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This feature article presents the current research activities that concentrate on one-dimensional (1D)
organic—inorganic hybrid nanostructures such as nanowires, nanorods, and nanotubes. The combination
of organic and inorganic components in a 1D manner has been an increasingly expanding research field
because the synergistic behavior of organic—inorganic materials is bound directly to the charming
characteristics of 1D nanomaterials. These are responsible for the many novel optical and electrical

properties, hierarchical superstructures, functions, and versatile applications that have been achieved. In
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this article, after justifying the interest in developing 1D organic—inorganic hybrid nanomaterials, we
classify 1D hybrid nanostructures and review construction strategies that have been adopted, with
a special focus on template-directed synthesis. In summary, we provide our personal perspectives on the
future emphasis of the research on 1D organic—inorganic hybrid nanostructures.

© 2010 Elsevier Ltd. Open access under CC BY-NC-ND license,

1. Introduction

The pursuit of functional materials with novel properties and
improved performance is a continually expanding research area that
covers chemistry, physics, biology, and materials science. The largest
activity in this field currently is the preparation, characterization,
and application of nanomaterials where the constructing units have
at least one dimension in the range from 1 to 100 nm. The interest in
such structures mainly originates from the fact that novel properties
as well as dramatically enhanced functions of materials are only
acquired at this scale and — equally importantly — that these
properties vary in size or shape, which is not a result of scaling
factors [1]. In the past two decades, intensive research activities and
corresponding fast progress in this field have indicated that the
unique behavior of nanomaterials offers promising solutions to
some crucial problems and challenges facing society such as
sustainable energy (conversion, storage, and saving) [2—7], infor-
mation storage [8—11] water treatment [12—14], and global warm-
ing [15—18].

Among the various explored nanostructures, the study of one-
dimensional (1D) nanomaterials such as wires, rods, and tubes has
entered a period of fast development within the past several years,
and is presently the focus of many research groups [19—26]. The
exploration of their unique properties determined by their size, 1D
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shape, and mutual interaction, and the challenges associated with
their synthesis and fabrication, have stirred great interest and
excitement. These anisotropic nanostructures are expected to play
an important role as both building blocks, interconnects, and
functional units in fabricating electronic, optoelectronic, electro-
chemical, and electromechanical nanoscale devices, for instance,
waveguides [27], lasers [28], and nanogenerators [4]. At the
nanoscale, the combination of active organic and inorganic
components represents a new and immense area of materials
science, which will have tremendous effects on the design and
development of materials with well-defined functions or multi-
functions.

Generally, the interest and demand for 1D organic—inorganic
hybrid nanomaterials comes from the following factors. First,
compared with their inorganic counterparts, many 1D hybrid
nanomaterials possess improved colloidal stability by passivating
the 1D inorganic surface, reducing the surface tension, and even
solubilizing them in solution. In fact, this is the initial motivation
for introducing organic molecules to inorganic nanostructures,
since the stability in most cases is the primary request for future
practical applications. In addition, coating 1D inorganic nano-
structures with large molecules such as polymers enables the
easy processing and addressing of individual nanostructures
because the inorganic objects are shielded from each other by the
thick polymer layer on their surfaces. This stabilizing effect is
more obvious in solution, because the shell polymers tethered to
a 1D object repel each other through steric or electrostatic
repulsion. This is crucial for the fabrication of nanodevices from
a single 1D object.
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Second, by combining a judicious choice of organic and inor-
ganic components in a controlled manner, the complexity and
functionality of the 1D framework can be considerably enhanced.
The synergetic relationship between the organic and inorganic
parts can broaden the application field of 1D nanomaterials. For
instance, a toxic 1D inorganic structure cannot realize its optical or
electronic function without damaging the organism unless its
surface is coated with biocompatible polymers or bio-
macromolecules. Besides, the stimuli-responsive behavior of some
polymers can be incorporated into the inorganic 1D structure to
make them “smart” and suitable for the task where feedback to
external environment variations is needed.

Third, new properties and hierarchical architectures of 1D
nanomaterials, which do not exist in any building block, can be
attained through the interfacial interaction among the organic and/
or inorganic phases in the 1D hybrid. It is not a fact of accumulating
functions or properties into a single structure but of creating new
ones in a synergistic way. For instance, when 1D hybrid nano-
materials are made from an artificial block “copolymer,” in which
one block is inorganic, they form elongated or curved superstruc-
tures because of the phase separation between the organic and
inorganic parts.

Fourth, in some cases, an obvious advantage of 1D hybrids over
1D inorganic nanomaterials is that they are easy to scale up,
because the organic phase of 1D hybrid nanomaterials facilitates
a low-cost production, for example, in template-directed synthesis
and electrospinning. Finally, 1D organic—inorganic nanostructures
are often necessary as an intermediate for the preparation of pure
inorganic or organic materials, especially in the case of porous 1D
objects with ultralarge surface areas. The pores are formed when
the organic or inorganic phases in the 1D hybrid are selectively
etched away or degraded to leave nanoscale voids.

2. Structures of 1D organic—inorganic hybrid nanomaterials

In terms of the composition, architectures, and arrangement of
the organic and inorganic species, 1D organic—inorganic hybrid
nanomaterials exist mainly in the following groups (Fig. 1). The
most simple and basic structure is a homogeneous organ-
ic—inorganic hybrid nanomaterial (Fig. 1A), in which the inorganic
phase is evenly dissolved in the organic part at a molecular level
[29]. A nanosized agglomeration of the inorganic phase is unde-
tectable. This hybrid structure, often as an intermediate product of
1D inorganic nanostructures, is formed when metal ions are
homogeneously bound in the organic phase before the further
conduction of chemical reactions (e.g., reduction, sulfidation, or
calcinations). Other types of 1D hybrid nanomaterials exhibit the
phase separation of the inorganic or organic part of the nanoscale in
their structures. Depending on the distribution of the nanosized
inorganic or organic domains, core—shell-type (Fig. 1B), scattered-
type (Fig. 1C, scattered phase in the entirety, core, or shell), and di-/
tri-/multiblock structured 1D hybrids (Fig. 1D) have been reported.
The spatial relationship of the inorganic and organic phases not

/

only determines the intrinsic properties and functions of the cor-
responding hybrid, but also relates directly to different synthetic
strategies, which will be introduced in the next chapter. Super-
structures based on the combination of these basic groups are also
possible. For example, the organic or inorganic block in structures B
and D can be substituted by a hybrid block. Since the research
activities in this field are still in progress, new structures and
architectures are expected to appear in the future.

3. Synthetic strategies

Compared with spherical nanoparticles, the development of 1D
hybrid nanomaterials came with an appreciable delay during the
1990s. This is because the elongated structures restricted within
one direction are generally not energetically favored. Although
carbon nanotubes (CNTs), as the most intensively researched 1D
nanostructure, were reported in 1991 [30], the preparation of 1D
hybrid nanomaterials has been hampered as a result of the difficult
shape control and phase distribution at an extremely small size. To
favor the anisotropic growth of the materials at the nanoscale,
physically or chemically forced and oriented growth conditions are
required to satisfy the structure extension. Within the past several
years, benefiting from the pioneering work of Lieber, Xia, Yang, and
others in the field of 1D inorganic nanostructures [19,22,24,27,28],
1D hybrids have attracted more and more attention. Initial efforts
have aimed to handle their preparation and explore their unusual
properties. Many methods have so far been used to prepare and
fabricate 1D organic—inorganic hybrid nanomaterials including
template-directed synthesis, electrospinning, oriented attachment,
and others.

3.1. Template-directed synthesis

Of all preparation methods, the template-directed method is the
most facile and frequently used. It allows the direct transfer of
a desired (often complex) topology given by the inner or outer
surface of a template, and thereby is a conceptually simple, intui-
tive, straightforward, and versatile route to 1D hybrid nano-
structures. Templates, based on how they are formed, can be
divided into several groups, including mesoscale structures self-
assembled from surfactants or block copolymers, unimolecular
cylindrical polymer brushes (CPBs), biological superstructures such
as DNA and viruses, channels within solid polymeric or inorganic
materials, and other existing 1D objects (Fig. 2). According to their
physical state, they can also be classified into two types: “soft” and
“hard” ones. Typically, organic compounds including polymers are
used as soft templates. The soft template can remain in the final
hybrid to achieve a specific goal, for example, avoiding agglomer-
ation. It can also be eliminated by calcination at an elevated
temperature or extraction with a solvent to render pure inorganic
materials. Hard templates are made up of rigid materials such as
channels in solids. The apparent advantage of a hard template is its
superior control over the size and uniformity of the 1D

»

Fig. 1. Illustration of 1D organic—inorganic hybrid nanostructures.
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Fig. 2. Classification of templates for the fabrication of 1D hybrids.

nanostructures to be prepared. This is of huge importance when the
size effect is the main interest in the research. However, compared
with soft templates, the weakness of using hard templates lies in
the template preparation, which is often expensive and difficult to
scale up.

3.1.1. Self-assembled mesostructures from surfactants or block
copolymers

3.1.1.1. Surfactant micelles. It is well known that surfactant mole-
cules can spontaneously organize into rod-like micelles (or inverse
micelles) when their concentration reaches a critical value [31].
These anisotropic structures can be immediately, or after fixation,
used as soft templates to promote the formation of nanowires,
nanorods, or nanotubes when coupled with an appropriate chemical
reaction. This route is useful to prepare metal or metal oxide nano-
rods in solution. Murphy and co-workers demonstrated the seed-
mediated growth of gold nanorods in a solution that contained rod-
like micelles assembled from cetyltrimethylammonium bromide
(CTAB) [32,33]. The lateral dimensions and aspect ratios of these
nanorods could be controlled by varying the ratio of seeds relative to
the metal precursors. The surfactants stabilize the formed nanorods
in aqueous solution through electrostatic repulsion. In some special
cases, surfactants can be also deeply incorporated into the nanorod
entity, leading to pore structures in the nanorod after the removal of
surfactants. For instance, a-FeOOH nanorods with diameters of
170—210 nm and lengths up to 3—5 pm were synthesized in a high
yield via hydrothermal methods using worm-like micelles of
sodium dodecyl sulphate (SDS) as templates (Fig. 3) [34]. The
surfactants were sequentially removed from the «-FeOOH nanorods
to provide the porous rod morphology. From a mass point of view,
the surfactants on the nanorods or nanowires make up only a very
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tiny portion of the whole mass. Thus the formed 1D nanostructures
are often considered inorganic; however, when their practical
applications are closely related to the surface chemistry, their hybrid
nature should be seriously considered. In the case of ultrathin
nanowires (2—3 nm), the importance of surface chemistry is espe-
cially amplified compared with thicker ones [20].

3.1.1.2. Block copolymer micelles in solution. Compared with small
organic molecules, block copolymers represent versatile and
powerful soft templates for the fabrication of hybrid nanomaterials
with hierarchical architectures and complex functionalities. By
means of self-assembly, either concentration-driven or induced by
external stimuli such as temperature or solvent selectivity, block
copolymers can undergo microphase segregation to give various
morphologies (micelles, vesicles, rods, and tubes) in solution.
Owing to dissimilar physical and chemical properties, the
compartments of different polymer chains can be separately
addressed by the decoration of inorganic materials. As early as the
1990s, Moller et al. demonstrated that spherical micelles formed
from diblock copolymers in a selective solvent could precisely
control the mineralization of metals in the micelle core of a nano-
meter scale [35—37]. By employing cylindrical micelles that are
formed from block copolymers with suitable volume fractions in
solution, 1D hybrids can be straightforwardly prepared by loading
inorganic moieties. Eisenberg et al. reported that a loose necklace of
cadmium sulfide (CdS) quantum dots (QDs) was formed within
poly(ethylene oxide)-block-polystyrene-block-poly(acrylic acid)
(PEO-b-PS-b-PAA) triblock terpolymer worm-like micelles in
tetrahydrofuran (THF) [38]. The cylindrical structures were
obtained via the self-assembly of the triblock terpolymer in the
presence of Cd®* ions. Coordination between the Cd?* ions and the
PAA block led to ionically crosslinked primary worm-like micelles
consisting of a cadmium polyacrylate core, a PS shell, and a PEO
corona. The Cd?* ions were subsequently converted into CdS
nanoparticles in the cylindrical core by reacting with H,S gas.

An alternative way to make 1D hybrids based on polymeric
materials is to directly assemble inorganic precursor-containing
block copolymers in solution. For example, one block can be con-
structed by a monomer containing an inorganic precursor. In this
manner, the copolymer itself is already a hybrid material; the
remaining task is to have these copolymers arranged in an extended
conformation in solution, i.e. the self-assembly process of
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Fig. 3. Synthesis of a-FeOOH and a-Fe,03 nanorods in aqueous SDS solution [34]. Reprinted with the permission of Elsevier.
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Fig. 4. Left: synthetic route to the encapsulation of silver nanoparticles in shell-crosslinked PI-b-PFS hybrid cylindrical micelles. Right: dark-field TEM images of silver nanoparticles
doped shell-crosslinked PI-b-PFS hybrid cylinders after the addition of Ag[PFs] in different amounts: 12.5% (A) and 25% (B) for total ferrocene units [50]. Reprinted with the

permission of ACS.

organometallic block copolymers is accomplished simultaneously
with the 1D alignment of the inorganic moieties. Winnik and
Manners carried out pioneering research in polymerizing various
iron-containing monomers, such as [1] di(n-butyl)germaferroce-
nophane and ferrocenyldimethylsilane [39—57]. The common
characteristic of these corresponding polymers is their ability to
crystallize into rod-like objects. As an example, poly(ferrocenyldi-
methylsilane) (PFS), possessing interacting Fe and Si atoms along
the polymer main chain, is a semicrystalline polymer. When it is
associated with another polymer, such as poly(dimethylsiloxane)
(PDMS), PS, poly(2-vinylpyridine) (P2VP), or polyisoprene (PI) to
form a diblock copolymer, colloidally stable cylindrical micelles
with the PFS block in the core are formed. The energetic driving
force for the formation of such cylindrical micelles lies in the crys-
tallization of the PFS block. The self-assembled cylindrical micelles
themselves are 1D hybrid nanomaterials. The fascinating properties
of these hybrid micelles is that more complex 1D hybrid

PFS,4-b-PDMS¢,, seed

nanostructures can be easily constructed from them. In one case,
they served as a template for the deposition of various inorganic
nanoparticles. For example, PI-b-PFS cylinders were applied as the
1D template to encapsulate silver nanoparticles by first crosslinking
the hydrophobic Pl shell and then in situ reducing the silver ions into
nanoparticles inside the cylinders (Fig. 4) [50]. In another example,
silica, zirconia, alumina, titania, and magnetite nanoparticles were
homogeneously incorporated into the P2VP corona of PFS-b-P2VP
cylinder micelles, forming a 1D hybrid superstructure with a iron-
containing core and a hybrid corona possessing the corresponding
inorganic moiety [56]. Furthermore, because of the living nature of
this self-assembly process, a unique type of ABA triblock co-micelles
were generated. The spatially selective decoration of the middle
block of the triblock co-micelles with titania results in ABA-type
segmented 1D hybrid nanostructures.

Combining the living characteristics of the self-assembly
process and the variety of monomers used to build the cylindrical

Fig. 5. TEM micrographs of heteroepitaxially grown pentablock co-micelles. (a, b) Pentablock co-micelles M(PFS4s6-b-PDMS7¢)-b-M(Pl336-b-PFGsg)-b-M(PFS,8-b-PDMSse0)-b-M
(Pl336-b-PFGsg)-b-M(PFS4s56-b-PDMS7¢) (scale bars: 500 nm). (c) Schematic representation of the formation of pentablock co-micelles with different core-forming blocks (blue
corona indicates P, green corona indicates PDMS) [57]. Reprinted with the permission of Nature Publishing Group.
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Fig. 6. Synthetic strategy (left) and TEM image (right) of the PS-b-PCEMA-b-PAA triblock copolymer/y-Fe,03 hybrid magnetic nanofibers [70]. Reprinted with the permission of

Wiley-VCH.

micellar core, an alternating multiblock 1D hybrid hierarchical
superstructure is possible [57]. A hybrid cylindrical micelle,
assembled from PFS;g-b-PDMSsgo diblock copolymers, has been
used as a monoblock seed for the crystallization-driven growth of
the Pl336-b-PFGsg (PFG: poly(ferrocenyldimethylgermane)) diblock
copolymer on both ends (Fig. 5). This leads to a heteroepitaxial ABA
block co-micelle, which is also an ABA triblock cylindrical co-
micelle hybrid object. The seed-mediated growth continues from
its two ends in the presence of the PFS456-b-PDMS7s diblock
copolymer, expanding the triblock to alternating pentablock het-
eroepitaxial hybrid co-micelles.

3.1.1.3. Block copolymer self-assembly in the bulk. Block copolymers
are powerful tools to control the ordering or packing of inorganic
nanodomains in a dense and periodic manner either in the bulk or
on solid substrates. For example, Moéller et al. reported the prepa-
ration of hexagonally ordered metallic nanodots on several
substrates by transferring metal-loaded inverse micelles onto
substrates [58—62]. Russell et al. demonstrated various possibilities
to obtain well-ordered inorganic nanodots or nanowires derived
from self-assembled block copolymers as soft template on solid
substrates [63—67]. Very recently, Fahmi et al. synthesized gold
nanoparticles located within the P4VP domains (either cylindrical
or lamellar-like) of a PS-b-P4VP diblock copolymer in the solid state
through the selective incorporation of HAuCl, to the pyridine
groups in the P4VP block [68,69].

Morphologies obtained from block copolymer self-assembly in
the bulk (in particular cylindrical or tubular ones) can be locked by
crosslinking reactions and transferred into solution. These struc-
tures have been used as templates for colloidally stable 1D hybrids.
Liu and co-workers [70—72] synthesized crosslinked cylindrical
polymer assemblies starting from a linear triblock terpolymer

P2vP

core crosslinked
worm-like
polymeric nanorod

cylinder morphology
in bulk state

PB-P2VP
block copolymer

[SiM0,,0,.1* keggin
grafting over
polymeric nanorod

polystyrene-b-poly(2-cinnamoylethyl methacrylate)-b-poly(tert-
butyl acrylate) (PS-b-PCEMA-b-PtBA) in the solid state (Fig. 6). The
triblock terpolymer initially self-assembled into an array of cor-
e—shell cylinders with a PtBA core and a PCEMA shell. The latter
was further photo-crosslinked in the bulk. Upon interaction with
a good solvent for the polymer, the crosslinked fibers were
dispersed into solution, which in the following step were converted
into nanotubes with interior carboxylic acid groups by the selective
hydrolysis of PtBA into PAA, a weak polyelectrolyte capable of
coordinating metal ions. By the encapsulation of inorganic nano-
particles such as in situ-generated y-Fe,03 within the polymeric
nanotubes, well-defined 1D magnetic hybrids with good stability in
solution and magnetic response were obtained [70].

Besides polymeric tubular templates, core crosslinked poly-
butadiene-b-poly(2-vinylpyridine) (PB-b-P2VP) block copolymer
nanorods were used as a template for the synthesis of hetero-
polyoxometalate (POM) nanostructures by attaching [SiMo1,040]*~
Keggin ions onto the P2VP corona of the template (Fig. 7) [73]. A PB-
b-P2VP block copolymer with 30 wt% 1,2-PB formed PB cylinders
embedded in the P2VP matrix. The unsaturated PB cores were
crosslinked using a photointiator to lock the cylindrical structure.
The core crosslinked cylinders exhibited worm-like morphologies
when dissolved in THF or acetone. The produced POMs exhibited
high dispersion and an improved surface area and are thereby
expected to be useful in catalytic-, electrochemical-, and biotech-
nology-related applications.

Different from linear block copolymers, an SBV miktoarm star
terpolymer bearing three different arms of PS, PB, and P2VP con-
nected in one branching point was applied for the preparation of
polymer—inorganic bidirectional hybrid nanowires with tunable
structures by solvent replacement [74]. The polymeric template
was prepared similarly by crosslinking the PB microdomain of the

0f 08 10 185 20 23 30 35 40 488
Kev

Fig. 7. Left: illustration of the synthesis of [SiMo012040]* Keggin ion nanostructures from the core crosslinked PB-b-P2VP worm-like polymer template and [SiMo12040]*". Right:

SEM image of the [SiM01,049]*~
the permission of RSC.

POM grafted onto core crosslinked PB-b-P2VP worm-like polymer template (inset: energy dispersive X-ray analysis spectrum) [73]. Reprinted with
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miktoarm star polymer in the bulk (Fig. 8). The asymmetric, ribbon-
like PB domains (black) surrounded by two symmetric and
opposing PS (red) and two P2VP (green) domains, respectively
were then fixed. Subsequent dissolution using sonication allowed
the transfer of this distinctive morphology from the bulk into
solution and yielded a multicompartment cylinder (MCC). Bidi-
rectional polymer—inorganic hybrid nanowires were formed by
localizing transition metal or cadmium sulfide nanoparticles into
the two opposite parallel P2VP cylindrical domains trapped in each
single MCC. The resulting hybrid MCCs bore two perfectly parallel
hybrid nanowires, which were tunable in terms of the distribution
of the inorganic nanoparticles in the P2VP corona. The two limiting
cases were (a) perfectly aligned, parallel hybrid nanowires in
toluene (good solvent for PS and non-solvent for P2VP) and (b)

Self-Assembly

o Polybutadiene (PB) (crosslinked)
@ Poly(2-vinylpyridine) (P2V)
@ Polystyrene (PS)

DPE based branching point

nanotubes with one homogeneous hybrid corona in ethanol (non-
solvent for PS and good solvent for P2VP).

Obviously, in terms of self-assembly, synthetic block copoly-
mers, compared with surfactants, offer more complex architectures
to create 1D hybrid materials of unprecedented complexities and
desirable morphologies. This is because of the large number of
existing monomers, fast development of the controlled/living
polymerization techniques, and large number of available
morphologies in the self-assembly process, in particular when
three different blocks or non-linear topologies are involved. It is
fascinating that in confined nanoscale channels, the self-assembly
process appears different and leads to more complex and unusual
architectures, which are ready as polymeric templates for the
fabrication of 1D hybrid nanostructures [75].

Crosslinking
Dissolution

Toluene
P2VP collapsed

| THF (partly mixed)

Ethanol
PS collapsed

Fig. 8. Top: the center shows a TEM micrograph and the schematic representation of the hexagonal bulk structure stained with OsO,4 and I,. Therein PB, P2VP, and PS appear black,
gray, and white, respectively. Bottom: structural changes of the Ag-loaded corona upon exposure to selective solvents. TEM micrographs of Ag-loaded hybrid MCCs deposited from
THF (top), toluene (lower left), and ethanol (lower right) [74]. Reprinted with the permission of ACS.
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3.1.2. Unimolecular CPBs

Instead of polymeric templates constructed from the assembly
of tens or hundreds of macromolecules, a unimolecular polymer
template can be precisely designed and will linearly direct the
inorganic moiety. CPBs, also known as “molecular bottlebrushes,”
possessing linear side chains or high-generation dendritic side
groups densely grafted from a linear main chain, have been adopted
as cylindrical templates because of their extended conformation
based on the intramolecular excluded volume interactions between
densely grafted side chains. They are synthesized by using “grafting
from,” “grafting onto,” or “grafting though” strategies [76]. Among
various structures, core—shell structured CPBs with diblock
copolymer side chains are of special interest because the phase
separation between the core and shell defines an interior cylin-
drical domain with a length up to several hundred nanometers.
These are considered ideal nanoreactors to generate and spatially
force inorganic nanoparticles in a 1D manner. A typical “grafting
from” synthetic strategy for core—shell structured amphiphilic
CPBs with a PAA core and a poly(n-butyl acrylate) (PnBA) shell is
illustrated in Fig. 9. The whole macromolecule is prepared by the
combination of atom transfer radical polymerization (ATRP) or
anionic polymerization for the poly(2-hydroxyethyl methacrylate)
(PHEMA) backbone and ATRP for the side chains, aiming at the
strict dimensional control of the formed hybrids.

As a first attempt, core—shell CPBs with a hydrophilic P2VP core
and a hydrophobic PS shell were employed as templates to prepare
a linear array of gold nanoclusters and nanowires. In this synthesis,
the P2VP domains were one-dimensionally confined by the PS
corona and coordinated with AuCly ions. After reduction by NaBHg4,
gold nanoparticles were in situ-generated exclusively within the
core and aligned linearly [77]. However, the length distribution of
the template was very broad because they were synthesized using
the “grafting through” method, i.e., the free radical polymerization
of a PS-b-P2VP macromonomer.

o,
M Hydrolysis of
—me the PtBA core
ATRP ——
+*
e
o

A promising step towards the application of amphiphilic cor-
e—shell CPBs as templates for fabricating 1D hybrids with controlled
length distribution was performed by grafting the side chains from
the backbone (“grafting from” method) via ATRP. These were used as
cylindrical unimolecular nanoreactors for the generation of 1D
inorganic nanostructures, including wire-like assemblies of semi-
conducting (CdS, CdSe) nanoparticles and superparamagnetic
maghemite (y-Fe;03) hybrid nanocylinders (Fig. 10A—F) [78—80].
This synthetic strategy takes advantage of each unique aspect of the
CPBs. First, the PAA core of the polymer brush-possessing carbox-
ylate groups is capable of undergoing coordination chemistry with
metal ions (Cd?*, Fe3*, Fe?*, etc.) and works as a nanoreactor for the
nanoparticle formation. At the same time, it dimensionally directs
the particle distribution along the brush backbone. Second, the PnBA
shell of the polymer brush protects the fabricated 1D hybrids from
aggregation and provides solubility in organic solvents. Another
interesting characteristic of the CPBs with a PAA core is that after the
formation of inorganic nanoparticles within the cylindrical core, the
PAA chemical structure is recuperated, and thereby a second nano-
particle-loading process is feasible to enhance the inorganic fraction
in the formed 1D hybrids. This possibility has been demonstrated in
the preparation of CPB—CdSe hybrid nanowires. The UV spectra of
the hybrid nanowires after the first and second loading processes
have indicated an increasing intensity and red-shift of the threshold
wavelength because of the further growth of the CdSe nanoparticles
within the CPB core [63]. Very recently, core—shell bis-hydrophilic
CPBs with a PHEMA core and a poly(oligo(ethylene glycol) meth-
acrylate) (POEGMA) shell have been demonstrated to direct the
controlled fabrication of linear assemblies of titania nanoparticles,
forming titania—CPB hybrid nanowires [81]. The key challenge in
using a bis-hydrophilic CPB as a template lies in the selective
immobilization of the precursors in the core in spite of the hydro-
philic shell. The aim is achieved by attaching Ti** ions firmly in the
PHEMA core via a transalcoholysis-introduced covalent bond. The

e

Amphiphilic
core-shell
polymer brush

Fig. 9. Top: Synthetic route to a CPB with PAA-b-PnBA amphiphilic diblock copolymer side chains (M;:HEMA or silyl-protected HEMA; M,:tBA; Ms:nBA; asterisk:initiating site).
Bottom: AFM images of core—shell polymer brushes ([AAs;-b-nBA7g]1500) on a mica: height image (left) and phase image (right) [76]. Reprinted with the permission of Elsevier.
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Fig. 10. (A) Non-stained TEM image of superparamagnetic y-Fe,03 hybrid nanowires templated by amphiphilic CPBs with a PAA core and a PnBA shell; (B) enlarged view; and (C)
corresponding magnetization curve of the hybrid. (D) Non-stained TEM image of CdS hybrid nanowires; (E) enlarged view; and (F) corresponding UV—vis spectrum. (G) TEM image
of CPB—Ti** hybrid nanowires. (H, I) SEM and TEM images of CPB—titania hybrid nanowires [78,79,81]. Reprinted with the permission of Wiley-VCH and ACS.

POEGMA shell only loosely complexes Ti** ions. This is confirmed by
the TEM characterization of Ti*"-doped CPBs in Fig. 10G, in which the
black worm represents the PHEMA core (covalent bond with Ti**)
and the scattered dots represents the POEGMA shell (loosely com-
plexing Ti**). After hydrolyzing the Ti*" ions, titania nanoparticles
were found to be distributed evenly along the linear core. The titania
moieties formed in the POEGMA shell are believed to have fused
onto the titania nanoparticles in the core.

A different strategy in applying CPB as a template for the prep-
aration of 1D organic—inorganic hybrid nanomaterials was recently
made. In this approach, the inorganic precursor exists already as one
block of the CPB side chain. Specifically, water-soluble organo-silica
hybrid nanowires with a silsesquioxane (RSiO15) core and a corona
made up of oligo(ethylene glycol) methacrylate (OEGMA) were
prepared (Fig. 11) [82]. The novelty in the synthetic route is the
employment of a silicon-containing monomer, 3-acryloylpropyl-
trimethoxysilane (APTS), in which a trimethoxysilyl group (silica
precursor) is linked to a polymerizable acrylate group. The silica
precursor is then incorporated into the cylindrical core when the

APTS and OEGMA monomers are sequentially polymerized from the
poly(macroinitiator) backbone. Since no external silica precursor is
added, the formation of free silica nanoparticles in the solution is
totally excluded from this process. The POEGMA shell solubilizes
them in various solvents, including water. The crosslinked silses-
quioxane core makes the brushes rigid. Consequently, as a promising
application, these hybrid silica nanowires show the ability to
develop a lyotropic liquid crystalline phase at a higher concentration
in a liquid thin film. In addition, the pyrolysis of the hybrid nano-
wires on a solid substrate leads to the formation of purely inorganic
silica nanowires.

As mentioned above, superparamagnetic hybrid nanocylinders
were prepared by the in situ generation of maghemite nano-
particles within CPBs with a PAA core and PnBA shell. Because of
the amphiphilic nature of CPBs, organic solvent mixtures were
used to disperse the hybrids, which were unstable in the long-
term and inconvenient for applications. The magnetic nano-
particles generated in situ in the core of the CPBs were only
2—3nm and the magnetic response was weak. In an improved
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Fig. 11. (A) Synthesis of soluble organo-silica and inorganic silica nanowires: a ATRP polyinitiator (PBIEM) with degree of polymerization (DP) = 3200; b CPB with side chains of 20
APTS units; c core—shell CPB with an additional 57 OEGMA units; d soluble organo-silica hybrid nanowires with a crosslinked silsesquioxane network in the core; e inorganic silica
nanowires after pyrolysis. (B, C) SEM and cryo-TEM (in water) images of organo-silica hybrid nanowires [(SiO15)72-b-OEGMAgs 3200, respectively [82]. Reprinted with the permission

of Nature Publishing Group.

approach, a new “introducing into” strategy was developed to
overcome these drawbacks, as shown in Fig. 12 [83]. A water-
soluble bis-hydrophilic CPB with a poly(methacrylic acid) (PMAA)
core and a POEGMA shell were first prepared. Presynthesized
magnetite (Fes04) nanoparticles with an average diameter of
10 nm were mixed with brushes. It was found that the nano-
particles were introduced into the brush core. Excess nano-
particles were removed by ultrafiltration. A linear arrangement of
the magnetite nanoparticles is clearly visible and agrees with the
cylindrical morphology of the brushes. They were readily aligned
when dried on a solid substrate in the presence of weak external
magnetic fields (40—300 mT). This strategy provides a novel
example of the alignment and directed assembly of polymer
hybrid systems.

Morphologically, the CPBs are similar to cylindrical micelles self-
assembled from surfactants or block copolymers in solution. Since
the side chains are covalently bound to the main chain in CPBs, they
exhibit a superior stability with regard to self-assembled cylinders
against external stimuli such as temperature, solvent, and pH. In
addition, their size distribution can be much easier controlled.
However, it is difficult to exceed lengths of 1 pm.

3.1.3. Biological superstructures

Nature offers a multitude of organic nanostructures with
unmatchable complexity and functionality. They control the
mineralization and nanocrystal synthesis of various metals in exact

-

shapes and sizes with high reproducibility and accuracy. In some
natural biological nanostructures, the building blocks are combined
preferentially into a 1D manner. Typical examples include cellulose
[84,85], collagen [86,87], DNA [88—92], and viruses [93—100].
These originally elongated biologic nano-objects can be harvested
directly from plants or animals for the localization and conversion
of inorganic precursors to nanostructures on their interior or outer
surfaces. Among them, DNA is the most frequently employed
natural 1D template. Usually, coating DNA with metal nano-
particles, so-called metallization, has three sequential steps. The
first step is the binding of metal ions or metal complexes to DNA
strands to create reactive metal sites. This activation step is based
on either exchanging ions with the DNA backbone or the insertion
of metal complexes between the DNA bases. In the second step, the
reactive metal sites are usually treated with a reducing agent. This
converts the metal ions or metal complexes into metal nanoclusters
attached to the DNA strand. The third step is the autocatalytic
growth of these affixed metal nanoclusters, which are able to act as
seeds because of the simultaneous presence of both metal ions/
metal complexes and reducing agents in the growth solution. In
this step, a second metal ion could be deposited on the DNA scaf-
fold. For example, Co nanoparticles could grow on the Pt nanoseeds
in the third step to form magnetic Co nanowires on the DNA instead
of Pt nanowires (Fig. 13) [90].

The tobacco mosaic virus (TMV) is another natural template
commonly used for the fabrication of 1D organic—inorganic

¥
+ e .3 mixing filtration
9 dialysis ultra-filtration

Fig. 12. Synthetic route to water-soluble superparamagnetic hybrid nanocylinders templated by core—shell cylindrical brushes via an “introducing into” strategy.
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Fig. 13. (a) Illustration of Pd nanoparticle-seeded Co nanowire growth on DNA, (b) AFM height image of unmodified DNA molecules (z range: 1 nm), (c) AFM image of Pd seeds
(1-3 nm) coated DNA (z range: 3.5 nm), and (d) SEM image of a single continuous Co nanowire (inset is the enlarged view) [90]. Reprinted with the permission of Elsevier.
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Fig. 14. Synthetic route to nanotube hybrids using TMV templates. Clockwise from top right: sol—gel condensation (silica); coprecipitation (PbS and CdS nanocrystals, respectively);
oxidative hydrolysis (iron oxide) [100]. Reprinted with the permission of Wiley-VCH.
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Fig. 15. Left: scheme of Au nanowire fabrication from peptide assemblies. (a) The immobilization of sequenced histidine-rich peptides at the amide-binding sites of the heptane
dicarboxylate nanowires. (b) Au coating nucleated at the histidine sites of the nanowires. Right: TEM image of Au on the nanowire coated with the sequenced histidine-rich peptide
(inset: electron diffraction of Au on the nanowire) [101]. Reprinted with the permission of ACS.

hybrids. The TMV is a remarkably stable virus, remaining intact
at temperatures up to 60 °C and at pH values between 2 and 10.
Each viral particle is 300 x 18 nm in size, with a 4 nm wide
central channel. The internal and external surfaces consist of
repeated patterns of charged amino acid residues, such as
glutamate, aspartate, arginine, and lysine. Mann et al. demon-
strated the versatility of the TMV as a template for the fabri-
cation of a range of nanotubular organic—inorganic hybrids, as
shown in Fig. 14 [100]. In the case of silica mineralization from
acidic solutions (pH < 3), strong interactions are supposed to
occur between the TMV particles and anionic silicate species
formed by the hydrolysis of TEOS because of positive charges on
the protein surface below the isoelectric point. By comparison,
the preferential deposition of CdS, PbS, and iron oxides on the
TMV external surface at mild pH conditions can be achieved by
specific metal ion binding onto the numerous glutamate and
aspartate surface groups.

Another example of applying biologically controlled minerali-
zation is using sequenced peptide functionalized 1D objects as
templates. For example, histidine-containing peptides show high
affinities to metal ions. Although this complexation deforms
proteins in organisms, it can be utilized to template the synthesis of
metal nanocrystals. Matsui et al. reported that sequenced histidine-
rich peptide molecules could self-assemble onto bis(N-c-amido-
glycylglycine)-1,7-heptane dicarboxylate nanowires (Fig. 15) [101].
The biological recognition of the sequenced peptide selectively
trapped AuCly ions for the nucleation of Au nanocrystals. After the
AuCly ions had been reduced, highly monodispersed Au nano-
crystals homogeneously covered the surface of the nanowires,
producing peptide—Au hybrid nanowires [83].

3.14. Channels in porous materials

Channels in porous membranes provide another class of
templates for the synthesis of 1D hybrid nanostructures. For this
approach, the template contains very small cylindrical pores or
voids within the host material. The empty spaces are filled with
the chosen material, which adopts the pore morphology to form
1D nanostructured systems. Various types of porous materials,
including commercially available porous polymeric membranes
[102—104] and anodic aluminium oxide (AAO) films [75,105—109],
have been used. Among them, alumina films are the most
promising materials because of their regular channels with little
or no tilting with respect to the surface normal. Furthermore,
they exhibit a high pore density with a possible regular pattern.
To create 1D hybrid nanomaterials, inorganic and organic
components are simply introduced into the channels either
simultaneously or sequentially to achieve the spatial organization
of dissimilar and commonly incompatible components. When the
inorganic and organic precursors are introduced and treated
sequentially, core—shell- or block-type-structured 1D hybrid
nanomaterials should be formed. For example, arrays of TiO»
tubules were first synthesized within the pores of an alumina
membrane via the sol—gel process. After the thermal treatment
of the TiO; tubules, pyrrole was introduced into the inner core of
TiO, nanotubes and conductive polypyrrole (PPy) nanowires were
grown by polymerization (Fig. 16). The as-synthesized hybrid
possesses a PPy core with an excellent electrical conductivity and
a TiO; shell with photocatalytic activity and high surface area
[102]. Employing the same strategy, more complicated structures
such as conductor—insulator—conductor concentric carbon—
polyacrylonitrile—gold tubules have been fabricated.

Fig.16. SEM images of TiO, nanotubules prepared by sol—gel methods before (A) and after (B) filling with the polypyrrole nanowires. The outer diameter of the tubular composite is

200 nm [102]. Reprinted with the permission of RSC.
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Fig. 17. Top: schematic representation of the different stages of pore wetting: a)
a liquid containing a polymeric component on a pore array, b) wetting state, and c)
complete filling. Bottom: TEM image of a tube with a core—shell morphology, which
was prepared by consecutive wetting steps. The outer shell is a network of Pd, whereas
the inner core consists of PS [111,113]. Reprinted with the permission of Wiley-VCH.

Using the same template, Greiner et al. developed a wetting-
assisted templating (WASTE) process. Instead of completely filling
the pores in the alumina template, they only wetted the walls
inside the pores [110—115]. After removing the template, a nano-
tube is formed. This process is related to the special wetting
phenomena of polymer-based melts or liquids on the pore walls of
a nanoporous membrane. In the case of viscous liquid, caused by
the entanglement of polymers, the wall wetting and complete
filling take place on different timescales, which allows the possible
vitrification of the wetting state by either cooling the polymer melt
below its crystallization/glass transition temperature or, in the case
of polymeric solutions, by evaporating a volatile solvent. Nanotubes
with walls composed of a broad range of inorganic, organic, and
hybrid materials are accessible. For example, polylactide (PLA)—Pd
hybrid nanotubes have been prepared by such a method (Fig. 17)
[111]. First, PLA with palladium acetate was mixed in dichloro-
methane (bp: 38 °C). The solution was used to wet the pores.
Heating to a temperature of about 150 °C leads to a reduction of
palladium acetate in the Pd nanoparticles. At a high temperature of
200 °C, the PLA polymer thermally degrades and a stable tubular

Fig. 18. (A) SEM images of the as-synthesized Au—PPy rods. (B—D) SEM images of the assemblies of Au—PPy rods with 1:4, 3:2, and 4:1 block length ratios, respectively. (E) (Left)
Optical and (right) SEM images of a planar assembly of three-component rods (Au—PPy—Au), respectively. (F) A schematic representation of the Au—PPy-Au three-component rods

[116]. Reprinted with the permission of AAAS.
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Fig.19. Top: synthetic strategy for grafting a linear glycopolymer from surfaces of MWNTs by ATRP. Bottom: TEM images of linear glycopolymer-functionalized MWNTSs at 29 (a) and
10.5 h (b) after the polymerization of MAIG from the CNT surface [126]. Reprinted with the permission of ACS.

porous Pd nanotube is formed, which can be filled with PS to render
a hybrid nanotube with a core—shell PS—Pd morphology.

A unique 1D hybrid nanostructure consisting of segmented hard
(inorganic) and soft (organic) domains has been accessed by using
an AAO template (Fig. 18). The hard hydrophilic domain is an
inorganic material such as gold and the soft domain is a hydro-
phobic-conducting polymer such as polypyrrole (PPy), which can
be electrochemically polymerized within the channels of an
alumina template [116]. As a result of the compositional differences
between the inorganic and organic portions, the block ends tend to
phase segregate in a way that would align the structures to maxi-
mize the interactions between blocks of similar composition,
similar to an amphiphilic diblock copolymer but different with
respect to size and the fact that one block is made of a rigid inor-
ganic material. A flat 2D as well as a curved 3D superstructure was
formed through the assembly of the metal—polymer-segmented
rod-like hybrids with different ratios.

gold
colloid

3.1.5. Hybridizing existing 1D objects

Currently existing inorganic, organic, or even hybrid 1D objects
are immediately useful as templates. From an inorganic 1D nano-
structure, a hybrid can be generated by simply introducing the
organic or hybrid phase for a desired purpose. The formed hybrid
1D nanomaterials are considered either the final product or an
intermediate of an inorganic or organic nanostructure. The most
frequently reported morphology prepared from this method is the
coaxial nanocable, namely coating the inorganic surface directly
with conformal sheaths, mainly polymers [117—125].

A well-studied example is that of CNTs, which are one of the
most fascinating 1D nano-objects with a wide range of applications.
To explore and realize their potential, the functionalization of CNTs
has been performed [126—132]. In this regard, many polymers have
been grafted onto or from the convex surfaces of CNTs to prepare
polymer-coated nanotubes. For example, sugar-containing
biocompatible glycopolymers have been grafted from the surfaces

Fig. 20. Left: schematic view of the process for anchoring gold nanoparticles to nitrogen-doped CNTs. Right: TEM image of gold nanoparticle—CNTs hybrid structures [133].

Reprinted with the permission of ACS.
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Fig. 21. Left: schematic illustration of the preparation of polymer and inorganic—organic composite nanotubes using the LbL-CT strategy. Right: TEM images of (A) a nickel nanorod
coated with a titania/PDADMAC coating, (B) titania/PDADMAC nanotubes obtained on the dissolution of coated nickel nanorods, (C) a higher magnification image of a nanotube, and
(D) a high-resolution image of a composite (titania/P)DADMAC) nanotube showing the titania nanoparticles [134]. Reprinted with the permission of ACS.

of multi-wall carbon nanotubes (MWNTSs). This process involves the
immobilization of ATRP-initiating groups onto nanotubes surface,
and the subsequent polymerization of 3-O-methacryloyl-1,2:5,
6-di-O-isopropylidene-p-glucofuranose (MAIG) from the surface
(Fig. 19) [126]. The resulting multihydroxy glycopolymer-func-
tionalized CNTs show improved stability in solution, which have
potential applications in the fields of tissue engineering and
bionanotechnology.

When necessary, the grafted polymeric layer on the CNTs can be
further decorated with functional nanoparticles. For example, gold
nanoparticles have been reported to selectively attach to chemi-
cally functionalized surface sites on nitrogen-doped CNTs (Fig. 20)
[133]. In this example, a cationic polyelectrolyte was adsorbed on
the surface of the nanotubes by electrostatic interaction between
the carboxyl groups on the chemically oxidized nanotube surface
and polyelectrolyte chains. Negatively charged Au nanoparticles

from a gold colloid suspension were subsequently anchored to the
surface of the nanotubes through the electrostatic interaction
between the polyelectrolyte and the nanoparticles. This approach
can be generalized to functionalize CNTs with various nanoparticles
by using a polyelectrolyte as a linker.

Taking advantage of the layer-by-layer colloid-templating (LbL-
CT) approach, Caruso and co-workers developed a versatile technique
for the preparation of polymer—inorganic hybrid core—shell nano-
cables. As an example illustrated in Fig. 21, it is based on the electro-
static self-assembly of two oppositely charged polyelectrolytes poly
(diallyldimethylammonium chloride) (PDADMAC) and poly(sodium
4-styrenesulfonate) (PSSNa) onto nickel nanorods [134]. Besides
these oppositely charged polyelectrolytes, a combination of a poly-
electrolyte and a titania precursor (titanium (IV) bis(ammonium
lactato) dihydroxide) as the depositing partners, a hierarchical 1D
hybrid with a nickel core, and a titania—polyelectrolyte hybrid shell is

Fig. 22. TEM micrographs of different sized PPX nanotubes containing Pd nanoparticles in the inner core. The middle one is the enlarged view of the left [135,137]. Reprinted with

the permission of Springer and ACS.
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Fig. 23. Illustration of an electrospinning experiment.

formed as an intermediate. Removing the nickel rod as the core,
a titania—polyelectrolyte hybrid nanotube is then prepared. As an
apparent advantage of the layer-by-layer technique, the thickness of
the polymeric layer in this method is simply controlled by the circles
of polyelectrolyte deposition.

Besides templating with existing inorganic 1D objects, several
groups have obtained coaxial nanocable structures and nanotubes
from existing 1D polymeric or hybrid objects. A “tubes by fiber
templates” (TUFT) process was used by Greiner et al. to prepare
various hybrid nanotubes [135—140]. For example, poly(p-xylylene)
(PPX) tubes loaded with metal nanoparticles such as Pd, Ag, or Cu in
the inner core can be prepared by coating PLA/metal acetate hybrid
nanofibers by PPX via a chemical vapor deposition process, fol-
lowed by the conversion of metal acetate to metal nanoparticles
and the degradation of PLA. The inner core of the tubular structure
is controlled by the diameter of the original PLA/metal acetate
hybrid nanofibers (Fig. 22). Similarly, coating polycarbonate fibers
with a ZnO sheath and cellulose acetate fibers with poly-
oxometalate have also been reported [141,142].

3.2. Electrospinning techniques

Electrospinning has been actively explored as a highly versatile
and simple method to process polymer-containing solutions or
melts into continuous fibers with diameters ranging from micro- to
nanometers. This method has gained substantial academic attention
since the 1990s because of the close combination of both funda-
mental and application-oriented research including scientific and
engineering disciplines. This technique involves the use of a high
voltage to charge the surface of a polymer solution droplet and
thereby induce the ejection of a liquid jet through a spinneret
(Fig. 23). Owing to the bending instability, the jet is subsequently
stretched many times to form continuous, ultrathin fibers. Currently,
electrospinning is the only technique that allows the fabrication of
continuous ultralong fibers with diameters down to a few nano-
meters. The method can be applied to virtually all soluble or fusible
polymers, polymer alloys, and polymers loaded with various kinds of
nanoparticles or active agents(Fig. 24). The scope of applications, in
fields as diverse as optoelectronics, sensor technology, catalysis,
filtration, and medicine, is very broad [143—145].

Several reports have described the electrospinning of hybrid
nanofibers based on polymeric and inorganic moieties. Owing to
the large number of suitable candidates in both fields, the combi-
nation of two ingredients results in a giant family of polymer-
—inorganic hybrid nanofibers. The incorporated inorganic
components include salts, clay, CNTs, metal, metal oxide or chal-
cogenide nanoparticles. Electrospinning hybrid fibers containing
montmorillonite with polyamide 6 [146—148], polyamide 6,6 and
poly(vinyl acetate) (PVA) [149], poly(methyl methacrylate) (PMMA)
[150], and polyurethane (PU) [151] as the carrier material have been
described. CNTs can be immobilized in electrospun polymer fibers
to improve electrical conductivity or mechanical strength. Exam-
ples of polymers that were spun with CNTs into the corresponding
hybrid fibers include poly(acrylonitrile) (PAN), poly(ethylene
oxide) (PEO), PVA, PLA, polycarbonate (PC), PS, PU, PMMA, poly-
aniline [152—158], and so forth. Examples of electrospinning
polymer hybrid fibers containing noble metal nanoparticles include
PAN/Ag [159,160], Nylon 6/(Ag, Au, Pt) [161], PAN-co-PAA/Pd [162],

Fig. 24. Left: TEM image of a copper nanofiber obtained from electrospun poly(vinyl butyral) (PVB)/CuNO; composite fibers. Right: TEM image of nanofibers loaded with bimetallic

nanoparticle catalysts [144]. Reprinted with the permission of Wiley-VCH.
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Fig. 25. (A) Illustration of the setup for electrospinning nanofibers with a core/sheath
structure. (B) TEM image of two as-spun hollow fibers after the oily cores had been
extracted with octane. The walls of these tubes are made of a composite containing
amorphous TiO, and PVP [176]. Reprinted with the permission of ACS.

poly(vinylpyrrolidone) (PVP)/Ag [163], PEO/Ag [164], and others.
Hybrid nanofibers loaded with monometallic or bimetallic nano-
particles (Fig. 24) are especially useful in the field of catalysis, for
example, hydrogenation reactions. The immobilization of noble
metal nanoparticles in nanofibers facilitates the removal and
recycling of the catalysts after the reaction.

Combined with sol—gel processes, a variety of polymer—metal
oxide (or metal chalcogenide) hybrid fibers have been produced by

electrospinning, such as PVP/TiO, or PVP/ZrO, hybrids [165,166].
Further examples of metal oxides and chalcogenides that have been
incorporated into polymer nanofibers are PbS [167], NiO [168], PVP/
Fe304 [169], PPV/[Fe304 [170], ZnO [171], CdS [172], CdSe [173], and
so forth. Metal-containing salts [ 141] and nanodiamonds [142] have
also been introduced into polymers by electrospinning.

The conventional setup for electrospinning using a single
capillary as the spinneret is only suitable for generating solid fibers
or particles with one particular composition in each run of fabri-
cation. Recently, new setups have been demonstrated to broaden
the application spectrum of electrospinning [174—177]. For
example, electrospinning with a dual syringe system (in the side-
by-side fashion) has been set to electrospin biocomponent nano-
fibers for the fabrication of solid fibers [174]. Recently, by electro-
spinning two immiscible liquids through a coaxial, two-capillary
spinneret, followed by the selective removal of the cores, hollow
nanofibers with walls made of inorganic—polymer hybrids or
ceramics after calcination have been prepared [175—177]. Xia et al.
demonstrated this concept by using heavy mineral oil for the core
and an ethanol solution of PVP and Ti(OiPr)4 as the materials for the
sheath (Fig. 25). After the heavy mineral oil had been extracted
with octane, TEM characterization clearly indicated the formation
of tubular structures that are uniform in size and with an inner
diameter and wall thickness of 200 and 50 nm, respectively. The
tubular walls consist of amorphous TiO, and PVP. Using a PVP or PS
solution for the core instead of mineral oil, a core—shell tubular
hybrid titania structure was prepared.

3.3. 1D conjugation of nanoparticles

A directional organization process of nanoparticles into 1D
nanomaterials is another way to create organic—inorganic hybrids.
In this approach, hybrid or inorganic nanoparticles are first
prepared and are then attached in a linear fashion, driven by
a permanent/temporary dipole in each nanoparticle, by their
amphiphilic nature or covalent bounds [178—182]. Thus, they
resemble monomer units in a linear polymer chain. The advantage
of such a liner attachment is that the diameter of the hybrid
nanowire is chiefly determined by that of the nanoparticles. This
facilitates the construction of hybrid nanowires with defined and
ultrathin diameters down to a few nanometers from nanoparticles.
For example, Pyun et al. described the synthesis and characteriza-
tion of polymer-coated ferromagnetic cobalt nanoparticles [178].
The self-assembly of these dipolar magnetic nanoparticles was
investigated in solutions cast onto supporting substrates, where the
local nematic-like ordering of nanoparticle chains was observed
along with a tendency of adjacent chains to form “zippering”
configurations due to van der Waal’s interactions (Fig. 26).

Fig. 26. TEM micrographs of PS—Co hybrid nanowires imaged at low (a) and high magnifications (b) [178]. Reprinted with the permission of ACS.
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Fig. 27. Left: From rippled particles to nanoparticle chains. Idealized drawing of (A) a side view and (B) a top view of a rippled particle showing the two polar defects that must exist
to allow the alternation of concentric rings. (C) Schematic depiction of the chain formation reaction. Right: TEM images of nanoparticles chains. Scale bars: 200 nm, inset: 50 nm

[183]. Reprinted with the permission of AAAS.

The linear arrangement of nanoparticles through covalent
bonds between adjacent nanoparticles has also been reported
[183,184]. The obvious advantage of covalent bonding is the
enhanced stability of the 1D hybrids against environmental
changes. Ensuring the nanoparticles are connected linearly relies
on the strict stoichiometric functionalization of nanoparticles.
Stellacci et al. reported an approach to functionalize monolayer-
protected gold nanoparticles at two diametrically opposed points
that exist as a consequence of the topological nature of the parti-
cles. After the immobilization of two single carboxylic groups at
both ends, they were employed as divalent building blocks (“arti-
ficial monomers”) for a condensation reaction with complementary
divalent molecules (1,6-hexanediamine as the “linker”) to form
chains (Fig. 27). The TEM image in Fig. 27 shows the as-synthesized
linear string of gold nanoparticles. The interparticle distance here
was determined to be 2.2 4 0.4 nm. This spacing further increased

to 4.2+ 0.9 nm if 0,0’-bis(2-aminoethyl)octadecaethylene glycol,
a longer linker molecule, was used instead of 1,6-hexanediamine.
Therefore, the interparticle spacing in the hybrid is tunable in terms
of the linker molecules.

Besides spherical nanoparticles, nanorods can be considered
building units for the oriented attachment. For example, gold
nanorods were first synthesized in the presence of CTAB surfactants
[180]. The two ends of the nanorods could be further tethered with
thiol-terminated hydrophobic polystyrene chains to form ABA-type
PS—Au—PS nanorod hybrid structures. The two polymeric phases at
both ends of the inorganic nanorods act as “glue” to connect the gold
nanorods end-to-end into extended linear, ring-like bundles as well
as spherical hybrid superstructures in selective solvents (Fig. 28).

Apart from the 1D direct assembly of hybrid nanoparticles,
another possibility by first assembling inorganic nanoparticles and
then hybridizing the superstructure has also been demonstrated. In

Fig. 28. Self-assembly of polymer-tethered gold nanorods into (a) rings, (b) chains, (c) bundles, (d) nanospheres, and (e) bundled nanorod chains [180]. Reprinted with the

permission of Nature Publishing Group.
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Fig. 29. Schematic illustration (A) and TEM image (B) of Au nanoparticles@PANI hybrid nanochains. Scale bar: 200 nm.[181]. Reprinted with the permission of RSC.

the process, the superstructure formed by the oriented attachment
of inorganic nanoparticles acts as a dynamic 1D template, from
which polymers are grafted to lock the anisotropic shape and
simultaneously form the 1D hybrid nanostructure [26,181,182].
Chen et al. reported that in the presence of SDS the adsorption and
in situ polymerization of aniline or pyrrole on the surface of gold
nanoparticles gives uniform polymer shells (Fig. 29) [181]. By
timing the SDS addition, nanochains formed through the linear
aggregation of gold nanoparticles were fixed by the in situ forma-
tion of a conductive polymer shell, giving the Au-polypyrrole or Au-
polyaniline (PANI) 1D hybrids that can be isolated (Fig. 27).

3.4. 1D hybrids prepared by other methods

1D organic—inorganic hybrid nanomaterials can be achieved by
other synthetic approaches [29,185—196]. Since the organic phase
is sensitive to high temperature (typically >400 °C), these 1D
hybrids were generated exclusively in the solution phase at mild
heating conditions if required. The hybrids were formed by reacting
the inorganic precursor with the organic phase in a controlled
manner, leading to a structurally elongated morphology.

Sanchez et al. presented a general methodology for the designed
synthesis of 1D organic—inorganic hybrid fibrous (fibers, rods,
ribbons, helices, tubes, etc.) nanostructures templated through the
use of organogelator-based supramolecular assemblies [197—199].
A broad family of silica, metal oxide, and non-oxide hybrid 1D
nanostructures were prepared using this versatile method.

Xia et al. reported that a chain-like titanium glycolate complex,
obtained from the reflux of Ti(OR)4 (with R™—C;Hs, -iso-C3H7, or -n-
C4Hg) in ethylene glycol at 170 °C, crystallized into uniform

titanium glycolate hybrid nanowires [29]. Ti** is homogeneously
distributed all over the 1D hybrid nanostructures at a molecular
level, acting as the precursor of the porous titania nanowires that
were obtained by calcination at 500 °C.

In a hydrothermal approach, a large amount of flexible silver/
crosslinked PVA coaxial hybrid nanocables were fabricated in one
step [185]. This approach makes use of the in situ reduction of AgNO3
in the presence of PVA and the catalysis of silver ions on the cross-
linking of PVA chains under hydrothermal conditions (Fig. 30, left).
The formation of such elegant nanocables is controlled by a syner-
gistic growth mechanism, named the synergistic soft/hard template
mechanism. Here, PVA is responsible for both the formation of silver
nanoparticles and the further oriented growth of silver nanowires
stabilized by PVA; in turn, the silver wires act as a backbone on which
crosslinked PVA will form. Similarly, Yu et al. reported an unusual
necklace-like core—shell cable structure that formed by the hydro-
thermal treatment of a Cu precursor in a basic solution of PVA [186].
The necklace structure consists of a uniform Cu nanowire in its
center and connected microbeads of crosslinked PVA along the
nanowire (Fig. 30, right). The facile one-pot in situ solution approach
has been applied for the preparation of other nanocable structures,
such as Au-poly(3,4-ethylenedioxythiophene), Ag-polypyrrole, and
tellurium-PVA [187—193].

In a different solution approach, unique helical hybrid silica
bundles were obtained from a series of C,-symmetric bridged sil-
sesquioxanes synthesized from L- and bp-valine [194,195]. The
helical sense of the bundles can be controlled by changing the
chirality of the silsesquioxanes, the carbon number of the central
alkylene segments (an odd—even effect), and the polycondensation
conditions. Moreover, hybrid silica nanotubes have recently been

e éO;LIT1

e

Fig. 30. Left: SEM (a, b) and TEM (c, d, e) images of Ag-PVA nanocables [185]. Right: SEM (a, b) and optical (c, d) images of the necklace-like microcables with different magni-
fications, showing the crosslinked PVA coatings on rather thin inner copper wire axes (indicated by arrows) [186]. Reprinted with the permission of ACS.
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synthesized based on the non-equilibrium block copolymer self-
assembly of poly(ethylene oxide)-block-poly(butylene oxide) [196].
The silica phase was introduced to trap the kinetically unstable
tubules of the block copolymers.

1D hybrid nanostructures have also been formed by a ligand
process in solution. The ligand, acting as a capping reagent, changes
the free energies of the various crystallographic surfaces and thereby
alters the growth kinetics of the facets of the crystals. As an example,
uniform single crystalline tellurium (Te) nanorods have been
synthesized in THF at room temperature using the poly(tert-butyl
methacrylate) (PtBMA) polymer as the capping and oxidizing agent
[200]. The PtBMA polymer chains are strongly bound to the circum-
ambient crystal facets, and this promotes the preferential growth only
along the (001) facet. This leads to the formation of Te nanorods with

.
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an aspect ratio as high as 21. Owing to the hybrid nature, namely with
polymers firmly anchoring on their surface, these nanorods are fairly
stable in THF, a good solvent for PtBMA. Although the polymer layer
can be removed by thermal decomposition, it remained on the surface
hybrid nanorods to enable the Te nanorods to assemble oleic acid-
stabilized magnetite nanoparticles quantitatively on the surface in
THF (Fig. 31). This specific behavior turns the semiconductor Te
nanorods into magnetic nanocylinders, both of which show good
stability in solution. The new function rendered by the magnetite
nanoparticles on the nanorod surface makes it possible to align the Te
nanorod-based magnetic nanocylinders on a solid substrate by
depositing the nanocylinder solution in the presence of an external
magnetic field [201]. An acid etching process was followed to dissolve
the magnetite nanoparticles, leaving tellurium nanorods on the

) £

7| SPBMA Polymer #
o oleic acid-capped
Fe;0, nanoparticles

\mixingin THF

Te nanorods

magnetic nanocylinders

drying solution in an
external magnetic field

aligned magnetic nanocylinders

acid-etching

aligned Te nanorods

Fig. 31. Alignment of Te nanorods via the MAD process, assisted by an external magnetic field. (A—D) TEM images of Te nanorods, Te nanorods decorated with Fe;04 nanoparticles,
aligned magnetic nanocylinders, and aligned Te nanorods after etching away the magnetite nanoparticles, respectively [200,201]. Reprinted with the permission of Wiley-VCH and ACS.
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substrate. This magnetization alignment demagnetization (MAD)
process assisted by an external magnetic field is very useful to align
non-magnetic 1D inorganic objects by hybridizing their surfaces with
polymers [165—169].

4. Concluding remarks and perspectives

We have presented a brief review of recent work on 1D
organic—inorganic hybrid nanomaterials based on the research
activities in our group as well as in others. We first justified the
interest in 1D organic—inorganic hybrid nanomaterials and then
introduced the strategies for the construction of these nanostructures
with various structures and architectures. As the major and robust
methods, we detailed the state-of-the-art approaches of template-
directed synthesis and the electrospinning technique. Currently, 1D
nanomaterials based on organic and inorganic compounds remain in
the focus of materials science. In the future, several directions deserve
to be paid special attention. First, developing new synthetic methods
of 1D organic—inorganic hybrid nanomaterials with desired
morphologies and structures remains a key task. This can take
advantage of and combine the latest proceedings in the fields of soft
matter (colloids, polymers, biomacromolecules, etc.), hybrids, and
inorganic materials. Second, a deep understanding of the organ-
ic—inorganic interface at the nanoscale, the collective behavior, and
interparticle coupling among the 1D hybrids is crucial in nanoscience
and nanotechnology. More effort is required to achieve the quanti-
tative control of interfacial interactions. The theoretical modeling and
prediction of 1D inorganic nanostructures has been a recent active
research area; however, little attention is paid to that of 1D hybrids.
Third, efficient and easy-to-implement methods are favored for
organizing and manipulating 1D hybrid nanostructures at the
mesoscale, as required for scientific and technological advances in
their application in functional nanodevices. To date, only limited
processes or techniques have been developed in this field, which have
retarded the practical application of 1D hybrid nanostructures. Thus,
the ability to assemble them into ordered and sometimes complex
architectures is another challenge in this field.
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