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a b s t r a c t

In this review, several typical nanomaterials are selected to demonstrate the coordination effect on
the control of structure/microstructure/texture, surface/interface, particle size and morphology. Based
on the principle of coordination chemistry, with some solution-based methods including solvother-
mal treatment and the thermolysis of metal complex precursors, a series of novel nanostructured
eywords:
are earth nanomaterials
oordination chemistry
ynthesis
ssembly

rare earth compounds, such as ultra-small colloidal ceria nanoparticles, highly homogenous and stable
ceria–zirconia solid solutions, and high-quality rare earth oxide and fluoride nanocrystals, etc., have been
prepared by elaborately controlling the synthetic parameters and reaction kinetics. In order to reveal the
mechanisms of synthesis, assembly, and properties, the phase, microstructure, texture, and surface state
have been characterized systematically. The main applications of coordination chemistry principle in the
synthesis and assembly of rare earth nanocrystals have been summarized, which also can be extended

f oth
to direct the fabrication o

. Introduction

Rare earth materials have been widely used in the various areas
uch as luminescent, magnetic, and catalytic materials, by virtue of
heir unique properties originating from their 4f electron config-
rations [1–5]. The coordination chemistry of these special metal
ons plays an important role in the preparation and application of
he functional materials. Since early times, the principle of coordi-
ation chemistry was used in the separation of different rare earth

ons by solvent extraction. Using organic coordinated ligands with

∗ Corresponding author. Tel.: +86 10 6275 4179; fax: +86 10 6275 4179.
E-mail address: yan@pku.edu.cn (C.-H. Yan).

010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.02.007
er nanomaterials.
© 2010 Elsevier B.V. All rights reserved.

different complexation affinities for rare earth ions, the rare earths
can be manufactured in high purity by the countercurrent extrac-
tion process. Rare earth coordination complexes are expected to
afford some new properties, for the functional materials, com-
pared to those simple traditional rare earth materials. For example,
some complexes containing Eu or other rare earth ions can absorb
excitation energies with the coordinated ligands, and the follow-
ing energy transfer process will excite rare earth ions to give the
anticipated luminescence emission [6]. This process can effectively

increase the absorption cross-section, and hence enhance the lumi-
nescence efficiency of phosphors as well. Rare earth-based single
molecular magnets also utilize coordination chemistry to endow
crystals with various desired structures, which ensure the effective
magnetic interactions between rare earth ions [7]. Furthermore,

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:yan@pku.edu.cn
dx.doi.org/10.1016/j.ccr.2010.02.007
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he application of coordination chemistry in the fabrication of rare
arth solid materials has also attracted the interests of scientists.
specially for the nanomaterials, the large surface to volume ratio
ould result in much more coordinated ligands bound at the sur-

ace than that for the common bulk materials [8]. The properties
odified by these ligands will also provide some new trends for

ractical applications.
In recent decades, nanoscience has attracted extensive attention

ecause of the small size and novel properties of nanomaterials,
hich provide ultra small composites with high packed den-

ities, and some new functional materials [9–14]. Usually, the
ovel properties of nanomaterials come from four main effects
pecifically the quantum confinement effect, small size effect,
urface effect, and dielectric confinement effect [15–17]. In the
ase of quantum dots, the properties are highly related to the
article size and influenced by the quantum confinement effect.
or rare earth based nanomaterials, the isolated rare earth ions
etermine the properties. Generally, the quantum confinement
ffect could not be observed because the size of the nanocrys-
al is much larger than its Bohr radius. Therefore, surface effect
s the main factor which influences the physical and chemical
roperties, such as size, shape, dispersibility, luminescence, and
atalytic activity of nanomaterials, because surface effect gen-
rally exists in all materials and plays a more important role
hen the size of the materials reduces to have larger surface

rea.
In most cases, the surface effect comes from the different atom

tructures from surface relaxing lattices or the capping ligands
hich coordinate to the surface atoms of nanomaterials and thus

tabilize the surface. Because the lattice relaxation is a spontaneous
rocess to minimize the free energy of the surface, it is usually
ifficult to control as designed. As for the capping ligands, they can
e varied among diverse molecular structures, and hence it is much
asier to modify the surface properties through this approach. In
rder to saturate the coordination number of the surface rare earth
ons, capping ligands must be introduced to stabilize the surface.
he interactions between capping ligands and surface atoms can
e divided into two main categories. One is electrostatic attraction
orces between counter ions and surface charges. Electrostatic
orces show no specificity, so those counter ions adsorbed on the
urface only have weak interactions to the surface atoms, which
an be easily substituted. The other one is the coordination bond,
hich originated from the interactions between metal ions and

oordinated ligands. Coordination bonds usually have high bond
nergies, so these tightly bound capping ligands can be treated as
part of the nanomaterials, which influence the surface properties
f nanomaterials and provide some new properties originating
rom the ligands.

Besides the influence on the properties of nanomaterials, coordi-
ation chemistry also plays an important role during the synthesis
rocess of these nanomaterials. The main effect of the coordi-
ated ligands in the synthesis process is the control over the
oncentration of metal ions, which controls the growth kinetics
f nanocrystals. The passivation of the surface will also change the
urface energies and influence the prefered shape of the nanocrys-
als, which has an indirect influence on the properties of the
anomaterials.

Considering rare earth-based materials, especially for nano-
ized materials, coordination chemistry also plays a significant role
uring the synthesis and assembly process as for the common tra-
itional metals. In addition, because rare earth ions usually have a

igher affinity for oxygen than other kinds of coordinated atoms,
xygen contained functional molecules/ions such as OH−, inorganic
xyacid anions, fatty acid, and ethylene diamine tetraacetic acid
EDTA) are usually used as capping ligands to act on rare earth
ons. The strong interactions between oxygen atoms and rare earth
Reviews 254 (2010) 1038–1053 1039

ions can provide more opportunities for the adjustment of surface
energy and passivation of surface atoms. The strong and stable coor-
dination bond will also allow further reactions to occur only on the
ligands.

Because of the importance of rare earth materials in the mate-
rials science, some reviews have been presented to summarize
the synthesis and application of rare earth functional nanomate-
rials [18–21]. The application of coordination chemistry principles
can also be found in the description of the routine synthetic and
assembly methods. Herein we will use basic coordination chem-
istry principles to reveal some generally employed methods for the
controllable synthesis and assembly of rare earth-based functional
nanomaterials, and summarize the research results obtained in our
group mainly based on the rare earth nanomaterials as examples.
The principles also come from the accepted viewpoints deduced
from those well-studied systems such as quantum dots and other
nanomaterials, and most of the protocols described here can be
extended to other nanomaterials. Aspects of the luminescence and
magnetic properties of rare earth materials are not included in this
review.

2. Coordinated ligands as anion sources

A common route for the synthesis of elemental nanomaterials
is the decomposition of appropriate precursors, or the redox reac-
tion of the corresponding compounds. The reaction rate is easily
controlled by the adjustment of the concentration of single pre-
cursor. For the synthesis of complex nanomaterials, the products
come from the combination between anions and ions in the solu-
tion based coprecipitation process. The crystallization process is
influenced by the concentration of both anions and cations from
different sources, which make it hard to control the process. In
order to control these processes, one reaction reagent is usually in
excess to avoid its influence on the growth of nanocrystals. How-
ever, this method leaves a large amount of excess reagent and the
compounds as byproducts, which is neither efficient nor environ-
mentally friendly.

Single-source precursor can be applied for the synthesis of
binary compound nanomaterials to avoid the problem mentioned
above. The anions are released from the coordinated ligands,
which exist in the precursors and coordinate with metal ions,
during the decomposition of the precursors. Because the decom-
position of precursor and the combination between anion and
metal ion occur at the same time, the control over the growth of
nanocrystals can be achieved by the adjustment of the precursor
concentration.

This single-source precursor method was first applied for
the synthesis of II–VI semiconductor and metal chalcogenide
nanocrystals [22–24], and succeeded in preparing monodisperse
nanocrystals. We have extended this method to the synthesis of
rare earth compound nanocrystals. Using rare earth trifluoacetate,
acetylacetonate, xanthonate as precursors, we can obtain rare earth
fluoride [25,26], oxide [27,28], and sulfide [29–31], respectively.
The growth process can also be controlled by the adjustment of
precursor concentrations, and the detailed synthetic results will be
discussed in the following sections.

3. Controllable synthesis and assembly of monodisperse
nanocrystals

The size and shape control over nanocrystals during the synthe-

sis procedure is always the key point of the nanoscience, because
the properties of nanomaterials are often closely related to their
size and shape [32–36]. Various factors can influence the size and
shape of as-prepared nanocrystals, and some review articles have
summarized the principal results obtained in recent years [37–41].
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where [M], [L], and [ML] are the actual concentrations of the corre-
Fig. 1. LaMer curve [45], which describes the growth kinetics of crystals.

erein, we will discuss the kinetic control and the surface passiva-
ion methods, which are the most used protocols for the control
f size and shape, and introduce some recent synthetic results
btained in our group to show the application of coordination
hemistry principles in these processes. In the beginning, the size
ontrol of nanocrystals via the adjustment of kinetics will be intro-
uced.

.1. Description of growth kinetics of nanocrystals in solution

The growth of a crystal in solution is a well-studied process
42–44]. Most results obtained in the research of crystallization
rocesses can be extended to the growth of nanocrystals. Usu-
lly, the growth kinetics can be described by the Lamer curve [45],
hich divides the whole crystallization process into four main

tages, named as consequent monomer accumulation, nucleation,
rowth, and recrystallization processes. Monomer is defined as the
asic source for crystallization and usually recognized as the cor-
esponding naked ions or molecules which directly build up the
anocrystals. As shown in Fig. 1, the concentration of monomer is
ealized as the key factor to determine the kinetic characteristics
f the system. Two specific values, namely, nucleation concen-
ration (cn) and saturation concentration (cs), are used to clarify
he unsaturated, nucleation, and growth process. The first stage
s the accumulation of monomer. The concentration of monomer
ncreases in this stage by the addition of raw materials, or by the
eaction from precursors. Because the concentration of monomer
s below the nucleation concentration, no crystals are formed in
he solution. When the concentration reaches the nucleation limit,
omogeneous nucleation process will occur to form crystal nuclei

n the solution (Stage II). Meanwhile, because the concentration
f monomer is also higher than the solubility (saturation concen-
ration) of the nanocrystals, all the nuclei will grow in the solution,
hich also consumes the monomer. The concentration of monomer
ill then decrease during the middle period of nucleation process,

ecause the consumption rate for monomer will increase with the
ncreasing nuclei number, which will finally exceed the rate for
he formation of monomer. When the concentration of monomer
rops back below the nucleation concentration, the nucleation pro-
ess will stop, and no more nuclei will form in the solution (Stage
II). After that, the solution will enter the growth stage for crystal-

ization.

In the growth stage, all crystals formed in the nucleation process
ill continuously grow because the concentration of monomer is

till higher than the solubility (super saturation state). According
Reviews 254 (2010) 1038–1053

to the Thompson equation [46],

Sr = Sb exp
(

2�Vm

rRT

)

where Sr and Sb are the solubility of the nanocrystal and the cor-
responding bulk materials, respectively, � is the specific surface
energy, r is the radius of the nanocrystals, Vm is the molar volume
of the materials, R is the gas constant and T is the temperature, the
smaller crystals will have a larger growth rate than larger crystals,
which will cause a size-focus process to level the size of different
crystals.

The next stage can be realized as a recrystallization stage (Stage
IV). Along with the consumption of monomer, the concentration of
monomer will decrease to a certain value just between the solubil-
ity of smaller particles and larger particles. In this stage, the smaller
particles are dissolving while the larger particles are still growing,
so it will further destroy the size uniformity. This process is often
called Ostwald ripening.

According to the growth kinetics described above, we can
deduce some useful results for the growth of nanocrystals. First,
shorter nucleation process will improve the size uniformity of the
products. Because all of the nuclei will grow during the nucleation
and growth process, a long nucleation process will produce new
small nuclei, when the early-formed nuclei have already grown to
a considerable size. So the first control of crystallization for the
synthesis of monodispersed nanocrystals is the burst nucleation
process. Usually, this rapid nucleation is achieved by the injection
of precursors into the reaction system. However a more convenient
route can be used to let most of metal ions exist in the form of com-
plexes, until the temperature reaches the thermal decomposition
point to release metal ions. With the accumulation of monomer
concentration above the nucleation concentration, the burst nucle-
ation process will occur to decrease the monomer concentration,
until the concentration drops back and the reaction enters the
growth stage. Second, the Ostwald ripening process should be
avoided, which is usually achieved by the supply of new additional
monomers. This usually needs an additional operation and the time
required to add raw materials is hard to control during the reaction.

As a brief summary, the synthesis of monodispersed nanocrys-
tals will need a burst nucleation process and a following size-focus
growth stage. The Ostwald ripening process should be prevented
to ensure size uniformity. All of these controls are achieved by the
careful adjustment of monomer concentration. The detailed anal-
ysis and experimental results can be found in the well-studied
process for the synthesis of monodispersed CdSe nanocrystals [47].

3.2. Control over the monomer concentration for monodispersed
nanocrystals

In most nanocrystal synthesis reactions, surfactants or some
capping ligands are added to protect the nanocrystal surface. The
main interactions between these additives and nanocrystals orig-
inate from the coordination effect. During the growth stage, the
coordination effect between the ligands and metal ions will also
affect the actual concentration of free metal ions, which will fur-
ther influence the concentration of monomer and determine the
growth kinetics.

The detailed control of monomer concentration by coordination
can be realized as a metal buffer system as with similar situations
in aqueous solutions. For a specific kind of metal ion M and ligand
L, the stability constant K of complex ML, (defined as [M][L]/[ML]
sponding pure substances) will remain constant during the whole
reaction process.

So the concentration of free metal ions is determined by the
actual concentration of ML and free L molecules, which can be
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urther written as the following equation.

M] = K[ML]
[L]

= K(cM − [M])
cL − cM + [M]

≈ KcM

cL

L and cM are the total concentration of L and M added to the solu-
ion. Under common reaction conditions, the ligands are in excess
elative to the metal ions. So most of metal ions are in the complex
orm, which means the concentration of ML is nearly the same as
M. In this situation, the concentration of free metal ions is much
ower than the total metal amount. So the concentration of M can
e treated as constant determined by the total concentration of

and L. Thus, during the growth of crystals in the solution, the
onsumption of metal ions will be compensated by the decompo-
ition of complex to maintain the concentration of monomers. As
result, the quasi-constant concentration of monomer will control

he growth process to stay at the size-focused stage for a long time,
hich is necessary for the synthesis of monodisperse nanomateri-

ls.
Based on this principle, various ligands can be used in the

ynthesis process to control the concentration of metal ions to mod-
late the growth of nanorystals. For example, rare earth phosphates
nd vanadates are good matrices for the luminescent materials.

VO4:Eu and LaPO4:Ce,Tb are widely used as commercial red and
reen phosphors, respectively [48]. The corresponding nanocrys-
als are also used as phosphors on the nanoscale [49–55]. Because
he solubility of YVO4:Eu and LaPO4:Ce,Tb is very low in water
nder ambient conditions, the growth processes of these crystals

ig. 2. The TEM images of as-prepared CeF3 (a), NdF3 (b), YF3 (c) nanoplates, LuOF nanos
pper inset of each image is the corresponding HRTEM image, and the lower inset is the
or the synthesis of rare earth fluoride and oxyfluoride nanocrystals from rare earth triflu
eprinted with permission from Ref. [70]. Copyright 2007 Wiley-VCH Verlag GmbH & Co
Reviews 254 (2010) 1038–1053 1041

are very fast in aqueous solutions, and usually lead to a non-uniform
size and aggregated particles. In order to stabilize the nanoparti-
cles and to control the growth process, we have used phosphorus
containing polyacrylic acid (PAA) as ligand to coordinate with rare
earth ions [18]. With the existence of PAA, YVO4:Eu or LaPO4:Ce,Tb
will not precipitate by simply mixing the solutions of oxyacid
anions and rare earth nitrate. During the following hydrothermal
treatment, rare earth ions will react with VO4

3− or PO4
3− anions

and crystallize in the solution. PAA molecules will also participate
as the capping ligand on the surface of nanocrystals to prevent
them from aggregation. The excess –COOH in PAA can be further
functionalized to perform some biological usage [18,56–57].

Another route for the control over the concentration of
monomer is the slow release of anions. For the synthesis of
CeO2 and CeO2–ZrO2 nanomaterials, urea is applied as the basic
source other than NaOH [58,59]. The hydrolysis of urea slowly
releases OH− anions and controls the growth process of nanocrys-
tals [60,61].

The principle can also be extended to the synthetic method used
in organic solutions. Here we take the widely used oleic acid (OA),
oleylamine (OM), and 1-octadecence (ODE) solvent system as an
example. The precursors of metals are various oxysalts, which will

react with oleic acid at a certain temperature to form metal oleates.
In the reaction solution, the concentration of oleates is nearly the
same as total metal sources, and the concentration of free metal
ions is kept at a low level to control the growth of nanocrystals.
During the reaction process, free metal ions will combine with the

ized truncated octahedra (d), GdOF nanorods (e), and SmOF nanopolyhedra (f). The
schematic diagram for each of the different shaped nanomaterials. The mechanism
oroacetate precursors through a controlled fluorination process (g).
. KGaA.
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orresponding anions to form nanocrystals. Simultaneously, the
leate complex will decompose to produce new free metal ions.
y the adjustment of the concentration of oleic acid and metal
ources, the concentration of free metal ions can be kept between
he nucleation concentration and saturation concentration, and the
rowth of nanocrystals will be controlled in the size-focus stage to
nsure the size uniformity. This method is first used for the synthe-
is of FePt nanocrystals [13], and then extended to the synthesis of
onodisperse nanosized metals [62,63], metal oxides [64,65], and
ome other complex nanomaterials [66].
Using this method, we have first synthesized LaF3 nanoplates

n OA/OM/ODE solution with rare earth trifluoroacetate as pre-
ursor [25]. After the dissolution of La(CF3COO)3 in OA solution,
he coordinated ligand will be changed to OA species (in excess

ig. 3. TEM images of �-NaY0.78Yb0.2Er0.02F4 nanopolyhedra (a), �-NaY0.695Yb0.3Tm0.00

aY0.695Yb0.3Tm0.005F4 hexagonal nanoplates (d). Reprinted with permission from Ref. [72
-NaY0.78Yb0.2Er0.02F4 hexagonal nanoplates (e), 5.1 nm �-NaY0.78Yb0.2Er0.02F4 nanopolyhe
aYF4 nanopolyhedra (h), 20.2 nm �-NaY0.78Yb0.2Er0.02F4 nanospheres (i), �-NaY0.78Yb0.2E

k) (all excited at 980 nm; pumping power, 50 mW).
eprinted with permission from Ref. [73]. Copyright 2007 American Chemical Society.
Reviews 254 (2010) 1038–1053

amount), which further forms the metal ions buffer solution. On the
other hand, during the reaction, trifluoroacetate ions will supply F−

anions via a slow thermal decomposition process. The concentra-
tion of monomer will also change slowly as a result of the slow
release of both F− and rare earth ions. Therefore, the growth of
nanocrystals can be well controlled in the early stage of growth
process for a relatively long period, which leads to the formation of
monodisperse nanocrystals.

Rare earth fluorides are useful luminescent matrices for near-

infrared or upconversion emission [67–69]. With the advantage of
the high transparency and damage threshold, low phonon energy,
and high stability under ambient conditions, the rare earth fluo-
rides are expected to find applications as infrared detectors, laser
materials and information transports. We have extended the above

5F4 nanopolyhedra (b), �-NaY0.78Yb0.2Er0.02F4 hexagonal nanoplates (c), and �-
]. Copyright 2006 American Chemical Society. Fluorescence photographs of 185 nm
dra (f), 8.0 nm �-NaY0.78Yb0.2Er0.02F4 nanopolyhedra (g), �-NaY0.78Yb0.2Er0.02F4@�-
r0.02F4@�-NaYF4 nanospheres (j), and 100 nm �-NaY0.695Yb0.3Tm0.005F4 nanoplates
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ethod to the synthesis of other rare earth fluorides as shown
n Fig. 2, using the corresponding rare earth trifluoroacetates as
recursors [70]. The size uniformity can be ensured by the con-
rol of the reaction time. Benefiting from the similar ionic radii
nd chemical activities, luminescent rare earth ions can be eas-
ly doped into those matrix materials such as LaF3 nanocrystals by
sing mixed rare earth trifluoroacetate precursors. Besides the rare
arth fluoride nanocrystals, oxyfluorides nanocrystals can also be
btained by a similar method (Fig. 2). Initially, all the rare earth ions
re coordinated by oxygen atoms. During the reaction process, F−

nions released from trifluoroacetate anions will replace the oxy-
en atoms to form fluoride. We can change the amount of OM to
ontrol this fluorination process. With more OM added, OA will be
urther saponified to possess stronger coordination ability, in favor
f the formation of rare earth oxyfluoride nanocrystals.

Another kind of widely used rare earth fluoride is the complex
alt obtained through reaction with sodium fluoride. By adding
odium trifluoroacetate, the synthetic process described in the
bove paragraph can be used to prepare NaYF4 nanocrystals and the
orresponding rare earth doped nanomaterials. Usually, the cubic
hase NaYF4 will be obtained in the presence of OA, OM, and ODE as

kinetically controlled product. However, hexagonal phase NaYF4-
ased materials prove to have better upconversion efficiency. We
ave developed a two-step method to obtain monodisperse hexag-
nal phase NaYF4 nanocrystals [71–72]. After the first step to
ynthesize cubic phase nanocrystals, the products are used as start-

ig. 4. TEM and HRTEM (inset) images of CeO2 nanopolyhedra (a), Eu2O3 nanoplats (b),
are earth benzoylacetonate precursors and the formation scheme.
eprinted with permission from Ref. [27]. Copyright 2005 Wiley-VCH Verlag GmbH & Co
Reviews 254 (2010) 1038–1053 1043

ing materials in the second step, and the solvent is changed to
OA and ODE. With the addition of extra sodium trifluoroacetate,
hexagonal phase NaYF4 nanocrystals can be prepared at a higher
temperature. By doping various rare earth ions such as Yb3+, Er3+,
or Tm3+, or the control of the crystal structures of the nanomate-
rials, various upconversion emission bands can be observed with
excitation at 980 nm (Fig. 3) [73]. The upconversion properties can
be tuned by changing the phase, size, and morphology of NaYF4
nanocrystals. Following a similar protocol, various reports have
proved that NaYF4-based monodisperse upconversion nanocrys-
tals can be prepared [74–76], and the products have been used as
biolabels and information recording media [77–79].

If we use lithium or potassium trifluoroacetates instead of
sodium trifluoroacetate, LiREF4 or KREF4 nanocrystals can be
obtained, respectively [26]. By using transition metal ions instead
of rare earth ions in the presence of sodium trifluoroacetate, we can
obtain NaMF3 (M = Mn, Co, Ni, Mg) nanocrystals [80].

A similar method can also be used for the synthesis of rare earth
oxide nanocrystals as shown in Fig. 4. In this case, we use rare earth
benzoylacetonates [27], acetylacetonates, or acetates [28] as pre-
cursors. A series of rare earth oxides nanocrystals with uniform

size can be obtained, and the reaction process is ascribed to the
formation and following decomposition of rare earth oleates. A
similar protocol has also been used for the synthesis of CeO2 nanos-
tructures with other ceria sources as precursors [81]. Because the
process can also be realized as a double decomposition reaction

Pr2O3 nanodisks (c) obtained by the thermal decomposition of the corresponding

. KGaA.
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Fig. 5. TEM images of the side-to-side (a) and face-to-face (b) superlattices (SP) of LaF3 nanoplates. Insets are the SAED patterns. Reprinted with permission from Ref. [25].
Copyright 2005 American Chemical Society. Similar TEM images of side-to-side (c) and face-to-face (d) superlattices made of Y2O3 nanodisks. Schematic illustration of the
a
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ssembly process of nanocrystals in different solvents (e).
eprinted with permission from Ref. [28]. Copyright 2005 Wiley-VCH Verlag GmbH

etween rare earth oleates and precipitating reagents, other rare
arth oxysalts nanocrystals such as vanadates and phosphates can
lso be prepared with this method [82].

As mentioned above, we can synthesize monodisperse rare
arth nanocrystals via a thermal decomposition method. The
rowth process can be well controlled by the varying of types and

oncentration of precursors, reaction time and temperature, and
ome so on. But it also has some disadvantages. The high boiling
olvents are usually expensive than those common ones as water
r alcohol. The byproducts originated from the decomposition of
rifluoroacetate are usually toxic, which is not green for the envi-
. KGaA.

ronment. These disadvantages need to be considered in the real
applications as well as their effective synthetic actions.

3.3. Surface coordinated ligands induced assembly of
nanocrystals
Nanomaterials usually have the novel properties other than the
traditional bulk materials, and these properties can be tuned by
the size and morphology. For some real applications, large amounts
of these nanomaterials with the preserved size and properties are
required. Assembly is a convenient method to get aggregates com-
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ig. 6. TEM images of oleylamine-capped LaOCl nanoplate arrays (a), TEM and HR
tanding nanoplates capped with hexadecylamine via the face-to-face formation (b
eprinted with permission from Ref. [103]. Copyright 2009 American Chemical Soc

osed of nanosized particles. The packed structure preserves the
riginal size of nanomaterials with properties different from that of
ulk materials [13,83–85]. Furthermore, some new or tuned prop-
rties may come from the interactions among those nanoparticles
n the assembly. The assembly of nanocrystals has attracted much
ttention in recent years, in pursuit of finding the possible way
or the real devices with new properties [86–91]. Various methods
ave been developed to form 2D and 3D assemblies [92–96].

Solvent evaporation induced assembly method is the well used
rotocol for the fabrication of large area ordered assemblies [97,98].

n this method, surface tension of the solvents proved to be the
ain force to determine the structure of assemblies composed of

hose building blocks with the size over microns [99,100]. The most
ommon packed forms are face-centered cubic or hexagonal close
acked structures. But in the case of nanocrystals, the interactions
etween building blocks play the most important role to determine
he packed structures [101]. For those stable nanocrystals as build-
ng blocks in the solvent, capping ligands are usually coordinated
o the surface of the nanocrystals to protect them from aggregation
nd provide the solubility in the solvent. During the assembly pro-
ess, these capping ligands will provide the main forces to form the
ssembly. The design of these capping ligands will provide various
acked structures or some new kind of functionalities [102].

Using these interactions between the ligands coordinated to the
urface of nanocrystals, we succeed in tuning the assembly man-
er of nanostructures by using different solvents. As described in
ection 3.2, LaF3 triangle nanoplates can be synthesized in a solu-
ion composed of OA, OM, and ODE [25]. Oleic acid acts as the
igand in the solution to coordinate with metal ions to control
he growth process, and also as capping ligand to protect the as-
repared nanocrystals from further growth or aggregation. In the

ssembly process, these oleic acid groups will pack together to form
arallel structures originating from the �–� interactions and van
er Waals forces between long carbon chains. In the hydropho-
ic solvents with low polarity, such as cyclohexane, OA molecules
n the surface of nanocrystals can be extended well to the sol-
(inset) images of nanowire-like LaOCl nanoplate arrays composed of single-linear
the synthesis protocol of various LaOCl nanoplate arrays (c).

vent based on the hydrophobic interactions. The LaF3 nanoplates
can thus be assembled into a planar close packed structure, which
can be called as the side-to-side manner. Because of the regular
shape, nanocrystals in the assembly have to take the same ori-
entation, hence provide a single crystal-like electron diffraction
pattern. However, the assembly architecture will be changed when
we adjust the polarity of the solvent by adding ethanol. In this sol-
vent, the dispersibility of nanocrystals will decrease, and the LaF3
nanoplates will form a face-to-face assembled architecture. A simi-
lar phenomenon can also be observed in the assembly of rare earth
oxides [28]. The side-to-side and face-to-face architectures com-
posed of rare earth nanodisks can be obtained in cyclohexane and
cyclohexane/ethanol solvent, respectively (Fig. 5).

Because the hydrophobic forces between carbon chains are the
main factor to influence the assembled structures, the distance
between building blocks can be tuned by changing the capping lig-
ands on the surface. For the synthesis and assembly of rare earth
oxyfluoride, we have used various amines with different chain
lengths as solvent to adjust the distance in the assemblies [103]. As
shown in Fig. 6, with oleylamine as capping ligand, the side-to-side
and face-to-face structures coexist in the assembly. When we use
hexdecylamine, LaOCl nanoplates are packed closer to each other to
form a wire-like structure. Furthermore, these wire-like structures
are packed further to form larger parallel structures when the lig-
ands are changed to octadecylamine. These phenomena reveal that
the assembly structure is determined by the category of capping
ligands, which can be adjusted artificially.

4. Shape control of nanocrystals during the synthesis
process
4.1. Template effect of coordinated ligands

Besides the control over kinetic characteristics during the
crystallization process and the assembly structures, coordination
effect is also widely used to control the shape of nanocrystals
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Fig. 7. TEM images of mesoporous Ce0.5Zr0.5O2 recorded along the [0 0 1] (a) and [1 1 0] (b) orientations. The inset in (a) is the corresponding fast Fourier transform image,
and the one in (b) is the corresponding selected area electron diffraction pattern. A schematic illustration (c) for the assembly process of mesoporous structures.
Reprinted with permission from Ref. [119]. Copyright 2007 American Chemical Society.

Fig. 8. Geometrical shapes of cubooctahedral nanocrystals as a function of the ratio, R, of the growth rate along the 〈1 0 0〉 to that of the 〈1 1 1〉 (a). Evolution in shapes of a
series of (1 1 1) based nanoparticles as the ratio of {1 1 1} to {1 0 0} increases (b). Geometrical shapes of multiply twinned decahedral and icosahedral particles (c).
Reprinted with permission from Ref. [123]. Copyright 2000 American Chemical Society.
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33,104–106]. Beyond the internal crystal structure determined
orphology [107], the methods to modify the shape of nanocrystals

uring the synthesis process can be divided into two main cate-
ories. The first one is the template effect, which uses a template
ith designed shape and is followed by the filling in the template

r growth outside the template to obtain nanocrystals with desired
tructures [108,109]. The template can be further divided into
ard template and soft template. The most used hard template for
he fabrication of nanostructures is anode aluminum oxide (AAO),
hich provides channels with diameters varied from tens to thou-

ands nanometers [110]. Because the application of AAO for the
hape control of nanomaterials is a well-known protocol and the
hape determining mechanism has no relation to the coordination
hemistry, it will not be discussed here. Another kind of important
emplates is micelle structures [94,111]. As well known, surfactants
an form micelles in the solution. The shape of micelles is deter-
ined by the concentration of surfactants and other environmental

arameters such as temperature and pressure. By employing sur-
actants with some functional coordination groups, metal ions will
e attracted and coordinated at the surface of these micelles, and
hen undergo the crystallization process. In this process, micelles
re used as soft template, which have tunable shape and strong
nteraction with metal ions.

As described in Section 3.2, we have reported that LaF3
anocrystals can be synthesized in the OA/OM/ODE system [25].
ecause of the existence of OA and OM molecules, the shape of
anocrystals are restricted in a two dimensional area to form the
riangular nanoplate, which indicates that the capping ligands form
ayered micelles in the solution. Similar plate-like structures are
lso found during the synthesis of LaOCl nanocrystals [103] (dis-
ussed in Section 3.3).

As an extension, shape control over the alkaline earth fluorides
as also been achieved by the same method, because the alkaline
arth metal ions have similar ionic radii and chemical properties as
are earth ions. Nanorods, nanoplates, and hollow rectangles can be
btained by tuning the composition of the solvent [112]. Because
lkaline earth fluorides have cubic crystal lattices, the shape of
anoplate reveals that the growth of nanocrystals is restricted
y some external factors, providing evidence for the existence of
icelles as a soft template in the reaction solution.
Recently, Xia and co-workers [113] and Yang and co-workers

114] synthesized Au nanorods in the similar OA/OM/ODE system,
hich also confirms that the rod-like micelles in the reaction solu-

ions act as templates for the shape evolution of Au nanorods. The
oordination interaction between Au and OM is considered to be
he principal effect to determine the shape of Au nanorods. Hyeon
nd co-workers [115] has also used this method for the fabrication
f CdSe nanostructures. By the adjustment of the composition of
he solution, layer-structured micelles can be formed in the solu-
ion. CdSe nanosheets can be obtained after the growth directed by
hese layered templates.

Similar micelles are also used as soft template to fabricate meso-
orous materials with mesopores on the nanoscale. With different
urfactants such as polyvinylpyrrolidone (PVP), cetyltrimethylam-
onium bromide (CTAB), P123, F127, etc., various mesoporous

tructures can be obtained by the sol-gel method. The size and
hape of pores are determined by the shape of micelles [116–118].

We use a similar method to fabricate rare earth-based meso-
orous structures, which attracted much interest in catalysis, due
o their large surface to volume ratio and ordered pore structures.
s shown in Fig. 7, P123 molecules can coordinate with Zr4+ and

e3+ ions in the solution, and form the ordered micelle structures
ia a cooperative assembly process. The ordered liquid crystal phase
an keep the shape and structures during the condensation process.
inally, after a calcination treatment to remove the organic species
long with the oxidation of Ce3+ to Ce4+, Ce0.5Zr0.5O2 mesoporous
Fig. 9. SEM (a) and TEM (b) images of CeVO4 nanorods prepared by the EDTA medi-
ated hydrothermal method. The corresponding selected area electron diffraction
pattern (c) and HRTEM image (d) of the sample shown in figure (b).
Reprinted with permission from Ref. [131]. Copyright 2005 American Chemical Soci-
ety.

structures can be obtained [119]. Using this method, a series of
zirconia-based functional mesoporous materials are synthesized,
and some are used for modeling catalytic reactions [120,121].
Meanwhile, a similar method is also used for the synthesis of Al2O3
mesoporous nanostructures and the shape-selective catalytic prop-
erties were proven by a modeling catalytic reaction [122].

4.2. Adjustment of surface energies

The other route to control crystal shape by coordination is
the adjustment of surface energies. The outer shape of crystals is
determined by the types and relative area of exposure facets. For
example, a crystal with a cubic lattice will favor a cubic shape if all
exposed surfaces are {1 0 0} facets, and the appearance of {1 1 1}
facet will lead to a truncated-octahedral shape with both {1 0 0}and
{1 1 1} facets. If all exposed surfaces are {1 1 1} facets, the shape of
the crystal will change to the octahedral. A similar phenomenon is
shown as Fig. 8 [123], which indicates that the shape of crystals is a
function as the area ratio of various facets. Usually, the area ratio of
different facets is determined by the surface energies to minimize
the total energy. So the adjustment of surface energy can affect the
favorite shape of nanocrystals.
Because the surface of nanocrystals is usually capped by coor-
dination species, and this passivation will effectively decrease the
surface energy, the surface energy of different facets can be tuned
by the facet-selective passivation, which further influences the
shape of nanocrystals.
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ig. 10. Structure models for EDTA adsorbed on the different facets of t-REVO4. Tw
0 0 1} facet (e and f). The green spheres represent rare earth atoms and red sphe
egend, the reader is referred to the web version of the article.)

For the well-studied growth process of CdSe nanocrystals
124,125], Alivisatos and co-workers [126] reported that phosphine

xide molecules will decrease the surface energies of all kinds of
acets. Using an ab initio method, the binding of phosphine oxide on
0 0 0 1) facets proved to have the highest energies, which explains
he growth of CdSe nanorods along 〈0 0 0 1〉 direction. A similar cal-

ig. 11. XRD patterns of nanosized tetragonal LaVO4:Eu (sample a), bulk monoclinic L
o. 32-0504 (tetragonal LaVO4) and JCPDS File No. 50-0367 (monoclinic type LaVO4) (a)
anocrystals (b). Emission spectra of nanosized tetragonal LaVO4:Eu (sample a) and bu
chematic illustration of the formation of tetragonal LaVO4:Eu from the corresponding mo
a and oxygen atoms, respectively) (d). (For interpretation of the references to color in th
eprinted with permission from Ref. [146]. Copyright 2004 American Institute of Physics
erent adsorption geometry on {1 0 0} facet (a–d) and the adsorption geometry on
present oxygen atoms. (For interpretation of the references to color in this figure

culation was performed by Tang and co-workers [127] to prove that
the shape of Ag nanowires produced by the polyol method is also

determined by the different surface energies with the existence of
PVP molecules [128–130].

In our work, the shapes of CeO2 [81], REVO4 [131], REBO3
[132], and Fe2O3 [133] nanocrystals were also tuned successfully

aVO4:Eu (sample b), and the corresponding standard XRD patterns of JCPDS File
. TEM and selected area electron diffraction (inset) images of tetragonal LaVO4:Eu
lk monoclinic LaVO4:Eu (sample b) with the same Eu3+ doping concentration (c).
noclinic nanocrystals and their lattice structures (yellow and red spheres represent
is figure legend, the reader is referred to the web version of the article.)
.
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Fig. 12. TEM images of YBO3:Eu3+ nanocrystals with different shapes produced by the hydrothermal method. Nanosheets obtained with urea (a). Reprinted with permission
f aOH (
S etate
R iety.
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rom Ref. [149]. Copyright 2003 Elsevier Inc. Donut-like structures obtained with N
ociety. Nanodrums obtained with acetate ions (c) and nanoplates obtained with ac
eprinted with permission from Ref. [132]. Copyright 2004 American Chemical Soc

ith different capping ligands to change the surface energies.
eO2 has a cubic lattice with three simple index facets {1 0 0},
1 1 0}, and {1 1 1}. The surface energies in vacuum have the order
{1 1 1}< �{1 0 0}< �{1 1 0} [123,134], so the most stable crystal
hape is octahedral which exposes only {1 1 1} facets [135]. On the
anoscale, the high energy corner will be replaced by {1 0 0} facets
o minimize total surface energy, which usually leads to a truncated
ctahedral shape [136]. These two types of shape are the most com-
on ones obtained in the synthesis of CeO2 nanocrystals. However,

heoretical and experimental results have both shown that {1 0 0}
acets have higher catalytic activities than {1 1 1} facets [137–141].
ang and Gao [142] used a long chain carboxyl acid to passivate
he surface of ceria nanocrystals in a high boiling point solution

edium to obtain ceria nanocrystals with cubic shape. Adschiri
nd co-workers [143] also used a modified solvothermal method
o synthesize ceria nanocrystals. Cubic shape nanocrystals can be
btained with the existence of –COOH, and the shape evolution
an be examined by TEM characterization and modeling methods
144]. We have also developed a hydrothermal method to synthe-
ize ceria nanocubes, using acetate ions as capping ligands to adjust
he surface energy. These results show that the addition of –COOH
roups will make the {1 0 0} facets have lower energy than {1 1 1}
acets, which further induces a more stable cubic shape [145].

Another example is the hydrothermal synthesis of rare earth
anadates [131]. Rare earth vanadates usually have tetragonal lat-
ices except LaVO4. Because these rare earth vanadates all have low
olubilities in the water, the corresponding nanomaterials can be
ynthesized directly in aqueous solution. Meanwhile, the low sol-

bility means that the nanoparticles will crystallize immediately
fter the addition of raw materials, which often leads to spherical or
olyhedral shaped products. In order to control the growth process
nd obtain products with tunable morphology, various coordinated
igands have been applied to reduce the effective concentration of
b). Reprinted with permission from Ref. [150]. Copyright 2004 American Chemical
ions at higher temperature (d).

metal ions and to slow down the crystallization process. We used
EDTA to chelate with rare earth ions in a hydrothermal reaction to
obtain rare earth vanadate nanocrystals. When the concentration
of EDTA is relatively low, all ligands are used to chelate with metal
ions, with no excess amount to coordinate at the surface of the prod-
ucts, and the products as-prepared are polyhedral. If more EDTA
is added to the reaction solution, the excess EDTA will coordinate
with surface metal ions of REVO4 nanocrystals, further influencing
the surface energies of the different facets and further determining
the shape of the nanocrystals. Using this method, one dimensional
REVO4 nanostructures are obtained. The case of CeVO4 is shown
in Fig. 9 as an example. The growth direction of these nanocrys-
tals can be determined by HRTEM characterization. 〈0 0 1〉 direction
proved to be the preferred growth direction, which indicates that
the {0 0 1} facet has the highest surface energy among those facets
with low lattice indices. This difference can also be revealed by the
coordination geometry on different exposure surfaces. As shown
in Fig. 10, in {1 0 0} facets, rare earth ions are separated, and each
EDTA anion can coordinate to four rare earth ions with four car-
boxy acid arms with no excess rare earth ions. But for the {0 0 1}
facet, rare earth ions are much closer to each other than those in
{1 0 0} facet. Hence, EDTA molecules can only coordinate with 2/3
rare earth ions due to the geometry restriction as shown in Fig. 10.
Consequently, {0 0 1} facet will have higher energy than that of
{1 0 0} facet. The final shape of nanostructures will be rod-like with
low-energy {1 0 0} facet on the side.

The amount of EDTA can tune the shape of the nanocrystals by
the adjustment of surface energies. It can also change the energy

of the crystals to stabilize specific phases [146]. Tetragonal rare
earth vanadates are important matrices for luminescent materi-
als, because four V–O–RE bonds around each rare earth ions have
bond angles near 153◦, which is the ideal value for efficient energy
transfer from VO4

3− to the rare earth luminescent centers. LaVO4
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Fig. 13. Morphology evolution of the hematite nanotubes prepared by a phosphate-assisted hydrothermal method with different reaction times. TEM images of the products
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btained at 220 ◦C after 2 h (a), 8 h (b), 12 h (c), and 48 h (d); schematic illustration
eprinted with permission from Ref. [133]. Copyright 2009 Wiley-VCH Verlag Gmb

s a special case because the monoclinic phase is more stable under
onventional conditions and there is only one V–O–RE bond angle
ver 90◦ around each La3+ in the monoclinic structures. So LaVO4
s realized as a non-efficient matrix for luminescence materials.

e use EDTA to coordinate with La3+ to ensure a low metal ion
oncentration and to slow down the growth process. Meanwhile,
e discover that when we use more EDTA, tetragonal LaVO4 can

e obtained by a hydrothermal reaction. The detailed mechanism
an be explained as a recrystallization process from monoclinic
hase to tetragonal phase, which indicates that tetragonal LaVO4
as lower energy than that of monoclinic crystals in the pres-
nce of large amount of EDTA molecules. This energy difference is

scribed to the different coordination numbers in two lattice struc-
ures. Lanthanum has a coordination number of eight in tetragonal
hase LaVO4 and nine in monoclinic phase. With large amount of
DTA in the solution, most of La3+ ions are coordinated by EDTA
nions. Tetragonal crystals with low coordination number can be
formation process of tubular products (e).
o. KGaA.

obtained in the solution. By doping Eu3+ ions, tetragonal LaVO4:Eu
nanocrystals are synthesized under similar conditions and exhibit
enhanced luminescence intensities compared to the monoclinic
LaVO4:Eu (Fig. 11). This new kind of material exhibits high lumi-
nescence intensity comparable to commercial tetragonal YVO4:Eu
bulks, but at lower expense. The principles and methods used here
are also employed to synthesize other rare earth doped tetrago-
nal LaVO4 nanocrystals with tunable properties reported elsewhere
[147,148].

Coordination chemistry is also used for the shape control dur-
ing the synthesis of REBO3 nanocrystals. Rare earth orthoborates,
usually used as vacuum ultraviolet phosphors, benefit from their

high vacuum ultraviolet absorption and exceptional optical damage
threshold. The traditional solid-phase methods for the synthesis
of REBO3 materials usually require high temperatures and long
calcination periods. We utilize a mild hydrothermal reaction to
synthesize REBO3 nanocrystals. Using rare earth ions and H3BO3
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s precursors, the formation of REBO3 will release H+ ions, which
ncrease the solubility of REBO3. Therefore, an alkaline solution
hould be added in the solution to neutralize these H+ ions. With
rea as the base, REBO3 nanocrystals can be obtained as shown

n Fig. 12a [149]. The shape and size of nanocrystals are not regu-
ar, because the alkaline condition of the solution will precipitate
are earth ions as RE(OH)3 in a rapid process. REBO3 nanocrys-
als are formed by a recrystallization process between H3BO3 and
E(OH)3. When we use NaOH instead of urea in the hydrothermal
eaction, donut-like structured REBO3 nanocrystals are obtained
Fig. 12b) [150]. If we want to obtain REBO3 nanocrystals directly,
e have to use some ligands to protect the rare earth ions against
H−. When we use EDTA as ligand as in the case for rare earth
anadates, we cannot obtain REBO3 nanocrystals at a convenient
emperature, because the strong coordination effect between EDTA
nd rare earth ions will render the concentration of free rare earth
ons too low for the growth of nanocrystals. Acetate ions can be used
s an alternative ligand to coordinate with rare earth ions [132].
enefitting from the relatively weak coordination interaction with
are earth ions, acetate ions allow the concentration of rare earth
ons to be kept at a higher level than that in the EDTA solutions,

hich ensure the crystallization of REBO3. The acetic acid/acetate
uffer system also consumes the H+ released during the reaction
o improve the yields of the products. Meanwhile, acetate ions also
nfluence the surface energy of different facets of REBO3 nanocrys-
als. As a result, the YBO3 nanocrystals as-prepared have drum-like
tructures, and this effect will be concealed when the reaction
emperature is high (Fig. 12c and d). These structures lead to dif-
erent luminescent properties with Eu3+ ion dopants, because the
uminescence of Eu3+ is very sensitive to the local coordination
ymmetry [151,152].

For the further understanding of the effect caused by ligands in
hape control, Fe2O3 nanocrystals can be taken as a typical example
ther than those rare earth-based nanomaterials. Phosphate anions
rove to have strong interactions with Fe2O3 crystals because of
heir high stability constant with Fe3+ ions, which results in a large
mount of phosphate anions adsorbed on the surface of Fe2O3
o reduce the surface energy [153]. In addition, the adsorption of
hosphate anions has obvious facet selectivity, so the {0 0 1} facet
ith least adsorbed phosphate anions will have the highest surface

nergy. These energy changes cause the Fe2O3 crystals to evolve
nto a spindle shape, growing along the 〈0 0 1〉 direction to mini-

ize the area of the {0 0 1} facet. Using this effect, we developed
hydrothermal method to synthesize Fe2O3 nanotubes. After the

ull growth of Fe2O3 nanospindles, the concentration of monomer
n the solution is not high enough for further growth. Because of the
xistence of PO4

3−, {0 0 1} facet has the highest surface energy. So
he shape evolution of the Fe2O3 nanostructures is induced by the
issolution of {0 0 1} facets and further growth of {1 0 0} or some
ther facets to minimize the surface energy, which can be described
s an Ostwald ripening recrystallization process as shown in Fig. 13
133]. Finally, the inner and outer surface of the nanotubes are com-
osed of {1 0 0} and {1 1 0} facets with lower surface energies. If the
issolution process occurs on the multiple sites on the tip, a novel
ube-in-tube structure can be obtained [154]. In order to adjust
he aspect ratio of nanotubes, we induced another anion SO4

2− to
artly reduce the facet selectivities caused by PO4

3−. SO4
2− can also

oordinate to Fe3+ ions, but have relatively weak interactions. With
large supply of SO4

2− anions, the surface energy will be leveled
etween {0 0 1} and other facets. As a result, a series of Fe2O3 nan-
tubes with different aspect ratios can be obtained by the addition

f SO4

2− anions, and finally form a ring structure [155]. The Fe2O3
anostructures as-prepared can be reduced at high temperature in
H2 atmosphere to form Fe3O4 nanostructures with their shape

reserved. The magnetic properties and the crystallography orien-
ations of these two kinds of nanostructures were also investigated.
Reviews 254 (2010) 1038–1053 1051

Using a similar method, tubular rare earth hydroxide nanocrys-
tals were also synthesized by the hydrothermal method by Li et al.
[156].

5. Conclusion and outlook

In conclusion, coordination plays a most important role during
the synthesis and assembly of nanocrystals. The principles can be
summarized as follows.

With an appropriate anion source containing coordinated lig-
ands, single-source precursors can be used in the synthesis of binary
compound nanocrystals, which makes it easier to control the crystal
growth process, and uses the sources more efficiently.

Coordination creates a metal buffer system during the syn-
thetic process, and this slowly releases metal ions for growth
and maintains the concentration of monomer below the nucle-
ation concentration to avoid secondary nucleation, and above the
saturation concentration to ensure the growth of nanocrystals.
The control can keep the concentration in the size-focus growth
stage to obtain monodisperse nanocrystals. Surface-coordinated
ligands also affect the surface chemistry of nanocrystals. By virtue
of hydrophobic interactions between long carbon chains, the mode
of assembly can be tuned by adjusting the polarity of the solvents.

The coordination effect can also influence the shape of nanoma-
terials during the synthesis process. After the formation of micelles
with specific shapes, ligands can coordinate with metal ions and
determine the shape of nanocrystals as soft templates. Another
effect of capping ligands is the alteration of surface energies for
different facets, which further determines the evolution of the mor-
phology of the nanocrystals.

Beyond the points concluded above, the surface ligands can also
provide active groups to serve as linkers for the fabrication of hybrid
structures with multiple functionalities [157–159].

Although coordination chemistry has proved to exert effective
influences on the synthesis, assembly, and surface modification of
rare earth functional materials, there are still several questions to
be answered for the further development of synthetic routes or the
design of new composites. For the control of monomer concentra-
tion in the synthesis process for monodisperse nanocrystals, the
actual monomer concentration is always difficult to measure in-
situ during the reaction. Owing to the lack of effective techniques,
the results deduced in Section 3.1 still remain as assumptions, and
the actual control operation is more or less empirical. For the shape
control of rare earth nanomaterials, the change of surface energy
is also an assumption. The calculation parameters for rare earth
ions are usually rather complicated, from which the deduction for
conclusions are yet still ambiguous. These facts also add to the
difficulties in theoretical prediction for these systems, and further
investigation is necessary in the future.

Furthermore, the properties of these rare earth base nanomate-
rials with different size and shape should be investigated. Although
the quantum confinement effect is not considered for these mate-
rials, the surface effect can be summarized to direct the adjustment
of reaction conditions and post treatment method. In addition,
polarized luminescence and coupled magnetic properties may be
expected in the ordered assemblies composed of shaped nanocrys-
tals with fixed crystal orientation. This could provide a possible
motivation for these quasi-crystal assemblies, and promote the
requirement for shape and size control in the synthetic process.

Finally, coordination chemistry is a fundamental discipline
in inorganic chemistry and nanoscience. The understanding and

application of coordination chemistry principle in the new research
will reveal some general ideals, which would direct us to find new
and better strategies for the synthesis, assembly, and functional-
ization of nanomaterials. The new discoveries may arise through a
combination of ligands and inorganic nanomaterials.
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