

calcium cholate systems were obtained (Figure 10).57%% The
entanglement of 1D nanostructures was demonstrated to give
rise to a fascinating “superhydrogel”, which can realize water
gelation at extremely low concentration.”” Normally, self-
assembled hydrogels may undergo a gel—sol phase transition
as the temperature increases, accompanied by a decrease in
mechanical strength. But the lanthanum cholate supramolecular
hydrogel, however, exhibited increased mechanical intensity with
increasing temperature.”” This was attributed to continuous
growth in the size of the self-assembled nanostructures in this
system. Because hydrogen bonding plays an important role in the
self-assembly of the SC metal system, increasing temperature
caused larger self-assembling domains. Namely, the initial
nanotubes gradually transformed into helical ropes, then twisted
nanoribbons, and finally into plain nanoribbons as the temper-
ature increased (Figure 10e).

Moreover, the metal cholate supramolecular systems were
appealing soft templates for designing inorganic helical materials.
For instance, we obtain SiO, tubes by hydrolysis tetraethyl
orthosilicate (TEOS) in the hydrogel system.”” Meanwhile, the
metal ions also serve as the inorganic precursor (Figure 11).

Template PP BV DY

Twisted nanoribbon Nénv.:sfi er

IntermediateW
state

Helical nanotube Nanotube

Figure 11. Schematic diagram of the self-templating protocol.
Copyright 2011, American Chemical Society.

Since the nanohelices or nanoribbons were formed in the
coordinating self-assembly of metal ions and SC, 1D inorganic
materials ZnS, CuS, NiS, CdS, CoS, ZnSe, and ZnTe nanotubes
(Figure 12) were obtained simply by introducing Na,S,
thioacetamide, and sodium hydrogen selenide into the hydro-
gel.”® This strategy is therefore believed to provide a simple and
convenient route to creating 1D inorganic nanomaterials with
controllable shape, size, and helicity.

Figure 12. Zinc chalcogenide nanotubes prepared by the self-templating
strategy. SEM images (a, b) and TEM images (c, d) for ZnSe nanotubes
(a, ) and ZnTe nanotubes (b, d) Copyright 2011, American Chemical
Society.

6. CONCLUSIONS AND PERSPECTIVES

The invention and fabrication of advanced materials are
permanent goals of mankind. People on the one hand like
improved functions, and on the other hand, they hope to have
economic bulk fabrication. In the latter regard, strategies based
on simple molecules have become very promising in the
development of materials science. The examples given in this
review are only some primary explorations of our group. We
expect that this may shed some light on constructing advanced or
smart materials based on supramolecular self-assembly.

The main advantage of using existing simple molecules as
functional groups is convenience. However, this may also bring
up another question: are the materials based on these strategies
as robust as those made with synthetic compounds? This is a
bottleneck that limits the future of materials based on simple
molecules. Therefore, studying the synergism effect of non-
covalent interaction between the existing simple molecules and
given amphiphilic molecules will be very important. This requires
the construction of new model systems to demonstrate the
correlation between the synergism effect and the strength of
materials. Obviously, combinations based on other simple
molecules with specific functions and structures are highly
desired. We look forward to seeing much more comprehensive

dx.doi.org/10.1021/1a501361f | Langmuir 2014, 30, 14375—14384



Langmuir

Invited Feature Article

work in this regard. We also envision that the interplay between
molecular and colloidal self-assembly may provide a fruitful
pathway toward novel functional materials. This may be a simple
and promising strategy for fabricating stimuli-responsive organ-
ized structures based on commercial compounds, which is
expected to connect fundamental research to practical
applications.
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