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Abstract—Unifrom nanoparticles with shape-anisotropy have been synthesized successfully, including rod-like, disk-
like (or platelet), or faceted nanoparticles. Recently, innovative methods for funtionalizing their surfaces anisotropically
have been devised, which involve site-selective attachment of organic ligands or nanoparticles on particle surface. Those
techniques have opened a new way to build up complex nano-architectures by self-assembly. Moreover, recent progress
in the synthesis and assembly of anisotropic colloids at micrometer scale has inspired directional self-assembly at nano-
scale with anisotropic nanoparticles, which could lead to various nanodevices with better performance. In this review,
we discuss synthetic methodology for anisotrpic nanoparticles, including nanorods, nanoplatelet (or nanodisks), faceted
nanoparticles and hybrid nanoparticles. Their opitical properties and self-assembled structures are also discusssed.
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INTRODUCTION

For the last few decades, novel physical or chemical properties
of nanoparticles have been investigated that are different from bulk
materials and unique because of their feature size at nanometer scale
and diverse shape. Thus far, many researchers have focused on de-
veloping efficient methods for making nanometer-sized particles.
In the meantime, new physical or chemical properties, which are
not discovered yet, have been pursued by analyzing synthesized
nanoparticles in many different ways, including theoretical investi-
gation. Recently, controlling size distribution or shape has been a
new issue in this research field and much effort been put on this
problem. Therefore, technological achievement has almost matured
in terms of making nanoparticles with controlled size which have
many promising properties as in previous reports [1-5]. On the other
hand, for enabling new functions to work in real devices, their as-
sembled structures have been investigated, in which optimal struc-
ture has been pursued for better device performance. For instance,
solar cells with nanorods have been proposed as the most efficient
light conversion devices. Rod-like semiconducting nanoparticles
have been implemented with conducting polymers. However, their
performance (power conversion efficiency ~2%) has not been higher
than expected compared to conventional devices or bulk structures
because nanorod structures are more or less random and not opti-
mized [1]. Recently, to resolve such issue in nanodevices including
nanoparticle-based solar cells, many research groups have tried to
guide self-assembled structure with top-down manufacturing tech-
niques. In most cases, well-defined pre-existing structures by top-
down fabrication process have been used for guiding the self-as-
sembly of nanoparticles. However, these pre-fabricated structures
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are limited to very small area and also require time and cost. From
the industrial point of view, assembling process should be less com-
plicated and productivity should be high or at least similar com-
pared to the one of the current fabrication process.

Therefore, innovative methodology has been required for this
research field. One candidate is the synthesis of nanoparticles with
controllable and directional interaction. Self-assembly of those nano-
particles, or directional self-assembly, will provide much more cost-
effective manufacturing strategy for many useful nanodevices, in-
cluding sensors, photonic circuits, optoelectronic devices and so on.

To this end, it is necessary to design, synthesize and functional-
ize the nanoparticles since the most of nanoparticles developed so
far were isotropic particles. Notably, it is important that intrinsic
function or properties of nanoparticles should not be degraded dur-
ing functionalization or assembling process. Recently, Glotzer and
Solomon have categorized few types of anisotropic particles at mi-
crometer and nanometer scale which are desirable for new struc-
tures and they summarized some examples reported in previous
articles [2]. Anisotropic micron- or submicron-sized particles have
been reviewed in several articles [3]. Here, we have focused on an-
isotropic particles at nanometer scale and also their anisotropic in-
teraction which is crucial for directional self-assembly. In particu-
lar, the physical properties of newly synthesized anisotropic parti-
cles or their combined structures will be reviewed. Furthermore,
recent progress on their self-assembled structure and potential appli-
cations will be also discussed.

SYNTHESIS OF ANISOTROPIC NANOPARTICLES

Since nanoparticles are known to have new physical and/or chem-
ical properties, much research effort has been endeavored to pro-
duce nanometer-size particles at initial stage. Then, recently, some
strategies for controlling the size distribution have been demonstrated
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Scheme 1. Schematic diagram of anisotropic nanoparticles with
basic (top), faceted (middle) and hybrid shape (bottom).

for certain types of nanoparticles [4]. However, it is still relatively
few for preparing anisotropic particles with narrow size distribu-
tion, which will be of critical importance in assembling them into
three-dimensional structures. As summarized in Scheme 1, aniso-
tropic nanoparticles of which feature size ranges from 1 nm to 100
nm can be categorized depending on their shapes.

1. Spherical and Ellipsoidal Particles

As in previous articles, spherical nanoparticles of various mate-
rials have been reviewed thoroughly [4] and their assembled struc-
tures are well-known to be close-packed structures. By stretching
or squeezing spherical shape, micron-sized ellipsoidal colloids could
be produced but ellipsoidal nanoparticles are relatively few. Only
for metal oxides, a few ellipsoidal nanoparticles have been, which
includes iron oxide, titania [S]. Using those as templates, hollow
particles of silica were produced and modified for other purposes
[6]. For metallic particles, ellipsoidal particles are very unusual be-
cause most metallic particles are crystalline structure, thus not com-
patible with round shape. Similar to spherical metallic particles which
are essentially multi-twinned particles, some truncated bipyramid
metallic particles are overall ellipsoidal shapes as shown in Scheme
1[7].

Another type of anisotropic particle from spheres would be dec-
oration with the other spherical nanoparticles. As shown at the bot-
tom of Scheme 1, a single particle or multiple particles can be grown
on spherical particles. Iron oxide nanoparticles were decorated with
gold nanoparticles 8], and Pd nanoparticles were also decorated
with platinum nanoparticles [9]. Xu et al. have also demonstrated
iron platinum nanoparticles with CdS [10]. Acron-shaped bimetal-
lic particles were also produced by Sano et al. [11]. Gold nanopar-
ticles were also decorated with iron oxides [12].

2. Rod-like Particles

For crystalline materials, the growth ratio of crystal plane, which
is considerably related to interaction between a surface atom and
organic molecule, plays a critical factor in determining morphol-
ogy of a nanostructure. The stronger the binding is of a surfactant
to on-growing crystal plane atom, the slower the growth rate of the
surface direction become. Consequently, a fast-growing crystal plane
disappears gradually as a reaction proceeds and a plane with rela-
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Fig. 1. Schematic diagram of (a) intrinsic crystallographic struc-
ture, (b) oriented attachment, and (c) selective adhesion of
surfactant for rod-like nanoparticles.

Lower energy surface
(0.52 J/m? for ZnS)

Lower energy surface
(0.49 J/m? for ZnS)

Higher en
(0.91 J/m? for

Fig. 2. Illustration of surface energy for wurtzite hexagonal phase
[15].

tively slow growth becomes the outer surface plane of a final nano-
particle.

When the aspect ratio (a.r.) of nanoparticles is a.r.<5, 5<a.r.<25,
or a.r.>25, corresponding particles are classified as short nanorods,
long nanorods, or nanowires, respectively [13]. The general strate-
gies for the nanorods in liquid phase are to use intrinsic crystallo-
graphic structure, oriented attachment, or selective adhesion of sur-
factant (Fig. 1) [14].

In case of using intrinsic crystallographic structure, an inorganic
compound should have asymmetric surface energy. For instance,
CdS, CdSe, CdTe, ZnSe, and MnS are a hexagonal wurtzite struc-
ture. As shown in Fig. 2, the surface energy of {001} face in wurtzite
structure is higher than that of the other faces because of high packing
density [15].

Using this surface energy difference between crystallographic
surfaces, the CdSe nanorods were synthesized by simply adding
precursors in solvent above the decomposition temperature of pre-
cursors, in which 2 ml of stock solution (Se : Cd(CH,), : tributyl-
phosphine=1 : 2 : 38 by weight) were added into 4 g of trioctylphos-
phine oxide at 360 °C [16]. Agostiano et al. demonstrated that ZnSe
nanorods can be synthesized in similar manner, in which the aspect
ratio was also controlled by changing injection rate [17]. On the
other hand, tetragonal phase could be also controlled because it has
the high surface energy of {001} plane. For instance, the TiO, and
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Mn,0, nanostructures were produced by heating the solution con-
taining metal chloride, oleic acid, and oleylamine [18]. This techique
has been also applied to other strucures [19].

In case of the oriented attachment for the nanorods, the particles
undergo fusion at preferential crystallographic surfaces. For exam-
ple, cubic ZnS nanorods were formed by the oriented attachment
of ZnS nanoparticles [20]. Zn precusor was injected into a solution
containing sulfur element and 1-hexadecylamine at 125 °C, followed
by heating at 300 °C. ZnS nanoparticles were gradually transformed
into rod during the aging process at 60 °C [20]. Recently, oriented
attachment of ZnO nanoparticles was also observed by Weller and
his colleagues. At first, the quasi-spherical particles were formed
by zinc acetate dihydrate dissolved in methanol at about 60 °C and
then KOH in methanol was added into ZnO particle suspension.
Subsequently, during the evaporation of the solvent and then reflux
of the resulting solution, rod-shaped particles were produced [21],
in which charges on primary nanoparticle surface may play an im-
portant role in formation of ZnO nanorods. Yang et al. also reported
the surfactant-free ceria nanorods by self-assembly of the nanoc-
rystals [22], in which nanorods were formed by injection of NaOH
aqueous solution into Ce(NO,); aqueous solution and refluxing the
resulting solution at 100 °C.

For selective adhesion of surfactant, after seed formation, organic
molecules, strongly bind to specific crystal plane (e.g., high surface
energy), provide kinetic control to extend along one-direction upon
growing of the nanostructures [23]. Liu et al. reported that addition
of serial growth aqueous solution with gold precursor (HAuCl,)
into the gold seed solution at 30 s intervals created Au nanorods
[23]. The evolution of the Au nanorods by a serial addition of growth
solution was investigated through X-ray absorption spectra. El-Sayed
et al. have also shown that gold nanorods can be synthesized by
seed-mediated growth [24], in which the Au seed solution is added
into the growth solution. The silver ion and the surfactants played cru-
cial role on controlling the aspect ratio of the gold nanorods. Mur-
phy et al. demonstrated that the aspect ratio of gold nanorods can
be also controlled by the injection sequence or amount of ascorbic
acid or Ag ion for the Au growth solution [13].

On the end of rod-like particles, nanoparticles can be formed by
selective overgrowth because of the surface energy difference or pre-
ferential adsorption of surfactant. For instance, PbSe were formed
on either one or both tip of a CdS nanorod due to the surface energy
difference among various facets of wurtzite nanorods [25]. Similarly,
gold nanoparticles were formed onto the tips of CdSe nanorods and
tetrapods [26]. On the other hand, Li et al. have recently reported
that hexagonal pyramid of ZnO can be grown on spherical gold
nanoparticles [27].

3. Nanoplate Particles

In most cases of metals, plate-like particles are synthesized by
selective growth due to adsoprtion of surfactant or engery difference
of crystallographic surface on seed particles with stacking faults.
Xia et al. demonstrated the silver nanoplates made from slow polyol
reduction of AgNO; [28]. The amino groups of polyacrylamide as
surfactant form a complex with Ag" ion. This interaction led to de-
creaseed reducing rate of silver precursor into Ag metal. Also, the
kinetic control employing the molar ratio of the sodium citrate and
poly(vinyl pyrrolidone) gave rise to synthesis of the single crystal-
line gold nanoplates [29].

Silver nanoplates have been also produced during seeded growth
of silver nanoparticles by photo-reduction process, in which light
at 457 nm was irradiated at 0.8 W/m® and Ag nanoparticles were
transformed into disk type. The citrate ion may be adsorbed on the
Ag seed surface and then act as a surfactant as well as a photore-
ducing agent for the silver ions, thereby producing the Ag nano-
disk [30].

In the case of metal oxide, Cao reported a colloidal synthesis of
square, plate-shaped gadolinium-oxide nanocrystals [31]. Gd,O,
nanoplates were synthesized by solvothermal decomposition of the
mixture solution containing gadolinium acetate hydrate, oleylamine,
oleic acid, and octadecene. To form plate shape, the combination
of three solvents (oleylamine, oleic acid, and octadecene) plays a
key role. Using selective adsorption of co-surfactants (oleic acid
and oleylamine) on specific crystal planes, Yan et al. created rare-
earth oxide nanocrystals by solvothermal decomposition of rare-earth
metal benzoylacetonate complexes in oleic acid and oleylamine [32].
Uniform disk- or plate-like nanoparticles of Cu,S were also dem-
onstrated by thermolysis. Those platelets are self-assembled into
column-like stacks, which was induced by Tin [33].

4. Faceted Particles

As described earlier for rod-like particles, facets of crystalline
metal nanoparticles can be controlled. In most cases, surfactant or
ions are bound on specific surfaces preferentially and growth rate
is suppressed. Thereby, we can make faceted nanoparticles which
have specified crystallographic planes bounded with surfactant. Huang
et al. demonstrated that the octahedral Au nanoparticles could be
formed by hydrothermal reaction in presence of surfantant (CTAB)
and they controlled their size by reaction time [34]. Intrinsic growth
rates of faceted nanoparticles is different along crystallographic di-
rection. In case of octahedra, when {100} growth rate is much fast
than that of {111}, octahedal shape forms as depicted in Fig, 3. If
ion or surfactant are bound on {100} plane, cubes can be formed
from octahedra. General synthetic methodology for faceted metallic
particles using surface engergy of crystallographic plane or prefer-
ential adsorption of surfactant or ions has been reviewed by Xia
and the others thoroughly [19].

The size of the nanoparticles has gradually increased as the reac-
tion temperature increases. Cho et al. reported the uniform tailorable-
size gold octahedral [36]. The particles were obtained by polyol
synthesis in a glass vial containing poly(diallyldimethylammonium)
chloride (PDDA), HCl, aqueous HAuCl,, and ethylene glycol. The
PDDA among the reactants plays a crucial role in the formation of
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Fig. 3. Schematic model for the various shape of a nanostructures
depending on the ratio (R) of the growth rate along <100>
to <111> [35].
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octahedra shape. Also, the decrease of reduction rate creates larger
Au octahedra. Yang et al. demonstrated that silver cubes, truncated
cubes, cuboctahedra, truncated octahedra, and octahedra can be syn-
thesized in one reaction system [37]. Silver nitrate and copper(Il)
chloride were dissolved separately in 1,5-pentanediol. Poly(vinylpyr-
rolidone) (PVP) was dissolved separately in 1,5-pentanediol. The
two kinds of solution were injected into the preheated pentanediol.
The polyhedral shapes depend on the amounts of the added reac-
tants into the hot solution.

In addition to an octahedra, FePt nanocube could be produced
by elaborately controlling the reaction temperature. The FePt particles
were produced in thermal decomposition of Pt(acac), and Fe(CO);
dissolved in oleic acid, benzyl ether, and octadecene [38]. The silver
mirror reaction, addition of n-hexadecyltrimethylammonium bro-
mide into aqueous [Ag(NH;),]" solution, forms the nanocube [39].

The morphology of the particles could be tuned by controlling
the ratio of reduction rate of two different precursors at the nucle-
ation and growth stages. For instance, when two types of precur-
sors for platinum, (NH,),Pt(IV)Cl, and (NH,),Pt(I1)CL,) are used
for platinum nanoparticles, and particle morpholgoy or size can be
controlled precisely by adjusting reduction rate in nucleation and
growth stages, which depends on concentration ratio of Pt(I) to
Pt(IV). Indeed, morphology or size of platinium particles could be
controlled precisely at sub 10-nanometer scale. In particular, when
Pt(IT) was less than P(IV), the smaller nanocubes were produced well
because the reduction rate of Pt(IV) ion is slower than that of Pt(II)
ion during growth stage [40].

Recently, Lee and colleagues have described current progress on
synthetic methodology for controlling faceted nanoparticles, which
is etching assisted kinetic and thermodynamic control, metal dop-
ing-induced kinetic and thermodynamic control, high energy sur-
face stabilization by small molecules or ions, and epitaxial growth
[41]. Currently, other types of faceted particles are under investiga-
tion based on method discussed above or new methods are under
development.

OPTICAL PROPERTIES OF ANISOTROPIC
NANOPARTICLES

One of the interesting physical properties of nanoparticles that
originated from their shape-anisotropy is the optical property of metal
nanoparticles with nonspherical morphologies and their self-assem-
bled architectures. For instance, anisotropic metallic nanoparticles
possess anomalous extinction spectrum according to their shapes
and these optical resonance phenomena can be applied for sensing
or waveguiding purposes. This section will focus on the review of
optical properties of metal nanoparticles with anisotropic shapes.
The optical resonance of multi-nanoparticle assemblies, namely plas-
monic molecules or plasmonic crystals, will be also reviewed in
the light of novel architectures by self-assembly.

1. The Origin of Surface Plasmon Resonance from Metal Nano-
particles

Since Faraday’s scientific research on the brilliant colors of gold
nanoparticles, the light scattering or absorption from metal nano-
particles has attracted much attention due to the size-dependent opti-
cal extinction of zero-dimensional nanoparticles. As an early achieve-
ment of classical electromagnetic theory, Mie obtained exact solu-
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Fig. 4. Schematic diagram for the coherent oscillation of electrons
for metallic sphere [42].

tion to Maxwell’s equations for the predictions of the optical spec-
trum of spherical metal nanoparticles in analytic fashion. The con-
cept of Mie scattering could be used as useful theoretical back-
ground for the comparison of experimentally obtained absorption
spectrum of metal nanoparticles such as gold or silver.

Nowadays, the light extinction phenomenon from metal nanopar-
ticles is explained by using the concept of surface plasmon reso-
nance (SPR), of which the term implies collective oscillation of elec-
trons within metal surfaces. When an external electromagnetic field
exists near metal particles having diameter much smaller than the
wavelength of the external field, the electron cloud oscillates coher-
ently and the induced charge oscillation can be confined or enhanced
on the surface of the matal nanoparticles as displayed in Fig. 4 [42].
This localized charge oscillation is called localized surface plas-
mon resonance (LSPR), and this collective oscillation results in the
scattering and absorption of light at particalular frequency. Thus,
colloidal metal nanoparticles reveal brilliant colors of purple or yel-
low for gold or silver, respectively.

During the last decade, various synthesis methods were success-
fully developed for the morphology control of metal nanoparticles
with the aids of various wet colloid chemistry. As explained in detail
previously, besides spherical particles, anisotropic metal nanoparti-
cles such as rods, triangles, cubes, and bipyramids can be synthe-
sized at laboratory scale. The optical extinctions of anisotropic metal
nanoparticles have been studied both experimentally and theoreti-
cally, which will be highlighted.

2. Optical Properties of Anisotropic Metal Nanoparticles-the-
oretical Approaches

The most simple nanostructures deviated from spheres are ellip-
soidal particles such as oblates or prolates and the light extinction
from these ellipsoidal nanostructures can be predicted by the modi-
fied version of Mie’s theory proposed by Gans [43]. Moreover, the
collective behavior of the nanostrucures such as nanoparticle-embed-
ded films can be also theoretically treated by effective medium theory
which was developed by Maxwell-Gamett and Bruggemann for
the composite media with varying amounts of infiltrated materails
[44.45]. The theoretical prediction for nanospheres, prolates, and
glass films loaded with gold nanospheres coincided well with exper-
imentally measured extinction spectra [46]. Interesting features can
be found for the extinction spectrum of the prolate particles espe-
cially for the easy controllability of peak wavelength in the extinc-
tion spectrum by changing the aspect ratio of the anisotropic particles.
Since the increase of the aspect ratio of prolate particles leads to
the red-shift of the main peak, the effect of morphological change
of anisotropic particles is more pronounced than the case of isotro-
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pic gold nanospheres. Moreover, since the longitudinal surface plas-
mon absorption (SPL) and the transverse surface plasmon absorption
(SPT) coexist for the prolate gold ellipsoidal particles in the extinc-
tion spectrum due to the random orientation of the anisotropic parti-
cles with long and minor axes due to Brownian motion in colloidal
state, two absorption modes can be found together [46].

Since Mie’s scattering theory can be applied only to spherical
morphologies, several computational schemes have been developed
for the predictions of the optical extinction from shape-anisotropic
nanoparticles. The following schemes are numerical methods for
the description of nonspherical metal nanoparticles.

(1) Discrete dipole approximations (DDA) [47]

(2) Multiple multipole methods (MMP) [48]

(3) Finite-difference time-domain (FDTD) methods [49]

(4) T-matrix methods [50]

Among those approaches, the DDA method is widely used for
the optical characterizations of anisotropic nanoparticles with less
computational difficulty, since the DDA calculation can predict the
SPR of nonspherical metal nanoparticles and the complex external
environments can be reflected during the simulation. Any arbitrary
shaped nanostructures can be sub-divided into small elements (usu-
ally larger than 2 nm in characteristic length scale) with dipole-dipole
interactions followed by the global evaluation for absoprtion and
scattering during DDA simulations. Finally, the optical extinction
from the nonspherical nanostructures can be obtained theoretically
and the results can be compared with the experimentally measured
spectrum from synthesized anisotropic metal nanoparticles. Fig. 5
shows the calculated spectrum of extinction from metal nanoparti-
cles made of silver with various morphologies [51].

Since anisotropic nanoparticles possess several types of distinct
symmetries, more than one unlike spherical particles, there is more
than one peak in the optical extinction spectrum of nanoparticles as
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displayed in Fig. 5(b) to (d). Besides the existence of the additional
resonance peaks, the position of the main extinction peak from the
nanostructures with sharp comer such as cube, tetrahedron, and octa-
hedron can be red-shifted as shown in Fig. 5(b), (c), and (d). This
is attributed to the charge accumulation near the sharp corners and
the resultant reduced restoring force for electron oscillation [51].

Other anisotropic structures with 2D anisotropy were also con-
sidered for the prediction of extinction spectra by DDA calculations,
as shown in Fig. 5(e), (f). Especially, the intensity of extinction peak
can be also increased for the nano-disk shown in Fig. 6(f) since the
effective dipole moment increases due to its circular symmetry for
the nanostructures with round-shaped corners [51].

As a rule of thumb, the SPR properties of anisotropic nanoparti-
cles can be summarized as follows:

(1) The increase of resonance frequencies by increasing the num-
ber of symmetries in the nanostructures;

(2) The red-shift of resoance wavelength with increased corner
sharpness of the nanostructures;

(3) The increase of resonance intensity with an increase of mirror
symmetry in the nanostructures.

3. Optical Properties of Anisotropic Metal Nanoparticles-Ex-
perimental Validations

Shape-anisotropic nanoparticles could be synthesized by litho-
graphic techniques such as anodic aluminum oxide (AAO) mem-
branes as templates. Martin and colleagues applied AAO templates
for the deposition of gold inside the pores of the templates to syn-
thesize gold cylinders with varying geometries, and the resultant
extinction spectra could be measured with direction perpendicular
to the long axis of gold nanocylinders [52]. Their measurements
were extended by changing the direction of the incident light to the
gold cylinders to observe the angle-dependent optical extinction
spectrum [53]. Unlike gold nanorods suspended in liquid disper-
sion, the AAO-templated gold nanocylinders could be aligned into
specific directions, thus enabling the control of the angle between
the incident light and the direction of the long axis of the nanocyl-
inders.

For gold nanorods by solution chemistry, surface plasmon peak
wavelength were also measured as a function of their aspect ratio
[54,55]. The surface plasmon longitudinal wavelength was com-
pared with the theoretical results predicted by using Gans formula.
Though there is some discrepancy between the measured and the
predicted values, the theory coincides well with the experiments,
especially for the red-shift trends with increasing aspect ratio of
nanorods.

Fig. 6 contains the TEM images of anisotropic silver nanoparticles
with more complex morphologies rather than nanorods and their
resultant UV-vis extinction spectrums. For the truncated nanocubes
shown in Fig. 6(a), NaCl was added to the seed particles for the oxi-
dative etching and formation of truncated morphologies. For the
sharper silver nanocubes in Fig. 6(b), HCI was added for the sus-
pension of seed particles [56,57]. Although both anisotropic parti-
cles revealed multiple extinction peaks, truncated particles exhibited
extinction spectrums closer to the spherical silver nanoparticles, as
displayed in the extinction spectrum of Fig, 6(c). Similar behaviors
were also observed by changing the shape-controlling agent with
NaBr instead of NaCl, and the reaction time was controlled as 3
and 5 hours to synthesize silver bipyramidal nanoparticles with edge
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length of 75 and 150 nm, respectively, as displayed in the TEM images
of Fig. 6(d) and (e) [58]. Though both bipyramidal silver nanopar-
ticles exhibited multiple extinction peaks, the larger anisotropic nano-
particles revealed the red-shift of the main resonance peak into near
infrared region, compared to the extinction spectrum of the silver
nanocubes (see the extinction spectrum of Fig. 6(f)). For the case
of nanowires, the seed particles can be grown into the high aspect
ratio structures by adding the iron ions for the prevention of the etch-
ing during the reaction. The reaction time could be controlled from
30 to 60 min to adjust the length of the silver nanotubes with 150
nm and micron-scale, resepectively [59,60]. After the complete growth
of the silver nanowires, the extinction spectrum became more sharper
due to the increased charge separation along the nanowire struc-
tures [54].

4. Chemical Sensors Based on Anisotropic Nanoparticles

Since surface plasmon resonance of anisotropic metal nanopar-
ticles can be tuned by changing the morphologies of the nanostruc-
tures and their surrounding environments, they can be used for vari-
ous sensing applications: for instance, surface plasmon resonances of
silver nanoprisms are much more sensitive than conventional silver
nanospheres when the surrounding dispersion medium is changed,
as shown in the optical absorption spectrum of silver nanoprisms
with lateral dimensions of 80 nm (blue) and 60 nm (red) in Fig. 7
[61,62]. When the dispersion medium is changed with DMF (dot-
ted), ethanol (dashed), and water (solid lines), the main peak posi-
tions of the absorption spectrums were changed as 657, 627, and
618 nm, respectively, for the case of silver nanoprisms with lateral
dimension of 80 nm. However, the position of surface plasmon res-
onance was almost maintained albeit the dispersion medium was
changed for the case of ordinary silver nanospheres. Thus, aniso-
tropic nanoparticles can be applied for the detection of chemicals
by measuring the surface plasmon resonance spectrums.

Besides sensors for chemical solvents, anisotropic nanoparticles
can be applied as biosensors to detect biomolecules such as hemo-
globins [63]. Jiang and colleagues synthesized gold nanorods with
aspect ratio of 3.1 and performed silica coating for the formation
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of dispersion medium such as DMF, ethanol, and water [61,
62]. Reprinted with permission from ref. 61, 62 Copyright
2002, 2006 American Chemical Society.
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of thin silica shell on the gold nanorods by sol-gel process. Then,
hemoglobin molecules were adsorbed onto the gold nanorods and
the resultant changes of absorbance spectrum were observed. The
effect of silica coating on the change of absorption band was negligi-
ble, while the adsorption of hemoglobin led to the strong change of
longitudinal plasmon band from 746 nm to 768 nm. Thus, aniso-
tropic nanoparticles can be applied for the sensing applications of
various chemicals as well as biomolecules.
5. Other Properties of Anisotropic Nanoparticles

Besides optical properties, other physicochemical properties can
be expected for anisotropic nanostructures. For instance, the different
magnetic properties between conventional nanoparticles (or nano-
spheres) and nanofibers have been measured, especially for the
CoNi nanospheres and nanofibers, recently [64]. The first magneti-
zation curve of CoNi nanofibers was measured with lower values
compared to the value of CoNi nanospheres, possibly due to the
orientation of the nanofibers on the demagnetizing field. Besides the
first magnetization curve, the magnetorheological (MR) properties
of the suspended CoNi nanofibers exhibited different behaviors other
than the simple suspension of CoNi nanoparticles. The MR effect
of nanofiber was considerably enhanced due to the higher yield stress
of the nanofiber suspension.

ASSEMBLY OF ANISOTROPIC NANOPARTICLES

1. Packings of Anisotropic Nanoparticles

Because of shape-anisotropy, we can expect new types of self-
assembled structures using anisotropic particles. Recently, Agarwal
and Escobedo perfomed simulation and reported various types of
self-assembled structure of polyhedral particles or faceted nanopar-
ticles. Synthetic methods of some faceted nanoparticles were de-
scribed earlier. By constrast, experimenal investigations of those
structures are relatively few because those synthetic methods are
relatively new and not popular so far. Moreover, it is very difficult
to observe their self-assembly directly because they are too small
for optical microscopy or it is very difficult to observe the interme-
diate state under electron microscopy. Nonetheless, there are a few
reports on the self-assembled structure of faceted nanoparticles ex-
perimentally. Most of them are brief reports about simple observa-
tions of their local structures [34]. Yang and colleaques reported
the self-assembled crystals of octahedal silver nanoparticles on large
substrates by simple dip-coating method. Their plasmonic proper-
ties have also been studied [65]. They have tried to assemble cubic,
cuboctahedra, or octahedra silver nanoparticles on substrates by Lang-
muir-Blodgett techniques but their work was focused more on the
usage of SERS substrate for detecting arsenic species in water. There-
fore, their crystalline structure was not optimized [66].

Murray and colleagues investigated the crystalline phase of binary
nanoparticles [67], which is summarized in their review article [68].
Recently, uniform phosphorous nanoparticles with rods, or hexag-
onal plates as shown in Fig. 8 have been synthesized and assem-
bled into two-dimensional lattice, in which interfacial assembly tech-
niques were applied [69]. Mirkin et al. have also tried to assemble
faceted nanoparticles with DNA and measured their assembled struc-
ture indirectly using small angle X-ray scattering data [70]. How-
ever, according to TEM imags, structures are not regular over large
area.
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Fig. 8. SEM images of two-dimensional superlattice of (a) NaYF,
nanorods and (b) NaYF,: Yb/Er (20/2 mol%) hexagonal
nanoplates [69]. Copyright 2010 National Academy of Sci-
ences, USA.

2. Directional Self-assembly of Particles by Selective Bonding

As shown in Fig. 9, hybrid particles can be functionalized selec-
tively. In case of semiconducting nanorods capped with gold nano-
particles at the tips, we could functionalize metallic particles with
thiol compounds [71,72]. Similarly, gold nanorods can be function-
alized anisotropically which are stabilized with CTAB on longitudi-
nal side wall and polystyrene at both ends. Therefore, they can be
assembled by bonding either end-to-end or side-to-side so that chains
or bundles (or sheets) can be formed, respectively (See Fig. 9(a))
[73,74].

In case of hybrid nanoparticles consisting of two different spheres
as shown in Scheme 1, those spheres are different in terms of reac-
tivity. Therefore, in the presence of reactive molecules in solution,
they can react with reactive molecules. When bifunctional mole-
cules are used such as dithiol, they can be assembled into clusters,
in which of cluster configuration can be varied as a function of bond
strength between dithiols and nanoparticles and steric hindrance
also affected the configurations of clusters as shown in Fig. 9(b)
[75]. DNA can be used to bind molecules to form clusters of nano-
particles because it has been used for the clusters of gold nanopar-
ticles [76].

3. Optical Properties of Plasmonic Molecules

The metallic nanostructures composed of multiple building block
particles are called plasmonic molecules. The optical properties of
such plasmonic molecules can be described by the concept of plas-
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Steric hindrance (Ri/R;)

&

Bond strength

Fig. 9. (a) Schematic of end-to-end or side-to-side assembly of
nanorods stabilized with different stabilizers. (b) TEM image
of gold-iron oxide hybride nanoparticles [75] and schemat-
ics of their clusters, in which their configurations depend
on the concentration of dithiols (bond strength) and size ratio
(steric hindrance) of gold and iron oxide spheres. Reprinted
with permission ref. 75 Copyright 2005 American Chemi-
cal Society.

mon hybridization, considering the interaction and hybridization of
neighboring surfaces and the plasmon of each nanostructure, finally
determining the optical properties of complex metallic nanostru-
cures [77]. The plasmon hybridization of multiparticle plasmons
such as dimers, trimers, and quadramers has been considered by
the similar approaches of the hybridization of molecular orbitals,
and other structures such as nanoshell plasmons or nanoparticles
on a film have been also treated according to this concept.

Besides plasmonic molecules, plasmonic chains composed of gold
nanorods which are assembled by end-to-end attachements could
be also constructed [78]. Gold nanorods were treated with thiol-con-
taining molecules such as MPA (mercaptopropionic acid), which
induces interparticle hydrogen bonding between carboxylic acids
of MPA molecules. Through this approach, gold nanorods were
assembled as plasmonic chains in longitudinal direction in the mixed
dispersion medium of water and acetonitrile. The resultant surface
plasmon was red-shifted due to interplasmon coupling, and similar
behavior was observed from the aligned gold nanorods on multi-
walled carbon nanotubes (MWCNTSs) [79].

CONCLUSION

For unifrom anisotropic nanoparticles including rod-like, disk-like
(or platelet), faceted or hybrid nanoparticles, innovative synthetic
methods have been devised and unusual optical properties were meas-
ured, which are in good agreement with theoretical prediction. Then,
inspired by the recent progress in the synthesis and assembly of an-
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isotropic colloids at micrometer scales, research activity at nanos-
cale has also shifted form isotropic to anisotropic nanoparticles. Par-
ticularly, selective modification or overgrowth of anisotropic nano-
particles paves the way for the development of new types of self-
assembled nanoarchitectures. Moreover, since those structures have
unique optical properties or surface plasmonics, they have many
potential applications including sensors, miniaturized optical or elec-
tronic devices, photonic curcuits, and medical diagnostics [80-82].
In addition, since metamaterials are nanostructured materials of metal-
lic building blocks, it should be possible to materialize them by as-
sembling anisotropic metallic particles [83].
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