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nanosized devices.

One-dimensional fibrous nanostructures may exhibit unique mechanical, optical, magnetic, and elec-
tronic properties as a result of their nanoscale dimensions. Various approaches have been used to prepare
nanofibers (e.g., electrospinning, vapor deposition), but this review focuses on the research and develop-
ment of self-assembled nanofibers formed through coordination chemistry. By employing metal-ligand
interactions that extend along the backbone of the aggregates, nanofibrous, often gel-forming, materi-
als with appealing properties have been formed. Other fibers formed through electrostatic interactions
between charged coordination complexes are also discussed. The optical, electronic, and magnetic prop-
erties conferred upon the materials by the embedded coordination complexes render the nanofibers
useful for applications in the fields of catalysis, sensors, and gas storage, and potentially for developing

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The field of nanochemistry is rapidly expanding, and will lead
to facile routes to construct sophisticated nanoscale materials
[1]. This “bottom-up” approach has many benefits over tradi-
tional “top-down” approaches (e.g., lithography) as it enables
more control of the molecular architecture and assembly of
more sophisticated structures. Over the past several decades,
supramolecular self-assembly has emerged as a powerful tech-
nique for the construction of complicated, often hierarchical
materials with significant functions and properties. The utility of
supramolecular chemistry in the construction of nanomaterials
and devices is well-exemplified by recent work in the literature,
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including the one-pot, 18-component assembly of diformylpyri-
dine, 2,2’-bipyridine-containing diamine and zinc ions into three
macrocycles that interlock into the shape of a Borromean ring
[2], the self-assembly of tris-2,2’-bipyridine and iron(II) chloride
into a circular double helicate [3], conjugated polyrotaxanes com-
posed of cyclodextrin with threads based on poly(para-phenylene),
polyfluorene, and poly(diphenylenevinylene) and stoppered with
naphthalene groups [4], and the family of metal-organic frame-
works with metal-oxygen polyhedra linked by bridging ligands
[5].

The applications of nanostructured supramolecular assem-
blies depend on the shapes and their functionalities, which can
be imparted by selection of molecular precursors. For instance,
bowl-shaped complexes can self-organize into nanocapsules
for host-guest chemistry [6] and structures shaped like bad-
minton shuttlecocks can organize into one-dimensional columnar
structures [7]. By choosing precursors with specific geometries,
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nanostructures with particular forms may be anticipated. How-
ever, it is often by chance that new nanomaterials are discovered,
and their shapes may not be obvious extensions of the molecular
geometry.

Nanofibers are an exciting class of materials with excellent
potential for real applications, fundamental investigations, and for
understanding biological systems. They are long-range-ordered,
one-dimensional, nanosized supramolecular aggregates that can
be linear or helical [8]. Nanofibers have been investigated in
nanosized electronic [9], mechanical [10] and medical fields [11].
One-dimensional nanostructures are also ubiquitous in biological
systems, exemplified by collagen, axons, and keratin. There has
been a rapid growth of interest in generating biomimetic fibrous
structures with medical applications in terms of compatibility,
degradability and cell-matrix interactions [12].

One interesting property that is frequently observed for
nanofibers is gelation. The fibers form network structures, often
through weak interfiber interactions, that can trap and immobi-
lize solvent molecules, resulting in the formation of a gel [13]. Gels
are interesting materials and already have a wide range of applica-
tions including biomedical applications [14], drug delivery [15],and
catalysis [16], depending on the nature of the materials forming the
nanofibrils. They are also being explored for environmental sensors
and have been used to template sol-gel polycondensation of metal
alkoxides such as tetraethyl orthosilicate (TEOS) and tetra-n-butyl
titanate [17]. Given their interesting applications and properties,
the synthesis and investigation of nanofibers with unique proper-
ties has become an attractive topic for researchers [18].

Numerous methods have been employed to manufacture
nanofibers that span diverse size ranges. One way to produce
fibrous nanostructures artificially is through the electrospinning
technique. This process involves applying a high voltage between a
metal collector plate (generally rotating) and the tip of a tiny nee-
dle that is ejecting a viscous polymer solution [19]. The polymer
solution becomes charged in the electrical field, inducing electro-
static repulsion that creates a charged jet of solution erupting from
the tip of the needle. While the jet is in air, the solution evapo-
rates and the nanofibers deposit on the metal collector [20]. This
method has many advantages - it allows good control over the
morphology and porosity of the fibers, and it can be applied to
diverse polymers and mixtures, permitting good control over com-
position [21]. The diameters of the electrospun fibers are in the
range of nanometers to micrometers, but their lengths can extend
to the kilometer scale [22]. These synthetic polymeric fibers pos-
sess good physical properties, including high specific surface area,
flexibility in surface functionalities, and superior mechanical prop-
erties, which impart the nanofibers with excellent properties for
use in biomedical engineering [21]. Long hollow nanofibers can also
be fabricated by electrospinning [23], thus enhancing the specific
surface area. Complementary to electrospinning, supramolecu-
lar self-assembly has also received a great deal of attention for
making nanofibers. Appropriately designed molecules and macro-
molecules act as the building units of the fibrillar aggregates, which
then assemble into one-dimensional nanostructures through non-
covalent interactions, such as hydrogen-bonding, intermolecular
- stacking, electrostatic interaction/coordination chemistry, or
the hydrophobic effect [24]. These molecule-based construction
approaches to nanofibers provide a way to diversify the properties
of the aggregates by tuning the functionalities of the building units.
In recent years, fabrication of one-dimensional nanostructures
has predominately involved intermolecular hydrogen-bonding and
- stacking, or a combination of both non-covalent interactions,
but significantly fewer with metal-ligand coordination interac-
tions. Nevertheless, coordination chemistry offers a large and
fascinating assortment of complexes with different geometries,
and electronic and magnetic properties that can be incorporated

into nanomaterials. Indeed, many elegant inorganic nanostructures
with well-defined shapes, such as helicates, nanoboxes, catenanes
and nanocages [25], have been built using coordination chem-
istry, often relying on the bonding angles and geometry at the
metal centers to dictate the final structure. Nanofibers constructed
from extensive one-dimensional metal-ligand coordination inter-
actions are an appealing class of materials because of their potential
applications including catalysis, sensing, and gas storage. Their
interesting electronic and magnetic properties also make them
good candidates for nanoscale devices [26]. One can imagine using
changes at the metal center (e.g., changes in coordination number,
oxidation state, or electronic configuration) as a means to change
the properties of the material.

In this review, we describe the use of coordination chemistry to
obtain nanofibers. In some cases, the assembly is formed through
electrostatic interactions rather than extended metal-ligand inter-
actions, but all contain metals and the metal is important to
the assembly. We have restricted the review to examples where
the fiber morphology has been imaged by a technique such
as transmission electron microscopy (TEM), scanning electron
microscopy (SEM), or atomic force microscopy (AFM). We also
do not include the vast number of rigid nanocrystallites that can
resemble fibers. We have primarily covered recent exciting devel-
opments in the field, and there are undoubtedly other reported
examples of nanofibers from coordination complexes (some of
these are described in Section 4).

2. Nanofibers constructed from macrocyclic units

Numerous types of macrocycles have been synthesized and
studied, and they have played an important role in the development
of the field of supramolecular chemistry. Some well-known groups
of macrocycles, including crown ethers, aza-crowns, cryptands and
cyclodextrins, are capable of coordinating to metal ions within their
cavities [27], which provide insight into supramolecular interac-
tions and molecular recognition. The metal-containing macrocycles
can exhibit intriguing magnetic, catalytic, or supramolecular
behavior [28]. There are several reports of using intermolecu-
lar hydrogen-bonding and m-m stacking as the driving forces of
aggregation to form self-assembled fibrous superstructures from
macrocycles [29]. Another approach to fabricate one-dimensional
nanofibers is by using the metal-ligand coordination or electro-
static interactions. With macrocycle-based examples, most of these
use the latter, where the charge of the metal complex is central to
the assembly.

2.1. Metalloporphyrins and metallophthalocyanines

Porphyrins are shape-persistent and conjugated macrocycles
comprised of four pyrrole subunits that are interconnected by
methine bridges. These heterocycles can be used as proligands
to coordinate various metals in their central cavities; metallated
porphyrins play important roles in nature, such as in heme and
chlorophyll. The m-conjugated backbone, the metal center and
the functional groups appended on the periphery render the
metalloporphyrins the ability to self-assemble into a variety of
supramolecular structures through non-covalent interactions [30].
Extensive efforts have been devoted to the research of multipor-
phyrin arrays due to their promising applications in molecular
switching, electronic and photonic devices [31]. Intermolecular
- stacking and hydrogen-bonding are commonly used to induce
nanofiber structures [32]; these interactions can also combine with
coordination chemistry and electrostatic interactions to construct
beautiful fibrous networks and to prepare excellent gelators [33].
One-dimensional polymeric metalloporphyrins synthesized solely
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Fig. 1. Chemical structures of porphyrins 1 and 2.

by coordination chemistry and electrostatic interactions have been
observed in solution and in the solid state [34]. Shelnutt and co-
workers reported the formation of porphyrin nanotubes through
the self-assembly of two oppositely charged porphyrins in aque-
ous solution [35]. The nanotubes can be used as photocatalysts
to reduce metal complexes and deposit the metals onto the sur-
faces of the nanotubes, thus forming nanoscale metal-composite
structures. This ionic self-assembly approach provides the ability
to alter the molecular building subunits in order to control the
structural and functional properties of the nanostructures. Shel-
nutt and co-workers also demonstrated a phase transfer ionic
self-assembly approach to obtain bundles of porphyrin nanofibers
employing water-soluble porphyrins (1, [MTPPS]*~) and water-
insoluble oxo-antimony(V) porphyrin (2, [SbOTPP]*) (Fig. 1) in an
aqueous/dichloromethane mixture [36]. The bundles of nanofibers
are 70-140 nm wide and 1-2 pm long, with each individual fiber
having a diameter of 20-40nm (Fig. 2). Photocatalytic studies
showed that these porphyrin nanofiber bundles can reduce metal
complexes and attain metal clusters (10-100nm in diameter,
depending on the metal center of porphyrin 1) on the surface of the
nanofibers. The photoactivity of these bundles directly takes advan-

tage of the intrinsic properties of the inorganic building blocks and
demonstrates that the preparation of porphyrin-metal composite
nanostructures can lead to potential applications in electronics and
photonics.

Taking advantage of metal-ligand coordination interactions,
chemists have produced one-dimensional polymeric metallopor-
phyrin aggregates. Shinkai and co-workers reported a porphyrin
with eight pyridyl groups (3) that self-assembles into a coordi-
nation polymer (4) through Pd(II)-pyridine interactions with four
cis-Pd(Il) complexes (Scheme 1) [37]. A light-scattering study of
a chloroform solution of porphyrin polymer 4 revealed that the
aggregate is assembled in solution, but the polymeric structure
was not observed in polar solvents (e.g., in a mixture of 7:3 (v/v)
chloroform/methanol). From these results, the authors concluded
that the stability of the Pd(II)-pyridine coordination bonds is influ-
enced by the solvent, which directly affects the occurrence of the
porphyrin polymeric structure and allows one to use solvent to
control the assembly. When a chloroform solution of polymer 4
was dried and viewed under TEM, long nanofibers with diame-
ters of ca. 10 nm were observed (Fig. 3). It is noteworthy that the
theoretical structure of porphyrin polymer 4 shown in Scheme 1

Fig. 2. (a) TEM and (b) SEM images of the bundles of porphyrin nanofibers.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [36].
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Scheme 1. Synthesis of porphyrin coordination polymer 4.

Fig. 3. TEM image of the porphyrin nanofibers.
Copyright 2001 The Chemical Society of Japan. Reproduced with permission from
ref. [37].

possesses many large cavities. As a result of these cavities, the poly-
mer can bind guest molecules such as 4,4’-trimethylenedipyridine,
in which each of the two pyridyl units coordinates to the axial posi-
tion of different Zn(Il) centers and bridge two porphyrin planes.
The inclusion of various guest molecules in the cavities of the poly-
meric structure, where they can interact with the metal and the
m-conjugated system, can potentially tune the properties of the
porphyrin nanofibers.

Phthalocyanines are chemical cousins of porphyrins - related,
but different - that have received attention due to their opti-
cal, catalytic, electronic, photonic, and chemical sensing properties
[38]. Phthalocyanines are generally easier to prepare than por-
phyrins, and this has helped them to flourish. Like porphyrins,
phthalocyanines are capable of assembling into one-dimensional
supramolecular structures through non-covalent intermolecular
interactions. Many polymeric superstructures have been prepared
and analyzed in solution. Tung and co-workers reported the
preparation of Zn(II)-containing phthalocyanines with four ary-
loxy substituents (5a and 5b, Fig. 4) [39]. In solution, J-aggregates
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Fig. 4. Chemical structure of phthalocyanines 5a and 5b.

were observed by UV-visible spectroscopy in non-coordinating
solvents and this was supported by the red-shifted and split Q-
bands when compared to the absorption spectra of monomeric
Zn(Il)-containing phthalocyanines in coordinating solvents. The J-
aggregation of 5a and 5b in non-coordinating solvents was also
confirmed by matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry. A mass spectrum of 5a
prepared from a chloroform solution showed eight distinct peaks
corresponding to monomer and oligomers (up to octamer), consis-
tent with aggregation. In addition, the aggregates were studied with
TEM, imaging samples of 5a deposited from chloroform. The TEM
micrograph, shown in Fig. 5a, depicts a two-dimensional network
structure constructed from nanofibers about 50 nm in diameter.
When the sample for TEM was prepared at a lower concentration,
nanoparticles were observed along with the network (Fig. 5b). The
authors proposed that the aggregation of these complexes is medi-
ated by Zn. - -0 interactions, where the ether oxygen in the aryloxy
group of one phthalocyanine molecule can coordinate to the Zn(II)
center of the neighboring phthalocyanine molecule. This is sub-
stantiated by control experiments that disrupted the aggregation
by coordinating solvents. For example, the addition of coordinating

solvent during the TEM sample preparation disrupted the Zn.--O
interactions and, as a result, no network structure was detected.

Wiirthner and co-workers took advantage of the Zn.--O inter-
actions, along with intermolecular hydrogen-bonding and w-
interactions, to obtain tubular J-aggregates from a series of Zn(II)
chlorins (one of the porphyrin analogues) in aqueous and organic
media [40]. These self-assembled Zn(Il) chlorin structures that
mimic the supramolecular organization of natural light harvest-
ing systems (e.g., bacteriochlorophylls) form well-defined short
nanorods (lengths of ca. 300 nm and heights of ca. 6 nm) rather than
extended nanofibers observed in the other structures discussed.

Although most fibers have been constructed from aggregates
that form in solution, fabrication of supramolecular assem-
blies using a liquid-liquid interface has drawn some attention.
Mg(Il)-containing phthalocyanines with eight chiral thioether sub-
stituents on the periphery (MgPc(SEtPh)g, 6) were synthesized by
Watarai and co-workers (Fig. 6) [41]. These phthalocyanines can
bind Pd(II) ions to their peripheral sulfur atoms and exhibit two
different modes of aggregation in toluene and at the toluene/water
interface. When PdCl, was introduced to MgPc(SEtPh)g in toluene,
two phthalocyanine molecules stack into an H-type dimer in a
twisted fashion with four Pd(I) centers acting as the bridges
between the phthalocyanine planes. These twisted H-type dimers
of (R)- and (S)-MgPc(SEtPh)g-Pd(Il) complexes could be detected
by blue-shifted Q-bands in UV-visible absorption spectra and Cot-
ton effects in circular dichroism (CD). In contrast to the twisted
dimers obtained in toluene, one-dimensional helical J-aggregation
was observed when MgPc(SEtPh)g was combined with PdCl, at the
toluene/water interface. UV-visible spectra of the MgPc(SEtPh)g-
Pd(II) complexes showed that the Q-bands were red-shifted and
CD spectra displayed Cotton effects for both complexes. These
absorption and CD spectral data indicated that the interfacial
J-aggregates of (R)- and (S)-MgPc(SEtPh)g-Pd(Il) complexes are
oriented in left-handed and right-handed helical arrangements,
respectively. The models of the helical J-aggregates are depicted
in Fig. 7a. Field emission (FE) SEM images of the dried sam-
ple of Pd(Il)-induced supramolecular structures revealed fibrous
networks (Fig. 7b and c) in which the individual fibers are ca.
80-120 nm in width and over 500 nm in length. Moreover, twisted
fibers could be seen by FE-SEM (Fig. 7c), supporting the CD spectral
data showing helical arrangements of the interfacial J-aggregates.
Watarai and co-workers also reported the toluene/water interfacial
method to fabricate nanorods and nanoribbons that are facilitated
by other thioether-derivatized Mg(Il)-containing phthalocyanines
and Pd(II) complexes [42]. It is noteworthy that the self-assembled
superstructure can be controlled by combining the building units
in a single liquid medium or at the interface of two immiscible
liquids.

Fig. 5. TEM images of samples of 5a prepared from chloroform at concentrations of (a) 1 x 10->M and (b) 1 x 10-% M.
Copyright 2007 American Chemical Society. Reproduced with permission from ref. [39].
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Fig. 6. Chemical structures of MgPc(SEtPh)g complexes 6a-6c.

Fig. 7. (a) Schematic representation of the helical arrangement of the interfacial J-aggregate of MgPc(SEtPh)g-Pd(Il) polymeric structure (MgPc(SEtPh)g =squares,
PdCl, =spheres). FE-SEM images of the interfacial aggregate of (b) (R)-MgPc(SEtPh)s-Pd(II) and (c) (S)-MgPc(SEtPh)s-Pd(II) complexes. Twisted fibers can be clearly seen
in (c).

Copyright 2006 American Chemical Society. Reproduced with permission from ref. [41].

2.2. Ilon-induced self-assembly

Macrocycles with large interior pores and appropriate func-
tionality are anticipated to accommodate one or more guest
molecules. Crown ethers, for example, are well-known to selec-
tively bind cations to form metal complexes. Occasionally, the
inclusion of guest metal ions in a macrocycle can lead to the
formation of supramolecular architectures. Lehn and co-workers
obtained nanofibers from macrocycle 7 (Fig. 8) through K* ion-
induced assembly [43]. The central cavity of macrocycle 7, which
has three 1,8-naphthyridine groups with the lone pairs on the
nitrogen atoms directed inwards, resembles that of an aza-crown
and thus was expected to bind K* ions in solution (Fig. 9a). Upon
addition of potassium picrate to macrocycle 7 in chloroform-
dq/methanol-d4, the authors detected aggregation by 'H NMR
spectroscopy through broadening and shielding of the proton
signals. The solid-state structure of the assembly was investi-
gated by a TEM study of a dried sample of macrocycle 7 with
K* ions. When deposited from a chloroform/nitromethane mix-
ture, fibers about 50 nm in diameter and microns in length were
observed (Fig. 9b). This aggregation approach promoted by alkali
metal ions can also be observed in other macrocyclic systems
[24f44]. Fig. 8. Chemical structure of macrocycle 7.
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Fig. 9. (a) Schematic representation of the presumed aggregation process of macrocycle 7 with K* ions. (b) TEM image of macrocycle 7b with K* prepared in chloro-

form/nitromethane.

Copyright 2008 American Chemical Society. Reproduced with permission from ref. [43].

Fig. 10. Chemical structures of guanosines 8 and 9, and a G-quartet.

In nature, one can find many exquisite examples of self-
assembly to inspire chemists in designing complex macro-
molecular assemblies and bio-inorganic composite materials.
Biomolecules are often used utilized as constituents for studying
biomimetic supramolecular assembly, and their organization can
be facilitated by alkali cations. For instance, guanosine, a nucleo-
side comprising guanine attached to a ribose ring, can associate into
macrocyclic tetramers (G-quartets) through hydrogen-bonding in

the presence of alkali metal ions such as Na* and K*. The G-quartets
can further self-assemble into columns with the cations being sand-
wiched between the layers of G-quartets [44b, c,45]. Davis and
co-workers reported the synthesis of calix[4]arene appended with
four guanosine substituents and took advantage of the tendency of
the ion-assisted self-assembly of guanosine in which tubular struc-
tures were obtained upon the addition of NaBPhy [46]. The Na* ions
are located at the inner core of the cation-filled channels and the

Fig. 11. Visual appearance of the hydrogels obtained from guanosine 8 and guanosine 9 in aqueous potassium chloride solution (a) 15min and (b) 36 h after sample
preparations. The ratios are listed as guanosine 8/guanosine 9. (c and d) AFM images of the 60/40 and 40/60 gels, respectively.

Copyright 2009 American Chemical Society. Reproduced with permission from ref. [47].
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Fig. 12. Chemical structures of Schiff base macrocycles 10 and 11.

nanotubes could be seen by TEM. However, it was the intermolec-
ular hydrogen-bonding of two guanosine units of one calix[4]arene
molecule with two of the neighboring guanosine units to form
the G-quartets that led to the tubular aggregation. Rowan and co-
workers reported the formation of hydrogels from a mixture of
guanosines 8 and 9 (Fig. 10) in aqueous potassium chloride [47].
The G-quartets generated in this case would be random hydrogen-
bonding combinations between the two guanosines. Guanosine
8 can gelatinize in the presence of sodium or ammonium salts,
but the resulting hydrogel showed poor stability (collapse of gel
occurred after a short period of time at room temperature) [48]. It
was found that the introduction of hydrophobic non-gelling guano-
sine 9 to guanosine 8 increased the stability of the hydrogel due to
the hydrophobic groups of guanosine 9 promoting cross-linking
between the columnar stacks. In addition, the physical appearance
and the stability of the gel can be tuned by varying the ratio of

the two guanosines (guanosine 8/guanosine 9) in the gelation pro-
cess (Fig. 11a and b). Based upon the stability of the hydrogels,
the ratios in the range of 60/40 to 40/60 of guanosine 8/guano-
sine 9 are the most effective combinations to prevent the gels from
collapsing (even after a year at room temperature). AFM studies
were performed on the dried 60/40 and 40/60 gel samples in order
to characterize the assembled networks. The micrographs showed
nanofibers in both gel samples, but the morphology differs slightly
with respect to the ratio of the two guanosine units (Fig. 11c and
d). The fibers of the 40/60 gel are shorter and wider than those
of the 60/40 sample. The increase in fiber width is ascribed to
more cross-linking between the fibrillar guanosine stacks driven
by the hydrophobic effect that was enhanced by the addition of
guanosine 9. In addition, the length of the fibers decreased with
increasing guanosine 9 content because the stacking of the guano-
sine units was disrupted by the acetyl groups of guanosine 9.

Fig. 13. (a and b) TEM, (c) SEM, and (d) AFM micrographs of [Na-10]BF4. (e) TEM image of macrocycle 10 with NaBPhy. (f) TEM of [Na-10]BF, dried in 10s at 92°C and (g)
80-90 min at room temperature. (h) Optical, (i) TEM, (j and k) SEM, and (1) AFM (amplitude trace) micrographs of macrocycle 10 with NH4BF,.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [50].
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Guanine-rich DNA segments have also been shown to assemble into
extended structures with embedded ion channels through alkali-
and alkaline-earth metal ion assembly [49]. This research in bio-
logical self-assembly may help to design new biosensors, and to
improve our understanding of ion transport in nature.
MacLachlan and co-workers applied a similar approach to
construct hierarchical nanofibers in the presence of alkali metal
and ammonium salts from Schiff base macrocycle 10 (Fig. 12)
[50]. Macrocycle 10 is a conjugated molecule that has a central
pore resembling 18-crown-6 in the hexagonal arrangement of the
hydroxyl groups. In contrast to crown ethers, however, the rigid
backbone of the macrocycle prohibits it from contorting sufficiently
to offer an adequate binding site for Na*. Addition of NaBPh, and
other alkali metal tetraphenylborate salts to macrocycle 10 gave
spectroscopic evidence for aggregation in solution [51]. NMR titra-
tions in particular showed that the macrocycles were stacked on
top of one another in the aggregated state. When a chloroform
solution of macrocycle 10 was treated with NaBFy, a color change
from orange to deep red was observed. The sodium ion binds to
the interior of the macrocycle and is accompanied by an uncoor-
dinated counteranion, BF4~. The solution of [Na-10|BF; was cast
on a solid substrate and the morphology was studied by TEM, SEM
and AFM (Fig. 13a-d). TEM showed nanofibers with diameters of
ca. 1770 nm (Fig. 13a and b), considerably larger than the diameter
of macrocycle 10 (ca. 2-3 nm). SEM also revealed the fiber mor-
phology in the sample (Fig. 13c) and the bundles appear cylindrical
in shape. AFM in tapping mode showed that the samples are rel-
atively smooth and approximately the same size as observed by
TEM (Fig. 13d). Macrocycle 10 binds Na* in its interior to form a
highly charged polymer, where alkali metals are coordinated by the

macrocycles through Na..-O interactions. These polyelectrolytic
aggregates further condense into much larger nanofibrillar bundles
through electrostatic interactions between the anions and the poly-
electrolyte. The positions of the Na* and BF,~ were confirmed by
solid-state NMR spectroscopy, which showed relatively fast relax-
ation for the anion (located outside of the tube) and slow relaxation
of the cation (pinned inside the tube). Since the formation of the
one-dimensional fibrous structure is ascribed to the macrocycles
being bridged by the Na* ions, the introduction of bulky sub-
stituents should block the supramolecular assembly. Macrocycle
11 with triptycenyl substituents (Fig. 12) was prepared. In the case
of macrocycle 11, the bulky triptycenyl groups prevented colum-
nar assembly and, therefore, no fibrous structure was observed. The
morphology and size of the fibrous superstructure could be tuned
by the choice of salts and evaporation time. For instance, when
larger anions were employed (e.g., BPhs ), the fibers obtained were
short and poorly defined (Fig. 13e). Moreover, short nanofibers
were also obtained with rapid evaporation (Fig. 13f), whereas very
long, well-organized fibers were generated with a slow evaporation
rate (Fig. 13g). It is noteworthy that when NH4BF4 was combined
with macrocycle 10, an additional level of hierarchy in the fiber
morphology could be observed. Similar to Na*, one-dimensional
polymeric structures were formed with the NH4* cations hydrogen-
bonded in the interior of the macrocycles. The nanofibers further
assembled into bundles with diameters of hundreds of microns
and lengths of millimeters (Fig. 13h-I). Nanofibers with diameters
of ca. 200 nm were observed by TEM (Fig. 13i). This feature could
also be seen clearly by SEM (Fig. 13j and k) and AFM (Fig. 131).
The supramolecular self-assembly underwent a four-level hierar-
chy that spanned six orders of magnitude in length (from nm to

Fig. 14. A graphic representation of the four-level hierarchical assembly.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [50].
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Fig. 15. Chemical structures of m-conjugated donor 12 and acceptor 13.

mm) whereby the precursors to macrocycle 10 (dimensions of ca.
0.5nm) reacted to form macrocycle 10 (diameter of ca. 2-3 nm),
which assembled into a polyelectrolytic assembly, then further
organized into nanofibers and microfibers (Fig. 14).

3. Nanofibers obtained from coordination polymers

Supramolecular self-assembly of molecules and macro-
molecules into one-dimensional polymeric structures through
coordination chemistry or electrostatic interactions has been
a quest for many researchers. The coordination polymers are
reversible aggregates that can break and reconnect during reac-
tions, facilitating self-assembly. The use of the concept of extended
metal-ligand interaction to construct fibrous nanostructures
provides a way to diversify the properties of the assemblies by
tailoring the functionalities of the organic ligands and varying
the choice of metal centers. Nanofibers have also been imaged in
some metal-containing gels [52]. There have been several reports
of generating fibrous materials and networks with coordination

polymers, and examples of these will be discussed later in this
section.

3.1. Metal-ligand coordination

Nanofibers constructed from metal ions and organic bridging
ligands into coordination polymers have been research targets of
interest because they can be simple to synthesize, but offer plentiful
opportunities for structural variation and potential access to useful
properties. For instance, Loh and co-workers designed and obtained
a one-dimensional nanostructured light-harvesting antenna that
can transform UV to red radiation [53]. The coordination-assisted
self-assembly of the nanostructure involves the strong affinity
between the two carboxylate groups of m-conjugated donor 12
(Fig. 15) and Zn(Il) ions in the presence of acceptor 13 (Fig. 15). TEM
and SEM studies of the assembled structure showed that nanofibers
were obtained (Fig. 16a and b, respectively) and they have diam-
eters of 20-30nm and lengths of up to several microns. The
metal-ligand interactions of donor 12 and Zn(II) ions, accompanied

Fig. 16. (a) TEM and (b) SEM images of the nanofibers. (c) Schematic representation of the coordination-assisted self-assembly mechanism.
Copyright 2009 American Chemical Society. Reproduced with permission from ref. [53].
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Scheme 2. Salphen 14 combines with Zn(II) to form nanowires and nanocubes, with the chemical structure depicted by 15.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [54].

by two additional acetate groups, gave negatively charged one-
dimensional chains that underwent side-by-side packing through
cationic acceptor 13. This assembly was further strengthened by
the - interactions and hydrophobic effect perpendicular to the
chain elongation, leading to the formation of the fibrous structures
(Fig. 16¢). Absorption and emission analysis revealed red emission
when a sample of the coordination aggregate was excited at 370 nm
(optimal excitation for donor 12), which suggested effective energy
transfer to the acceptor, illustrating the light-harvesting antenna
effect in the nanofibers.

Oh and co-workers took advantage of the strong affinity of
carboxylate groups to Zn(Il) ions to create a coordination poly-
mer that could assemble into nanofibers and further transform
into nanocubes [54]. Salphen 14 (salphen=N,N’-bis(salicylidene)-
o-phenylenediamine) was first synthesized and then combined
with two equivalents of Zn(OAc); in a 1:2 mixture of dimethylsul-
foxide (DMSO) and N,N-dimethylformamide (DMF). One equivalent
of Zn(Il) ion was coordinated by the salphen N,O, pocket result-

ing in a Zn(II) salphen complex, which was then linked with other
complexes by the second equivalent of Zn(Il) ion into a coordi-
nation polymer (15) (Scheme 2). The supramolecular structure of
the Zn(Il) salphen coordination polymer was characterized by SEM.
An interesting revelation of the SEM images is that the coordina-
tion polymers organized themselves into nanowires that are ca.
40nm in diameter and ca. 600 nm in length at an early stage of
reaction (Fig. 17a and b). The nanowires then slowly aggregate
together into a cubic structure and eventually transform into uni-
form nanocubes (Fig. 17c-h). When more nanowires were involved
in the aggregation, bigger nanocubes were obtained. The formation
of nanowires and nanocubes could be controlled by the reaction
conditions, such as the reaction temperature, the ratio of DMSO to
DMF, and the reaction time. By understanding these factors, the
size and morphology of the coordination polymer aggregates with
unique chemical and physical properties can be controlled.
MacLachlan and co-workers prepared a series of Zn(Il)-
containing salphen complexes functionalized with linear and

Fig. 17. (a-h) SEM images monitoring the transformation of nanowires into nanocubes.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [54].
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Fig. 18. Chemical structures of Zn(Il) salphen complexes 16,17 and 18.

branched alkoxy substituents (Fig. 18) [55]. It is noteworthy that
these metal complexes were able to form luminescent gels in
methanol (Fig. 19a) and aromatic solvents such as toluene, ben-
zene and o-xylene, but the gels could be disrupted by the addition
of pyridine (<2%). Electron microscopy of the gels prepared from
methanol revealed that complexes 16 formed one-dimensional
nanofibers with diameters of tens of nanometers and lengths of
several microns (Fig. 19b). The aggregation was attributed to the
Zn- - -0 interactions between the Zn(II) center of a salphen unit and
the neighboring phenolic oxygen. Introduction of bulky tert-butyl
peripheral substituents on the salicylaldehyde moieties (complex
17, Fig. 18) or replacement of the phenol groups with thiol groups
(complex 18, Fig. 18) prevented the aggregation of the Zn(lII)
complexes into coordination polymers and, as a result, no fiber

morphology was observed under TEM. Modeling of the assembled
structure illustrated that the planes of the salphen complexes were
stacked in a helical conformation along the (ZnO), polymeric back-
bone. This was supported by TEM in which segments of helical
nanofibers could be seen as shown in Fig. 19c and d. Modifica-
tion of the peripheral substituents of the Zn(II) salphen complexes
with carbohydrates (glucosyl and galactosyl groups, complexes 16g
and 16h, respectively, Fig. 18) further enhanced the helicity in the
nanofibers [56]. Both TEM and AFM showed a fiber morphology
similar to that of Zn(II) salphen complexes with alkoxy substituents
(Fig. 19e-g). Closer observation of the fibrous superstructures by
AFM revealed that the nanofibers all have left-handed helical super-
structures (inset of Fig. 19g). The helical pitches measured by
AFM range from ca. 30-80nm. As the carbohydrate complexes

Fig. 19. (a) Photograph of luminescent gel in methanol under visible light (left) and when irradiated with UV light (right). TEM images of (b) 16e, (c and d) segments of
helical nanofibers, (e) 16 g and (f) 16 h deposited from methanol. (g) AFM image of 16 g. Inset: a closer look of the rectangular-boxed region and graphic representation of

the helicity in the fibers of 16 g.

(a-d) Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [55]. (e-g) Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced

with permission from ref. [56].
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are the only source of chirality in the coordination aggregate, the
substituents must be responsible for directing the helicity. It is
noteworthy that the assembly in these structures is mediated by
the metal; with metals other than Zn(II) (e.g., Ni(II), Cu(II)), no fibers
were observed.

3.2. Static coordination polymer gels

An appealing feature of nanofibers is that they are able to
trap and immobilize solvent molecules within their fibrous net-
works’ interstitial spaces, and thus promote the formation of gels.
Designing coordination polymer gelators has been of interest
because the metal centers of the metallogels bestow upon them
intriguing properties and applications [57]. For instance, Su and
co-workers have synthesized a series of coordination polymer gels
from different ratios of compound 19 (Fig. 20) and Pd(COD)(NO3 ),
(COD =cycloocta-1,5-diene) in a mixed methanol/chloroform
solution (Fig. 21a) [58]. In addition to the metal-ligand coordi-
nation that extends through the gel, hydrogen-bonding between
the amide groups and mw- stacking between the cores of the
ligand molecules help to stabilize the metallogels. SEM analysis
of the xerogels of the coordination polymers revealed that the
morphology of the supramolecular structures depends on the
reaction ratio of the metal and 19 (Fig. 21b). Well-defined fibers
with widths of ca. 30-50 nm were observed when Pd(COD)(NOs ),
and the tritopic ligand were combined in 1:1 ratio, whereas other
ratios led to either spherical or porous structures (Fig. 21c and d,
respectively). The metallogels formed with Pd(II) were found to
have catalytic activity in the Suzuki-Miyaura coupling reaction,
even at 1 mmol% of coordination polymer. Among the gels tested in
the catalytic study, the fibrous metallogel (1:1 metal/19) showed
the highest catalytic activity in the coupling reaction. Furthermore,
the fibrous networked gel can be recycled several times without
significant reduction in its catalytic activity. It is clear that gels

Fig. 20. Chemical structure of compound 19.

formed from metallofibers have excellent potential for catalytic
applications.

You and co-workers applied concepts of coordination chemistry
to obtain helical non-racemic polymers from achiral monomers
that can form gels even without the side chain functionality (e.g.,
hydroxyl groups or long aliphatic chains) usually necessary to stabi-
lize the aggregates in the gel state [59]. The coordination polymers
were derived from the self-assembly of Ag(I) ions and the bent-

Fig. 21. (a) Photograph of metallogels with metal/19 of 1:4 (left), 1:2 (middle) and 1:1 (right). SEM images of xerogels with (b) fibrous, (c) spherical, and (d) porous structures.

Copyright 2009 American Chemical Society. Reproduced with permission from ref. [58].
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Fig. 22. Chemical structures of bisimidazole 20 and bisbenzimidazole 21.

shaped, achiral and ditopic imidazoles 20 and 21 (Figs. 22 and 23a).
They could gelatinize solvents including DMF, glycol, and mixtures
of water and organic solvents (e.g., methanol, ethanol, acetoni-
trile, chloroform, dichloromethane and toluene). The metallogels
were found to be stable for several months at room temperature
and in acidic conditions. Nonetheless, the gelation of the helical
coordination polymers is dependent on the counteranion of the
Ag(I)salts. Forinstance, AgNO3; and AgOSO,CF3 generate gels, while
only precipitates formed with AgBF, and AgSbFg. Investigations on
the assembled structure of the coordination polymer gel gener-
ated from imidazole 20 and AgNO3 were performed by TEM, SEM
and AFM (Fig. 23b-e). TEM images showed that the nanofibers are
cylindrical aggregates with diameters of ca. 9 nm and lengths up to
several microns (Fig. 23b). Closer inspection of the fibers with AFM
revealed a helical structure with helical pitch of ca. 8 nm (Fig. 23d).
In addition, an SEM image of the xerogel showed a well-defined
fibrous network structure (Fig. 23e). The helicity of the nanofibers
was further confirmed with CD. Cotton effects were observed in the

Fig. 24. Chemical structure of 4,4’-bis(1-imidazolyl)biphenyl (bibp, 22).

CD spectra; the sign of the CD signals, however, varied with differ-
ent batches of the gel prepared from the same materials. The CD
data indicated that there is no control over the handedness of the
helical non-racemic organization of the coordination polymers and
nanofibers.

You and co-workers further expanded their investigation of
coordination polymer gels in the absence of peripheral function-
ality, reporting the formation of a Zn(Il)-containing metallogel
formed upon irradiation with ultrasound [60]. The coordination
polymer was prepared by reacting Zn(OSO,CF3), with the sim-
ple organic bridging ligand 4,4’-bis(1-imidazolyl)biphenyl (bibp,
22, Fig. 24). SEM of the self-assembled Zn(II) coordination poly-
mer revealed sheet-like microparticles with uniform size and shape
(Fig. 25a). Single crystals of the Zn(Il) complex, obtained by slow
diffusion of dioxane into a DMSO solution of the coordination poly-
mer, were analyzed by X-ray diffraction and the structure revealed
that each Zn(Il) center has tetrahedral coordination geometry,
bound to four imidazole nitrogen atoms from four different bibp
units (Fig. 25b). The nitrogen on the other end of the coordinated
bibp molecules bridges the neighboring Zn(II) centers, weaving a

Fig. 23. (a) Schematic representation of the formation of the helical coordination polymer gelators formed from 20 and 21. (b) TEM image of the dried gel (the sample was
negatively stained with uranyl acetate solution). The inset is a magnified image of the marked area. (c) AFM (height trace, tapping mode) image of the dried gel on a mica
surface. (d) A magnified AFM image of the marked area. (e) SEM image of the xerogel stained with gold.

Copyright 2008 The Royal Society of Chemistry. Reproduced with permission from ref. [59].
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Fig. 25. (a) SEM image of the sheet-like microparticles formed from 22 before sonication. (b) Crystal structure of tetrahedral Zn(II) center with four bibp (22) units. (c)
Two-dimensional coordination network. (d) A suspension before sonication (left) and an opaque white gel after sonication (right). (e) TEM image of the gel (negatively
stained with uranyl acetate). (f) SEM image of the xerogel. (g) Metal coordination geometry is tetrahedral in the sheet-like microparticles and see-saw in the nanofibers.

Copyright 2009 American Chemical Society. Reproduced with permission from ref. [60].

two-dimensional coordination network (Fig. 25c). The sheet-like
microparticles of the coordination polymer did not form a gel or dis-
solve in methanol; however, after the suspension was sonicated for
a period of 1-3 min, an opaque white gel was generated (Fig. 25d)
and was found to be stable for months at room temperature.
Electron microscopy was used to investigate the supramolecular
structure of the gel, which should be different than the morphol-
ogy before sonication (sheet-like microparticles) due to the newly
discovered gelation phenomenon. High resolution TEM revealed
the morphology of the metallogel to be uniform fibrous assemblies
with diameters of ca. 3-4nm and lengths up to several microns
(Fig. 25e). In addition, SEM of the xerogel showed a well-structured
fibrous network in which the nanofibers are 50-200 nm in diameter
(Fig. 25f). The difference in diameters observed between the TEM
and SEM images is ascribed to the aggregation of the nanofibers
during the drying process. The morphological transformation from
sheet-like microparticles to nanofibers originated from the change
in coordination environment of the Zn(Il) centers before and after
irradiation with ultrasound. Solid-state 13C NMR spectroscopic
experiments on the microparticles and xerogel provided informa-
tion about the geometrical change at the metal centers from the
difference in chemical shifts of the aromatic carbon peaks in both
samples. The sonication presumably facilitated the breaking and
reorganizing of the coordination bonds and changed the geometry

of the Zn(II) centers from tetrahedral in the sheet-like microparti-
cles to see-saw geometry in the nanofibers (Fig. 25g) that results in
a fibrous network, giving a gel.

Vittal and co-workers reported a hydrogel generated from
Mg(CH3C00),-4H,0 and the basic aqueous solution of N-(7-
hydroxyl-4-methyl-8-coumarinyl)-alanine (23, Fig. 26) [61]. The
carboxylate oxygen atoms of 23 coordinated to the neighboring

Fig. 26. Chemical structure of the free ligand 23 and schematic representation of
the proposed coordination polymer 24.
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Fig. 27. (a) Photograph of ligand 23 in water (left) and hydrogel (right). (b) SEM and (c) TEM images of the xerogel of coordination polymer 24.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [61].

metal center to form the coordination polymer 24, shown in Fig. 26.
The coordination polymer gel is thixotropic and sensitive to pH.
The gel liquefied upon shaking and reformed into a gel upon stand-
ing (Fig. 27a). In addition, it turned into a clear solution at pH 2
because protonation of the ligand disrupted the structure, but this
was reversible and a gel was formed when the pH was adjusted
to 8. The morphology of the hydrogel was analyzed by electron
microscopy. From the SEM and TEM micrographs of the xerogel,
polymer 24 self-assembled into bundles of nanofibers and further
organized into a well-defined network capable of trapping solvent
molecules (Fig. 27b and c). The fibers are several microns long
and the diameters are 50-150 nm. Photophysical studies of the
hydrogel showed that it exhibited strong blue emission with peak
maximum at A =455 nm when excited at A =360 nm. The intensity
of the fluorescence was enhanced significantly in the gel form com-
pared to free ligand 23 and a solution of coordination polymer 24.
Vittal and co-workers further reported a coordination polymer gel
produced from linear bridging ligands and Ni(Il) ion in an acidic
medium [62]. An initial morphological study of the gel with SEM
revealed no fibrous structure. The gel was then diluted to half the
original concentration and homogenized by stirring. After that, it
was subjected to electrospinning to generate bundles of nanofibers,
and the fiber morphology was confirmed by SEM, TEM and AFM. The
electrospun fibrous bundles are ca. 100 nm in diameter and cen-
timeters in length, with individual fibers having a diameter of ca.
10 nm. It is noteworthy that the electrospun fibers exhibited strong
photoemission in the visible and UV regions, and field emission
with low turn-on fields for metal-coordinated nanofibers [63].

3.3. Dynamic coordination polymer gels

One-dimensional assemblies of coordination complexes are
attractive for their electronic, magnetic and optical properties [64].
However, solubility of the supramolecular assemblies has always
been a challenge, and has limited the ways in which coordination
polymers can be manipulated. Kimizuka and his co-workers have
focused on this area of research and reported a series of coordina-
tion polymers with solubility promoted by incorporating lipophilic
triazole bridging ligands into the polymeric main chains, or by
introducing lipid-like counteranions in the vicinity of the metal
centers. Lipophilic Co(Il) complexes 25 and 26, shown in Fig. 28,

were synthesized with ligands 4-hexadecyl-1,2,4-triazole (27) and
4-dodecyloxypropyl-1,2,4-triazole (28) [65]. The long chains on
these ligands are used to enhance the solubility of the complexes
and the polymeric aggregates. When complexes 25 and 26 were
dissolved in chloroform, blue gels were obtained at low concentra-
tions (10 and 0.007 wt% for 25 and 26, respectively) as depicted in
Fig. 29a. The blue color, characteristic of Co(Il) in a tetrahedral (T;)
coordination environment, revealed the geometry at the metal cen-
ter. The gels were studied by AFM, SEM and TEM (Fig. 29c-f) to gain
insight into the supramolecular organization. Complex 25 showed
crystalline nano-aggregates with lengths of ca. 500-1500 nm and
widths of 30-50 nm (Fig. 29e) by TEM. On the other hand, the AFM
and TEM micrographs of complex 26 revealed fibrous networks
in which the nanofibers are 5-30 nm in diameter. In addition, the
xerogel of complex 26 displayed thicker fibers (ca. 100 nm in diam-
eter) by SEM due to the aggregation of the nanofibers during the
drying process. That complex 25 did not develop into a fibrous net-
work is related to its lower gelation ability compared to complex
26. It is interesting to note that no fiber morphology was observed
with either of the lipophilic ligands alone. Therefore, the fibrous
nanostructure is attributed to the self-assembly of the cobalt(Il)
complexes in chloroform, and the cobalt centers adopted a T; geom-
etry along the main chain (Fig. 29g). A special feature of these gels
is that they turn into pale pink solutions upon cooling (Fig. 29b) and
return to blue-colored gels upon heating. This heat-induced gela-
tion is contrary to the behavior of conventional gels (i.e., gelation
upon cooling and dissolution upon heating). The sol-to-gel tran-
sition is reversible with subsequent cooling and heating cycles.
The pink color indicates that the cobalt(Il) centers are in octahe-
dral (Oy) coordination environment (Fig. 29h) and the reversible
geometric transformation at cobalt was confirmed by UV-visible
spectroscopy. The authors proposed that the coordination polymer
with O, metal centers in the solution state has a rod-like structure
with the lipophilic chains aligned perpendicular to the main chain.
However, no superstructures were observed by TEM.

The gel transition is also toggled by the addition of long-chained
alcohols including 1-dodecanol and 1,12-dodecanediol [66]. When
either alcohol was added to a pink solution of complex 26 obtained
at 0°C, the solution turned blue within ca. 5 min and a gel formed
within ca. 10 min. Again, the color change corresponded with a
change in the geometry of the complex from O to T, which

Fig. 28. Chemical structures of lipophilic Co(Il) complexes 25 and 26, and ligands 27 and 28.
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Fig. 29. Photographs of complex 26 in chloroform at (a) 25 °C (blue gel) and (b) 0°C (pale pink solution). (c) AFM and (d) TEM images of complex 26. (e) TEM image of complex
25. (f) SEM image of the xerogel of complex 26. Schematic representations of (g) polymeric Ty complex and (h) polymeric O, complex.
Reproduced with permission fromref. [65]. Copyright 2004 American Chemical Society. TEM images of complex 26 with (i) 1-dodecanol and (j) 1,12-dodecanediol. Reproduced

with permission from ref. [66]. Copyright 2008 The Chemical Society of Japan.

was confirmed by UV-visible spectroscopy. TEM analysis of the
gels showed networks of fibrous structures with widths of ca. 100
and 500 nm for the samples prepared with 1-dodecanol (Fig. 29i)
and 1,12-dodecanediol (Fig. 29j), respectively. Binding of the long-
chained alcohols to the surface of the coordination polymer through
hydrogen-bonding to the anions (ROH- - -Cl~) induces the transfor-
mation of the geometry to T, in order to fit the guest molecules,
the long chains of ligand 28 and alcohol molecules aligning per-
pendicular to the polymer chain. These studies indicate that the
coordination geometry at cobalt centers can be modified by chang-
ing the temperature and by binding guests, triggering a change of
color and morphology.

Lipophilic, linear polymeric Fe(Il) triazole complex 29 contain-
ing octahedral metal centers was prepared with ligand 28 (Fig. 30)
[67]. Polymer 29 (Fig. 31a and b) exhibits spin-crossover behavior
between low spin (LS) and high spin (HS), and each spin state of
the Fe(II) triazole complexes has a characteristic color (purple=LS
and yellow or colorless = HS). The spin-crossover characteristics are
usually affected by the type of substituent on the bridging lig-

Fig. 30. Chemical structure of lipophilic Fe(Il) complex 29.

ands and the counteranions incorporated. Complex 29, a purple
solid, gave a pale yellow gel at room temperature in chloroform
(Fig. 31c). The color indicated that Fe(Il) centers changed from LS
state to HS state after gelation. This is attributed to the elongation
of the Fe—N coordination bonds in solution, weakening the ligand
field strength and thus favoring the HS state. The supramolecular
structure of the gel was investigated by TEM and nanofiber super-
structures with widths of 3-5nm could be observed (Fig. 31c).
Similarly, the coordination gel obtained with complex 26 turned
into a yellow solution upon cooling to 5 °C. When the yellow chlo-
roform solution of complex 29 was cast onto a solid substrate and
dried into a transparent film, the color changed to purple upon sol-
vent evaporation due to spin crossover to the LS state (Fig. 31d). As
the purple-colored film was heated, it returned to a yellow color
at 80°C (Fig. 31e). This reversible, temperature-dependent spin
crossover was monitored by UV-visible spectroscopy. In addition,
the temperature of the spin crossover for complex 29 is affected
by the presence of long-chained alcohols such as 1-dodecanol and
1-tetradecanol, which are able to hydrogen-bond to the chloride
counteranions of the iron complex (Fig. 31f). When chloroform
solutions of complex 29 combined with equimolar alcohol were
cast as films, UV-visible spectroscopic studies showed that the
LS-to-HS transition temperatures were lowered (55 and 68°C
for 1-dodecanol and 1-tetradecanol doping, respectively) com-
pared to that before alcohol doping (80°C), thus indicating that
the LS state was destabilized by the binding of guest alcohol
molecules.
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Fig. 31. Schematic representations of (a and b) the lipophilic polymeric Fe(II) complex 29. (c) The yellow gel (20 °C in chloroform) and TEM image of complex 29. Photographs
of cast films at (d) 20 and (e) 80°C. (f) Schematic representation of the long-chained alcohols hydrogen-bonded to the chloride counteranions.

Copyright 2006; Reproduced with permission of John Wiley & Sons, Inc from ref. [67].

Iron(ll) triazole complexes 30 and 31 were devel-
oped with ligand 28 and chromophoric counteranions
9,10-dimethoxyanthracene-2-sulfonate (Anth-SO3~) and 1-
pyrenesulfonate (Py-SO3~) (Fig. 32) [68], and their fluorescence
properties were studied. The anionic chromophores are located
in the vicinity of iron centers along the coordination polymeric
main chain. Toluene solutions of complexes 30 and 31 prepared
at different temperatures, where they exhibited different spin
states, were dried and then the solids analyzed by AFM. Fibrous
nanostructures with widths of 20-30 nm and heights of ca. 1.5 nm
were observed for complexes 30 and 31 in the LS state (10 and
4°C, respectively) (Fig. 33a and c), but only irregular structures or
dot-like aggregates could be seen in the HS state (40 and 45°C,
respectively) (Fig. 33b and d). This change in the morphology of
the self-assembled structures from LS to HS (nanofibers to dot-like
structure) upon heating gradually diminished the fluorescence
intensities of the counteranions. Therefore, the fluorescence of the
chromophores was related to the spin state of the metal center
and the morphology of the coordination aggregate.

The morphology of the coordination polymer can be regulated
by solvent and external stimuli such as temperature and irradiation.
For instance, the bridging ligand was modified by incorporating
an azobenzene chromophore, which can undergo photoisomeriza-
tion upon irradiation, within the lipophilic substituent of triazole
(32, Fig. 34). The new linear Fe(Il) triazole complex (33) formed
from this ligand has iron centers in Oy, coordination environments
(Fig. 35a) [69]. A structural study was performed on complex 33

prepared in chloroform and a fibrous morphology was observed
by AFM (Fig. 35b). The nanofibers were ca. 6.9nm in diameter
and 10-100nm in length. No gelation occurred for complex 33
in chloroform, but when chlorocyclohexane was used as the sol-
vent, a yellow-colored coordination polymer gel formed in 6-24 h
(Fig. 35c). AFM of the sample prepared in chlorocyclohexane
showed oriented arrays of aggregates with lengths over 400 nm
and heights of ca. 1 nm (Fig. 35h). The morphology is different than
that observed from the chloroform sample. Moreover, the average
distance between the linear structures in Fig. 35h is ca. 6 nm, which
issmaller by 1 nm compared to the nanofibers in Fig. 35b. SEM of the
xerogel of complex 33 showed ultra-thin nanosheets with a thick-
ness of ca. 10 nm (Fig. 35g). The formation of the nanosheets was
derived from the two-dimensional alignment of the linear aggre-
gates, which can be rationalized by the height measured by AFM, in
agreement with the thickness of the nanosheets observed by SEM.
The trans-to-cis photoisomerization of the azobenzene units was
studied by irradiating gels of complex 33 with UV light at 365 nm.
Upon irradiation, the yellow gel liquefied into an orange solution
(Fig. 35d). The coordination sphere of the metal in complex 33
remained unchanged after isomerization of the azobenzene, but
the gel was liquefied as the bent-shaped cis-azobenzene disrupted
the packing of the lipophilic substituents (Fig. 35a). AFM of the UV-
irradiated sample revealed a fiber morphology (Fig. 35i) similar to
that in Fig. 35b (chloroform sample). An interesting feature of the
orange solution is that upon irradiating with visible light, cis-to-
trans photoisomerization of the azobenzene units took place and

Fig. 32. Chemical structures of lipophilic Fe(Il) complexes 30 and 31.
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Fig. 33. AFM images of complex 30 in the (a) LS and (b) HS states, and complex 31 in the (c) LS and (d) HS states.
Copyright 2008 The Chemical Society of Japan. Reproduced with permission from ref. [68].

the color of the solution returned to yellow and a yellow-colored
gel formed after sitting in the dark for 20 min. The gel-to-sol tran-
sition induced by UV and visible light, triggered by the cis-trans
isomerization, is reversible and the cycle could be repeated multi-
ple times.

The iron centers in most Fe(Il) triazole complexes tend to exhibit
the LS state in the solid or gel form, and HS state in solution.
This is closely related to the bonding distance between iron and
the bridging ligand, which is lengthened in solution and results
in the destabilization of the LS state. Iron(Il) triazole complexes
34 and 35 with lipophilic counteranions were synthesized and
both have a purple color at room temperature when they are dis-
solved in toluene, indicating that the complexes remain in the LS
configuration in solution (Fig. 36) [70]. As the temperature of the
solution was raised, spin crossover occurred; this LS-HS transition
is reversible with subsequent cooling and heating cycles (Fig. 37a).
The unusual LS state in toluene was ascribed to the solvophobic
Fe(ll) triazole complexes minimizing contact with the non-polar
solvent molecules by shrinking the Fe—N bonds, thereby strength-
ening the ligand field and leading to the stabilization of the LS
state. AFM images of complexes 34 and 35 were obtained to inves-
tigate the superstructures of the complexes in different spin states

(Fig. 37b-e). Nanofibers with widths of 20-30 nm and heights of
ca. 7nm were observed for the LS state (Fig. 37b and d) while
the HS state gave only fragmented structures or dots (Fig. 37c
and e). Since the coordination number at the metal centers should
not change during spin crossover, the change in spin state with
respect to temperature apparently involves the fragmentation of
the fibrous nanostructures (breaking of the coordination bonds).
Thus, the transition between LS and HS is regulated by supramolec-
ular self-assembly of the iron complex.

Kimizuka and co-workers have also prepared a family of
one-dimensional halogen-bridged, mixed valence Pt complexes
from [Pt(en), ][PtCl,(en); ](ClO4)4 with lipid counteranions (36-43,
Fig. 38) [71]. These linear complexes [Pt(en); |[PtCl(en),](36-43),
are composed of [Pt(II)(en),] and [Pt(IV)Cl(en),] that are bridged
by chloride, and the charge of each of the platinum centers is bal-
anced by two lipid anions (Fig. 39). [Pt(en); ][PtCl,(en),](36-43),
have intense colors that originate from the intervalence charge
transfer (CT) absorption of the chloro-bridged Pt(II)/Pt(IV) along
the coordination polymer backbones. Different colors could be
obtained by changing the CT absorption. There are three factors
that affect the CT absorption of the mixed valence Pt com-
plexes: the nature of the counteranions, the solvent, and the

Fig. 34. Chemical structures of ligand 32 and lipophilic Fe(II) complex 33.
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Fig. 35. (a) Schematic representation of lipophilic polymeric Fe(II) complex 33. (b) AFM of the sample prepared in chloroform. (c-f) Photographs of complex 33 in chlorocy-
clohexane at room temperature: (c) before irradiation, (d) after irradiation with UV light (365 nm), (e) after irradiation with visible light (546 nm), and (f) after storage in the
dark for 25 min. (g) SEM of the xerogel. (h) AFM of the sample prepared in chlorocyclohexane (h) before and (i) 2 min after irradiation with UV light (365 nm).

Copyright 2006 The Royal Society of Chemistry. Reproduced with permission from ref. [69].

temperature. As already noted, those three factors can also influ-
ence the supramolecular self-assembled structures of coordination
polymers. The incorporated counteranions promoted solubility in
organic solvents, but their sizes affect the distance between the
Pt(Il) and Pt(IV) centers and, as a result, induced a change in the CT
absorption. In general, bulkier counteranions (e.g., 39, 40) increase
the intrachain Pt(II)-Pt(IV) distance and red-shift the CT absorption
with respect to the reference complex [Pt(en), |[PtCly(en); [(Cl04)4,
while smaller anions decrease the distance and show a blue-shifted
band (e.g., with 41) [71a]. In addition, the complexes are strongly
solvatochromic. For example, [Pt(en), ][PtCl,(en),](43)4, an orange
solid, gave a red solution when dissolved in dichloromethane, while
an orange solution was obtained in chloroform [71c].

The lipid counteranions and solvents not only influence
the color of the Pt complexes, but also the morphology of
the superstructures of the coordination polymers. Complexes
of [Pt(en), ][PtCly(en);](36-43)4 exhibited different morphologies
when imaged by TEM (Fig. 40a-g). Since all of the complexes
contain the same chloro-bridged Pt(Il)/Pt(IV) backbone, the mor-
phology difference must be derived from the counteranions and
solvents. Nanofibers with widths of 20-100nm and lengths of
over 20 microns were observed for [Pt(en),][PtCl,(en),](43)4 in
chloroform (Fig. 40f), but only nanorods, nanocrystals or tape-

like structures were obtained with other counteranions or samples
prepared in different solvents (Fig. 40a-e and g). Another phe-
nomenon of the linear mixed valence complexes is that the intense
color tends to fade out and eventually disappear as the temper-
ature of the solution increases. The absence of color is a sign
that the complexes [Pt(en);][PtCl;(en),](36-43)4 have dissoci-
ated into [Pt(en);](36-43), and [PtCl,(en),](36-43), at elevated
temperatures, eradicating the CT band. Different solvents and coun-
teranions rendered different thermal stability to the linear Pt
complexes, and the dissociation of the coordination polymers at
elevated temperatures resulted in different morphologies observed
by TEM. For example, [Pt(en),][PtCl,(en),](40), gave a tape-like
morphology before heating (Fig. 40b), but crystalline aggregates
with widths of 50-200nm and lengths of 400-550nm were
observed upon heating to 60 °C (Fig. 40h). After the sample cooled
back to room temperature, fibrous nanostructures with a mini-
mum width of 18 nm and lengths of 700-1700 nm were obtained
(Fig. 40i). The formation of the nanofibers is ascribed to the self-
assembly of the dissociated components in solution (Fig. 40j)[71d].
It is noteworthy that as the samples cooled, the intense color from
the CT band returned. However, for [Pt(en), |[PtCl,(en); ](36)4, only
globular aggregates with diameters of 100-300 nm were observed
after cooling the sample from 60 to 25 °C (Fig. 40j) [71a]. The lin-

Fig. 36. Chemical structures of lipophilic Fe(Il) complexes 34 and 35.
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Fig. 37. (a) Schematic representation of the reversible LS-HS transition with cooling and heating cycles. AFM images of complex 34 in the (b) LS and (c¢) HS states, and complex
35 in the (d) LS and (e) HS states.
Copyright 2008 American Chemical Society. Reproduced with permission from ref. [70].

Fig. 38. Chemical structures of lipid counteranions 36-43.
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Fig. 39. Schematic representation of polymeric Pt complexes with lipid counteranions.
Copyright 1998 The Chemical Society of Japan. Reproduced with permission from ref. [71b].

Fig. 40. TEM images of the mixed valence Pt complexes with lipid counteranions (a) 36, (b) 39, (c) 40, (d) 41, (e) 42, (f) 43 in chloroform, (g) 43 in dichloromethane, (h)
40 at 60°C, (i) 40 after cooling from 60 °C to room temperature, and (j) 36 after cooling from 60 °C to room temperature, respectively. (k) Schematic representation of the
reversible dissociation/re-assembly process.

(a, c-e, h-k) Reproduced with permission from ref. [71a]. Copyright 2000 American Chemical Society. (b) Reproduced with permission from ref. [71b]. Copyright 1998 The
Chemical Society of Japan. (f and g) Reproduced with permission from ref. [71c]. Copyright 2002 The Chemical Society of Japan.
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Fig. 41. Chemical structure of lipid counteranion 44.

ear Pt coordination polymers dissociated into [Pt(en);](36-43),
and [PtCly(en);](36-43), at elevated temperatures, but the one-
dimensional complexes are reassembled upon cooling (Fig. 40k).

One-dimensional halogen-bridged, mixed valence palladium
complexes ([Pd(en);][PdCl;(en),](40)4) and heterometallic com-
plexes ([Pd(en),][PtCl,(en);](40)4 and [Ni(en),][PtCl,(en);](40)4)
have also been reported [72]. These complexes had similar behav-
ior to the platinum complexes, and their colors and morphologies
can be influenced by external stimuli.

Linear lipophilic [Pt(en),][PtCl,(en),]|(44)4 (Fig. 41) was pre-
pared by another route. Addition of HAuCly to [Pt(en),](44),
(colorless) in dichloromethane yielded the intensely colored
chloro-bridged mixed-valence complex [73]. In this polymeric
complex, the intensity of the CT absorption depends on the amount
of tetrachloroaurate(lll) added to the reaction. The maximum
intensity was obtained at 3:1 [Pt(en);](44),/HAuCly. In addition,
the ratio also affected the morphology of [Pt(en), ][ PtCl,(en),](44)4
when observed by TEM (Fig. 42). Before the addition of Au(IIl)
ion, [Pt(en),](44), only gave irregular microcrystalline aggre-
gates (Fig. 42a). Upon adding HAuCl,, nanowires were obtained
(Fig.42b-d), and the most developed nanowires (lengths of 30-100
microns and widths of ca. 670 nm) were observed from the sample

Fig. 43. Chemical structure of lipid counteranions 45.

of 3:1 [Pt(en),](44),/HAuCl, (Fig. 42c). The analogous bromide-
bridged structure was prepared with AuBr; and exhibited similar
behavior.

Kimizuka and co-workers have also prepared lipophilic mixed-
valence Pt complexes [Pt(en),][PtCl,(en),](45)4 (Fig. 43) that
self-assemble into two-dimensional honeycombs templated by
water droplets condensed from moisture [74]. The TEM image of
a sample prepared at 0°C showed that well-constructed honey-
combs could be observed in a wide area (Fig. 44a). The walls of
the honeycombs are composed of the linear coordination poly-
mer [Pt(en),][PtCl,(en);](45)4. A magnified TEM image revealed
that the cavities of the honeycombs were filled with nanofibers
that are ca. 20 nm in width (Fig. 44b). The formation of the hon-
eycomb structure is templated by water droplets that condense
on the evaporating dichloromethane solution during the sample
preparation. A honeycomb structure with improved order was
observed for a sample prepared at 21°C (Fig. 44c). Since solu-
tion studies showed that the coordination polymer dissociated
into [Pt(en);](45), and [PtCl,(en);](45), at 21°C, the formation
of honeycombs must derive from the re-polymerization of those
two components into the linear mixed-valence chains and self-
assembly into the supramolecular structure (Fig. 44e). SEM images

Fig. 42. TEM images of the samples prepared in dichloromethane: (a) [Pt(en),](44),; (b) 6:1, (c) 3:1, and (d) 2:1 of [Pt(en), ](44), /HAuCly.
Copyright 2005 The Chemical Society of Japan. Reproduced with permission from ref. [73].
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Fig. 44. (a and b) TEM images of [Pt(en),][PtCl,(en),;](45)4 prepared at 0°C. (c) TEM and (d) SEM images of the sample prepared at 21 °C.
Copyright 2002 National Academy of Sciences, U.S.A. Reproduced with permission from ref. [74].

of the honeycombs clearly showed that the nanostructures are
double-layered (Fig. 44d) and the two layers of honeycomb are
connected by vertical pillars with heights of ca. 320-370nm at
the corners of the hexagons. The frames (walls and pillars) of
the double-layered honeycomb structure are constructed from the
hierarchical self-assembly of the lipophilic mixed valence coordi-
nation polymer [Pt(en), ][PtCl;(en);](45)4 (Fig. 44e).

4. Other nanofibers

This review has highlighted several recent examples of metal-
containing nanofibers produced using coordination chemistry,
where the metal has usually had a central role in the self-assembly.
For the sake of completion, we would like to mention several
examples of metal-containing nanofibers that have been developed
where the metal is not critical to the assembly, but can still be active

in the function of the material. Also, we highlight one article that
was published while this manuscript was under review. The inter-
ested reader is encouraged to examine the original literature for
leading references and further details.

Organometallic species have been incorporated into
nanofibers by several techniques. Manners and co-workers
have been actively developing nanofibers that incorporate
metals by the self-assembly of block copolymers where one
of the blocks contains a poly(metallocene) component. For
example, poly(isoprene)-poly(ferrocenylsilane) block copoly-
mers form long, fibrous micelles that contain metals [75].
Poly(dimethylsiloxane)-poly(ferrocenylsilane) block copolymers
also form long fibrous structures with diameters of ca. 25 nm and
lengths of >100 wm [76]. These materials have redox-active metal
centers that may be used to change the color and properties of the
fibers, and they are potential precursors to magnetic nanowires.
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47aR = CHa, (R)s = (H)s, n = 1

47b R = CHj, (R')5 = (H)5, n =2 48
47cR,R = (CH2)5, (R')5 = (H)5, n=1

47dR'=H, (R)s = (H)s, n = 1

47e R = CHa, (R)s = (H)4,CHa, n = 1

47f R = CH,, (R)s = (H)4,C(CHa)s, n = 1

479 R= CH3, (R')S = (CH3)5, n=1

Fig. 45. Chemical structures of low molecular weight metal-containing gelators 46-48.

Fig. 46. (a) TEM and (b) SEM images of the gels of complex 46 prepared in chloroform and benzene/chloroform, respectively. Copyright Wiley-VCH Verlag GmbH and Co.
KGaA. Reproduced with permission from ref. [77]. (c) TEM, (d) SEM and (e) AFM images of the gel of complex 47a prepared in toluene. Reprinted with permission from ref.
[78b]. Copyright 2009 American Chemical Society. (f and g) TEM images of the gels of complex 48 prepared in DMSO and DMF, respectively. Copyright Wiley-VCH Verlag

GmbH and Co. KGaA. Reproduced with permission from ref. [57a]. (h) Dark-field optical microscopic image of the gel of a modified pincer complex in an ionic liquid.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA. Reproduced with permission from ref. [79].
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D6tz and co-workers have reported several fiber-forming low
molecular mass gelators equipped with metal complexes. They first
prepared a carbohydrate derivative that functioned as a carbene
ligand for Cr(CO)s5 (46, Fig. 45) [77]. This molecule was found to
form stable gels, and high quality fibers were observed by TEM and
SEM (Fig. 46a and b). In another study, they reported a series of
cholesterol molecules functionalized with titanocene and differ-
ent substituents (e.g., 47 in Fig. 45) that formed twisted, helical
fibers (Fig. 46c—e) [78]. Moreover, they found that incorporation of
titanocene enhanced the range of solvents gelated compared with
the purely organic analogue where the titanocene is replaced by
an aromatic moiety. Pyridine-bridged bis(carbene) palladium pin-
cer complexes (e.g., 48, Fig. 45) assemble into fibers (Fig. 46f and
g) and form gels in several solvents [57a]. Significantly, the authors
showed that the organometallic gels are active catalysts for Michael
addition reactions. In an extension of this study, they found that the
modified pincer complexes could also form fibers (Fig. 46h) and
gels in ionic liquids in addition to many organic solvents [79]. The
authors invoked -t interactions, van der Waals interactions, and
possibly metal-metal interactions to explain the supramolecular
assembly.

While this manuscript was under review, a very interesting
paper was published that reports nanofibers from the controlled
diffusion of Cu(Il) ions into a solution containing NaOH and p-
or L-aspartic acid [80]. Extremely long (centimeters), well-defined
nanofibers with diameters of 100-200nm were obtained and
imaged by TEM. CD studies confirmed that the fibers are homochi-
ral, though the structure of the fibers is not well known. By varying
the metalion and the amino acid, it is likely that this elegant method
can be applied to make a new family of metal-containing nanofibers
for potential catalytic and sensing applications.

5. Summary

Metal-containing nanofibers share a common thread: they are
fascinating materials with intriguing structures, dynamic prop-
erties, and excellent potential for real applications. Numerous
researchers have made significant breakthroughs in the under-
standing of molecular assembly of coordination complexes with the
goal of assembling nanofibers. Self-assembly through coordination
chemistry and also through electrostatic interactions provides a
robust strategy to generate diverse one-dimensional fibrous struc-
tures with various degrees of control. This bottom-up approach
renders an easy way to tune the properties of the nanofibers by
modifying the functionality of the organic building blocks, such
as the peripheral substituents and shape of the ligands. In addi-
tion, changes in the geometry, oxidation state, magnetic properties,
and electronic configuration of the metal centers in the coordina-
tion polymers alter the morphology and properties of the fibrous
aggregates.

Recent investigations in the field demonstrate the potential
of using the sensitivity of metal-ligand interactions to external
stimuli to produce changes in structure and properties of fibrillar
materials. For example, Kimizuka has unveiled a new coordination-
chemistry based approach to controlling the properties of physical
gels, and this may open new opportunities for controlled drug deliv-
ery, gel-based actuators, and other intriguing applications.

Another interesting area of exploration is the use of coor-
dination chemistry to develop new materials with hierarchical
supramolecular structures. While significant advances using
hydrogen-bonding have advanced this field, coordination chem-
istry has been rarely applied. Given the large number and diversity
of coordination structures available, it should be possible to
construct very interesting, functional hierarchically structured
nanofibers.

In spite of the significant advances that have been seen, there
are still many areas to explore. Coordination nanofibers with direct
metal-metal bonding, nanofibers composed of hydrogen-bonded
metal complexes, and nanofibers that are hollow are exciting areas
that have received little attention. The development of hollow
nanofibers based on coordination chemistry may be useful to gen-
erate catalytic and electrocatalytic materials.

Without a doubt, we can expect many new exciting develop-
ments to emerge in the field of fibrillar coordination chemistry in
the coming decade.
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Glossary

chlorin: a porphyrin analogue in which the double bond between two (3-carbon
atoms of a pyrrole has been reduced to a pyrroline. Thus, chlorin is a heterocycle
that is comprised of three pyrroles and one pyrroline connected by four methine
linkages.
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H-aggregates: aggregates in solution that cause a hypsochromic shift (blue shift) in thixotropic gel: a gel that becomes liquid upon shaking or stirring, but returns to a
the absorption band compared that of the monomers. gel state upon standing.
J-aggregates: aggregates in solution that cause a bathochromic shift (red shift) in the xerogel: a fibrous, porous network obtained from the removal of the solvent(s) from

absorption band compared that of the monomers. a gel.
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