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Abstract

This review highlights the recent progress of nanosize crystals
based on coordination polymers (CP). Development of synthetic
method with controllable size and shape in nanometer regime as
well as understanding of size and surface effects of the CP nano-
crystals is urgently requisite on behalf of future application of
them to new organic—inorganic hybrid nanomaterials.

¢ Introduction

With the growing interest in creating advanced materials us-
ing nanoscale building blocks, nanosize crystals based on inor-
ganic materials such as metals, metal oxides, metal sulfides,
and carbons have been developed extensively during the past
decade.! On the basis of the study on those nanocrystals, many
interesting optical, electronic, and chemical properties which
are crystal size- and shape-dependent have been discovered.
For example, O0-dimensional nanocrystals, which are recognized
as “nanopaticles,” have attracted much attention because of
quantization of electronic states, nonlinear optical properties,
large-surfaces, catalysts, assembling with high regularity at
nanometer scale, molecule carrier, and so on.!** One-dimen-
sional crystals with nanometer scale diameters and high aspect
ratios such as nanowires, nanorods, and nanotubes, are currently
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the focus of interest for their potential applications to key com-
ponents of electronics, photonics, mechanics, conductors, fluid-
ics, and sensing in nanodevices.!d€

On the other hand, nanosize materials (nanoparticles, nano-
wires, and nanotubes) composed of pure organic components are
of intense interest owing to the diversity of the structures and
weak intermolecular interaction forces of the van der Waals
type, which are fundamentally different from those of inorganic
metals and semiconductors.” Especially nanomaterials based on
organic polymer latex particles and their colloidal crystals are
extensively studied and can be used as nanotemplates and pho-
tonic band gap materials.’*2 An equally intense effort has aimed
to construct simpler synthetic nanotubes, inspired by the remark-
able functions of tubular structures in biology. Studies on hollow
cylindrical nanotubes comprised of cyclic peptides, amphiphilic
saccharides, and cyclodextrins are the center of attraction.”'

Coordination polymers (CP) are metal-ligand compounds
that extend infinitely via self-assembling process (Figure 1).3
CP with infinite structures have been studied intensively in the
last decade. In particular, structure study and architecture control
through single-crystal X-ray investigations in terms of crystal
engineering have been major work in the research area.> Recent-
ly, many researches are embedded in the area of utilization of
their functions, such as redox property, magnetism, conductivity,
catalysis, luminescence, spin transitions, and porous properties.*
By choosing and the combination of ligands and metal ions, one
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Figure 1. Schematic illustration of coordination polymer nanocrystals.
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can design or tune the above chemical and physical properties
and, thus, realize various applications.

However, most CP materials have taken the form of bulk
crystalline solids so far, therefore, the properties of CP are usu-
ally originated from their bulk crystalline solids whose crystal
sizes range from 0.1 um to I mm. Construction of CP at nanome-
ter scale® would produce nanosize crystals with finite repeating
unit structures. In this review, we define such nanosize materials
(2-100 nm) as “CP nanocrystals” whose properties are different
from those of bulk CP and show unexpected information about
nanomatrerials. Recent studies on the syntheses, characteriza-
tions and properties of the CP nanocrystals, e.g., nanoparticles,
nanorods, nanowires, and nanocomposites are highlighted.

¢ Synthesis of Coordination Polymer
Nanocrystals

In order to obtain the inorganic nanosize materials based on
metals and carbons, a number of chemical and physical methods
have been developed so far.% Classification of the methods is
summarized in Figure 2. On comparison between top-down
and bottom-up techniques, the latter has been developed exten-
sively in the last decade because the size and shape of nanoma-
terials can be more easily controlled. Various nanocrystals were
efficiently prepared by both the vapor®®® and the solution®¢
methods. Use of templates or nanospaces composed of lipids,
micelles, clays, and zeolites together with the chemical vapor
deposition, solution reaction, sol-gel, and electrodeposition
methods is one of the most effective techniques.®"¢ The utiliza-
tions of crystal surface stabilizers such as ligands, surfactant, and
polymers in the mild solution methods are now widely accepted
by chemists because of the easy accessibility and low cost.

Usually the bulk CP materials are synthesized by mixing
both solutions of metal ions and bridging ligands. Hence it is
likely to employ the solution techniques to prepare the CP nano-
crystals. Inspired by the inorganic nanomaterials, several at-
tempts at synthesis of CP nanocrystals have emerged in the last
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few years. The uses of ligands, surfactants, polymers, protein,
silica, mesoporous alumina, and hydrothermal process in the
preparations of CP have demonstrated how the crystal growths
were effectively inhibited and the resultant nanocrystals were
stabilized (Table 1).

top-down
Milling and clashing
of bulk materials

vapor method
chemical vapor deposition,

bottom-up laser ablation, plasma, etc

Reaction or assembly
from atoms or molecules

solution method
chemical reduction, sol-gel,
supercritical fluid,
electrodeposition, etc
Figure 2. The classification of preparation methods of inorgan-
ic nanomaterials.

Currently the challenge to prepare the CP nanocrystals has
been mainly focused on Prussian blue (PB) analogues
M;"*[M'(CN)g]"~ (Figure 3) because the PB analogues are
structurally simple (divalent and trivalent metal ions are linked
with CN ligand to form cubic infinite structures), easy to prepare
and characterize, and now play important roles in the field of
molecular based magnets.” The versatile superexchange interac-
tions between the neighboring metal ions through the cyanide
bridges afford them unique magnetic properties such as high
temperature magnet, magnetic pole inversion, spin glass, and
photomagnetism, depending on constitutes and ratios of the met-
al ions.

First PB-based nanoparticles (normal PB, cobalt hexacyano-
ferrate and cobalt pentacyanonitrosylferrate) with uniform
shapes and sizes have been prepared in confined nanoscale water
droplets formed from reversed microemulsion by use of anionic
surfactant sodium bis(2-ethylhexyl)sulfosuccinate (Aerosol OT;

Table 1. Nanocrystals of coordination polymers

Compound Morphology Size/nm Crystal growth inhibitor Nanosize effects" Reference
Fell,[Fe™(CN)s1"~ cubic particle 12-54P reversed micelled SO, SL 8a
Co'l;[Fe™(CN)g "~ cubic particle 12-22° reversed micelled SO, SL 8b
Col;[Fe'(CN)sNO|"~ cubooctahedral particle 27 reversed micelled SO, SL 8b
Nill,[Cr'™(CN)g 1~ sphere particles 3 reversed micelled® SO, SP 9
Coll;[Fe! ermk (CN)g 1"~ cubic particle 5-7 reversed micellef SO 10
Fe!l,[Fe™(CN)g 1"~ sphere particle 12-27° PVP SO, SP, MD, SM, SE, FF 11a, 11b
Fe!l,[Fe™(CN)g "~ sphere particle 5-8 PDDA SO, SE, FF 11b
Co'l,[Fe™(CN)¢ 1"~ sphere particle 8-10 silica matrix MD, SP 12
Fell,[Fe™(CN)s1"~ sphere particle 5 apoferritin — 13
Fe!l,[Fe™(CN)s]"~ one-dimensional wire ~ 50° porous alumina MD 14
porous CP* sphere particles 3045 neutral surfactant® — 15
porous CP?* one-dimensional rod 100° porous alumina — 15
ZnF(3-amino-1,2,4-triazole) one-dimensional rod submicron® solvothermal process PN 16
Ni(NH3)6Cl, layered tube 20-40¢ PVP — 17

@ Structures were not well determined. ® Crystal sizes could be controlled. ¢ Diameters of the one-dimensional crystals. ¢ AOT as the
surfactant. ¢ p-Nitrobenzylpyridine as the crystal stabilizer. " Penta(ethylene glycol) mono 4-nonylphenyl ether as the surfactant and
stearylamine as the crystal stabilizer. ¢ Brij 30 as the surfactant. " SO = solubility, SL = superlattice, SP = superparamagnetism,
MD = magnetic breaking temperature decrease, SM = size-dependent magnetism, SE = surface effects, FF = film-forming property,

PN = precursor of nanomaterials.

Published on the web (Advance View) January 15, 2005; DOI 10.1246/c1.2005.132
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Prussian Blue Analogues cubic space group

PmM3m

MaII[MbIII(CN)G]n-

(M, =M, = Fe, Mn, Ni, Cr, Co, V etc.) — =CN ligand

Figure 3. Chemical formula of PB analogues and their sche-
matic illustration.

Figure 4. TEM images of cobalt hexacyanoferrate nanoparti-
cles (left) and cobalt pentacyanonitrosyl ferrate nanoparticles
(right) synthesized in AOT water-in-oil microemulsions. Scale
bars = 200 nm. Reprinted with permission from Ref. 8b. Copy-
right 2002 American Chemical Society.

AOT) (Figure 4).® The averaged size of the nanoparticles could
be finely tuned by concentrations of the reactants from 12 to
54 nm.

Nanoparticles of a PB analogue such as cyanide-bridged
Cr™-Ni" have been synthesized by the same reverse micelles
technique (AOT system).” p-Nitrobenzylpyridine was used as a
peripheral ligand to separate the nanoparticles from the inversed
micelle medium. Similarly, different PB analogue has been
transformed to the nanoparticles stabilized by stearylamine in re-
versed micelle composed of neutral surfactant (penta(ethylene
glycol) mono 4-nonylphenyl ether).!® In this report, Co™, Fe™,
and Cr'™ could be incorporated in the nanoparticles with various
ratios, which changes optical and magnetic properties of the
nanomaterials.

Organic polymers such as poly(vinylpyrrolidone) (PVP) and
poly(diallyldimethylammonium chloride) (PDDA) were em-
ployed to control the crystal size of the PB nanoparticles.'!
PVP has repeating amide moieties that can weekly bind to iron
ions based on the coordinate interactions. It is expected that pos-
itively charged PDDA interacts with negatively charged PB col-
loid. The principle is based on the fact that the polymers can in-
teract with growing PB nucleus in the site-specific way, depend-
ing on their functional groups. In the synthesis of PB nanoparti-
cles protected by PVP, differences in experimental conditions
significantly affect the size changes of the PB nanoparticles in
the nanometer scale. The averaged dimensions of the PB nano-
particles were tuned from 12 to 27 nm depending on the concen-
trations of Fe ions and feed ratios of Fe to PVP (Figures 5a—5d).
Addition of PDDA produced the PB nanoparticles with very
small dimensions (5-8 nm) by the effective electrostatic interac-
tion (Figure 5e).

The fabrication of nanocomposite material containing the
photomagnetic K,Co,[Fe(CN)s] nanoparticles in a porous silica
matrix has been reported.'> The nanocomposite material was
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pared at [Fe>*] = [Fe**] = 10mM, [PVP]/[Fe**] = (a) 20, (b)
50, and (c) 100. (d) PVP-protected PB nanoparticles obatined at
[Fe>*] = [Fe’**] = 1 mM. [PVP]/[Fe**] = 100. (¢) PDDA-pro-
tected PB nanoparticles at the condition of [Fe’*] = [Fe’*] =
3mM. [PDDA]/[Fe’*] = 100. Scale bars in all figures =
100 nm. Reprinted with permission from Ref. 11b. Copyright
2004 American Chemical Society.

synthesized by carrying out the preparation of K,Co,[Fe(CN)¢]
during sol—gel reaction in which the precipitation of the PB fam-
ily were trapped by the silica matrix at nanometer stage. This
material showed photomagnetic behavior similarly to the bulk
compound.

A biological route for preparing PB nanoparticles has been
developed.'* The PB nanoparticles were successfully formed
in cages of protein shell (apoferritin) with a diameter of about
8nm. The formation of the PB nanoparticles was achieved
by dissociation of apoferritin into subunits with trapping
[Fe(CN)s]*~ at pH 2, followed by its reconstruction at pH 8.5
and subsequent reaction with Fe!' (Figure 6). The averaged di-
ameter of the resultant bionanoparticles observed by TEM was
about 5 nm, consistent with the cage size of apoferritin.

Prussian-biue Feritin

Figure 6. Formation of PB nanoparticles in the dissociation—re-
construction process of apoferritin. Reprinted with permission
from Ref. 13. Copyright 2003 American Chemical Society.

One-dimensional PB nanowire arrays have been prepared by
an electrodepositing method with a porous aluminum oxide
film.'* The PB nanowires were deposited in the porous alumi-
num oxide and were separated by dissolving the alumina tem-
plate with a strong acid. The TEM and selected area electron dif-
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fraction images of the isolated product showed PB nanowire ma-
terials with diameters of about 50 nm (Figure 7; left), which was
consistent with the pore size of the alumina.

Besides the nanocrystals of PB analogues reviewed above,
we note that there are various and many other CP components
available in the nanocrystal forms. The key aspects of strategy
for unique CP nanocrystals are utilizations of the organic li-
gands. With diverse structures and designable functions, the or-
ganic ligands play important rolls in the attractive properties of
CP. If the ligand structure as well as the crystal size of CP can be
systematically controlled, it may become possible that the both
factors cooperatively tune the CP properties.

In fact, preparation of the CP nanocrystals that are different
from the PB derivatives have not been attained yet. A suggestive
experiment for decreasing the crystal size of porous CP to nano-
meter size (30—100 nm) by use of a nonionic surfactant (Brij 30)
and anodic alumina membrane was reported,'> even though the
crystal structure of the products were speculated ones.

Tubular nanostructures composed of CP would provide dif-
ferent functions from those of carbon nanotubes. Recently the
CP crystals [ZnF(AmTAZ)]-solvents (AmTAZ = 3-amino-1,2,
4-triazole) with hollow tubular structure have been synthesized
by solvothermal process, where the crystal size was ranged from
millimeters to submicrometer depending on the reaction condi-
tion.'® Smaller crystals were obtained when higher reagent con-
centrations and shorter reaction time are utilized in the reaction.

Decomposition of [Ni(NH,NH,),]Cl, precursor in the solu-
tion phase produced the layer-rolled [Ni(NH3)Cl, ] nanotubes as
a major product (unfortunately this material was not composed
of organic ligands and was contaminated with undecomposed
[Ni(NH;NH;),]Cl, and Ni particles) and the Ni complex nano-
tubes were stabilized by PVP.!” The TEM images of the obtained
materials showed that nanotubes have 4-8 layers rolling struc-
ture with diameters ranging from 20 to 40 nm and length up to
2 um (Figure 7; right). The advantage of this method compared
with the synthesis of inorganic nanotube materials is mild and
simple solution approach.

Figure 7. TEM images of PB nanowires (left) and [Ni(NH3)s]-
Cl, nanotubes (right). Reprinted with permission from Refs. 14
and 16. Copyright 2002 and 2004 American Chemical Society.

¢ Nanosize Effects of Coordination
Polymer Nanocrystals

Of special interest in the CP nanocrystals is search for their
nanosize effects. The expected nanosize effects of the low-di-
mensional CP nanocrystals are as follows (Figure 8). The first
one is an enhanced solubility. Generally, little is known about
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the metal-ligand species which may perform in solutions before
they are assembled onto the bulk CP. CP nanocrystals, especially
nanoparticles and some nanorods, may be dispersed in solvents
and play a key role for understanding the chemistry of CP in “so-
Iution” state. The second advantage is isolation of the unique
electron and spin states of CP in nanometer scale. This will af-
ford new sciences for quantum, size-dependent, and surface ef-
fects of CP, giving novel chemical and physical functions. The
third is improvement in their processability. The bulk CP with-
out crystal size and morphology control have limited their proc-
essability into films, fibers, and desired shapes. The assembly of
nanocrysals into materials with higher-order architecture is col-
lectively termed nanotectonics and is now studied extensively.'8
The synthesis of hierarchically ordered CP is of potential interest
in various fields including catalysis, separations, and materials
chemistry.

Q 2-dimensional crystal

[ilni.\mlupy, non-linear effect, orientation, r:r,]

Three-dimensional
bulk CP crystal

= 1-dimensional crystal
[unbolmp}ucuml::ctkm. non-linear and quantum effects, m-.]
=] 0-dimensional crystal
[so!ubﬂ:ty. size-dependency, surface and quantum effects, g-r:'.]

Figure 8. Nanosize effects expected for the low-dimensional
CP nanocrystals.

In respect of solubility, many CP nanocrystals with small
crystal sizes have been found to be soluble in many solvents be-
cause of the effective assistance of the crystal-protecting agents
such as long alkyl ligands®'° and organic polymers.!' For exam-
ple, the PB analogue nanoparticles protected by those organic
stabilizers are soluble in many organic solvents, although bulk
PB is insoluble in any organic media. Owing to the high solubil-
ity, the nanoparticles revealed new properties such as solvent-
dependent absorption and enhanced processabilities, which will
be mentioned below.

1.2

MT/M s

Temperature /K

Figure 9. Size-dependent magnetization curves of PVP-
protected PB nanoparticles (O: bulk PB, ¢: 27nm, B: 16 m,
A: 12nm).
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Figure 10. Absorption spectra of (a) bulk PB, (b) PVP-protect-
ed PB nanoparticles (12 nm), and (c) PDDA-protected PB nano-
particles in water.

Unprecedented size-dependent and surface effects of the CP
nanocrystals were observed in the PB nanoparticles. It is note-
worthy that the magnetic properties of the PB nanocrystals in-
cluding nanoparticles and nanowires showed different features
compared with the bulk materials. The magnetic breaking tem-
peratures (7.) of the nanpcrystals where the PB analogues turn
to ferromagnetic compounds were reported to be often lower
than those of corresponding bulk materials.'!"'>!4 In addition,
the PB analogue nanoparticles were found to show superpara-
magnetic behaviors due to the single magnetic domain in one
particle.>!"®!2 These magnetic behaviors arise from the drastic
decrease in the grain size and the increase in the surface-to-vol-
ume ratio of the PB nanoparticles. Especially, in the studies of
the polymer-protected PB nanoparticles, it was observed that
T. depends on the particles size (Figure 9).!! Moreover, the mag-
netic properties of PB nanoparticles are affected by the surface
protected polymer.!'® One polymer (PDDA) on the surface of
the PB nanoaprticles enhances the magnetic coupling in PB
compared to another polymer (PVP) protection system. On the
other hand, the absorption spectra of the PB nanoparticles pro-
tected by the organic polymers showed apparent shifts of inter-
metal charge-transfer (CT) band from Fe?* to Fe** compared
with that of bulk PB because of large area interactions between
the surface polymers and the inner PB particles. The absorption
maxima for CT bands of the PB nanoparticles with the different
polymer protections showed different absorption shifts
(Figure 10)."'® This fact indicates that the surface-protecting
polymers give a great influence on the energy expended in trans-

cacination

coordination polymer

rodcrystals inorganic rodcrystals

Figure 11. Transformation of CP crystals to inorganic materi-
als with the one-dimensionality retained.
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ferring the electron from Fe! to Fe' in the PB nanoparticles, re-
sulting in the changes in their magnetic property. Moreover
some PB nanoparticles showed a solvent-dependent CT absorp-
tion due to the change at the surface environment.

Higher ordered structures and film formations can be
achieved by the CP nanocrystals covered with long alkyl ligands
or polymers. In the studies of AOT-protected PB analogue nano-
particles, they assembled into nanoparticle array with supperlat-
tice ordering by the highly hydrophobic surface of the PB nano-
particles (Figure 4).% The superlattice structures were organized
with 60-100 nanoparticles while the individual nanoparticles
were separated by 2-3 nm spacing, which is consistent with an
interdigitated bilayer of AOT. Similar superlattice structure
was observed in the study of the stearylamine protected PB ana-
logue nanoparticles.'® The surface polymer protections not only
enhance solubilities of the PB nanoparticles in organic solvents
but also provide film-forming properties when the colloidal dis-
persions of the composites are evaporated,'! suggesting a tech-
nological advantage toward processable CP materials.

Transformation of the CP nanocrystals into different nano-
materials with ordered morphologies is an attractive subject. In
case of the CP crystals [ZnF(AmTAZ)], the submicron rodlike
CP crystals could be transformed to inorganic rod-crystals with
the shape retained.!® Calcination of the CP crystals at elevated
temperature under O, and N, produced wire crystals of ZnO
and ZnCN,, respectively, suggesting possible route for prepara-
tion of one-dimensional inorganic nanomaterials by use of CP
precursors (Figure 11).

¢ Summary and Perspectives

This review illustrates an early but evolving stage of the
studies on syntheses and some properties of the CP nanocrystals
and the related compounds. In the current situation, most of the
research efforts have devoted to the syntheses of the CP nano-
crystals, and their nanosize effects have been explored. In the
studies of the PB nanoparticles, it turns out that the particle sizes
and the surface environments affect both the optical and magnet-
ic properties. These studies would give valuable information for
future applications of the PB analogues to nanomagnetic materi-
als that attract growing interest because of their potential in ul-
trahigh-density magnetic recording systems.'”

As we described in this review article, the syntheses of CP
nanocrystals with organic ligands have not been achieved yet.
Such organic—inorganic nanocrystals with a variety of combina-
tions may be utilized in the development of advanced nanoma-
terials because of weak bonding interaction and versatility of
the electronic state. Considering those, the advantageous fea-
tures of “CP nanocrystals” are expected as follows (Figure 12).

1. Chiral nanocrystals; Nanocrystals of CP with chiral li-
gand will show some advanced properties. One can realize
that the CP nanocrystals with chiral bridging ligands and
active transition metals may be used as intelligent catalysts
in asymmetric reactions. Another advantage of the chiral
CP nanocrystals is capability for constructions of compli-
cated nanostructures such as twists, helices, and spirals.

2. Porous nanocrystals; In the research area of the bulk CP
materials, porous CP is now center of interest for their zeo-
litic applications. If the porous CP crystals can be deduced
into nanometer scale with precise size and shape controls,
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the resultant nanosize crystals will not only show the im-
proved zeolitic functions but also open new nanoscience
of the porous materials. The attractive and potential mat-
ters for such materials are unprecedented adsorption, pre-
cise guest inclusion, pore orientation, and nanofluidics. For
example, the porous CP nanocrystals may be applied to
guest molecular carriers and drug delivery systems
(DDS). Depending on the crystals size, the porous CP crys-
tals can control the number of the incorporated guest mole-
cules in the pores, which will lead to a molecular-weight-
controlled polymerization system when organic monomers
are employed as the guest molecules. Such attempts are
now undertaken by our group.

. Soft nanocrystals; Responding to external physical or
chemical stimuli, the noncovalent bonded CP structures
often exhibit soft and dynamic behaviors. It is difficult
for the rigid inorganic nanomaterials to achieve the flexi-
ble conformational changes. Work on the CP nanocrystals
with dynamic structures, which can be manipulated by
heat, light, redox, spin transitions, and host—guest interac-
tion, should be interesting. For example, the accessible and
movable electrons in the metal complexes lead to drastic
phase transition behaviors based on the different electronic
states. Therefore CP nanocrystals with the dynamic struc-
tures may be applied to sensors, memories, indicating ma-
terials, nanoreactors, and nanoactuators, which can open
another scope in nanomaterials science.

Porous nanocrystal
+ novel adsorption

* molecular separation

* guest alignment

+ molecular container

* precise guest inclusion
+ fluidics

Chiral nanocrystal
« helix, spiral
* catalyst

Soft nanocrysh_ll

Figure 12. Expected properties of CP nanocrystals.

The research of the CP nanocrystals is just one topic in the

subjects focusing on the crystal size and morphology of CP.
Study on crystal growth controls of CP with requisite sizes from
mm to nm regime and desired morphologies from 0-dimensional
to more complicated shapes, which is still in its infancy, should
find new features different form inorganic materials and contrib-
ute to the development of the CP chemistry. We will witness the
beginning of what science develops between the research areas
of coordination chemistry and materials chemistry.
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